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Synchronization of the Fungal and the Plant Circadian

Clock by Light

Laszlé Kozma-Bognar™ and Krisztina Kaldi*®

Circadian clocks are endogenous time keeping devices that pro-
vide temporal control of physiology in accordance with predicted
daily changes in the environment. Photoentrainment is the pro-
cess that synchronizes circadian clocks-and thereby clock-con-
trolled gene expression and physiology-to the environmental
day/night cycles. Light is primarily detected by specialized photo-
receptors that are coupled—directly or through other signaling
components—to the rhythm-generating oscillator. As a conse-

Introduction

Circadian clocks allow biological systems to anticipate daily
changes in their surroundings and to prepare their physiology
and behavior for these periodic events. Multiple lines of experi-
mental evidence and epidemiological data suggest that circa-
dian clocks improve the fitness of organisms. Recently, direct
evidence for the selective advantage of the circadian clock was
demonstrated in cyanobacteria and Arabidopsis thaliana.l? All
circadian rhythms share three basic properties: 1) they persist
even under constant conditions, that is, in the absence of envi-
ronmental signals, and display a period length of about 24 h;
2) the system is in continuous interaction with the environ-
ment, that is, the rhythm can be entrained or reset by environ-
mental cues—Ilight, temperature and nutrients are the most
important ones; and 3) the system is temperature-compensat-
ed, that is, the period length is stable over a wide range of
environmental temperatures.

Circadian rhythm is generated at the cellular level. Circadian
oscillators in eukaryotes are based on networks of intercon-
nected transcriptional/translational feedback loops.** These
basic mechanisms are completed by other cellular events, such
as post-transcriptional and post-translational modifications,
subcellular distribution, assembly and turnover of clock com-
ponents. A precise orchestration of these processes results in
the complex organization of the oscillator. Many basic aspects
of the generation of circadian rhythm are similar in eukaryotes.
Therefore, model organisms are useful experimental tools for
studying the general properties of these systems.

By mediating external signals, input pathways connected to
the central oscillator can entrain the clock, and thereby,
synchronize endogenous time to external time. This review
will focus on and compare systems that mediate light signals
to the circadian clock in plants and fungi, represented by
A. thaliana and Neurospora crassa, respectively.
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quence, the expression, the activity or the stability of oscillator
components are altered, resulting in a change of phase and/or
pace of the oscillator. In this review our present knowledge about
light absorption/transduction and light-induced modifications of
oscillator components in Neurospora crassa and Arabidopsis
thaliana is summarized. These systems provide a basis for under-
standing the molecular mechanisms of entrainment in the fungal
and plant circadian systems.

Molecular Organization of the Circadian Clock
of N. crassa

The central clock proteins Frequency (FRQ) and white collar
complex (WCC), which consists of the transcription factors
white collar-1 and -2 (WC-1 and -2, respectively), are the classi-
cal elements of the interconnected transcriptional/translational
feedback loops in N. crassa.*® WCC is dominantly localized in
the nucleus and promotes the transcription of frq. The activity
of WCC correlates with its phosphorylation status; its hypo-
phosphorylated form binds to the frg promoter with higher af-
finity than the hyperphosphorylated complex.® Phosphoryla-
tion of WCC is promoted by FRQ and oscillates in a circadian
manner. The activity of WCC increases during the late night
and reaches its maximum in the subjective morning. The
active (hypophosphorylated) complex supports frq transcrip-
tion, which is then followed, with a 4-6 h delay, by the accu-
mulation of FRQ. FRQ interacts with FRH, which is an FRQ-in-
teracting RNA helicase,”’ and in the nucleus the FRQ-FRH com-
plex (FFC) inhibits WCC, and thus, its own expression.®® In the
course of a circadian period, FRQ undergoes various cycles of
phosphorylation. Hyperphosphorylated forms of the protein
are substrates for degradation pathways. At least a part of the
hyperphosphorylated FRQ interacts with FWD-1, an F box/WD-
40-repeat-containing protein, which is part of an SCF-type
ubiquitin ligase complex. The ubiquitinated FRQ then becomes
degraded by the proteasome system.'” When FRQ levels are
reduced below a certain threshold, active forms of WCC bind
to the frqg promoter, and frq transcription is initiated again.
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Since phosphorylation of both FRQ and the WCC is a crucial
control mechanism, kinases and phosphatases are also impor-
tant factors in the negative feedback loop. Casein kinase-1a
(CK-1a) and -ll (CKll) have been shown to contribute to the
FRQ-dependent inactivation of WCC.”! The kinases CK-1a, CKII
and CAMK-1 and the protein phosphatases PP1 and PP2A are
involved in the control of FRQ phosphorylation.® =%

The central negative feedback loop is interconnected with
other feedback loops. By forming a positive loop, FRQ post-
transcriptionally increases WC-1 levels and promotes wc-2
expression at the level of transcription."*'” Additionally, WC-1
suppresses wc-2 expression at the level of transcription,™ and
wc-1 transcription is positively regulated by WCC."® In contrast
to frg, wc-1 and wc-2 RNA levels do not display circadian rhyth-
micity. However, WC-1 levels show low-amplitude oscillation in
a circadian manner."”

Blue-Light Receptors of N. crassa: Structure-
Function Relationship

Two blue-light receptors have so far been characterized in
N. crassa: WCC and Vivid (VVD). As the primary receptor, WCC
is required for all blue-light responses, including clock reset
and the control of light-inducible gene expression.?*?? The
WC-2 protein is expressed in excess relative to WC-1, which
does not accumulate to detectable levels in the absence of
WC-2.2 The structural organizations of WC-1 and -2 display
several similarities. Sequence analysis revealed that both pro-
teins are PAS (Period-ARNT-Sim)-domain-containing transcrip-
tion factors. WC-1 possesses three PAS domains. The N-termi-
nal PASA domain shows striking similarity to known LOV (light,
oxygen or voltage sensor)-domains and is required for all light
responses examined so far, but is not necessary for the dark
expression of FRQ.”Y The exact role of the second PAS domain
(PASB) is not clear. Although the PASB-deleted form of WC-1 is
stably expressed in N. crassa, both the light and dark functions
of WC-1 are abolished in this mutant strain; this suggests an
essential role for this domain." The interaction of WC-1 with
WC-2 is dependent on the C-terminal PAS domain of WC-1.
Accordingly, both the light-induced and circadian functions of
WC-1 are diminished when this domain is deleted.'>? Putative
activation domains are located at both the N and C termini of
WC-1. However, in mutants expressing WC-1 forms that lack
these polyglutamine stretches, both the light and dark expres-
sion of FRQ was reported to be normal. A putative nuclear
localization signal (NLS) and a zinc-finger DNA binding domain
are located upstream of the C-terminal polyglutamine stretch.
Surprisingly, deletion of the NLS structure does not alter nucle-
ar localization of the protein, but is required, as is the zinc-
finger domain, for the dark expression of FRQ. On the other
hand, deletions of these domains do not influence the function
of WCC as a blue-light receptor. In other words, light induction
of early responding genes is normal in the mutant strains.!'”
Many aspects of the domain organization of WC-2 resemble
the WC-1 structure. Based on sequence analysis five character-
istic domains have been identified in WC-2: an activation
domain at the N terminus, a PAS domain, a coiled-coil struc-
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ture, an NLS and a zinc-finger domain.”? Point mutations of
conserved amino acids in the coiled-coil domain and an N-ter-
minal deletion that includes the putative activation domain,
lead to similar phenotypes.”™ The mutant WC-2 forms still in-
teract with WC-1 and support FRQ expression, but conidiation
rhythm dampens after two days in the mutants; this suggests
that both regions are important for robust oscillation of the
circadian clock. The WC-2 PAS domain, similarly to PASC in WC-
1, is essential for the formation of WCC.” Surprisingly, also in
case of WC-2, the putative NLS is not required for nuclear
localization of the protein.”® The GATA-type zinc finger motif
of WC-2 is essential for both the light and dark functions of
WCC.[22'27]

The VVD receptor is generally considered to be a repressor
of light responses,”*=% but its mode of action is still poorly un-
derstood. It is a small cytosolic protein consisting of a single
LOV domain at the C terminus and an a-helix with a short ex-
tension at the N terminus.®"3? Expression of VVD is dependent
on light; neither vvd RNA nor VVD can be detected in constant
darkness.” 3% Following light-to-dark transfer, vvd transcript
levels show circadian variations during the first day.”® Howev-
er, VWD levels decline rapidly in the dark, and after a 4-6 h in-
cubation in the dark, VVD is undetectable. Both vvd transcript
and protein levels depend on temperature; higher levels can
be detected at lower temperatures.®® Although VVD is not re-
quired for free-running rhythmicity, it does affect the circadian
clock. In vvd mutants, a slightly longer free-running period and
a significant (4 h) phase delay can be observed.”® In addition,
temperature compensation of phase setting on the first day in
the dark also depends on VVD.*?

Light Perception and Photoadaptation in
N. crassa

The WC-1 conformation can be directly modified by light due
to the photoreaction of its LOV domain. The LOV domains
have been most thoroughly studied in plant phototropins. In
the dark, LOV domains noncovalently bind flavin mononucleo-
tide (FMN). Upon photoactivation, FMN becomes covalently
coupled to a highly conserved cysteine by forming a reversible
photoadduct.”¥ In contrast to plant phototropins, the LOV
domain of WC-1 is associated with FAD?***! and undergoes a
photocycle with a relatively long period (> 1 h).5®
Light-induced genes can be divided into two main classes
according to the kinetics of the light response. The induction
of immediate light-inducible genes (e.g., al-1, al-2, al-3, frq, wc-
1, con-6, con-10 and vvd) begins after <5 min, and transcript
levels reach their maximum within 15-20 min.?” In contrast,
late-responsive genes (e.g., ccg-1 and ccg-2) show expression
peaks 1-2 h after exposure to light.?*3) Figure 1 summarizes
the major effects of light on WCC. Light transiently induces
binding of WCC to the light-responsive elements (LREs) in pro-
moters of immediate light-induced genes.*® All LREs character-
ized so far contain GATX repeats spaced by segments of 5-14
base pairs.'®3%%41 The initial burst of gene expression induced
by light is transient, followed by a down-regulation of light-
dependent transcription, a process called photoadaptation.

ChemBioChem 2008, 9, 2565 -2573
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other immediate light-inducible genes
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Figure 1. Our current molecular model of the light response of N. crassa.
Light-activated white collar complex (WCC) induces gene expression, be-
comes phosphorylated and degraded. Both photoadaptation and gating
are dependent on Vivid (VVD). For details, see the main text.

The mechanism by which light-activated WCC induces gene
transcription is only partially understood. Recently, the light-in-
ducible increase of acetylation of histone H3 has been report-
ed in chromatin associated with the al-3 promoter.*? This ace-
tylation is dependent on WC-1 and NGF-1, a N. crassa homo-
logue of the yeast histone acetyltransferase GCN5. The kinetics
of histone acetylation at the al-3 promoter is tightly synchron-
ized with both the binding of WCC to the LRE and changes in
the transcript levels. These observations suggest a model in
which NGF-1 is recruited by the light-activated WCC to the
target gene. The corresponding histone then becomes acety-
lated and this “open” chromatin structure allows transcription
of the light-induced gene.

A complex containing only recombinant WC-1 and -2 is suffi-
cient to mediate light-dependent binding to the LREs.®
Whether the light complex contains components other than
WC-1 and -2 in vivo is still not known. The exposure of purified
WCC to light reduces its electrophoretic mobility in electropho-
retic mobility shift assays (EMSA); this suggests that light acti-
vation results in the formation of a larger complex.*” Parallel
to activation, light also triggers the phosphorylation and deg-
radation of WCC."**¥' The hyperphosphorylation of WC-1 co-
incides with the already reduced activity of the complex. In ad-
dition, the light-induced interaction of WCC with LRE in vitro
does not require phosphorylation of WC-1 and can be en-
hanced by dephosphorylation of the protein. These data indi-
cate that phosphorylation is coupled to the inactivation rather
than to the activation of WCC.2¥ However, it cannot be exclud-
ed that transcriptional induction by WCC is dependent on
phosphorylation of the complex. Protein kinase C (PKC) was
implicated as a negative regulator of light-activated WCC. PKC
interacts with the dark complex, but this interaction is prompt-
ly destabilized by light. In a strain expressing a constitutively
active form of PKC, light-induced gene expression has been
found to be decreased, whereas in transformants expressing a
dominant negative form of PKC, the opposite effect was ob-
served. In addition, the light-induced degradation of WCC is
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also dependent on PKC" Despite the data summarized

above, the exact mechanism of how PKC affects the light re-
sponse is still not clear. Photoactivated WC-1 again becomes
dephosphorylated and is activatable within 2 h following a
light-to-dark transfer.*®’ However, the pathway of regeneration
of photoactivatable WC-1 is still unclear.

Photoadaptation is dependent on VVD"®#! (Figure 1). In
strains expressing dysfunctional VVD, expression levels of im-
mediate light-induced genes are elevated, photoadaptation is
partially lost, and the light-induced hyperphosphorylation of
WC-1 persists for several hours.??? The LOV domain of VVD
binds FAD and shows striking similarity to the WC-1 LOV
domain. Analysis of the crystal structure of a functional frag-
ment of VVD suggests that in the dark state the N-terminal
helix tightly interacts with the LOV domain.®? Upon illumina-
tion, the Nterminus of VVD undergoes conformational
changes and becomes partially released from the protein core.
However, light-induced structural changes in VVD seem to be
modest. In a recent study, light-dependent conformational
changes were shown to lead to homodimerization of VVD in
vitro. These results suggest a model in which a similar interac-
tion between the LOV domains of VVD and WC-1 could lead to
inhibition of light-activated WCC.* On the other hand, VVD
was mainly detected in the cytosol,®" and therefore, the exact
mechanism by which it affects the activity of nuclear WCC is
unclear.

Entrainment and Resetting of the N. crassa
Clock by Light

The transcription of frq is immediately and strongly induced by
light. This response is characteristically gated by the clock such
that identical light signals result in a different extent of gene
induction dependent on the circadian phase.”® When a light
pulse is administered around (subjective) dusk, the clock is
reset towards the preceding afternoon, and the phase of
clock-controlled processes is accordingly delayed. Light stimuli
received in the subjective late night reset the clock to the next
morning; this results in phase advance. However, throughout
the middle of the day, the circadian clock is relatively unre-
sponsive to light. The wc-7 RNA is transiently induced by light
and then adapts to levels similar to those detected in constant
dark. When wc-1 expression is controlled by a constitutive pro-
moter, the phase of conidiation is delayed under light/dark
conditions; this suggests that light-triggered elevation of wc-1
expression is required to adjust the circadian phase of clock
output."®

The VVD receptor is also an important modulator of the cir-
cadian clock under photoperiodic entrainment. On one hand,
as a gating factor, VVD can shield the circadian oscillator from
disturbing light effects, and thereby, contributes to the robust-
ness of circadian oscillation. On the other hand, by muting the
light induction of frq at dawn, VVD sustains a circadian clock
running during the photoperiod, and thus, maintains the
phase of spore formation during light/dark cycles.”
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Molecular Organization of the Core Circadian
Oscillator in A. thaliana

The first transcriptional/translational regulatory loop in a plant
circadian clock was identified in 2001.” Late elongated hypo-
cotyl (LHY) and circadian clock associated 1 (CCA1) are Myb-re-
lated transcription factors expressed in the morning.*®*? LHY
and CCAT1 share a high degree of sequence homology, their ex-
pression pattern is almost identical, and they both repress the
transcription of timing of cab expression 1 (TOCT) during the
day. When the expression levels of LHY and CCA1 are reduced
and the proteins are degraded, the TOCT gene can be activat-
ed in the evening, and the accumulating TOC1 reinitiates LHY/
CCAT transcription the next morning. The TOC1 protein be-
longs to the family of pseudo-response regulators (PRRs),
which consists of five members (PRR1, 3, 5, 7 and 9);®” TOC1 is
also known as PRR1. All PRRs affect circadian rhythmicity,
though the most severe phenotypes are caused by the mis-
expression of TOC1/PRR1. The PRRs are not DNA-binding pro-
teins, so they probably do not regulate transcription directly,
but through interaction with specific transcription factors and/
or other signaling intermediates.

Both mathematical modeling and various experimental ap-
proaches have revealed two additional regulatory loops cou-
pled to the LHY/CCAT-TOCI1 circuit. The “evening loop” is
formed by TOC1 and a hypothetical factor Y, both of which are
expressed in the evening. Factor Y positively regulates TOCT,
whereas TOC1 represses y transcription, which is also inhibited
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by LHY/CCA1. TOC1 promotes LHY/CCAT transcription through
another hypothetical component, X.°" It has been demonstrat-
ed that Gigantea (Gl), a nuclear protein with an unclear bio-
chemical function, is an essential contributor to factor Y func-
tion.®? The “morning loop” is formed by LHY/CCA1 and PRR7/
9. LHY/CCA1 activates PRR7/9 expression in the morning; con-
versely, PRR7/9 inhibits LHY/CCAT expression during the rest of
the day."® The coordinated function of the three loops is re-
quired to generate the ~24 h basic oscillations in A. thaliana
(Figure 2).

The genes and proteins described above can be considered
oscillator components, since their participation in the transcrip-
tional/translational feedback loops has been clearly demon-
strated. However, a number of clock-associated components
have also been identified, which are not elements of the regu-
latory circuits, but affect the transcription of clock genes or
modulate the abundance or activity of certain clock proteins.
Many of these components are implicated in the process of
entrainment, and they are discussed in detail below.

The Origin of Light Signals: Photoreceptors
Mediating Entrainment in A. thaliana

Plants are sessile and obligate photoautotrophs, and have
therefore developed several photoreceptors to constantly
monitor the changing light environment in order to adapt
their physiology accordingly. These photoreceptors differ in
spectral and fluence sensitivity and in the molecular/physiolog-
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Figure 2. Light input routes to the plant circadian oscillator. Clock genes and proteins are symbolized by rectangles and ellipses, respectively; black arrows
indicate translation. Components of the “morning” and “evening” loops are indicated by yellow and green, respectively. Green arrows and red blunt-ended
lines represent activation and inhibition, respectively. Yellow bolts indicate the positive effect of light on transcription/translation rates or protein stability. The
black bolt shows the negative effect of light on circadian clock associated 1 (CCA1) and late elongated hypocotyls (LHY) mRNA stability. Zeitlupe (ZTL) promotes
the degradation of timing of cab expression 1 (TOC1). Gigantea (Gl) interacts with ZTL in a light-dependent manner; this results in the stabilization of both

proteins.
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Light Entrainment of the Circadian Clock

ical responses they trigger. Here, we discuss members of two
photoreceptor families that are involved in absorbing and
transducing light signals to the plant circadian oscillator.

Phytochromes (PHYA-E) are red/far-red-light-absorbing pho-
toreceptors and function as molecular light switches.® In the
dark, PHYs are present in their inactive red-light-absorbing (Pr)
form (A,,.x=660 nm). After capturing a photon with the cova-
lently bound, linear, tetrapyrrol chromophore, they are convert-
ed to the active far-red-light-absorbing conformer (Pfr), which
initiates downstream signaling events. The active Pfr form is
converted to Pr by far-red light (4,,,,=730nm). PHYA, the
most sensitive and light-labile member of this family, has a
slightly different absorption spectrum from that of the other
PHYs; the Pr form of PHYA can absorb blue and far-red light in
addition to red light. As a result, PHYA can be activated by
almost any wavelength of visible light, but can be inactivated
(converted to Pr) only by near infrared light (1,.,=775 nm).
The PHYs are synthesized in the cytosol in their Pr form, and
after light activation, they are translocated to the nucleus,
where they form characteristic nuclear bodies (NBs).*™ The
exact composition and function of NBs is not yet known, but
they might represent multiprotein complexes in which PHYs
interact with transcription factors and other regulatory proteins
to control the expression of light-induced genes. The first pro-
tein found to interact with PHYs was phytochrome interacting
factor 3 (PIF3).5% PIF3 is a member of a family of basic helix-
loop-helix-type transcription factors implicated in phyto-
chrome-dependent light signaling. PIFs appear to regulate the
transcription of a subset of early light-induced genes, which
are induced within an hour after exposure to light, and to neg-
atively control PHYB levels during continuous red-light irradia-
tion.”” However, the misexpression of two members of the PIF
family (PIF3%¥ and PIF5®) does not affect entrainment of the
plant circadian clock. Although the lack of such phenotypes
could be explained by possible redundant coaction of several
PIF3-like transcription factors® PIFs are probably not the
terminal components of PHY-mediated red-light input to the
clock.

Another regulatory protein that interacts with PHYs in the
nucleus is constitutively photomorphogenic 1 (COP1).2" COP1
is an E3 ubiquitin ligase that promotes dark-dependent degra-
dation of master transcription factors, and positively regulates
light-responsive genes.®? PHYs inhibit the activity of COP1 by
excluding it from the nucleus during the light period.”® This
allows the accumulation of master transcription factors in the
nucleus and the subsequent transcription of light-induced
genes, which include at least two circadian clock genes, LHY
and CCA7.1%4

In terms of circadian function, PHYA mediates far-red, low-
intensity, blue and red light signals to the clock, whereas
PHYB, D and E function redundantly as input receptors in the
high-fluence range of red light (Figure 2).°°°” The relatively
low contribution of PHYD and E to the entrainment of the
plant clock is indicated by the fact that the function of these
receptors can be revealed in multiple mutant backgrounds
that lack PHYA and B in addition to PHYD or E. The clocks of

ChemBioChem 2008, 9, 25652573
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phyd and phye single mutants show a wild-type response to
red light.*®

A. thaliana cryptochromes (CRY1 and -2) are flavin-binding
chromoproteins that absorb blue and ultraviolet-A (UV-A) light.
The CRYs were first discovered in plants,®® and it was soon
demonstrated that they are present in most eukaryotes and
are implicated in the circadian clocks of A. thaliana, Drosophila
and mouse. In plants and insects, CRYs function as circadian
photoreceptors that transduce blue light signals to the oscil-
lator.®>¢% |In Drosophila, CRY interacts with the oscillator
component Timeless (TIM) in a light-dependent manner; this
initiates the ubiquitination and subsequent degradation of
TIM."? Although some data indicate a role for CRYs in circadi-
an photoperception in mice,”" mammalian CRYs have an es-
sential light-independent function in the basic negative feed-
back loop by inhibiting the activity of transcription factors CLK
and BMAL1."? In contrast, the molecular mechanism by which
plant CRYs can affect the clock and blue-light-controlled gene
expression is still not fully understood. Blue-light absorption
causes the rapid reduction of the FAD chromophore followed
by the phosphorylation of the apoprotein.”*”¥ Phosphoryla-
tion probably occurs at multiple residues and is essential for
the biological function of CRYs. Moreover, purified CRY pro-
teins are phosphorylated in response to blue light in vitro; this
indicates that the phosphotransfer function is an intrinsic prop-
erty of photoactivated CRYs.” Phosphorylation might lead to
a conformational change that results in the exposure of the C-
terminal domain, which would then offer an interaction surface
for downstream signaling partners.” This hypothesis is sup-
ported by the fact that expression of the C-terminal domain
provokes constitutive light responses even in the dark.”” CRYs
interact with COP1 in the nucleus and inhibit its activity by an
unknown mechanism.”® This might explain the significant
overlap of PHY- and CRY-induced genes.”

CRY1 and CRY2 show conditional redundancy when blue
light is the input for the clock. Mutation of cryl affects the
pace of the clock at low and high fluences of blue light,
whereas the effect of cry2 mutations is almost negligible.
However, cryl/cry2 double mutants show significant period
lengthening over the entire range of fluence rates tested®
(Figure 2).

Several results indicate functional and physical interactions
between red and blue light receptors. CRY1 seems to be nec-
essary for red-light signaling by PHYA, but this does not re-
quire light-activated CRY1.%®' On the other hand, photoactivat-
ed PHYB is required for the full function of CRY2® (Figure 2).
Direct interactions between CRY1 and PHYA®" and CRY2 and
PHYB®Y have also been demonstrated, providing a physical
basis for the functional crosstalk between the two light-signal-
ing systems.

Figure 2 illustrates the functional organization of light-input
pathways and the three-loop oscillator in A. thaliana. Red- and
blue-light signals are detected and transduced by PHYA-B, D—
E and CRY1 and -2 photoreceptors. PHYA is activated by low
fluences of red and also blue light. CRY1 is required for PHYA
signaling and CRY2 contributes to PHY B signaling to the clock.
Light insensitive period 1 (LIP1) and early flowering 3 (ELF3) at-
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tenuate light input of any quality during the early subjective
night, whereas far-red elongated hypocotyl 3 (FHY3) specifical-
ly gates the effects of red light. Unlike LIP1 or FHY3, ELF3 in-
hibits the acute light induction of light-responsive and clock-
controlled genes. The final molecular steps/events of light sig-
naling to the clock remain to be elucidated.

Targets of Light Signals: Light-Induced
Changes in Transcription, Translation or
Protein Turnover of Clock Components

In general, light signals can entrain or reset the circadian clock
by affecting the expression, activity, stability or subcellular lo-
calization of one or more oscillator components. In this sec-
tion, we discuss the available data regarding the effect of light
signals on the known components of the plant circadian clock
(Figure 2).

The transcription of several clock genes shows an acute tran-
sient induction in response to light. These include LHY, CCAT,
PRR9 and GI.F**#28 These studies used monochromatic light
with different wavelengths on different plant materials, but a
set of comprehensive microarray data at AtGenExpress® dem-
onstrates that the transcription of these clock genes can be in-
duced by red, far-red and blue light; this indicates the contri-
bution of both photoreceptor families. In order to link these
transcriptional changes to the entrainment process, it will be
necessary to 1) test how the light inducibility of these compo-
nents is modulated over a circadian cycle and 2) test if signifi-
cant protein accumulation follows the transient increase in
mMRNA levels.

Although the transcriptions of LHY and CCAT are induced by
light, the corresponding mRNAs seem to be degraded by
light.®” It has been demonstrated that red and blue, but not
far-red light, is effective in destabilizing CCAT mRNA. The si-
multaneous induction of transcription and mRNA degradation
could narrow the expression peaks of LHY and CCA1 around
dawn, which can contribute to a more precise timing of these
expression events, and therefore, to proper entrainment.

Similar functional significance can be attributed to the light
induction of LHY translation.®® By using a transgenic line con-
stitutively over-expressing LHY, it has been shown that the
translation of LHY is induced by light. The induced level of LHY
depends on the amount of the available LHY mRNA, which
shows a peak at dawn in wild-type plants. Therefore, this
mechanism is thought to increase the amplitude of LHY cy-
cling and contribute to the robustness of the clock.

The cyclic removal of clock proteins is crucial for oscillator
function. Not surprisingly, regulated proteolysis plays a crucial
role in all eukaryotic circadian systems. In plants, the controlled
degradation of TOCT, GI, PRR7 and PRR9 has been studied so
far.®-°% |nterestingly, all proteins are preferentially degraded in
the dark. TOC1 degradation is controlled by the F-box protein
Zeitlupe (ZTL),®°" but the mechanism of Gl degradation is still
unclear. ZTL belongs to a small protein family consisting of
two additional members: LOV kelch protein 2 (LKP2) and flavin
binding, kelch repeat F-box 1 (FKF1).*>%® These proteins share
a unique combination of three protein domains: an N-terminal
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PAS-like LOV domain, a central F-box motif and a C-terminal
domain of six kelch repeats. The F-box proteins direct sub-
strates for Skp1-Cullin-F-box (SCF)-type E3 ubiquitin ligases.””
The F-box motif mediates the interaction with the Skp1 pro-
tein of the complex, whereas the C-terminal part is responsible
for binding the target protein. The LOV/PAS domain shows sig-
nificant similarity to the chromophore-binding LOV domains
found in the blue-light receptors WC-1 in N. crassa™® and pho-
totropin 1 in A. thaliana;*® this suggests that ZTL, LKP2 and
FKF1 could function as light-regulated F-box proteins. ZTL
binds TOC1, an event that promotes TOC1 degradation.®”
Under these circumstances, TOC1 levels are high and show
very low amplitude rhythms in zt/ mutants. The interaction be-
tween the two proteins seems to be light-independent, but
the degradation rate of TOC1 is increased in the dark.®?* The
ZTL mRNA is expressed constitutively, but ZTL abundance
shows rhythmic changes that are interestingly in-phase with
TOC1. The rhythmicity in ZTL levels is due to an interaction be-
tween ZTL and Gl. The interaction depends on blue light ab-
sorbed by ZTL and stabilizes both proteins. Since Gl is ex-
pressed rhythmically at all levels, this rhythmic pattern is trans-
ferred to ZTL abundance as a result of the stabilizing ZTL-GlI
interaction.®® The data discussed above show that light stabil-
izes ZTL, but this seems to be unrelated to its function, be-
cause light represses TOC1 degradation. It is possible that
some aspects of ZTL function (e.g., those association with the
SCF complex, but not binding to TOC1) are inhibited by light,
or that another factor that co-acts with ZTL provides light con-
trol for the process. Nevertheless, this regulation ensures that
ZTL and TOCT levels can gradually build up during the day
and reach their maxima soon after dusk. TOC1 degradation is
then enabled in the dark and is facilitated by a large pool of
accumulated ZTL. LKP2 could have a redundant function in
this process,”*? whereas FKF1 is involved in the light-de-
pendent degradation of repressors of flowering but has no
function that targets the clock.®®

Clock-Associated Factors Implicated in
Entrainment

In addition to ZTL, there are several clock-associated compo-
nents that are not part of the basic feedback loop but are im-
portant for the expression or modification of clock compo-
nents. In this section, a brief overview that focuses on factors
the functions of which are related to entrainment is provided.
It should be noted, however, that the molecular mechanism
by which these factors affect the light input pathways is not
understood yet.

ELF3 is a rhythmically expressed nuclear protein required for
the transcription of LHY and CCA1.°*"°@ ELF3 has an essential
function in gating the effect of red- and blue-light signals on
the induction of clock-controlled and light-regulated genes
and on the resetting of the oscillator itself.'*" In elf3 null mu-
tants, the clock stops after 10-12 h in constant light and re-
starts from this phase if the plants are transferred to the dark;
this suggests that ELF3 is required to neutralize light signaling
to the clock during the early night.*?

ChemBioChem 2008, 9, 2565 -2573



www.chembiochem.org



Light Entrainment of the Circadian Clock

FHY3 is a transcription factor originally identified as a com-
ponent of PHYA-mediated signaling in photomorphogene-
sis.19%1% The analysis of circadian properties in fhy3 mutants
revealed an important function of FHY3 in gating red-light sig-
nals to the clock during the morning."® The fhy3 mutants
become arrhythmic in constant red light after one day, and the
oscillator appears to stop in a phase that corresponds to the
subjective morning. The transfer of plants to darkness restarts
the oscillator from this phase. Interestingly, the gating of in-
duction of rhythmically expressed, light-regulated genes is un-
affected by the mutation. Unlike ELF3, which has a general role
in gating all light responses, FHY3 attenuates only red-light
signaling to the oscillator. However, like ELF3, FHY3 also seems
to be required for the transcription of the LHY/CCAT genes.

LIP1 is a small GTP-binding protein that affects entrainment
in a specific way."® In wild-type plants, free-running periods
are shortened with increasing fluences of constant light (Asch-
off's rule). In contrast, only subtle changes in period length can
be observed in lip7 mutant plants; this suggests a role for LIP1
in the light-dependent period shortening of circadian rhythms.
Moreover, LIP1 gates light signaling to the clock during the
early subjective night. However, the elimination of this gating
function (i.e., in the lip7 mutant) does not lead to arrhythmicity
under any conditions.

Outlook

In this review, we have introduced the light input pathways of
two eukaryotic circadian clocks. In N. crassa, the same factors
function as positive elements of the circadian oscillator and
the blue-light receptor mediating environmental light signals
to the clock. In A. thaliana, members of two photoreceptor
families, PHYs and CRYs, are involved in the transduction of
light signals to the circadian oscillator. Although light influen-
ces the expression of clock elements at almost all levels in
A. thaliana, the molecular coupling between the photorecep-
tors and the circadian clock is still poorly understood. Two
members of the phytochrome superfamily have also recently
been characterized in N.crassa"” However, phy mutants
synchronized by light-to-dark transfer fail to display a circadian
phenotype; this suggests that PHYs are not involved in the
light input to the N.crassa clock. In both systems, blue-light
absorption is followed by phosphorylation of the correspond-
ing photoreceptor. This modification in A. thaliana is supposed
to be a prerequisite of photoreceptor interaction with down-
stream signaling partners, whereas the function and the direct
consequence(s) of light-induced phosphorylation of N. crassa
WC-1 is still unclear. Light-dependent change in the turnover
of clock proteins seems to be a crucial mechanism both in
N. crassa and A. thaliana. The light-triggered degradation of
WC-1 is partially inhibited by VVD and compensated by the
light induction of wc-1 expression. The light-dependent repres-
sion of TOC1, Gl, PRR7 and PRR9 degradation might be a
mechanistic link between light signals and clock function in
A. thaliana. ELF3 and VVD show parallel functions in entrain-
ment of the circadian clock in A. thaliana and N. crassa, respec-
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tively. Both proteins are required to sustain the circadian clock
running in extended photoperiods.

As a result of the temporal organization provided by circadi-
an clocks, a wide range of molecular and physiological pro-
cesses are scheduled to the most appropriate time of the day.
It is generally accepted that this important function of circadi-
an clocks has facilitated the evolution of these timing mecha-
nisms. To fulfill this role, clocks must be precisely synchronized
to day/night cycles. The synchronization process—also called
entrainment or resetting—involves interactions between daily
environmental signals and the core components of the oscilla-
tor and is absolutely required for the adaptive properties of
the clock. Despite the substantial data reviewed in this paper,
it is clear that further research is required to reveal the molecu-
lar details of entrainment in order to understand how the
endogenous clock is ticking in the real world.
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A Bacterial Small Molecule Undermining Immune

Response Signaling

M. Lienhard Schmitz* and Laureano de la Vega®

The innate immune system defends our
body from infection by other organisms
such as fungi, viruses and bacteria.
Innate immunity does not lead to immu-
nological memory and is comprised of a
network of soluble factors and cells that
protect the host in the first hours and
days against invading pathogens. The
immune cells recognize and uncover the
intruding microorganisms with the help
of specific receptors that bind to charac-
teristic and unique pathogenic struc-
tures. They are thus detected as “for-
eign.” For example, gram-negative bacte-
ria contain lipopolysaccharide (LPS), a
compound that is specifically recognized
by Toll-like receptor (TLR) 4 on the host
cell, as an important constituent of their
outer membrane. TLR binding stimu-
lates multiple signaling cascades within
the immune cell, which in turn responds
with an increased expression of genes
that alert the innate immune system.
Among these inducible produced gene
products are inflammatory cytokines
such as interleukin 1 (IL-1) and tumor ne-
crosis factor (TNF), which are secreted by
LPS-stimulated cells.”) These two cyto-
kines are themselves activators of specif-
ic receptors in the cell membrane and
thus rapidly amplify the signaling events
that occur in the LPS-stimulated cells. In
addition, IL-1 and TNF alert neighboring
cells that have not yet encountered TLR4
activation.”’

LPS activates diverse signaling path-
ways including the inducible transcrip-
tion factor NF-kB and mitogen-activated
protein (MAP) kinases such as p38."
Work from more than two decades has
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mounted compelling evidence that the
NF-kB transcription factor is a key com-
ponent of the innate immune system. In
most cells, NF-xB is kept away from its
site of action in the nucleus by associa-
tion with an inhibitory IxB protein that
traps it in the cytosol.”) Adverse condi-
tions such as LPS-induced TLR4 stimula-
tion trigger a signaling cascade that
leads to the activation of the so-called
IKK (IxB kinase) complex, which is com-
posed of the enzymatically active sub-
units IKKa and IKKB and the regulatory
subunit IKKy/NEMO. The activated IKK
complex phosphorylates the inhibitory
IkB protein and thus marks it for subse-
quent Lys48-linked polyubiquitination
and proteasomal destruction.®” The
DNA-binding dimer is then free to move
to the nucleus, where it induces the ex-
pression of a plethora of genes including
chemokines, cell adhesion proteins, and

Pseudomonas LPS
aeruginosa @B

further mediators of the inflammatory
process. In addition, the function of the
DNA-binding subunits can also be regu-
lated by posttranslational modifications
including phosphorylation, which is rela-
tively well characterized for the strongly
transactivating p65 subunit.® One of the
earliest NF-kB target genes is IkBa,
which is resynthesized quickly after its
proteolytic destruction and thus ensures
termination of the early NF-kB response
by an autoregulatory feed-back mecha-
nism. The LPS-induced NF-xB activation
pathway and the molecular events dis-
cussed here are schematically displayed
in Figure 1. Given the central relevance
of NF-xB for innate immunity, pathogens
have evolved multiple strategies to inter-
fere with the activation of this transcrip-
tion factor. For example, viruses can
either activate intracellular NF-xB signal-
ing (when this is needed for their effi-

TNF
IL-1

l

local and
systemic effects

Figure 1. Schematic summary of the signaling mechanisms regulated by Pseudomonas aeruginosa. Lipo-
polysaccharide (LPS) at the surface of the bacterium stimulates Toll-like receptor 4 (TLR4), thus leading
to the activation of NF-kB and p38. While p38 signaling is activated, NF-kB signaling is inhibited by
C12. The molecules with relevance to this text are shown; Ub: ubiquitin.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cient replication) or prevent the activa-
tion of this signaling pathway (when
they want to escape from the immune
response).””’ Bacteria have also learned to
exploit key cellular responses to allow
their efficient survival in the infected
host." For example, Mycobacterium tu-
berculosis secretes the ESAT-6 protein,
which binds to TLR2 and thus prevents
downstream signaling in macrophag-
es.™ Many more examples of bacterial
strategies to undermine the host’s
immune system could be discussed here,
and a new clue into the mechanisms
used by bacteria was recently published
by Kravchenko and colleagues in the
July issue of Science."?

This paper reports on a small molecule
that is released by Pseudomonas aerugi-
nosa and inhibits NF-kB-dependent gene
expression, thus ensuring the attenua-
tion of the innate immune system to es-
tablish a local persistent infection with
this bacterium."? This bacterium can
cause persistent infections in susceptible
humans, including those who are
immune suppressed or suffer from cystic
fibrosis. The starting point for the study
was the question how opportunistic bac-
teria such as P. aeruginosa establish per-
sistent infections, while highly virulent
pathogens such as Staphylococcus aureus
and Salmonella typhimurium trigger an
acute and severe disease. The authors
compared the ability of these three dif-
ferent bacteria to trigger NF-xB activa-
tion, which is the main usual suspect
when it comes to innate immunity sig-
naling. The results showed efficient NF-
kB activation by the two virulent patho-
gens, as determined by monitoring the
elimination and subsequent NF-kB-de-
pendent resynthesis of IkB. In contrast,
P. aeruginosa allowed the degradation of
IkB but prevented its resynthesis, provid-
ing the first hint of its ability to manipu-
late NF-xB signaling. P aeruginosa is
known to produce N-(3-oxo-dodecanoyl)
homoserine lactone (C12), a small mole-
cule involved in several bacterial func-
tions such as sensing bacterial crowding
in biofilms."® When the pure C12 com-
pound was tested for its effects on LPS-
induced NF-kB activation, Kravchenko
and co-workers found impaired phos-
phorylation of IkBa and a total block in
IkBa resynthesis, thus demonstrating its

2576
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efficacy for the inhibition of NF-«xB sig-
naling. However, C12 is not a general in-
hibitor of LPS-induced signaling cas-
cades, as it potently activates the p38
MAPK signaling pathway, a result that is
in accordance with a previously pub-
lished paper of the same group.'"" The
key finding of C12-mediated NF-kB in-
hibition was corroborated by a further
experiment that compared the effects
on NF-kB between wildtype P. aeruginosa
and a mutant bacterial strain lacking the
lasl gene, which is required for the effi-
cient synthesis of C12. These experi-
ments confirmed the inhibitory activity
of C12 on IkBa resynthesis, as the las/
mutant failed to repress IkB resynthesis.
Further experiments substantiated the
result of C12-dependent inhibition of
LPS-induced transcription for many NF-
kB target genes. These blocking effects
were already visible with C12 concentra-
tions (10 um) only slightly above the C12
concentrations found to be in P aerugi-
nosa samples (4.7 um). The inhibitory
effect on target gene expression oc-
curred in different cell lines and also in
response to NF-xB activation by TNF, but
was not detected for interferon-triggered
transcription programs. Kravchenko and
co-workers extended these assays and
also found the inhibitory effects of C12
on NF-kB-dependent target genes in
intact animals, as revealed by the analy-
sis of transgenic mice harboring a lucifer-
ase reporter gene driven by an NF-kB-
dependent promoter. While all these dif-
ferent experimental approaches uncov-
ered a specific and clear inhibitory activi-
ty of the C12 compound on NF-kB-de-
pendent gene expression, the effects on
the upstream steps of NF-kB signaling
did not reveal the candidate protein tar-
geted by this small molecule.

In all experiments, either P. aeruginosa
or C12 did not prevent IkBa degrada-
tion, which is the classical key event in
the canonical NF-xB activation cascade
and a standard indicator for a functional
NF-kB activation pathway. C12 concen-
trations of 50 um, which is more than
ten-times the C12 concentration con-
tained in the P aeruginosa cultures, al-
lowed the detection of slightly impaired
phosphorylation of the IKK substrates
IkBa and p65. In contrast, the same con-
centration virtually wiped out transcrip-

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion of NF-kB target genes. These results
make any direct effects of C12 on the
IKK complex rather unlikely. Accordingly,
in vitro kinase assays failed to reveal any
significant inhibitory effect of this com-
pound on IKK activity. Thus, the molecu-
lar target mediating the inhibitory activi-
ty of C12 on NF-kB signaling remains to
be identified in future studies. Intriguing-
ly, C12 is a potent inducer of the p38 sig-
naling pathway and causes phosphoryla-
tion of the p38 target cAMP response el-
ement-binding protein (CREB). Also the
receptor structure that allows for C12-in-
duced p38 activation is still unknown,
and it is now an exciting goal to find the
cellular receptor(s) that mediate these
two opposite effects (NF-kB inhibition
and p38 activation). This dual effect of
C12 can be also taken as an indication
that C12 inhibits NF-xB at a rather late
stage in the signaling cascade after the
branching point on the road leading
from the TLR4 to p38 activation. This hy-
pothesis can be easily tested, as the
compound should interfere with target
gene expression triggered by expression
of the IKKs or other downstream compo-
nents of the NF-kB pathway. Also dose
dependence experiments to measure
the effects of C12 on NF-kB signaling
will help to clarify these issues in the
future.

While the target molecule(s) for C12 in
the host cell await their identification,
the main advancement made by the
Kravchenko study is the view on the
mechanisms that allow chronic bacterial
infections. The study implies that the op-
portunistic bacterium P. aeruginosa en-
sures its chronic residence in the host by
its ability to produce a small molecule
that dampens NF-kB immune signaling.
This exciting concept can be experimen-
tally tested in the future by comparing
the infectiousness and persistence of
wildtype P ageruginosa and the las/
mutant, which shows impaired C12 syn-
thesis."®! The relative concentration of
C12 that actually occurs in the microen-
vironment at the site of infection in the
host also remains to be determined. But
even suboptimal amounts of the com-
pound should at least partially inhibit
NF-kB target gene transcription and
therefore target an early amplification
step of the innate immune response. In

ChemBioChem 2008, 9, 2575 -2577
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addition, the inhibition of NF-kB pre-
vents the anti-apoptotic activity of this
transcription factor, and the authors ac-
cordingly show that C12 confers pro-
apoptotic activity to TNF. Thereby, C12
would not only down-modulate NF-xB
signaling, but also eliminate immune
cells by apoptosis. The concept that bac-
terial virulence correlates with the
strength of TLR4 signaling is corroborat-
ed by a study that compared two Yersi-
nia pestis strains. While the wildtype
strain, which caused only a mild TLR4 re-
sponse, was highly virulent, a modified
strain that causes a potent TLR4 signal
showed a largely decreased virulence."
The everlasting battle between our body
and pathogens employs numerous
mechanisms and both combatants use a
large array of deceptions and tricks. The
Kravchenko paper reveals a new clue by
demonstrating that small molecules can
also be used by bacteria.

ChemBioChem 2008, 9, 25752577
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Engineering Cytochrome P450 Enzymes for Improved Activity towards

Biomimetic 1,4-NADH Cofactors

Jessica D. Ryan,” Richard H. Fish,*®" and Douglas S. Clark*

Cytochrome P450s are heme-containing enzymes that can oxi-
dize a broad range of compounds, often at unreactive carbon—
hydrogen bonds, with high regio- and enantioselectivity. Two
bacterial P450s, the “self-sufficient” fusion protein, P450 BM-3
from Bacillus megaterium, and the multicomponent P450,
P450cam from Pseudomonas putida, are well-studied and serve
as model P450s. These prokaryotic P450s also have potential
as industrial catalysts because they are water soluble, easily ex-
pressed in a bacterial host, such as Escherichia coli, and are rel-
atively stable in the presence of organic cosolvents. However,
the application of isolated P450 enzymes for large-scale syn-
thesis has been hindered by many obstacles, including the ex-
pense of the required cofactor, NAD(P)H™ (Figure 1). The
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Figure 1. Structures of natural and biomimetic cofactors.

search for alternative cofactors and/or regeneration systems
has thus been met with great interest. Several alternative elec-
tron sources have been evaluated for their ability to support
P450 catalysis, including sodium dithionite,” ascorbic acid,”
and electrochemical means;** however, substrate conversion
and initial rates for such systems are significantly lower com-
pared to those that use NAD(P)H.®! An ideal alternative cofac-
tor should be inexpensive to synthesize, should not inhibit the
P450 catalyst, and should support a rate of substrate oxidation
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that is at least comparable to that obtained with the natural
cofactor.

N-Benzyl-1,4-dihydronicotinamide (1a, Figure 1) is a biomim-
etic NADH analogue that has been used previously with two
NADH-dependent oxidoreductases. Lo and Fish showed that
1a (generated in situ with [Cp*Rh(bpy)H]™) can be used by
horse liver alcohol dehydrogenase (HLADH) to catalyze the re-
duction of achiral ketones to chiral alcohols,” while Lutz et al.
reported that 1a can supply the electrons necessary for
phenol oxidation by 2-hydroxybiphenyl 3-monooxygenase,
HbpA.® Surprisingly, to date there have been no reports of 1a
or any other NADH biomimic being used with a cytochrome
P450. Therefore, the objectives of the present study were to
evaluate the ability of 1a and N-4-methoxybenzyl-1,4-dihydro-
nicotinamide, 1b (Figure 1), to support oxidation reactions cat-
alyzed by cytochrome P450s, and to determine whether the
activity of P450s towards biomimetic cofactors could be im-
proved by protein engineering.

In a previous study directed toward improving P450 BM-3
for the industrially-relevant oxidation of cyclohexane, Maurer
etal. created the mutants W1064A, W1064S, and R966D/
W1064S, all of which enabled the substitution of NADPH with
NADH, and thereby reduced the overall process cost. The K,
and k., values for the NAD(P)H-dependent reduction of cyto-
chrome ¢ by the mutant P450s were compared, and the
double mutant, R966D/W1064S, had the greatest catalytic effi-
ciency (k./Ky) for reactions with NADH. The double mutant
also had a lower preference for NADPH over NADH than the
wild-type enzyme;® therefore, we generated the same mutant
and assayed its ability to reduce cytochrome ¢ with NADH or
biomimics 1a and 1b (Table 1).

The catalytic constants reported in Table 1 for NADH exhibit
the same trend, but differ somewhat from those reported by
Maurer and co-workers. This is most likely because the two
variables known to influence K, and k..—the ionic strength of
the assay buffer and the concentration of cytochrome c—

Table 1. Ky, and k., values for cytochrome c reduction by wild-type and
double mutant P450 BM-3 by using NADH, 1a, or 1b as the cofactor.

P450 Cofactor Ky® ko™ Kot/ Ko™
BM-3 [um] [min~"] [min~'um™
NADH 810 346 0.43
wild-type 1a no reaction - -
1b no reaction - -
NADH 10.5 4260 405
W1064S/R966D 1a 295 1220 413
1b 96.0 2500 26.0

[a] The reported values are the averages of three measurements for
which the standard deviations were less than 10%.
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could have differed between our assays and those of Maurer
et al. More importantly, the R966D/W1064S double mutant was
capable of using 1a and 1b to reduce cytochrome ¢, whereas
the wild-type enzyme had no activity with either biomimic.
Furthermore, the catalytic efficiencies for the double mutant
that used both 1a and 1b were much greater than that of the
wild-type enzyme with NADH.

p-Nitrophenoxydecanoic acid (p-NCA) is a model substrate
for P450 BM-3, which forms w-oxydecanocarboxylic acid and
releases p-nitrophenol upon hydroxylation."” The wild-type
enzyme does not hydroxylate p-NCA with either 1a or 1b, as
evidenced by the lack of p-nitrophenol detection after 1 h.
However, both NADH biomimics support p-NCA hydroxylation
by the R966D/W1064S double mutant. Moreover, the double
mutant achieved the same conversion for p-NCA oxidation
(>95%) with NADPH, NADH, or 1a as did the wild-type
enzyme with its preferred cofactor, NADPH. However, reactions
with the double mutant and 1b—a biomimetic cofactor with a
p-methoxy group for potential enhanced molecular recogni-
tion at the cofactor binding site—provided only a 42% conver-
sion based on the initial concentration of p-NCA.

The initial rates of p-NCA hydroxylation with wild-type and
W1064S/R966D P450 BM-3 are shown in Table 2. The reactions
with the wild-type enzyme and NADPH had the highest initial

Table 2. Initial rates of p-NCA hydroxylation by wild-type and double
mutant P450 BM-3 by using NADPH, NADH, 1a, or 1b as the cofactor.

Cofactor Rate [nmols™' per mg BM-3]
WT# W1064S, R966D"
NADPH 43.6 30.4
NADH 1.6 34.5
1a no reaction 233
1b no reaction 14.7

[a] Reactions contained 60 um p-NCA, 200 pm cofactor, and 0.13 um wild-
type or 0.15 pm W1064S5/R966D P450 BM-3. The reported values are aver-
ages of three measurements for which the standard deviations were less
than 10%.

rate (43 nmols™' per mg BM-3); however, the initial rate of the

double mutant reaction with 1a was only 1.9-fold slower. The
initial rate was 1.6-fold slower with 1b than with 1a; this indi-
cates that the p-methoxy group might not be available for
noncovalent interactions at the cofactor binding site. These re-
sults clearly demonstrate that protein engineering can be used
to generate a mutant of P450 BM-3 that has good activity with
at least two NADH biomimics toward which the wild-type
enzyme was inactive.

Although P450 BM-3 is a good model system for reductase
proteins that have both an FAD and FMN ligand, such as
human P450 reductase,™ the reductase of P450cam is a more
appropriate model for other oxygenase-coupled NADH-depen-
dent ferredoxin reductases (ONFRs) that are necessary for elec-
tron transport to a number of hydroxylases, including alkane
and benzene/diphenyl hydroxylases."”? Unlike wild-type (WT)
P450 BM-3, WT P450cam was able to catalyze substrate oxida-
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tion by using both 1a and 1b (Table 3). In contrast to the re-
sults for P450 BM-3, the initial rate of WT P450cam was nearly
the same with both 1a and 1b, but these initial rates were

Table 3. Initial rates of P450cam-mediated camphor oxidation to hydrox-
yl camphor supported by 1a, 1b, or NADH.

Cofactor Reductase Initial rate
[nmols~" per mg P450cam]
WT 0.72
12 E300A 1.80
E300L 0.92
WT 0.82
1b® E300A 1.93
E300L 1.1
WT 130
NADH™ E300A 78
E300L 125

[a] Reactions contained 5 mm of either 1a or 1b, 1.0 mm camphor,
1.5 um P450cam, 7.5 um PdX, and 2.8 um PdR. [b] Reactions contained
stoichiometric amount of NADH and 0.5 um P450cam, 2.5 um PdX, and
0.25 um PdR. The reported values are averages of three measurements
for which the standard deviations were less than 10%.

much less than the rate with the natural cofactor, NADH. Cyto-
chrome P450cam requires two electron transfer proteins for
catalytic activity: putidaredoxin reductase (PdR) and putidare-
doxin (PdX). Previous work showed that the initial rate of WT
P450cam varied with changing PdX and P450cam concentra-
tions when NADH was the cofactor."®'¥ However, when either
1a or 1b was used, the rate of camphor oxidation was not in-
fluenced by the concentration of either PdX (range: 0.5-
7.5 um) or P450cam (range: 0.5-1.5 pum). In contrast, the initial
rate increased 1.3-fold when the concentration of PdR was in-
creased from 0.75 to 2.8 um; this suggests that the reduction
of the FAD ligand within PdR was rate-limiting when 1a or 1b
was used, and that the rate could be further improved by
using a mutant of PdR that is more active towards the NADH
biomimics.

There is no tryptophan residue corresponding to W1064 of
P450 BM-3 in the NADH binding pocket of PdR. Instead, the
corresponding residue is a tyrosine (Y159), which has a differ-
ent conformation relative to the FAD than W1064 of P450 BM-
3. Therefore, we chose to mutate E300, which is proximal to
Y159 and participates in hydrogen bonding with the ribose
ring closest to the nicotinamide portion of NADH.™ Two
single point mutations, E300A and E300L, were introduced,
and the mutants were assayed for camphor oxidation with
both 1a or 1b (Table 3). Both mutations improved the initial
rate of camphor oxidation with the NADH analogues, and
E300A afforded a greater increase than E300L for both 1a and
1b.

Pertinently, NADH biomimics will be less expensive to pre-
pare than NAD(P)H, and regeneration of these analogues could
further improve the cost efficiency of P450 reactions. Steckhan
and co-workers demonstrated that NAD" could be reduced to
NADH using an organorhodium catalyst"® Therefore, as
before,”’ we used the same non-enzymatic strategy with P450

ChemBioChem 2008, 9, 2579 - 2582
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reactions to regenerate the cofactor in situ. Reactions included
5mm 2a, 2b, or 2¢, [Cp*Rh(bpy)(H,0)I(OTf), as the catalyst
precursor, and sodium formate as the hydride source for cofac-
tor regeneration (Scheme 1). As shown in Table 4, the initial

\/

HCO,
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N™ X

2a, X=Cl
" N7 2¢, X = OTf P450/ O,

N/
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Scheme 1. In situ cofactor regeneration system in tandem with P450 oxida-
tion by using [Cp*Rh(bpy)(H,0)1(OTf), as the catalyst precursor and sodium
formate as the hydride source.

Table 4. Initial rates and TTN of camphor oxidation by P450cam and p-
NCA oxidation by W10645/R966D P450 BM-3 with cofactor regeneration
of 1a from 2a, 2b, or 2c by using [Cp*Rh(bpy)(H,0)](OTf), and sodium
formate.

P450 Cofactor Initial rate® TTN®
[pmols™" per mg P450]
2a 18 33
P450cam 2b 20 24
2c 150 38
W1064/R966D 2a 125 264
P450 BM-3 2b 8 180
2c 144 312

[a] The reported values are the averages of three measurements for
which the standard deviations were less than 10 %.

rate of substrate oxidation depends on the anion associated
with the oxidized analogue (2a-c). In general, reactions con-
taining triflate anions (2 c) were faster than those with chloride
(2a) or bromide anions (2b). Moreover, the initial rates of sub-
strate oxidation by both P450 s are nearly the same; this sug-
gests that the rate of biomimic reduction by the organorhodi-
um catalyst is rate limiting.

When assayed after incubation with 50 um [Cp*Rh(bpy)-
(H,0)1(0Tf), for 1 h, P450cam retained only 10% of its activity,
whereas P450 BM-3 was relatively stable in the presence of the
organorhodium complex and maintained 70% of its activity
under the same conditions. It is possible that the organorhodi-
um precatalyst binds in the substrate binding domain of
P450cam more so than P450 BM-3, and the structural differen-
ces between the active sites of P450cam and P450 BM-3 ac-

ChemBioChem 2008, 9, 2579 — 2582
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count for the difference in observed inhibition. Table 4 also re-
ports the total turnover numbers (TTN), defined as the concen-
tration of product formed divided by the enzyme concentra-
tion. The TTIN were much larger for P450 BM-3 than for
P450cam, owing to the greater stability of P450 BM-3 than
P450cam under the reaction conditions.

We also measured the rate of NAD* reduction by the orga-
norhodium hydride complex after incubation for 1 h with P450
BM-3, P450cam, or bovine serum albumin. None of these pro-
teins inhibited the activity of the organorhodium hydride com-
plex. Thus, protein lysine residues did not appear to interact
with and inhibit the rhodium complex, as suggested by Lutz
et al.’®! Although the organorhodium precatalyst could inhibit
the enzyme, the enzyme does not appear to inhibit cofactor
regeneration.

In conclusion, WT P450cam oxidation reactions can be sup-
ported by 1a and 1b, but WT P450 BM-3 was not active with
these 1,4-NADH biomimetic analogues. While mutations of a
key residue in the reductase (PdR) for P450cam afforded only a
small increase in initial rate, mutations in the P450 BM-3 reduc-
tase domain enabled the use of NADH analogues at rates com-
parable to that of the natural cofactor. Presumably, other P450
and oxidoreductase mutants with comparable or even greater
activity than the wild-type enzymes with the biomimics can be
generated with protein engineering, although the utility of
such systems in practice will also depend on their operational
stability and susceptibility to uncoupling. Furthermore, P450
BM-3 was stable in the presence of [Cp*Rh(bpy)(H,0)]1(OTf),,
and non-enzymatic cofactor regeneration is promising for
select enzymatic reactions under optimized buffer conditions.
Protein engineering in combination with chemically-catalyzed
cofactor regeneration is thus an important strategy for utilizing
economically advantageous NADH biomimics in P450-cata-
lyzed oxidation reactions.

Experimental Section

Synthesis of NADH biomimics and [Cp*Rh(bpy)(H,0)](OTf),:
Methods described by Lutz et al.”! were used to synthesize N-ben-
zylnicotinamide salts (2a-c and N-4-methoxybenzylnicotinamde)
and 1a from 2b. Compounds 1b and [Cp*Rh(bpy)(H,0)1(OTf),
were synthesized according to Lo et al.!"”

P450cam activity assays with 1a and 1b: The activity of P450cam
with the NADH analogues was measured in phosphate buffer
(20 mm), with KCI (50 mm), at pH 7.4. Reactions (250 pL) contained
camphor (1.0 mm). Unless otherwise specified, the reactions con-
tained PdR (2.8 um), PdX (7.5 um) and P450cam (1.5 um). A stock
solution (100 mm) of each analogue was prepared in DMSO imme-
diately prior to the assay, and was added (2.5 pL) to initiate the re-
action. To terminate the reactions, acetone was added (100 pL),
and the aqueous phase was extracted with hexane (250 pL) con-
taining decane (1.0 mm) as an internal standard. The concentra-
tions of hydroxycamphor and camphor in the extract were ana-
lyzed by gas chromatography.

P450cam activity assays with [Cp*Rh(bpy)(H,0)]1(OTf),: Assays
were conducted in phosphate buffer (20 mm) prepared by combin-
ing KH,PO, (20 mm) and K,HPO, (20 mm) to achieve a pH of 7.4.
The reaction (250 puL) contained P450cam (1.5 um), PdX (7.5 um),
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PdR (2.8 um), 2a, 2b, or 2c (5.0 mm), [Cp*Rh(bpy)(H,0)1OTf,
(50 pum), sodium formate (150 mm), and camphor (1.0 mm). Reac-
tions were stopped and analyzed as stated above.

P450 BM-3 activity assays with 1a and 1b: Tris buffer (0.1m,
pH 8.0) was used for P450 BM-3 assays with 1a and 1b. Reactions
were carried out in 96-well plates. The final reaction volume was
250 pL and the final DMSO concentration was 1.6%. A p-nitrophe-
noxydecanoic (p-NCA) stock solution (6.0 mm) was made in DMSO,
and that solution was added to the reaction mixture (2.5 L) to
give a final substrate concentration of 60 um. The final enzyme
concentration was 0.15 pum for the double mutant and 0.13 um for
WT P450 BM-3. A stock solution of 1a or 1b (33 mm) in DMSO was
used to prepare a solution in buffer (1.0 mm), and that solutions
was added (50 pL) to initiate the reaction and to give an initial co-
factor concentration of 200 um. The absorbance of p-nitrophenol
was measured at 410 nm and the concentration determined from
a calibration curve.

P450 BM-3 activity assays with [Cp*Rh(bpy)(H,0)1(OTf),: Assays
were conducted in 96-well plates by using KH,PO,/K,HPO,
(20 mm), pH7.4. The reactions (250 ulL) contained P450 BM-3
(0.15 um), p-NCA (60 pm), sodium formate (150 mm) and either 2a,
2b, or 2c (5mm). A stock solution of [Cp*Rh(bpy)(H,0)1(OTf),
(25 pL; 0.5 mm) was added to initiate the reaction. The concentra-
tion of p-nitrophenol was determined as stated above.
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Ligand Binding to Tandem G Quadruplexes from Human Telomeric DNA

Li-Ping Bai,”” Masaki Hagihara,” Zhi-Hong Jiang,*™ and Kazuhiko Nakatani*"

Ligand-induced stabilization of intramolecular telomeric G qua-
druplexes produced in the single-stranded overhang of the
human telomere has become an attractive strategy for the de-
velopment of anticancer drugs."" Several distinct solution con-
formations of human telomeric G quadruplexes have been elu-
cidated in the presence of sodium® and potassium™ cations.
The K*-form, hybrid-type G-quadruplex structure has been
considered to be a physiologically relevant conformation of
the human telomeric sequence, and thus, can be specifically
targeted by  G-quadruplex-interactive,  small-molecule
drugs.**®! Recently, a beads-on-a-string model was proposed
for the telomeric overhang, in which every four consecutive G-
rich repeats adopt an individual G-quadruplex structure, and
two G-quadruplex units are connected by one TTA linker.®><*
Ligand binding to the G quadruplex has mostly been investi-
gated on telomere sequences producing a single G quadru-
plex, but few studies of ligand binding to beads-on-a-string
G quadruplexes have been reported. To gain insight into the
beads-on-a-string model and the nature of ligand binding, we
undertook the polymerase stop assay on human telomere se-
quences of three to eight repeats (Table S1 in the Supporting
Information) with TMPyP4, a G-quadruplex-interactive ligand,”
and sanguinarine (Scheme 1), a natural isoquinoline alkaloid.
The results described in this paper confirm the beads-on-a-
string structure of telomeric overhang and suggest a mode of

Sanguinarine

TMPyP4

Scheme 1. Chemical structures of sanguinarine and TMPyP4.
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ligand binding between tandem G-quadruplex beads. These
observations should be taken into account for structure-based
design of anticancer drugs targeting human telomeric DNA.

Sanguinarine is a natural isoquinoline alkaloid isolated from
the North American herb bloodroot (Sanguinaria canadensis). It
was approved by the FDA in 2003 to be added to oral cleans-
ing products as an antibacterial agent. Sanguinarine also pos-
sesses potent anticancer activity.”” We have previously report-
ed its DNA-binding activity and distinct sequence selectivity to
double-stranded DNA,” which was proposed to be one of the
molecular mechanisms of its anticancer activity. The structural
similarity of sanguinarine with berberine, another isoquinoline
alkaloid possessing G-quadruplex-binding activity,® prompted
us to speculate that sanguinarine is probably a G-quadruplex
binder. In this communication, we report its binding to the
telomeric overhang using DNA polymerase stop assays.”’ DNA
templates Tem-3 and Tem-4 (Table S1), which contains three
and four human telomeric repeats d(TTAGGG), respectively,
were employed, and TMPyP4 was used as the reference com-
pound in the assay.”*'? Neither TMPyP4 nor sanguinarine
blocked DNA synthesis on Tem-3, because an intramolecular G-
quadruplex structure could not form with three human telo-
meric repeats on Tem-3 (Figure 1). In contrast, both sanguinar-
ine and TMPyP4 produced paused bands in DNA synthesis on
Tem-4. The position of the paused bands was the same for the
two ligands. For each ligand, a series of concentration-depen-
dent paused bands appeared at the beginning of the G-quad-
ruplex-forming site, that is, the first site of G-rich repeats in
Tem-4 (from 3’ to 5). In the presence of 3 um TMPyP4, the
polymerase reaction was totally suppressed to give no elonga-
tion of the primer. The tight binding of sanguinarine and
TMPyP4 to the K'-form hybrid-type G-quadruplex structure
was clearly indicated from the large increase in the melting
temperature (AT,) of dAGGG(TTAGGG); (11.4°C for sanguinar-
ine and 9.5°C for TMPyP4 in a 2:1 ligand/DNA molar ratio).
Furthermore, a broad negative induced band at 351 nm in the
CD spectra confirmed the interaction between sanguinarine
and the K*-form G quadruplex formed by dAGGG(TTAGGG),
(Figure 2).

Regarding the mode of ligand binding to the G quadruplex,
NMR,*® %1 fibre diffraction,? and single-crystal X-ray crystal-
lographic analyses!®'* have confirmed that a variety of planar
aromatic binders including TMPyP4 interact with the G quadru-
plex by end stacking rather than intercalation between G te-
trads. TMPyP4 was also found to stack onto the external loop
of a bimolecular G quadruplex in a crystal structure."® Recent-
ly, electrospray ionization time-of-fight mass spectrometry
(ESI-TOF-MS) has been used to analyze complexes of G quadru-
plexes with ligands, since G quadruplexes can maintain their
structure in the gas phase in the presence of a suitable cation
such as NH,*.'" ESI-MS showed the ammonium ion to be lo-
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cated between the G-tetrads." In addition, ESI-MS in combina-
tion with ion-mobility spectrometry and molecular modelling
has revealed that end stacking is the dominant binding mode

stacked structures are lower in energy than the intercalated
ones.™ In the ESI-MS spectra of sanguinarine with dAGGG-
(TTAGGG); in a 1:1 molar ratio (Figure 3), the complex peaks

of aromatic planar ligands to G quadruplexes, because end- with two ammonium cations, especially the predominant

Tem-4 x10¢ ]
TMPyP4 Sang 125 (T4+DF
Tem-3 5 ") ] -
TMPyP4 Sang e 5' T 100] M .
5 e el o [T4+20]
- Z 075
£ ]
c 4
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’ ]  [T4+DJ*
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0.00} el
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o = miz —»
e, k=
4443 Figure 3. Negative ESI-TOF-MS spectrum of an equimolar mixture of sangui-
narine (D, 100 um) and telomeric sequence dAGGG(TTAGGG); (T4, 100 um).
. The inset is an enlargement of the distribution of ammonium adducts for the
: g —4 charge state of the G quadruplex and complexes. The numbers represent
: k=) the number of attached ammonium ions.
. 44 0 4 =
' I BN § } ) e
'} N 3 * *okk peaks of [T4+2NH,*+D]*" and [T4+2NH,"+2D]*", distinctly
v T eI i- indicated that two molecules of sanguinarine bind to the

G quadruplex by end-stacking, based on the consideration that
two ammonium ions are conserved between three tetrads!**™
and on the finding that other complexes with stoichiometries
greater than 1:2 are, at best, very minor components.

The absorption spectra of sanguinarine with dAGGG-
(TTAGGG); in a 2:1 molar ratio showed a red shift of 10 nm
(from 326 nm to 336 nm) associated with 44% hypochromism
(Figure 4). These remarkable spectral changes disclosed mt—m-
stacking interactions between the chromophore of sanguinar-
ine and the G quartet."'” On the basis of the characteristic
absorption spectral changes and the complex peak of
[T442NH,"42D]*" in the ESI-MS spectrum, sanguinarine most
likely binds to the G quadruplex by end stacking, the same

;‘f |
' 3
=TT

Primer

Figure 1. Concentration-dependent inhibition of Tag polymerase DNA syn-
thesis by G-quadruplex-binding ligands on DNA templates containing 3 or
4 human telomeric repeats. Lanes 1-4: marker A, C, G and T; lanes 5-8:
TMPyP4 (0, 0.3, 1 and 3 pm); lanes 9-14: sanguinarine (0, 0.3, 1, 3, 10 and
30 pm) for each DNA template. * Primer, ** full-length product, *** paused
bands. The lane markers represent dideoxy sequencing reactions with the
same template as a size marker for the precise arrest sites.!®
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Figure 4. Absorption spectra of sanguinarine (6.0 um) in the absence (—)
or presence of dAGGG(TTAGGG); (3.0 um, =) in 25 mm Tris-HCl buffer
(pH 7.0) containing 100 mm KCI.

Figure 2. CD spectra of dAGGG(TTAGGG); (5 pm) with sanguinarine in
25 mm Tris-HCl buffer (pH 7.0) containing 100 mm KCl. The sanguinarine
concentrations were 0 pm (—), 30 pum () and 62.5 um (-----) ), respectively.
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mode of binding of TMPyP4 to a G quadruplex in solution
state, which was revealed by NMR.'*

To observe the effect of ligand binding to G quadruplex
beads and the formation of any characteristic paused bands,
we further explored the DNA polymerase stop assay with
longer human telomeric DNA (5-8 G-rich repeats, Table S1, Fig-
ure 5A). With Tem-5 as the template, paused bands were de-
tected at two GGG sites: one at the first GGG site and the
other at the second GGG site from the 3" end. Paused bands
were not detected at the other three GGG sites. The intensity
of the paused bands was slightly stronger for the 3'-side GGG
site. These observations were clearly rationalized by the fact
that there was an almost equal chance to form a G quadruplex
with four out of the five contiguous GGG sites in Tem-5. As the
number of GGG sites increased to six in Tem-6 and seven in
Tem-7, the formation of paused bands was observed at three
and four GGG sites, respectively. The site of paused bands was

A)
Tem-8
1 5B
Tem-7 “ *%
1 5B g
Tem-6 ’
1 5 B
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1 5
’
8 :
¢ -
| . S8 i
' - - 1 — 14-4
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-
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Primer

W
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rationalized by the same argument as for Tem-5. However, a
quite different and characteristic pattern of the paused bands
appeared on Tem-8. The intensities of the observed five bands
were markedly different. The most intense paused band was
observed at the first GGG site from the 3’ end. The next most
intense band was detected at the fifth GGG site, but its intensi-
ty was much weaker than that of the strongest paused band,
that is, the first one. Only faint bands were detected at the
other three GGG sites. This suggested that DNA with eight G-
rich repeats mainly formed four kinds of G quadruplex species,
the predominant species composed of two tandem G quadru-
plexes and three distinct minor species.

An important observation was made in the polymerase stop
assay with a small increment of ligand concentration (Fig-
ure 5B). Bands were exclusively produced at the first GGG site
when the molar ratio of sanguinarine to Tem-8 was less than
or equal to 1:1 (Figure 5B, lanes 11 and 12 in Tem-8). When

Tem-8
TMPyP4 Sang
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Figure 5. Concentration-dependent inhibition of Tag polymerase DNA synthesis by G-quadruplex-binding ligands on DNA templates containing 5 to 8 human
telomeric repeats. A) Lanes 1-4: marker A, C, G and T; lanes 5-7: TMPyP4 (0, 0.3 and 1 um); lanes 8-10: sanguinarine (0, 0.3 and 1 um) for each DNA template;
B) Lanes 1-4: marker A, C, G and T; lanes 5-9: TMPyP4 (0, 0.1, 0.15, 0.3 and 1 um); lanes 10-15: sanguinarine (0, 0.1, 0.15, 0.3, 1 and 3 um) for each DNA tem-

plate. The concentrations of primer and DNA template were 0.1 and 0.15 um, respectively. * Primer, ** full-length product, *** paused bands. The lane markers
represent dideoxy sequencing reactions with the same template as a size marker for the precise arrest sites.'®
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the sanguinarine/Tem-8 molar ratio increased, a series of
paused bands with different intensity appeared. These obser-
vations were obtained for both sanguinarine and TMPyP4. The
formation of paused bands exclusively at the first GGG site
showed that the two-tandem-G-quadruplex structure was the
most energetically favourable species among the six possible
species existing at a 1:1 molar ratio. It was also apparent from
the PAGE analyses that the ligand-bound, two-tandem-G qua-
druplex was in equilibrium with other minor modes of ligand
binding that produced one-bead species with paused bands at
every possible G-quadruplex-formation site on Tem-8 under
increased ligand concentrations.

ESI-TOF-MS analysis of the complex consisting of sanguinar-
ine and dAGGG(TTAGGG), in a 1:1 molar ratio revealed that
three molecules of sanguinarine simultaneously bind to the
two-tandem-G-quadruplex beads, whereas two molecules of
drug externally stack on one bead in both dAGGG(TTAGGG)
(Figure S1) and dAGGG(TTAGGG); (Figure 3). This suggested
that one ligand binds between G-quadruplex beads in addition
to two ligands binding by end stacking. Additional supporting
evidence was supplied from AT, measurements of dAGGG-
(TTAGGG); and dAGGG(TTAGGG), (Table 1 and Figure S2) in the

Table 1. Melting temperatures [°C] of dAGGG(TTAGGG), and dAGGG-
(TTAGGG), in the absence (—) or presence (+) of sanguinarine.”

Oligodeoxynucleotide T (=) T () AT,
dAGGG(TTAGGG), 59.9 79.0 19.1
dAGGG(TTAGGG), 66.8 81.6 14.8

[a] The concentrations of dAGGG(TTAGGG),, dAGGG(TTAGGG); and san-
guinarine were 5, 10, and 50 pm, respectively.

presence or absence of sanguinarine. An extra increase of
43°C in the AT, value was observed for dAGGG(TTAGGG),
compared with that of dAGGG(TTAGGG); under the same con-
ditions. The extra increase in the AT, value of dAGGG-
(TTAGGG), might result from a sanguinarine-induced stacking
interaction between two G-quadruplex beads in dAGGG-
(TTAGGG),.

In conclusion, the data described here unambiguously con-
firm the “beads-on-a-string” structure of the human telomeric
overhang,®*“% and suggest a mode of ligand binding between
tandem G-quadruplex beads in telomeric DNA. Molecular
design focused on the binding of small-molecule drugs be-
tween two G-quadruplex beads, which induces the formation
of a tightly stacked cluster of G-quadruplex beads, will be a
new and effective strategy for structure-based, anticancer drug
design targeting human telomeres.

Experimental Section

Materials: Oligodeoxynucleotides used in UV melting, CD and UV
absorption were purchased from FASMAC Co., Ltd. (Tokyo, Japan).
The 5" Texas red-labelled DNA primer and human telomeric tem-
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plate (PAGE grade) were obtained from JBioS Co., Ltd. (Saitama,
Japan) and dissolved in Milli Q water to be used without further
purification. Acrylamide/bisacrylamide solution and ammonium
persulfate were purchased from Bio-Rad, and N,N,N',N'-tetramethyl-
ethylenediamine was purchased from Fisher. rTag DNA polymerase
and dNTPs were purchased from TaKaRa (Shiga, Japan). A sequence
marker kit was purchased from Toyobo Co., Ltd. (Osaka, Japan).
Stock solutions of sanguinarine and TMPyP4 (1 mm) were made in
Milli Q water.

DNA polymerase stop assays: A reaction mixture of template
DNA (0.15 um) and 5’ Texas red-labelled 20-mer primer (0.1 um)
was heated to 95°C for 3 min in a Tag (TaKaRa) reaction buffer
(10 mm Tris-HCI, pH 8.30, 50 mm KCl, 1.5 mm MgCl,) and allowed
to cool to ambient temperature over 30 min. The requisite amount
of ligand was added, and the reaction mixture was incubated at
ambient temperature for 1 h prior to the addition of polymerase.
Tag polymerase and dNTPs were then added to the reaction mix-
ture, which was incubated at 42°C for 30 min. The reaction prod-
ucts were analyzed by using a Hitachi SQ5500E automated se-
quencer. The sequence markers were made according to the
Toyobo sequence Protocol."®

UV melting measurements: Thermal denaturation was performed
with a UV-2550 spectrometer (Shimadzu, Japan) equipped with a
Shimadzu TMSPC-8 temperature controller. The absorbance was
monitored at 295 nm, while the temperature was increased from
4°C to 98°C with a heating rate of 1°Cmin~". The DNA concentra-
tion was 5 um for the AT, measurements of dAGGG(TTAGGG); in
the absence or presence of either sanguinarine or TMPyP4 in a 2:1
ligand/DNA molar ratio. The melting temperature (T,) is the
median of three measurements.

Electrospray mass spectrometry: ESI-TOF-MS experiments were
carried out in the negative-ion mode with a Bruker MicrOTOFQ
mass spectrometer. Oligodeoxynucleotides dAGGG(TTAGGG); (M=
6966.6 Da), dAGGG(TTAGGG), (M=12694.3Da) and dAGGG-
(TTAGGG); (M=14603.6 Da) were purchased from Invitrogen and
used without further purification. The mixture of equimolar sangui-
narine and DNA was prepared in aqueous methanol (50%) contain-
ing ammonium acetate (100 mm, pH 7.0). The capillary voltage was
+4500V, and the dry N, flow was 5.0 Lmin~" at 60°C. Data were
analyzed with the software Bruker Daltonics DataAnalysis.

UV absorption spectrometry: Absorption spectra were recorded
with a Jasco UV-530 ultraviolet-visible spectrophotometer (Japan)
over the spectral range of 200-600 nm.

CD measurements: CD spectra were recorded from 500 to 200 nm
with a J-725 spectropolarimeter (Jasco) with a 1 cm path length
quartz cuvette at 25°C. A buffer blank correction was made for all
spectra.
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A Novel Conformationally Constrained Parallel G Quadruplex

Pierre Murat, Delphine Cressend, Nicolas Spinelli, Angéline Van der Heyden, Pierre Labbé, Pascal Dumy, and

Eric Defrancg*®

Guanine-rich DNA sequences are known to form highly or-
dered structures called G quadruplexes.™ These structures play
an important role in many relevant biological processes, such
as telomere stabilization,” oncogene activation,” and the reg-
ulation of the immunoglobulin switch region.”! The G-quadru-
plex motif is based on the association of planar G quartets of
four guanine residues that are held together by eight Hoogs-
teen-type hydrogen bonds (Figure 1A). The G-quadruplex
motif requires monovalent cations, such as Na* and K*, for
stabilization. A wide variety of topologies can be adopted de-
pending on the number of strands involved in the structure,
the strand direction, as well as variations in loop size and se-
quence (Figure 1).”) The structure of parallel-stranded as well
as antiparallel-stranded quadruplexes have been extensively

A) B)

G\(\f

R/N /I\ >

C) D)

Figure 1. G-quartet motif and possible folded structures of the G quadru-
plex. A) G quartet; B) intermolecular parallel form; C) intramolecular parallel
form; D) intramolecular antiparallel form.
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studied by using different methods, such as NMR spectrosco-
py,® X-ray diffraction” and circular dichroism,®! but the exact
conformation present in vivo is still under discussion. The
design of small molecules that can bind to G quadruplexes has
thus received attention because these nucleic acid motifs rep-
resent valuable pharmaceutical targets. For this purpose, a
large number of small molecules has been evaluated for their
binding with these particular DNA structures.” However, as
mentioned, the G quadruplex can adopt different topologies
that can confuse the study of recognition phenomena. The
design of a system that is able to mimic a well-defined confor-
mation of G quadruplex is thus of great interest to precisely
study the molecular interactions that can occur with small or-
ganic molecules.

In 1985, Mutter proposed the TASP concept (template-as-
sembled synthetic proteins) for the design of folded pro-
teins."” These pioneering works described the use of a cyclo-
decapeptide that allows the preparation of artificial proteins
with a predetermined three-dimensional structure. Despite a
large number of examples that use this template, to our
knowledge, it has not been applied for the design of a specific
folded structure of nucleic acid."

With this in mind, we investigated the use of a peptidic scaf-
fold as a topological template that directs the intramolecular
assembly of covalently attached oligonucleotides into a single
characteristic folding topology of G quadruplex. We anticipated
that the scaffold should permit the preorganization of the
DNA strands and the stabilization of the quadruplex structure.
We report herein the synthesis and characterization of the
novel water-soluble peptidic scaffold-oligonucleotide conju-
gate 1 that mimics the parallel-stranded conformation of
G quadruplex (Scheme 1). We demonstrate that the use of the
scaffold allows the precise control of the conformation of the
quadruplex and dramatically increases the stability of the
motif—all the more so as the formation of the quadruplex
motif is possible even without the addition of any monovalent
cations, such as K. We also show that mimic 1 can be used
for surface functionalization, and this permits the study of the
molecular interaction with G-quadruplex ligands by using sur-
face plasmon resonance (SPR).

The scaffold used for the synthesis of mimic 1 is a cyclic
decapeptide with two independently functionalizable faces,
which are due to the orientation of the lysine side-chains. On
one side, the four oligonucleotides derived from the human te-
lomeric sequence d(*TTAGGGT®) were anchored by using
oxime bond formation, and a biotin residue was incorporated
on the other side for attachment to streptavidin-immobilized
surfaces. Earlier work from our laboratory has demonstrated
that the oxime coupling strategy allows the efficient prepara-
tion of peptide-oligonucleotide conjugates.”?
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Scheme 1. Synthesis of the G quadruplex mimic 1. a) 1) SPPS by using a
Fmoc/tBu strategy, then head-to-tail cyclization in solution, 2) cleavage of
the Boc group under acidic conditions, 3) functionalization by an oxyamino
linker, then acidic deprotection; b) automated DNA synthesis on a glyceryl
resin then NalO, oxidation; c) coupling reaction in 10 mm ammonium ace-
tate buffer (see the Supporting Information).

The preparation of mimic 1 involves the synthesis of the cy-
clodecapeptide 2 that possesses lysines on the upper face,
each of which is functionalized on the side-chain by an oxy-
amino group, and a subsequent coupling reaction with an al-
dehyde that contains the desired sequence of oligonucleotides
(Scheme 1, see also the Supporting Information). Briefly, the
peptide was prepared by using standard Fmoc/tBu solid-phase
peptide synthesis on an acid-labile Sasrin® resin, and by head-
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to-tail cyclization in solution by adapting the previously de-
scribed procedures.® After deprotection of the side-chains of
the lysine residues under acidic conditions, the oxyamino
groups were introduced by using 2-(1-ethoxyethylideneami-
nooxy)acetic acid." Final acidic deprotection provided the key
intermediate 2. The oligonucleotide d(*TTAGGGTX®) 3, in
which X represents the 3'-aldehyde linker, was synthesized as
previously reported."*® The coupling reaction was carried out
in ammonium acetate buffer (pH 4) by using a slight excess of
the aldehyde-containing oligonucleotide 3 and was monitored
by anion-exchange HPLC. The reaction proceeded to comple-
tion to yield conjugate 1 as the major product (see the Sup-
porting Information). Purification was performed by anion-ex-
change chromatography; it was noted that RP-HPLC was un-
suitable. Mimic 1 was obtained in satisfactory yields (50 %) and
characterized by MALDI-ToF MS analysis, which showed excel-
lent agreement between the experimentally determined mo-
lecular weight and the calculated value.

Circular dichroism (CD) spectroscopy was used to determine
the topology adopted by the four oligonucleotides in quadru-
plex mimic 1. Previous studies have shown that different topol-
ogies of G quadruplex DNA can be associated with a specific
CD signature."™ CD spectra of mimic 1 display a characteristic
positive peak at 263 nm and a negative peak at 240 nm (Fig-
ure 2A), both of which are expected when a parallel-stranded
quadruplex structure is formed. More interestingly, the parallel-
stranded quadruplex structure could still be observed even in
the absence of cations (Na* or K*).

The thermal stability of G quadruplex conformation was
then evaluated by CD spectroscopic denaturation studies (Fig-
ure 2B). The samples were incubated at each temperature to
achieve equilibrium before recording the CD signal. As shown
in Table 1, a dramatic stabilization was observed for mimic 1 in
comparison with the parallel-stranded quadruplex formed by
the intermolecular association of four strands of sequence
d(*TTAGGGT?). In fact, a melting temperature (T,,) of 87°C was
measured in the presence of 100 mm of KClI for mimic 1,
whereas the intermolecular quadruplex (dCTTAGGGT®)x4)
showed a T,, of 55°C under the same conditions."® The use of
the scaffold thus improved the thermal stability of the quadru-
plex significantly by maintaining the four oligonucleotides
bonded together. We also checked whether mimic 1 forms an
intra- or intermolecular quadruplex. As expected, the melting
temperature of quadruplex mimic 1 was independent of the
concentration; this demonstrates the formation of an intramo-
lecular quadruplex (Supporting Information).

The thermodynamic parameters were calculated from the
CD spectroscopic denaturation-renaturation studies by using
the classical Van't Hoff relation and were compared to those
obtained with sequence dCTTAGGG?),. This latter can fold to
an intramolecular quadruplex and is usually considered to be a
model of the human telomeric sequence. The calculated
values are given in Table 1 (see also the Supporting Informa-
tion). For both systems the quadruplex is the predominant
form at physiological temperature whenever AG<0. The T,
was higher in KCl than in NaCl, which is a well-known property
of G quadruplexes.'” The peptidic scaffold, however, confers a
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Table 1. T, values and thermodynamic parameters from CD denaturation
studies.”

Quadruplex Conditions T,, AG AH° AS°
[°C] [kcalmol™"] [kcalmol™'] [calmol™'K™]
- 32 -0.7 —17 —56
1 Nacl 56 —25 —29 —88
KCl 87 59 —37 —106
, . Nacl 45 =22 —-32 —-99
5 3’
dCTTAGGG ), Kcl 51 -33 —41 —128
, . Nacl 24 nd. nd. nd.
5 3
dCTTAGGGT ) x4 558 nd. nd. nd.

[a] Conditions: quadruplexes were annealed by heating the oligonucleo-
tides and mimic 1 at 90°C for 10 min in Tris-HCI buffer (10 mm, pH 7.4)
with 100 mm KCl or NaCl, or without cations, and cooled slowly to room
temperature to favor the thermodynamically stable form. The samples
were prepared at 2.5 um according to UV measurements. All the parame-
ters were determined at 298 K. [b] From ref. [16], n.d.: not determined.
The melting transition was found to be reversible.
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greater stability on the quadruplex and allows the formation of
the quadruplex motif in the absence of cations to stabilize the
structure. The entropy values of mimic 1 and the intramolecu-
lar G quadruplex d®TTAGGG®), are quite similar; this demon-
strates that the formation of quadruplex conformation in 1 is
entropically driven due to the preorganization afforded by the
scaffold.

Surface plasmon resonance (SPR) is a powerful method for
investigating molecular interactions. A number of quadruplex
sequences, including the human telomeric quadruplex, the Tet-
rahymena telomeric quadruplex, the c-MYC promoter quadru-
plex, the thrombin binding aptamer, and a G,T, basket quadru-
plex have been immobilized on surfaces for SPR studies."® All
these quadruplexes consist of an intramolecular folded single
strand; this can complicate the interpretation of the results
due to the propensity of quadruplex sequences for adopting
different topologies. To our knowledge there is no published
attempt to immobilize intermolecular quadruplexes on a SPR
sensor. Indeed an obvious limitation is that denaturation can
occur during the course of SPR experiments. In this way, we
examined the ability of mimic 1 to interact with known G-
quadruplex ligands. The use of mimic 1 should provide a good
way to specifically study the interaction of small molecules
with an intermolecular-like quadruplex constrained in a parallel
structure. Furthermore, additional structures that could prevent
unspecific interactions, such as a loop, are not present in our
mimic.

We chose an easily accessible ligand (N,N'-bis-(2-(dimethyl-
amino)ethyl)-3,4,9,10-perylenetetracarboxylic acid diimide) to
test this concept.'” Biotinylated mimic 1 was efficiently immo-
bilized on streptavidin-coated SPR biochips. Optimized experi-
mental conditions allowed clear sensorgrams to be collected
and interpreted (Figure 3, see also the Supporting Information).
We found that the perylene derivative ligand exhibits a high
affinity for mimic 1, and the affinity constant was estimated to
be 10°m~"2% Thus, mimic 1 represents an interesting tool to

Q 0 /
N
40 N n—"
\
NI
/ of o}

T T T 1
1000 1500 2000 2500

tls

v T
0 500

Figure 3. SPR sensorgrams for the interaction of ligand with mimic 1, which
was immobilized on a streptavidin-coated surface. The ligand concentration
was varied from 1 nm (bottom curve) to 50 nm (top curve); inset: structure
of perylene derivative ligand.
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select ligands and to study their interactions with the parallel-
stranded conformation of the G quadruplex.

Our studies represent the first template-assembled synthesis
of the G quadruplex. We demonstrated that this template
allows the formation of a very stable G-quadruplex motif in a
unique conformation, in aqueous medium. NMR spectroscopic
studies are in progress to determine the exact folding of the
DNA strands. Mimic 1 was also anchored on surfaces for SPR
studies. This technique should permit the analysis of molecular
interactions of various ligands for a single conformation of
G quadruplex. The possibility of extending the use of the scaf-
fold to the formation of other specific conformations of DNA
(antiparallel G quadruplex, i motifs) is also under investigation.
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SPOT Synthesis of Peptide Arrays on Self-Assembled Monolayers and their

Evaluation as Enzyme Substrates

Nicolas Laurent, Rose Haddoub, Josef Voglmeir, Stephen C. C. Wong, Simon J. Gaskell, and Sabine L. Flitsch*

Functionalised self-assembled monolayers (SAMs) of alkane-
thiols™ on gold surfaces are increasingly gaining in popularity
for the study of biological interactions and biochemical reac-
tions.” SAMs present well-defined biocompatible surfaces that
are easy to prepare and are amenable to detailed physico-
chemical analysis of molecular structure and binding interac-
tions, in particular through MALDI-ToF MSP*® (matrix-assisted
laser desorption/ionization-time-of-flight mass spectrometry)
and SPRI”® (surface plasmon resonance). So far, a broad
range of chemical and biochemical reactions have been de-
scribed™? that are compatible with SAMs, but in all cases the
number of consecutive reaction steps conducted on the sur-
face has been small,"®" in particular in array format. This
raises the question of whether the platform is robust enough
to withstand repeated reaction and washing cycles for long
biopolymer synthesis. Here, we show that SAMs on planar
gold surfaces can indeed be used to generate peptides and
glycopeptides of sizes necessary for biological evaluation (up
to dodecamers). Using SPOT synthesis,"? we show that diverse
arrays of peptides and glycopeptides can be generated and
can subsequently be used to evaluate substrate specificity of
proteases and glycosyltransferases. An important advantage of
the SAM platform is that all reactions can be monitored direct-
ly on the array by using mass spectrometry, which provides
quality control.

Since its introduction in the early 1990s by R. Franck,"? the
SPOT synthesis methodology has had a tremendous impact on
the development of microarrays.'” Parallel synthesis can be
carried out simultaneously on a single array to generate com-
plex libraries of compounds in a time and cost-efficient
manner. Although not limited to the field of peptide synthe-
sis," proteomics has mostly benefited from the SPOT method-
ology and arrays of thousands of peptides have been prepared
by using conventional Fmoc-based peptide chemistry."™ Nowa-
days, peptide arrays prepared by SPOT synthesis are routinely
used for the screening of antibody binding."® Furthermore,
peptide-receptor, peptide-microbe and protein—protein inter-
actions, enzyme substrate specificity and peptide-DNA interac-
tions have been studied by using peptide arrays generated by
the SPOT methodology."”'® However, despite the great bene-
fits offered by this method, coupling yields can vary from one
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[a]

amino acid to the other, and therefore the amount and purity
of peptides can also vary. Monitoring reactions on the support
relies on the use of a coloured dye, and quality control of the
peptide requires its cleavage from the support after comple-
tion of synthesis for subsequent solution-phase analysis by
HPLC or MALDI-ToF MS."" Consequently, assay results obtained
from an array prepared by SPOT synthesis sometimes need to
be confirmed by using purified samples of peptides in a solu-
tion-phase assay."™™

By combining the robustness and versatility of SAM-coated
gold platforms and the easy-to-handle SPOT peptide synthesis
methodology, an efficient method for preparing peptide arrays
on gold surfaces is described herein. The method allows on-
chip monitoring of the synthesis and subsequent evaluation of
enzymatic modifications by MALDI-ToF mass spectrometry
(Figure 1).
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Figure 1. SPOT synthesis and biological evaluation of peptide arrays on
SAM-coated gold surfaces; the single-letter code is used for amino acids.
The array was probed with A) (3-1,4-galactosyltransferase (3-GalT), B) poly-
peptide N-acetylgalactosaminyl transferase (ppGalNAcT), C) thermolysin,
D) thermolysin in the presence of saturating amounts of
Fmoc-phenylalanine.
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Scheme 1. Strategy for SPOT synthesis of peptide arrays on SAM-coated gold
surface. a) EDC, NHS, DMF, 1 h, room temperature; b) H,N(CH,),NHFmoc,
DMF, 16 h, room temperature; c) 20% piperidine, DMF, 10 min, room temper-
ature; d) i) SPOT synthesis (Fmoc-amino acid, PyBOP, DIPEA, DMF then 20%
piperidine, DMF); i) 50% TFA, DCM.
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Details of the SPOT synthesis of peptides on functionalised
SAM surfaces are shown in Scheme 1. A disposable 64-well
gold slide (Applied Biosystems) was coated with a mixed SAM
terminated either by a carboxylic acid or hydroxyl group; this
provided control over the surface density by mixing the two at
different ratios. After activation of carboxylic acid 1 as an N-hy-
droxysuccinimide ester 2, treatment with N-Fmoc diaminobu-
tane (to give 3) followed by removal of the Fmoc provided the
amine functionality 4, which was suitable for coupling with
Fmoc-protected amino acids. Under standard peptide synthesis
conditions, repeating cycles of amino acid coupling, Fmoc
cleavage and final TFA-mediated side-chain deprotection af-
forded the peptide library 5. Analysis of each step by MALDI-
ToF MS ensured the careful control of the reactions and cir-
cumvented the need for release of the peptide from the sup-
port for solution-phase analysis.

Initial studies were conducted on a SAM composed of a 1:1
mixture of the two alkanethiols. To establish the optimal SPOT
conditions, a model tripeptide, GlyLeuSer, was first synthesised
(Figure 2). After preparation of the surface, FmocSer(OtBu)OH
was coupled by spotting an amino acid solution (100 mm;
0.4 uL per spot) in DMF, preactivated with a mixture of PyBOP
(1 equiv) and DIPEA (2 equiv) for 5 min. After 1 h incubation at
37°C, quantitative coupling (as judged by MALDI-ToF MS) was
obtained (Figure 2A) with strong signals at m/z 1068 and
1487, which corresponded to the sodium adducts of the
Fmoc-amino acid-terminated alkanethiol and the mixed disul-
fide formed with the tri(ethyleneglycol)-terminated alkanethiol,
respectively, and complete disappearance of the starting mate-
rial. Following removal of the Fmoc with a solution of piperi-
dine (20%) in DMF, the second amino acid was introduced by
coupling of FmocLeuOH under the same conditions (Figure 2B,
m/z 1181 and 1600). Another cycle of Fmoc removal and cou-
pling with FmocGlyOH afforded the tripeptide (Figure 2C, m/z
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1238 and 1657), which was subsequently deprotect-
ed with piperidine (20%) and finally treated with TFA
solution (50%) in DCM to ensure cleavage of the
tert-butyl protecting group of the serine (Figure 2D,
m/z 960 and 1379). Following these encouraging re-
sults, peptide libraries were generated and tested
against a number of enzymes (Figure 1). The use of
MALDI-ToF MS allowed the enzyme activity to be
monitored in a label-free manner by direct analysis
of the mass of the immobilised substrates.

In the first example, the substrate specificity of a
protease was studied. Proteases are a large class of
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Figure 2. SPOT synthesis of GlyLeuSer on SAM as monitored by direct
MALDI-ToF mass spectrometry. A) Coupling of FmocSer(OtBu)OH to the sur-
face; B) coupling of the second amino acid; C) coupling of the third amino
acid; D) cleavage of the tert-butyl protecting group of the serine; m/z 861
corresponds to the sodium adduct of the symmetrical disulfide formed by
the triethylene glycol-terminated alkanethiol. a) 20 % piperidine/DMF,

10 min, room temperature; b) 100 mm FmocLeuOH, 1 equiv PyBOP, 2 equiv
DIPEA, 1 h, 37°C; ¢) 100 mm FmocGlyOH, 1 equiv PyBOP, 2 equiv DIPEA, 1 h,
37°C; d) 50% TFA/DCM, 4 h, room temperature.
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enzymes involved in various physiological functions and are
important therapeutic targets® as well as being used as cata-
lysts for biotechnological applications.?" Substrate specificity
of proteases has previously been studied by using fluorescent
peptide derivatives to obtain “fingerprints” of the enzymes.”?
The present SAM platform provided the unique opportunity to
observe peptide bond cleavage directly by using mass spec-
trometry. To demonstrate this approach, an array of 56 tripep-
tides was generated by SPOT synthesis and the substrate spe-
cificity of the industrially important protease, thermolysin, was
explored (Figure 1C). Following library construction, the slide
was incubated with a solution of enzyme (2 mgmL™) in potas-
sium phosphate buffer (pH 7.5) at 37°C, overnight, and each
spot on the array was analysed by MALDI-ToF MS. The peptide
library and the result after thermolysin treatment are shown in
Table 1. A clear preference of thermolysin for hydrophobic

Table 1. Substrate specificity of thermolysin against a 56 tripeptide array.
Unmarked sequence: not cleaved; italicised sequence: terminal amino
acid was cleaved (e.g., GFS was cleaved to FS); underlined sequence: the
dipeptide was cleaved (e.g., SAL was cleaved to L). Peptides were at-
tached to the SAM surface through the C-terminal amino acid (N—C).

GAS GFS GLS GPS GIS GGS GSS
LAQ LFQ LLQ LPQ LiQ LGQ LsQ
FAR FFR FLR FPR FIR FGR FSR
SAL SEL SLL SPL SIL SGL SsL
AAG AFG ALG APG AlG AGG ASG
TAD TFD TLD TPD TID TGD TSD
VAA VFA VLA VPA VIA VGA VSA
YAF YFE YLF YFP YIF YGE YSE

and/or aromatic residues, such as leucine, isoleucine, valine,
phenylalanine or tyrosine at the P1’ position (for PP’ nomen-
clature, see ref. [21]) was thus demonstrated; this is in agree-
ment with the known specificity of the enzyme as derived
from solution studies.””

In previous studies, we have shown that proteases can also
be used for the synthesis of peptide bonds on polymer surfa-
ces, such as PEGA (poly(ethyleneglycol) grafted onto polyacryl-
amide).”>?¥ Detailed analysis of such reactions was trouble-
some because of the need for cleavable linkers, which were in
some cases also labile in the presence of proteases.” The
SAM platform proved to be much more successful (Figure 1D).
Thus, phenylalanine and leucine were immobilised on the SAM
array as described before, and were incubated with a mixture
of thermolysin and a saturated solution of either FmocGly,
FmocPhe, FmocLeu or FmocAla. MALDI-ToF MS analysis of the
array showed that thermolysin was able to achieve complete
coupling (as judged by MS) of FmocLeu to an immobilised Phe
or Leu. In other cases, mixtures of Fmoc-dipeptides and un-
reacted starting materials were detected, except for FmocGly,
which the enzyme was not able to transfer (details of the ex-
perimental data are given in the Supporting Information).

The second class of enzymes that we tested were glycosyl-
transferases. We have recently described enzymatic glycosyla-
tion of immobilised peptides on gold surfaces using these en-
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zymes.”! In our previous work, each individual peptide on such
arrays was synthesised before immobilisation onto the gold
surface, which limited the throughput of the method for
screening substrate specificities. Conversely, SPOT synthesis al-
lowed for a fast, parallel synthesis of peptide arrays suitable to
be probed for glycosyltransferase activities (Figure 1B). An
array of peptides derived from the sequence of the mucin
Muc1 tandem-repeat AHGVTSAPAP® was prepared, and the
amino acids were varied at the +1 and —1 position relative to
the threonine glycosylation site (underlined). Previous work
had shown that the Muc1 peptide is a moderate substrate for
the UDP-N-acetyl-p-galactosamine:polypeptide-N-acetyl-p-gal-
actosaminyl transferase (ppGalNAcT2), and partial glycosylation
is obtained after overnight incubation with the enzyme and
UDP-GalNAc donor.”) MALDI-ToF MS analysis of the Mucl-de-
rived array obtained by SPOT synthesis showed successful gly-
cosylation after overnight incubation with ppGalNAcT2, and
further revealed an influence of the neighbouring amino acid
on the extent of glycosylation (Figure 3). Although proper

2. m +1 position : AHGVIxAPA

18 @ —1 position : AHGXTSAPA
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Figure 3. Effect of the amino acid at the +1 and —1 positions on the glyco-
sylation of Muc1-derived peptides by ppGalNACT2. The bars represent the
ratio glycopeptide:peptide signal intensities as determined by MALDI-ToF
MS for each peptide. Values have been normalised to 1 (no effect) for Ser at
the +1 position and Val at —1 position (i.e., the unmodified Muc1 peptide
AHGVTSAPA); *: threonine at the —1 position was also glycosylated (see
discussion).

quantification is the most challenging issue when dealing with
mass spectrometry, some semiquantitative data were obtained
by comparing the ratios of the signals of the glycopeptide
product and peptide substrate. A similar approach has recently
been described"*?” for obtaining relative yields of reaction. As
each set of peptide/glycopeptide differs only by a GalNAc
moiety, relative intensities can be compared by using the for-
mula r=2l,/(Zl,+Zl,), where r is the relative intensity, X,
the sum of the intensities of the glycopeptide signals and ZI,
the sum of the intensities of the parent peptide substrate (all
proton, sodium and potassium adducts of alkanethiol and di-
sulfide species are taken into account when detected).””
Figure 3 shows the relative intensities for each peptide/glyco-
peptide set, with values normalised with respect to 1 (i.e., no
effect) for the unmodified Muc1 peptide, which has a Ser at
the +1 position and a Val at the —1 position. Overall, we
found that glycosylation of the Mucl-derived peptides by

ChemBioChem 2008, 9, 2592 - 2596
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ppGalNACT2 was more dependent on the amino acid at the
—1 position than the amino acid at the +1 position. Significant
enhancement of glycosylation was observed when the threo-
nine glycosylation site was next to a proline residue, especially
at the —1 position, and to a lesser extent, with the alanine sub-
stituted peptides. On the contrary, many of the changes at the
—1 position resulted in no detectable level of glycosylation. A
significant decrease in glycosylation was also observed when
the serine at the +1 position was substituted for a threonine;
this is consistent with the observation that bulky amino acids,
such as phenylalanine and tyrosine, all had a negative impact,
regardless of their position. Noteworthy, the new findings with
the natural substrate of the enzyme are consistent with other
reported studies in solution with unnatural synthetic peptide
substrates,”® and therefore confirm the use of this SAM plat-
form as a valuable tool for comparing glycosylation patterns.
Furthermore, MALDI-ToF MS analysis showed that the Muc1-
derived peptide AHGTTSAPA, in which the —1 valine has been
changed to threonine, resulted in a mixture of mono- and di-
glycosylated peptides. On the contrary, the peptides AHGVTTA-
PA (with threonine at the +1 position) and AHGSTSAPA, which
has three potential glycosylation sites, both gave a single
monoglycosylated peptide after treatment with the enzyme.
Such detailed analysis would not have been possible with pre-
viously reported lectin-based analytical techniques.

Finally, to expand the scope of the SPOT synthesis on gold, a
range of di-, tri- and glycosyl amino acids were tested as build-
ing blocks; all gave satisfactory results, and thereby allowed
rapid access to longer peptide and glycopeptide arrays. For ex-
ample, the glycopeptide AcAAPT(aMan)PVAAP (Figure 4A) was
synthesized by using a per-acetylated mannosyl serine building
block and subsequently acetylated at its N terminus by treat-
ment with neat acetic anhydride at 37°C for 15 min. Despite
the three proline residues that have sometimes proved trou-
blesome in SPOT synthesis,"” clean couplings were obtained
as the desired glycopeptide was the only product detected
after completion of synthesis. Interestingly, the acetylation step
proved to be selective for the primary amine and left the hy-
droxyl-terminated alkanethiol unchanged (Figure 4A, m/z 2101
corresponds to the sodium adduct of the mixed disulfide
formed between the glycopeptide-terminated and the
tri(ethyleneglycol)-terminated alkanethiols). The mannosyl resi-
due could then be successfully O-deacetylated by using a solu-
tion of sodium methoxide in methanol."® The use of glycosyl
amino acids with unprotected sugar side chains®® was also ex-
plored for the synthesis of a 12-mer glycopeptide GTTASN-
(BGICNAC)YGTGFA, although the less reactive GIcNAcAsn™®? re-
quired a longer reaction time (2 h). Furthermore, by incubating
the surface-bound peptide with the bovine enzyme 31,4-GalT
in the presence of UDP-Gal and MnCl,, overnight, at 37°C, en-
zymatic elongation of the carbohydrate moiety was achieved
and vyielded the corresponding LacNAc-glycopeptide (Fig-
ure 1A and Figure 4B, m/z 2197 and 2616).

In conclusion, we have developed an efficient and reliable
method for construction of peptide arrays on gold surfaces
using conventional SPOT synthesis conditions. Notably, the
platform based on SAMs of alkanethiols on gold proved com-
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Figure 4. MALDI-ToF MS spectra of: A) a N-acetylated mannopeptide (m/z
1682 and 1698: sodium and potassium adducts of the linked glycopeptide,
respectively; and m/z 2101: sodium adduct of the mixed disulfide respec-
tively); B) 12-mer N-LacNAc (BGal(1,4)pGIcNAc)-peptide obtained by enzy-
matic glycosylation of its parent GIcNAc-peptide (m/z 2197 and 2616:
sodium adducts of the linked glycopeptides and of the mixed disulfide,
respectively).

patible with all required chemical steps, such as repeat cycles
of amino acid coupling, N-Fmoc deprotection, N-acetylation,
O-deacetylation of glycosyl moieties and final TFA-mediated
cleavage of the side-chain protecting groups. Efficiency of all
reactions was easily monitored directly on the array by using
MALDI-ToF MS, which avoided the need for release of the pep-
tide from the support for solution-phase analysis. Furthermore,
we demonstrated that (glyco)peptides of sizes up to dodeca-
mers could be synthesised by a chemical and/or chemoenzy-
matic approach. The usefulness of this methodology for the
rapid screening of enzyme substrate specificity in a parallel,
label-free manner was also illustrated herein with a protease
and glycosyltransferases.
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The Entropy Balance of Nostocyclopeptide Macrocyclization Analysed by

NMR Spectroscopy

Sebastian Enck,” Florian Kopp,® " Mohamed A. Marahiel,*® and Armin Geyer*®

Nature has developed complex enzymatic machineries that
promote the macrocyclization of linear precursors and provide
a multitude of macrocyclic natural polyketides, peptides, and
depsipeptides."? Macrocyclization of a ligand generally scales
its receptor affinity and selectivity.* The large number of bio-
logically active macrocyclic agents found in nature has
prompted chemists to develop synthetic macrocyclization
strategies for a large number of valuable protein ligands.®”
Synthetic cyclic peptides like the anti-cancer agents octreo-
tide®™ and cilengitide® are success stories of drug design, and
their potencies are ascribed to their bioactive conformations."”
The modular composition of peptides facilitates the systematic
variation of side chains, chirality and backbone chain length,
and expedites the analysis of how these parameters affect bio-
logical activity. As determinants of the three-dimensional struc-
ture, these factors should also influence the inclination of a
linear precursor to form a ring-closed structure. However, the
thermodynamics of the ring-chain equilibrium of complex bio-
molecules has so far resisted quantitative experimental analy-
sis, and therefore medicinal chemistry relies on computer mod-
eling."” Through the establishment of the temperature depen-
dent ring-chain equilibria of imino peptides, we were able to
experimentally characterise the macrocyclization of a biomole-
cule and quantify the involved reaction entropy. Although ob-
tained for a single ring size, these results are instructive for
macrocyclization in general.

Biosynthetic macrocyclizations, like cyclopeptide formation,
are generally irreversible in aqueous solution—a feature which
adds to the stability of the macrocycle but prevents formation
of the ring-chain equilibrium necessary for thermodynamic
analysis (Figure 1A). In this context, the nostocyclopeptides A1
(ncpA1) and A2 (ncpA2) turned out to be suitable candidates
for the investigation of the macrocyclization process (Fig-
ure 1C). These cyclic heptapeptides stand out by a hitherto
unique backbone imino linkage, which is formed between a C-
terminal aldehyde hydrate and an N-terminal amine (Fig-
ure 1B).">" The reversibility of imine formation in aqueous so-
lution"® should, under appropriate conditions, allow for the
thermodynamic analysis of the equilibria between the linear
and the cyclic peptides.
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Figure 1. A) Cyclopeptides are ring-closed by condensation of a C-terminal
carboxylic acid (or an activated analog) and an N-terminal amine, yielding a
macrocyclic lactam. B) On the other hand, imines rarely occur as structural
elements because of the reversibility of their formation. Compared to lactam
formation, imine ring closure is entropically more favoured, as two water
molecules instead of one are released. C) The two nostocyclopeptides, isolat-
ed from the terrestrial cyanobacterium Nostoc sp. ATCC 53789, represent the
only known cyclic peptides which contain an imino linkage. Both peptides
differ in the C-terminal amino acid, which is Leu in the case of nostocyclo-
peptide A1 (ncpA1), and Phe in the case of nostocyclopeptide A2 (ncpA2).
Both also contain a p-configurated GIn and the nonproteinogenic amino
acid (25,4S)-methylproline.

Nostocyclopeptides have all the prerequisites necessary for
the quantitative examination of a ring-chain equilibrium, in-
cluding great selectivity for head-to-tail intramolecular cycliza-
tion and reluctance to form dimers or other linear or cyclic oli-
gomerization byproducts. This is remarkable, as intermolecular
oligomerization always competes with intramolecular ring clo-
sure”'® and normally occurs for macrocyclic imines, like the
numerous examples studied in the field of supramolecular
chemistry™ In contrast, the nostocyclopeptides, though
highly decorated with stereocenters and functional groups, ex-
hibit simple ring-chain equilibria that are concentration inde-
pendent in the range studied. A second peculiarity of the nos-
tocyclopeptide ring-chain tautomerism is the stereochemical
self-cleaning that accompanies cyclic imine formation. The
linear aldehyde hydrates appear as epimeric mixtures of (R)-
and (S)-Leu in the case of ncpA1, and of (R)-Phe and (S)-Phe in
the case of ncpA2. Yet, the cyclization process always results in
stereochemically pure cyclopeptides.
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Figure 2. 'H NMR spectra in the range of the amide protons were recorded from the ncpA2 sample at different pH values and timepoints using the Water
suppression by Gradient-Tailored Excitation (Watergate) method. (Spectra were recorded at 300 K in a 5:1 solution of H,0/D,0 with a KH,PO,/H;PO, buffer so-
lution). The pH value was increased by adding solid Na,CO; and subsequently decreased by adding 0.01 m aqueous H;PO,. Signals resulting from the linear
peptide aldehyde hydrate with (R)-Phe ((R)-Phe-lin-ncpA2) are highlighted in dark grey, while signals resulting from the epimeric (S)-Phe-lin-ncpA2 are high-
lighted in light grey. The cyclopeptide signals (ncpA2, with (S)-Phe) are framed. The change of relative signal intensities (listed as percentages) shows the exis-
tence of two equilibria, which are reached on minute (cyclization) and day timescales (epimerization). The self-purifying behaviour is visible from the fast de-
crease in the amount of R epimer, as the cyclization of the S epimer occurs much faster than the epimerization of R to S epimer. An alternative cyclization
route (formation of R macrocycle from linear R epimer and subsequent epimerization to S macrocycle) can be excluded, as no further imine is visible in the
NMR spectra. At pH 6.5 the sample was allowed to equilibrate over several days. The sample slowly underwent epimerization of the R to S epimer, which fi-
nally yielded more macrocycle. By subsequent acidification, the reverse process was monitored. The ring-opening first yields more linear S epimer, while the
slower epimerization process further proceeds over several days after pH change.

'H NMR spectroscopy can be used to quantitatively analyse
the ratios of all contributing ring-chain isomers® and there-
fore allows the direct monitoring of the nostocyclopeptide
equilibria, which can be controlled by changing pH and tem-
perature. The linear aldehyde hydrates that dominate at pH 3
cyclize at neutral pH within a few minutes without the need of
an activating reagent™ In an intermediate pH range, both
species coexist, and the ratios of linear and cyclic peptides can
be determined by comparing the corresponding NMR signal
integrals. The 'H NMR spectra depicted in Figure 2 illustrate
the pH dependence of ncpA2 cyclization and epimerization.

As the remarkable cyclization behaviour of both nostocyclo-
peptides was expected to correlate with their amino acid com-
position, we elucidated their relative orientations and local mo-
bilities by NMR spectroscopy and determined the solution con-
formations of ncpA2 (Figure 3A). As the naturally occurring
(25,45)-methylproline had been replaced by proline for syn-
thetic reasons, we also used proline in the structural calcula-
tions. A comparison of the geometries of linear and cyclic spe-
cies revealed that an effective cyclization process relies on an
appropriate combination of preorganized"” backbone areas
(characterised as non-averaged J couplings and NOEs) and pre-
disposed!”’ segments (visible as mainly averaged NMR parame-
ters), as illustrated in Figure 3B. In the linear peptide, the Gly
acts like a hinge and allows the N-terminal Tyr to snap into the
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emerging macrocycle. The preorientation of the linear precur-
sors also manifests itself in the preformed f-turn as well as in
the Pro amides, which exist to an unusually large extent (ca.
90%) in the trans conformation. The depicted backbone geo-
metries also apply for the respective species of ncpAl, as no
noticeable differences in the NMR parameters were obtained.
However, the differences between ncpAl and ncpA2 with re-
spect to the C-terminal segments turned out to be far from
negligible. Both peptides differ only in the C-terminal amino
acid, which is an aliphatic Leu in ncpA1 and an aromatic Phe
in ncpA2.

This subtle variation, however, has a considerable effect on
the side chain orientations and mobilities as visible from J cou-
pling® and NOEs. Figure 4A shows the different hydrophobic
side chain interactions in the terminal segments according to
the side chain variation before and after cyclization. Looking at
the differences between the ncpA1 and ncpA2 species, the
question arises: how much influence do noncovalent interac-
tions have on the change in entropy that occurs during macro-
cyclization?

As seen in Figure 4A, NMR parameters give a detailed pic-
ture of the local relative orientations and dynamics of side
chains. Yet, this data alone cannot provide the desired thermo-
dynamic data of macrocyclization, which affects the global mo-
bility of the peptide by linking both backbone ends; it is the

ChemBioChem 2008, 9, 2597 - 2601
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Figure 3. A) Average structures of Pro-y-desmethyl-ncpA2 before (left) and
after (right) ring closure, calculated from NMR parameters. Carbons are
shown in green, oxygens in red, and nitrogens in blue. For clarity, only the
backbone protons are depicted (in white). B) Schematic illustration of the
peptide backbone, Pro residue and reacting functional groups of linear and
cyclic ncpA2. The changes in backbone geometry upon cyclization give evi-
dence of two distinguishable areas. The intermediate segment does not
change its shape notably and is thus already preorganized for cyclization
(shown in grey). In contrast, the alignment of both terminal segments
(shown in black) changes as the backbone kinks both Gly and Ser to sterical-
ly allow heptapeptide macrocycle formation. Both ends are predisposed to
cyclization because of the hook-like conformation of the peptide.

temperature dependence of the ring-chain isomerism (Fig-
ure 4B) that is the key for obtaining a quantitative insight into
the cyclization process. At pH 5.2, each peptide was allowed to
equilibrate at the respective temperature (10 K steps between
290 and 330 K), and 'H NMR spectra were subsequently record-
ed. The percentages of linear and cyclic peptide could be read
out from these spectra by comparing corresponding 'H NMR
signal integrals. In spite of different local dynamics, both pep-
tides exhibit almost identical cyclization behaviour (Figure 4B
and the Supporting Information). With increasing temperature,
the amount of cyclopeptides present for both grew almost at
the same rate and in a near linear manner, yielding approxi-
mately 6% more cyclopeptide every 10 K. In both cases, a 1:1
mixture of linear and cyclic species was obtained at about
320 K.

The data displayed in Figure 4B allow for quantification of
the change in dynamics as correlated with the thermodynamic
parameter of entropy. Van't Hoff plots of the identical gradi-
ents yield cyclization enthalpies of approximately 4 kcalmol™,
and the Gibbs-Helmholtz equation affords the entropy
changes; for both peptides the macrocyclization is accompa-
nied by an entropy gain of approximately 13 calK™' mol™" (Sup-
porting Information). A question of interest concerns the net
entropy balance of the peptides upon macrocyclization, which
in principle can also be assumed to be positive. In the case of
the nostocyclopeptides, however, NMR coupling constants
suggest that the cyclizing peptide chains loose entropy as a
greater number of time-averaged coupling constants are ob-
served after cyclization; this gives sound evidence for less con-
formational freedom after cyclization. Consequently, the posi-
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Figure 4. A) Depiction of cooperative stabilization in the peptide termini
that result from hydrophobic side chain interactions in ncpA1 (left) and
ncpA2 (right). Peptide segments and side chains that appear differently in
the linear and cyclic peptides and in ncpA1 and ncpA2 are marked blue. The
presence of NOE contacts is indicated by blue arrows, while the presence of
rotational mobility is indicated by grey disks. To obtain quantitative pictures
of the side chain mobilities, scalar coupling constants were used to calculate
the respective rotamer populations. For example, in the case of rotation of
the Tyr side chain around the C,—C; bond in ncpA1, equal populations of all
three rotamers (gauche-trans, trans—gauche, gauche—-gauche) in the linear
peptide indicate unhindered side chain mobility; this is in contrast to the
0:78:22 population obtained for the cyclic species. The Leu side chain exhib-
its complicated spin systems, which prevent the calculation of rotamer pop-
ulations. However, the complete absence of sequential NOE contacts (linear
peptide) in contrast to the large number of dipolar couplings towards the
Tyr side chain (cyclic peptide) give a qualitative picture of the interactions
and mobilities displayed. B) Diagrams showing the temperature dependen-
cies of the ncpA1 (left) and ncpA2 (right) macrocyclization equilibria. In spite
of the differences in preorientation, the macrocyclization in both cases in-
volves a similar entropy gain of ca. 13 calK™'mol~", which reveals that the
entropic effects of local nonpolar interactions are small as compared to the
cyclization entropy change.

tive entropy balance results from the release of water during
the cyclization, which compensates for the entropically unfav-
ourable macrocyclization step. The overall entropy is com-
prised of various contributions.”” The hydration state is a com-
plex factor which can significantly affect the total entropy bal-
ance.’®?! |n the case of the nostocyclopeptides, however, the
observance of only minor chemical shift changes and structural
calculations give evidence of negligible changes in hydration
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upon macrocyclization, thus allowing the approximation of ne-
glecting entropic and enthalpic contributions (Supporting In-
formation). Since the amount and the entropy of water is the
same for the cyclization process of each peptide, the loss in
chain entropy must also be the same for both molecules, and
must sum up to the experimental values of approximately
13 calK™'mol™". In other words, both chain-ring pairs exhibit
roughly the same entropy difference in spite of the different
conformational averaging of the linear peptides. The nearly
identical cyclization behaviour of both peptides contrasts with
the unequal preorientation of the linear cyclization precursors;
this raises the question as to what extent a proper preorienta-
tion, which is well-known to promote macrocycle forma-
tion,"7?! affects this process.

Our results indicate that side chain interactions operate on
local segments yet do not measurably influence the overall
backbone mobility. The covalent tethering of both termini is
essential to constrict the global conformational space. The en-
tropy of macrocyclization mainly depends on chain length and
is largely independent of peptide conformation. This means
that the mutually contradictory models of Flory's isolated-pair
hypothesis® and the worm-like behaviour of polymer
chains,”” are both right when it comes to macrocyclization.
The exceptionally selective ring closure of the nostocyclopep-
tides illustrates the importance of preorientation for prevent-
ing polymerization or other side reactions, while it only plays a
minor role for the entropy balance. Expressed in a more quan-
titative way: the macroscopic property of rigidity can be trans-
ferred to the molecular level as the loss of rotational degrees
of freedom of the peptide backbone—as linear conforma-
tions—are excluded. Linear conformations are excluded as ro-
tational degrees of freedom are lost from the peptide back-
bone. The twelve independent ¢ and v angles of the linear
heptapeptides (Pro and amine not included) become depen-
dent within the cyclic heptapeptides and approximately six ro-
tational degrees of freedom are lost. As a rule of thumb we
can assume that cyclization divides the number of rotational
degrees of freedom by a factor of two because no torsion
angle can be rotated without the counterrotation of a second
torsional angle of the peptide backbone. The entropy change
accompanying the restriction of one single rotational degree
of freedom is approximately —3 calK 'mol ' Multiplied
by 6, we expect a negative cyclization entropy of
—18 calk"'mol™" for the ring closures of ncpAl and ncpA2.
The positive experimental value of +13 calKk 'mol™' differs by
31 calK™"mol™; this fits amazingly well with the positive entro-
py of the two released water molecules®3” observed during
imine formation. However, investigation of analogous macro-
cyclization systems is required to confirm the further validity of
this correlation.

The reversible macrocyclic imine closure of the nostocyclo-
peptides has allowed for the quantification of the entropy bal-
ance of a biomolecule’s macrocyclization, and has provided in-
sight into the involved conformational restriction. The nearly
identical cyclization behaviour of both peptides suggests that
preorientation, while a prerequisite for efficient macrocycle for-
mation, does not promote the cyclization process by lowering

2600

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the loss of dynamics. Consequently, the preorientation of a
peptide chain and its subsequent cyclization determine mobili-
ty and therewith entropy on different scales, and a well-de-
fined solution conformation as it is observed by spectroscopic
methods should not be mistaken for rigidity. Although macro-
scopic terms like “mobility” or “rigidity” have only limited ap-
plicability on the molecular level, they are descriptive for the
complex concept of “conformational space”. If a conclusion
about proteins is to be drawn from the information obtained
about the nostocyclopeptides, then it is that the linear pep-
tides are reminiscent of the molten globule state of proteins,
which is highly dynamic in spite of the presence of numerous
secondary structural elements.®" In contrast, protein surface
loops may be unstructured, but as they are fixed at the posi-
tions emerging from the stiffened membrane-bound protein
segment they can perform important tasks. This recalls an anal-
ogy to the cyclopeptides which, even if they exhibit conforma-
tional averaging, experience a considerable restriction of mobi-
lity due to the covalent tethering of both termini. The results
obtained by this work demonstrate the importance and ubig-
uity of biological macrocycles, supporting the concept that
linear substrates can populate preferred conformations, but
that only cyclization generates selective ligands for the interac-
tion with the dedicated molecular receptors.
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Amyloid Fibrillar Meshwork Formation of Iron-Induced Oligomeric Species
of Af340 with Phthalocyanine Tetrasulfonate and Its Toxic Consequences

Jae-Woo Park,” Jung Sun Ahn,” Jung-Ho Lee,” Ghibom Bhak,” Seunho Jung,” and Seung R. Paik*"

Amyloid-f protein (AB) is a pathological component of Alz-
heimer’s disease (AD) that participates in the senile plaque for-
mation in the neocortex of the patient’s brain." AB is generat-
ed from the ubiquitous amyloid precursor protein (APP)
through proteolysis by B and y-secretases.*® Abnormal accu-
mulation of A is believed to cause the neuronal degeneration
that is selective to the cholinergic neurons in particular.” Self-
association of Af leads to various fibrillation states, such as
soluble high-molecular-weight oligomeric forms, globular spe-
cies, which are known as Ap-derived diffusible ligands, protofi-
brils as metastable intermediates, and finally amyloid fibrils.”>®
Although the toxic species has not been defined unequivocal-
ly, the prefibrillar assemblies of Af are considered to be re-
sponsible for the neuronal degeneration by affecting the sta-
bility of biological membranes.” Besides this AB-only hypothe-
sis of exert neurotoxicity, metals have been also suggested to
act as an additional toxic component within the Af} amy-
loids.®™ Those metals, including iron, copper, and zinc would
provide a pivotal center for reactive oxygen species (ROS) gen-
eration at the expense of endogenous reducing agents.'>"
For treatment strategies of AD, therefore, suppression of AP
production, clearance of the toxic prefibillar species with anti-
AP antibodies, antioxidants, and metal-chelating agent have
been extensively tested.'*'® Because the neurodegeneration
that is observed in AD is induced from multifactorial causes, a
novel therapeutic strategy that concomitantly handles some of
the multiple causal candidates at the same time is highly
recommendable.

We herein introduce phthalocyanine tetrasulfonate (PcTS) as
a cyclic tetrapyrrole compound with a planar and hydrophobic
central aromatic macrocyclic structure, which accommodates
various metal ions. Metal-containing PcTS tends to self-assem-
ble into nanoparticles, monolayers, and thin films.'>?? By
taking advantage of those properties of metal chelation and
molecular self-assembly, PcTS has been employed not only to
remove the redox-active metals from the toxic metal-induced
oligomeric species of AP40 but also to convert the protofibril-
lar species into an amyloid fibrillar meshwork if possible
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SY5Y cells, and the cytotoxicity assay employing trypan blue.
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(Scheme 1). This dual function of PcTS, therefore, could take
care of the toxic consequences of the prefibrillar species due
to the membrane destabilization by the oligomeric structures

mono-  Fell AB

! Amyloi
yloid
mer oligomers sof w &so;

meshwork

Scheme 1. PcTS treatment of the metal-induced oligomeric species of Af340.

as well as the oxidative stress by the redox-active metal ions.
PcTS was previously demonstrated to be an anti-scrapie com-
pound that interfered with the pathological conversion of
prion protein to the protease-resistant form.”® The compound
was also shown to suppress the amyloid fibril formation of a-
synuclein, which is responsible for the pathogenesis of Parkin-
son'’s disease (PD).*”

Metal-induced oligomeric granular structures of Af40 were
obtained by treating 60 um AB40 with 40 um FeCl; in 20 mm
Tris—-HCl, pH 7.0, that contained 0.1m NaCl, for 3h at 37°C
(Figure 1A).

Those oligomeric structures could also be derived with 1 um
FeCl; for 12 um AP40 during a relatively short (0.5 to 1 h) incu-
bation at 37 °C. The average diameter of the oligomers was es-
timated to be 20 nm, with a height of 1.6 nm from the AFM
image. Upon PcTS treatment at 50 um for additional 27 h
under a quiescent incubation condition, an extensive mesh-
work of AB40 amyloid fibrils was surprisingly produced even
though a suppression of the metal-induced fibrillation was also
equally probable (Figure 1B). Those oligomeric AB40 species
that were obtained with 1 um Fe" also turned into the discrete
amyloid fibrils following the PcTS treatment (data not shown).
The pB-sheet content of the fibrillar meshwork was confirmed
with CD spectroscopy. Although the Fe"-induced oligomeric
species of AB40 still contained mainly a random structure with
a minor shift of the minimum ellipticity from 195 nm to
202 nm, the PcTS-treated species exhibited a drastic structural
change to a pB-sheet conformation with a minimum ellipticity
at 218 nm (Figure 1C). The dramatic granule-to-fibril conver-
sion, however, was not observed when APB40 was incubated
under the same conditions (27 h at 37°C) in the absence (Fig-
ure 1E) or separate presence of PcTS (Figure 1F), FeCl; (Fig-
ure 1G), and PcTS-Fe" complex (Figure 1H). Those AB40 fibrils
(Figures 1E-H) showed rather heterogeneous distribution of
protofibrillar to fibrillar structures, in which the longest fibrils
were far shorter than the fibrils that were observed in the
meshwork (Figure 1B). In addition, the presence of NaCl
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Figure 1. AFM images (5% 5 um) of A) AB40 oligomers prepared with Fe",

B) PcTS-induced AB40 fibrillar meshwork derived from the iron-mediated
oligomers. C) CD spectra of the AP40 species in monomeric, oligomeric, and
meshwork states. D) Absorbance spectra of PcTS in the presence and ab-
sence of Fe'", PcTS-Fe"" complex, and the PcTS-induced AB40 meshwork.

Self-assembled structures of the PcTS-Fe'" complex obtained in the absence

of AP40 (inset, the scale bar for 0.2 um.). AFM images of the AB40 incuba-
tion products for 30 h with E) AB40 alone, F) AB40+PcTS, G) AB40+FeCls,
H) AB40+PcTS-Fe" complex. AFM images (5x 5 um) of PcTS-induced prod-
ucts of the metal-induced AB40 prefibrillar structures obtained with 1) Cu'",
J) Zn", K) AI".
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turned out to be critical for the meshwork formation, which
might be required to neutralize the sulfonate groups in PcTS
for the molecular self-assembly process.

To evaluate the iron interaction with PcTS during the mesh-
work formation, a set of absorbance experiments was also car-
ried out (Figure 1D). The PcTS and PcTS-Fe" complex exhibit-
ed two distinctive absorption maxima at 604 and 631 nm, re-
spectively. When PcTS was incubated with Fe" in the absence
of AB40, the iron was not chelated into PcTS under our experi-
mental condition; this was determined by the absorption maxi-
mum, which did not shift from 604 nm. On the other hand, the
AB40 meshwork that was prepared in the presence of Fe" and
PcTS exhibited an absorption maximum slightly red-shifted to
609 nm from 604 nm. The absorbance at 631 nm, however,
was increased slightly from that of the PcTS and Fe" incuba-
tion mixture obtained in the absence of APB40. Taken together
with the fact that the PcTS-Fe" complex has been assembled
into the distinctive structures unlike the amyloid meshwork
(Figure 1D, inset), it is pertinent to consider that the exact
PcTS-Fe" complex has not been generated during the mesh-
work formation. Additional undefined light absorbing struc-
tures, therefore, appeared to be formed between PcTS and Fe'
in the presence of AP40. It still requires, however, more careful
chemical analysis before we conclusively define the precise
nature of the molecular assembly involving PcTS and Fe" for
the APB40 meshwork formation.

The PcTS-induced fibrillation of Af40 was also examined
with other metals such as Cu", Zn", and AI" as additional risk
factors for AD. The PcTS treatment at 50 um for the metal-in-
duced prefibrillar species of AB40 that was obtained in the
presence of 40 um each of the metals for total 27 h also gave
rise to the amplified formation of fibrillar structures although
they appeared to be different from each other under AFM. In
the presence of copper, rather short fibrillar fragments were
shown to be lined up to form long strands (Figure 11). The
image appears that brittle long fibrils are broken into short
fragments; this indicates that the Cu'"/PcTS-mediated assembly
of APB40 prefibrillar species might not be as strong as was ob-
served with the Fe"-mediated fibrillar meshwork formation. In
the case of zing, although long thin fibrils were revealed, the
products were rather heterogeneous because they contained
small aggregates scattered around the amorphous precipitate
(Figure 1J). Aluminum also produced a fibrillar mesh, but the
individual fibrils were much thicker than the fibrils that were
obtained with other metals (Figure 1K). Because the metal in-
teraction of AB40 has been demonstrated to be highly selec-
tive,”*? the meshworks that were produced with PcTS in the
presence of the metals such as Fe", Cu", zn", and Al" have
been distinctive for their morphologies. In addition, the specif-
ic metal interaction of PcTS and its participation in the assem-
bly process could also play a role on the different meshwork
formation.

Because PcTS could eradicate the toxic species of metal-in-
duced oligomeric species of AB40 by converting them into the
extensive fibrillar meshwork, we have examined PcTS to define
its function as a detoxifying agent. Hydroxyl radical (OH") gen-
eration by the redox-active iron present on either the oligo-
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Figure 2. A) TEM images of Fe"-induced AB40 oligomers and PcTS-induced

amyloid meshwork obtained from the oligomers after 30 h of incubation.
The scale bars represent 0.2 pm. B) Hydroxyl radical formation was assessed
with TPA for the oligomers (striped bars) and the meshwork (black bars) in
the presence of either glutathione or ascorbic acid.

mers or the meshwork was examined in the presence of H,0,
and either glutathione or ascorbic acid as a reducing agent. In
the presence of 50 um PcTS, the oligomeric structures ob-
tained with 60 um AP40 and 50 pum FeCl; after a 3 h incubation
at 37°C turned into the amyloid fibrillar meshwork after 27 h
of incubation (Figure 2A). As the fibrillar meshwork became
massive, the hydroxyl radical production by the metal ion de-
creased by 49.7% and 37.6% in the presence of glutathione
and ascorbic acid, respectively (Figure 2B); this indicates that
the reduction of Fe" by the reducing agents was significantly
prohibited within the PcTS-mediated amyloid meshwork. The
metal chelation by PcTS, therefore, could control the redox-
active property of iron that was bound to the amyloids in the
presence of endogenous reducing species, which might sup-
press the ROS generation in general under pathological
conditions.

Membrane destabilization by the metal-induced oligomeric
structures of APB40 and their subsequent cytotoxic effects were
directly evaluated with mammalian neuroblastoma SH-SY5Y
cells. Because the cytotoxic effect of the particulate species
was observed during the early phase of incubation in a locally
restricted manner on the lawn of cells, individual cells were fo-
cused in terms of their morphological change and membrane
permeabilization. The metal-induced oligomeric species trans-
formed the cells into a round-shaped state, which led to clus-
ter formation of the affected cells (Figure 3A); the formed
meshwork appeared as a blue precipitate, but the cells re-
mained intact (Figure 3C). Upon the trypan blue treatment,
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Figure 3. A) SH-SY5Y cells treated with the Fe"-induced AB40 oligomers and
B) their images with and without staining. C) SH-SY5Y cells treated with the
PcTS-induced AB40 meshwork and D) their images before and after the
trypan blue treatment.

the round-shaped cells became permeable to the dye (Fig-
ure 3B), but the meshwork-treated cells remained unaffected
(Figure 3D). The fibrillar meshwork formation by PcTS treat-
ment, therefore, is demonstrated to be adequate to deactivate
the toxic oligomeric activity of intracellular invasion.

In this report, we have shown that PcTS exhibits its multitar-
geted detoxifying activity against the iron-induced oligomeric
species of AB40 by transforming them into the amyloid fibrillar
meshwork, which coincidentally eliminates both the redox-
active metal ions and the toxic oligomeric structures at the
same time—the two most likely toxic culprits for neurodegen-
eration in AD. The metal-chelating strategy has been widely
recognized as an important approach to minimize the toxic
consequences that are caused by the metal-mediated AB40
oligomers. Clioquinol (CQ) has been demonstrated to be an ef-
fective metal-chelating agent to detoxify the metal-mediated
AB40 oligomers by converting them back to soluble AB40.%¥
Coincidentally, CQ also inhibits the H,O, production by metals
such as Cu" or Fe" that are bound to the soluble (or insoluble)
peptide.’ Our PcTS, on the other hand, acts on the reverse di-
rection by fixing the toxic metals of AP40 oligomers into the
amyloid meshwork. Both metal-chelating agents, however, play
a common function for removing the toxic metal-mediated
AP40 oligomers. For a therapeutic application of PcTS, it needs
to be further investigated whether the resulting meshwork
itself could exhibit additional toxic effects on biological tissues
because the meshwork formation would provide heterogene-
ous protein aggregates that could affect cellular biogenesis or
cause damage to biological molecules by the photosensitive
and redox-active metal-PcTS complexes.®3"

Experimental Section

Human AB40 was purchased from Sigma-Aldrich. The peptide con-
centration of AP40 in DMSO was spectrophotometrically deter-
mined to be 0.6 mm by monitoring absorbance at 276 nm with a
molar extinction coefficient of 1450 cm~"m~";#? the stock solution
was stored at —80°C in aliquots. The peptide was diluted in Tris—
HCl (20 mm, pH 7.5) that contained NaCl (0.1 m). Phthalocyanine

ChemBioChem 2008, 9, 2602 - 2605



www.chembiochem.org



tetrasulfonate (PcTS) was from ICN Biomedical Inc. (Aurora, OH,
USA). FeCl;, CuCl,, ZnCl,, AICl;, hydrogen peroxide, terephthalic
acid, glutathione, L-ascorbic acid, and trypan blue were obtained
from Sigma-Aldrich. Carbon-coated copper grid (200 mesh) and
uranyl acetate were from Ted Pella Inc. (Redding, CA, USA) and
Electron Microscopy Sciences (Hatfield, PA, USA), respectively. A
centrifugal membrane filter (YM-30) was purchased from Millipore.
Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal bovine
serum were purchased from Hyclone (Logan, UT, USA). Trypsin—-
EDTA was provided by Gibco.

AP40 (60 um) was preincubated with various metals (40 pum) in
Tris-HCl (20 mm, pH 7.5) that contained NaCl (0.1m), for 3h at
37°C. Phthalocyanine tetrasulfonate (PcTS, 50 um) was added, and
the solution was incubated for an additional 27 h at 37°C.
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Inhibition of Mycobacterium tuberculosis Pantothenate Synthetase by
Analogues of the Reaction Intermediate

Alessio Ciulli,*® Duncan E. Scott,”” Michiyo Ando,”  Fernando Reyes,®? S. Adrian Saldanha,® ®
Kellie L. Tuck,”™ 7 Dimitri Y. Chirgadze,” Tom L. Blundell,” and Chris Abell*®

Mycobacterium tuberculosis, the causative agent of tuberculosis
(TB), infects approximately two billion people worldwide, and
an estimated nine million of these develop TB each year."? TB
is currently the leading cause of infectious disease mortality in
the world by a bacterial pathogen, and claimed an estimated
1.7 million deaths in 2006.”’ As a result of the increasing mani-
festation of multiple-drug-resistant strains of M. tuberculosis
and of the limitations of the current anti-TB therapies, the de-
velopment of safe and effective new drugs with novel modes
of action is urgently needed.”

Pantothenate (vitamin Bs) is the essential precursor to coen-
zyme A and acyl carrier proteins. The de novo biosynthetic
pathway to pantothenate is present in many bacteria, fungi
and plants and comprises four enzymes, encoded by panB,
panE, panD and panC.”’ Bioinformatics analyses have identified
this pathway as a potential target for antimicrobial agents.””
The absence of each enzyme in mammals further suggests
that inhibitors could be selective with a reduced risk of side ef-
fects. Crucially, genetic studies have shown that a pantothen-
ate auxotroph of M. tuberculosis defective in the panC and
panD genes fails to establish virulence in a mouse model of in-
fection.” An attenuated strain of M. tuberculosis that deletes
both panCD and the primary attenuating mutations of the ba-
cille Calmette-Guérin (BCG) strain is now being considered as
a human vaccine candidate for protection against TB.®! A po-
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tential pitfall of inhibiting pantothenate biosynthesis as a gen-
eral antimicrobial strategy is the ability of several bacteria, in-
cluding Escherichia coli, to acquire pantothenate from the envi-
ronment through pantothenate permase (panF).”’ However, to
date, no panF homologues have been identified in the M. tu-
berculosis genome. Furthermore, it has been suggested that
rescue of pantothenate through a putative salvage pathway
might only be sufficient for M. tuberculosis to survive but not
to cause disease.”'” The pantothenate pathway is therefore
an attractive target for inhibitors that could provide lead com-
pounds for novel antitubercular drugs.

We have chosen to target M. tuberculosis pantothenate syn-
thetase (PS, E.C. 6.3.2.1), the product of the panC gene. Pan-
tothenate synthetase catalyzes the final step in the biosynthe-
sis of pantothenate through a Bi Uni Uni Bi Ping Pong kinetic
mechanism that consists of two consecutive steps.'"'? The
first reaction, which occurs upon sequential binding of ATP
and pantoate, is the Mg**-dependent formation of a tightly-
bound pantoyl adenylate intermediate (1) followed by the re-
lease of pyrophosphate. In the second reaction, nucleophilic
attack of B-alanine on the activated carbonyl group of 1 leads
to formation of AMP and pantothenate (Scheme 1A). Several
crystal structures of M. tuberculosis pantothenate synthetase in
complex with substrates and products bound have been
solved.*' These structures provide informative snapshots of
the enzyme in action during catalysis."¥ Despite the extensive
structural and mechanistic information available, no inhibitors
of M. tuberculosis pantothenate synthetase have been devel-
oped to date by using rational drug design. Nevertheless, in-
creasing interest in pantothenate synthetase as an antitubercu-
lar target has led to the recent identification of potential inhib-
itors from high-throughput screens.">'®

Reaction intermediate 1 is assumed to bind tightly in the
active site. Consequently, it was expected that nonreactive an-
alogues of 1 would be potent inhibitors of the enzyme. This
approach has precedence in the inhibition of aminoacyl-tRNA
synthetases, which are structurally related to pantothenate
synthetase, by sulfamoyl adenylate analogues that mimic the
aminoacyl adenylate intermediate.””'® A similar strategy has
been employed to develop potent inhibitors of the adenyla-
tion enzyme MbtA, which catalyses the first step in the biosyn-
thetic pathway to the siderophore mycobactin in M. tubercu-
losis. A sulfamoyl adenylate mimic of the salicyl adenylate in-
termediate in the MbtA reaction exhibited nanomolar potency
in vitro and showed activity against M. tuberculosis in cell-
based assays at low micromolar concentrations."*2"
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Scheme 1. A) Reaction catalyzed by pantothenate synthetase; the scheme shows the structure of pantoyl adeny-
late intermediate 1. B) Structures of sulfamoyl analogues 2-4 used in this study.

Results and Discussion

In this paper, we report the high resolution crystal structures
of M. tuberculosis pantothenate synthetase complexed with
three sulfamoyl adenylate inhibitors that closely mimic the
structure of the reaction intermediate 1 and the biophysical
characterization of their binding to the enzyme using isother-
mal titration calorimetry (ITC), thermal denaturation assays and
kinetic inhibition studies. The sulfamoyl adenylates 2-4
(Scheme 1B) all lack the terminal hydroxyl of the pantoyl
moiety found on 1, which should prevent decomposition by
lactonization.”” Sulfamoyl 2 and 3 were synthesized as epimer-
ic mixtures by coupling 2’,3-protected adenosinesulfamate

with  appropriately activated
carboxylic acid derivatives fol-
lowed by deprotection under
acidic conditions as previously
described,””™ and 4 was pre-
pared following a similar syn-
thetic approach. Initially, the
compounds were tested for ac-
tivity against purified recombi-
nant Hise-PS by using a spectro-
photometric-coupled assay. The
measured kg, of Hisg-PS (1.2s7")
is similar to that of the native
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S\Z/’gN o pound 2, which is structurally

B) enzyme (3.4s7").122 Full in-
hibition curves were obtained
for all three compounds, and all
were found to be competitive
against ATP (Table 1). Com-

the most similar to intermediate
1, was the most potent inhibitor
within the series (K,=220 nm,
Figure 1A). Sulfamoyl 3 and 4
were less potent and exhibited
K, values of 4 and 18 um, re-
spectively (Table 1). To deter-
mine the thermodynamics of
binding, the interaction of pan-
tothenate synthetase with the
inhibitors was characterized by
using ITC (Table 1). An ITC ex-
periment in which inhibitor 2
was titrated against Hisg-PS is
shown in Figure 1B. The dissoci-
ation constant for 2 was
125 nm. The binding interaction
was driven by a large apparent
enthalpy (AH=—18.2 kcal
mol™"), whereas the entropic
term was unfavourable (—TAS=
8.8 kcalmol™). Inhibitors 3 and
4 exhibited weaker binding
than 2 (see Figures S1-2 in the
Supporting Information for ITC
titrations). The K values for 3
and 4 were 1.0 and 2.7 pm, respectively. The enthalpies were
favourable (AH=—17.8 and —11.9 kcalmol™", respectively), and
the entropic terms were unfavourable (—TAS=9.6 and
4.3 kcalmol™, respectively). By comparison, ATP bound more
weakly than the inhibitors (K;=10 um), but exhibited a similar
thermodynamic footprint of binding with a large negative en-
thalpy (AH=—13.7 kcalmol™") that overcomes an unfavourable
entropic term (—TAS=6.9 kcalmol™). Finally, the stabilization
of the enzyme by the inhibitors was monitored by using a
thermal-shift assay (Figure S3 in the Supporting Information).
Increases in T, of 10.5, 7.5 and 6.5°C were observed in the
presence of 30 um of 2, 60 um of 3 and 150 pum of 4, respec-

Table 1. Summary of inhibition and biophysical data of inhibitors of M. tuberculosis pantothenate synthetase,
and comparison with cofactor ATP.

ATP 2 3 4
K; [um]® (Ky=320+80 um) 0.2240.03 (O™ 4406 (Q® 1843 (O
Ky [um]® 10.3+0.2 0.125+0.008 0.9640.03 27+40.1
AG [kcalmol "] —6.81+£0.01 —9.43+0.04 —8.2240.02 —7.614+0.04
AH [kcalmol 19 —13.740.1 —18.240.1 —17.840.1 —11.9404
—TAS [kcal mol~"]© 6.940.1 8.840.1 9.640.1 43404
AT,, [°C]@ 6.0 10.5 7.5 6.5

[a] From kinetic assays at 25 °C. [b] C: competitive inhibition. [c] From ITC at 25°C. [d] From thermal shift assay
(T, of Hisg-PS: 38°C).
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Figure 1. Inhibition and binding studies of M. tuberculosis pantothenate synthetase with sulfamoyl inhibitor 2.

A) Steady-state inhibition analysis of 2 versus ATP. The data were fitted to the equation for competitive inhibition
and gave a K; of 220430 nm. B) ITC analysis at 25 °C. Raw data for titration of 90 pum of 2 into 10 um enzyme is
shown in the top panel. Each peak corresponds to one injection, with an initial 3 pL injection followed by

27 %10 pL injections. Integration of the data, which were corrected for the heat of dilution, is shown in the lower

panel. The line represents the least-squares fit to a single-site binding model.

tively, compared to a AT,, of 6°C shown in the presence of
500 pum ATP (Table 1).

Since the hydroxyl group of intermediate 1 is in the R con-
figuration, the diastereoisomers of 2-4, which have the same
hydroxyl configuration, should presumably have greater affini-
ty for pantothenate synthetase. To confirm this and gain de-
tailed insight into their binding interactions at atomic level, we
determined the crystal structures of all the enzyme-ligand
complexes (see Table S2 for data collection and refinement sta-
tistics). First, we obtained crystals of the untagged enzyme
that diffracted down to 1.5 A of resolution. The protein crystals
were then soaked with compounds (3-6 mm) for 16 h, and the
structures of their complexes were solved to 1.80-2.05 A of
resolution. The overall structure of the pantothenate synthe-
tase dimer in complex with 2 is shown in Figure 2A. The omit
difference electron density (F,—F,) in the active site unambigu-
ously identified the bound inhibitor as the diastereoisomer of
2, the hydroxyl of which has the same R configuration as pan-
toyl adenylate 1 (Figure 2B and Figure S4A). Inhibitor 2 fits
tightly in the active site cavity and makes extensive binding in-
teractions (Figure 2C). The adenine group makes hydrogen
bond contacts with the backbone amides of Val187 and
Met195. Hydrogen bonds are also formed between the ribose
hydroxyl groups and the Asp161 carboxylate and with the
main chain atoms of Gly158 at the bottom of the active site
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T around the  sulphonamide
group of 2. Notably, two water
molecules appear to play an im-
portant role by mediating hy-
drogen bonds between the car-
boxylate moiety of Asp161 and
the sulphonamide and carbonyl
groups of 2 (Figure 2CQ). Inter-
estingly, these water molecules
are absent in the structure of
the apoenzyme but are present
in the structure with pantoyl adenylate bound. The crystal
structures of 3 and 4 confirmed the binding mode and interac-
tions observed for 2 (Figure S4). Inhibitors 3 and 4 bound so
that their amine substituents pointed in the same direction as
the hydroxyl of pantoyl adenylate and 2, that is, in the same
direction as the diastereoisomers with the R configuration at
this position. Only one of the two waters described for the
enzyme-2 complex is present in the structure of the enzyme
with 3 bound, whilst both water molecules are absent in the
structure with 4 bound (Figure S4).

The trend in binding affinity, 2>3 >4 > ATP, is observed in
both the inhibition and calorimetric data, and is supported by
the thermal shift results (Table 1); it provides a strong rationale
for structure-activity relationships within the inhibitor series.
The changes in B-factors across the series, 2 <3 <4 (Table S2),
are significant given the comparable resolutions of the three li-
ganded structures, and suggest that 2 is bound more tightly
than 3 and 4; this is consistent with the trend in affinities.

The high affinity of 2 is reflected by good binding interac-
tions between the terminal hydroxyl group and the neutral
side chains of GIn72 and GIn164. The hydroxyl group forms a
hydrogen bond to the carbonyl group of GIn164 (acceptor
functionality) and a second hydrogen bond to the amide nitro-
gen of GIn72 (donor functionality). Replacement of this hydrox-
yl group with an amine in 3 and 4 had a deleterious effect on

ChemBioChem 2008, 9, 2606 - 2611
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Figure 2. The crystal structure of M. tuberculosis pantothenate synthetase with inhibitor 2 bound, solved at 1.80 A resolution. A) The side view of the ribbon
diagram for the pantothenate synthetase dimer has a shape that resembles a butterfly. The inhibitor molecules (yellow carbons) mark the location of the
active site in each subunit. B) The omit difference electron density (F,—F.) superimposed around 2 is shown in blue contoured at 3c. C) The detailed binding
interactions of 2 in the active site of one subunit. The inhibitor is shown as sticks with yellow carbons. Key protein residues are shown with carbon atoms in
green, nitrogen in blue, oxygen in red and sulfur in orange. Hydrogen bonds are indicated with dark purple dashed lines and H-bond distances are given.
D) Superposition of the enzyme structures in complex with 3 (cyan carbon) and 4 (magenta carbons), showing details of the pantoate binding site. Key pro-

tein residues are shown with purple (PS-3) and pink (PS-4) carbons. The figures were generated and rendered by using Pymol v.0.99.%")

the binding affinity, which can be rationalized in structural
terms. The amine group becomes faced by acceptor function-
alities from both GIn72 and GIn164. A third potential hydrogen
bond appears not to be formed, as the closest acceptor group
is from a water molecule that is 3.5 and 4 A away in the ligand-
ed complexes of 3 and 4, respectively. In order to accommo-
date this new hydrogen bond pattern around the amine group
of the inhibitors, a flip in the orientation of the carboxamide
group of GIn72 is required; this results in disruption of an in-
ternal hydrogen bond between GIn72 and Asn69 (Figure 2D).
This interaction is part of a hydrogen bond network that in-
volves GIn72, Asn69 and Tyr110 (Figure 2D), and is seen in all
other crystal structures of M. tuberculosis pantothenate synthe-
tase. It is noteworthy that these three residues are entirely con-
served across bacterial pantothenate synthetases, and that mu-
tational studies have identified both Asn69 and GIn72 as being
important for enzyme activity.”” A second structural explana-
tion for the loss of affinity going from 2 to 3 and 4 is that at
physiological pH the amine groups of 3 and 4 will likely be
protonated. The NH;* group is entirely buried within the

ChemBioChem 2008, 9, 2606 - 2611
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enzyme active site and its positive charge appears to be
poorly accommodated due to the lack of acidic residues close
by. Finally, replacement of the terminal tert-butyl with an iso-
propyl group in 4 resulted in a further reduction of binding af-
finity and inhibition potency, although the affinity loss relative
to 3 (~threefold) was smaller than the effect observed be-
tween 2 to 3 (~tenfold). Removal of a terminal methyl group
leaves a void in the structure and results in loss of hydropho-
bic contacts with Val139, Val142, Val143 in the pocket. There is
no evidence of a collapse in the structure as all the residues
present in this hydrophobic pocket superpose very well
(Figure 2D).

In conclusion, we have reported the binding, inhibition and
cocrystal structures of three inhibitors of M. tuberculosis pan-
tothenate synthetase that mimic the structure of the adenylate
intermediate in the enzyme catalytic mechanism. The most
potent compound exhibited dissociation and inhibition con-
stants in the nanomolar range and is now being tested for ac-
tivity in a cell-based assay against M. tuberculosis. The binding
modes of the inhibitors determined by X-ray crystallography
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were found to recapitulate that of the reaction intermediate
pantoyl adenylate. The structural elucidation of the binding in-
teractions has identified key features within the pantoate
pocket that determine high affinity, such as the effective hy-
drogen bonding with conserved residues GIn72 and GIn164, as
well as the presence of water molecules that mediate interac-
tion of the sulphonamide group in the active site. Further-
more, the compounds described here will be useful tools for
designing inhibitors of M. tuberculosis pantothenate synthetase
through rational design and fragment-based approaches,”
with the aim to ultimately generate new classes of lead com-
pounds against TB.

Experimental Section

Expression, purification, characterization and tag removal of
Hisc-tagged pantothenate synthetase: The plasmid pET30a en-
coding pantothenate synthetase from M. tuberculosis was kindly
provided by Dr. Wang, University of California, Los Angeles. The
protein was expressed and purified as previously described.">'
The detailed procedures for protein expression, purification and
characterization of the protein and enterokinase cleavage of the
tag are in the Supporting Information.

Enzyme kinetic assay: Pantothenate synthetase activity was as-
sayed as described in the Supporting Information.

Isothermal titration calorimetry: ITC experiments were performed
on a VP-ITC instrument from Microcal Inc. (Northampton, MA,
USA), at 25°C. Hise-PS was buffer-exchanged in HEPES-HCI (50 mm,
pH 7.6) containing NaCl (50 mm) and MgCl, (5 mm) as described in
the Supporting Information. Ligands were dissolved in the same
buffer and their concentrations were determined by UV spectro-
photometry by using extinction coefficient e=15400m 'cm™' at
259 nm. To determine ATP binding parameters, enzyme (50 pm)
was loaded in the sample cell (1.345 mL). Typically, 35x8.0 uL in-
jections of 8s duration were made at 3-4 min intervals from a
300 plL syringe that rotated at 300 rom and loaded with a solution
of ATP (500 um). This was performed as a control titration to allow
an independent measure of the concentration of active sites based
on the stoichiometry (n=1). To determine the thermodynamic pa-
rameters of inhibitor binding, 27x10.0 uL injections of inhibitor
solutions (90-210 um) were made in to a sample cell that con-
tained enzyme (10-15 um). In all cases, an initial injection of ligand
(2 L) was made and discarded during data analysis. The heat
change accompanying the titration was recorded as differential
power by the instrument and determined by integration of the
peak obtained. Titrations of ligand to buffer were performed to
allow base-line corrections. The corrected heat change was then
fitted by using nonlinear least-squares minimization to obtain the
dissociation constants, K, the enthalpy, AH, and the stoichiometry,
n. The enthalpy of ionization of HEPES buffer used in the ITC titra-
tions is 4.9 kcalmol™, and thus any contributions to the observed
AH that arose from protonation effects should haven been small
relative to the AH of binding.

Thermal shift assay: The fluorescent dye, Sypro Orange, was used
to monitor protein unfolding. Sypro Orange is an environmentally
sensitive dye that binds preferentially to the unfolded state of a
protein; this resulted in an increase in fluorescence, which was
used to monitor the unfolding transition.”” The thermal-shift assay
was conducted by using the iCycler iQ real time detection system
(Bio-Rad). Solutions (100 pL) in each of the 8-tube iCycler iQ PCR
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strips contained Hisg-PS (final concentration 4 um), Sypro Orange
(2.5%), HEPES-HCI (50 mm, pH7.6), NaCl (50 mm) and MgCl2
(5 mm). The final compound concentration was 30, 60, 150 and
500 pm for 2, 3, 4 and ATP, respectively. The samples were warmed
in the thermal cycler from 25 to 90°C with a heating rate of
0.5°Cmin~', and the fluorescence was monitored continuously
with Ex/Em at 490/530 nm.

Protein crystallography: Crystallization was carried out as previ-
ously described.®' Briefly, the Hiss-tag of the recombinant
enzyme was cleaved by enterokinase (Supporting Information) and
the purified, cleaved protein was exchanged into HEPES (5 mwm,
pH 7.6) containing NaCl (10 mm) by three cycles of dilution/con-
centration, and then concentrated to ~20 mgmL™". Crystal trials
were carried out by using the hanging drop vapour-diffusion tech-
nique with a protein concentration of 10-20 mgmL™". In each
drop, protein solution (1 uL) was mixed with an equal volume of
well solution. Diffraction quality single crystals grew over 2-3 days
from drops set up with well solutions that contained PEG3000 (12—
14 %), Li,SO, (100-150 mm), and imidazole (100 mm) at pH 8.0 and
20°C, in the presence of ethanol (2-4%, v/v), glycerol (5-10%, v/v)
and MgCl, (20 mm) as additives. All soaking experiments were car-
ried out, overnight (~16 h) by adding 1.5 pL of soak solutions that
contained the inhibitors. For inhibitor 2, the final soak solution
consisted of PEG3000 (12%), Li,SO, (150 mm), imidazole buffer
(0.1m, pH 8.0), ethanol (2%), glycerol (10%) and MgCl, (20 mm),
and contained 2 (2.5 mm) in DMSO (5%, v/v). For inhibitors 3 and
4, the final soak solution consisted of PEG3000 (12%), imidazole
buffer (0.1m, pH 8.0), ethanol (4%) and glycerol (10%), and con-
tained inhibitor (6 mm) in DMSO (3 %, v/v).

X-ray data were collected at European Synchrotron Radiation Facili-
ty synchrotron, beam station ID29 (Grenoble, France). The structure
of apo pantothenate synthetase was solved by molecular replace-
ment by using AMoRe, from the CCP4 suite,”™ with the structure
of pantothenate synthetase (PDB ID: 1mop!™) as the molecular re-
placement search probe. The structure was refined by using suc-
cessive rounds of manual rebuilding in Coot 0.0.33%¢ and maxi-
mum likelihood refinement with Refmac5 from the CCP4
suite.””?® The structure of the apo enzyme was used to calculate
phases for the data sets of the complexes with inhibitors by maxi-
mum likelihood refinement by using Refmac 5 into the new data
sets. Data collection and final refinement statistics for all the re-
fined coordinate sets are presented in Table S2.

Accession codes: The atomic coordinates and structure factors for
the apoenzyme and enzyme-ligand complexes have been deposit-
ed in the Protein Data Bank with the following ID codes: 3cov
(apo-PS), 3cow (PS-2), 3coy (PS-3) and 3coz (PS-4).
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Molecular Basis for f}-Glucosidase Inhibition by Ring-Modified Calystegine

Analogues

Matilde Aguilar,® Tracey M. Gloster,”" M. Isabel Garcia-Moreno,” Carmen Ortiz Mellet,* Gideon J. Davies,*"’
Amadeu Llebaria, Josefina Casas,™ Meritxell Egido-Gabas,'” and José M. Garcia Fernandez*™

Calystegines, polyhydroxy nortropane alkaloids first isolated
from the extracts of Calystegia sepium, represent the most re-
cently discovered members of the azasugar™ and iminosugar
glycomimetic families.”® Similar to the well-studied polyhy-
droxypiperidine, indolizidine, pyrrolidine and pyrrolizidine-type
iminocyclitols,” calystegines exhibit potent glycoside hydro-
lase (glycosidase) inhibitory properties. Given the broad range
of biological events in which glycosidases are involved, inhibi-
tors of these enzymes have potential in therapies that are tar-
geted at, for example, cancer,” viral infections,® tuberculosis,”
diabetes®™ and glycosphingolipid storage disorders.”

The molecular basis for glycosidase inhibition by the calyste-
gines remain poorly understood. Recent structural and mecha-
nistic studies on a B-glucosidase from Thermotoga maritima,
TmGH1,"” which belongs to family 1, clan GH-A, in the CAZy
classification,"” showed unambiguously that calystegine B, (1;
Scheme 1), one of the most powerful representatives, binds at

/g@ OH HO OH
HO NH Ho/g“ HO HO NH
OH HO HO
1 2 3 4

Scheme 1. Structures of (+)-calystegine B, (1), 1-deoxynojirimycin (2), casta-
nospermine (3), isofagomine (4).

the active site in an orientation with the endocyclic nitrogen
atom at the position of the anomeric carbon in a native glyco-
side (“1-azasugar” orientation). This scenario differs from that
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encountered in the case of 1-deoxynojirimycin (2) and castano-
spermine (3), which adopt an orientation that places the endo-
cyclic nitrogen atom at the position where O5 is found in the
native glycoside substrate (“iminosugar” orientation).'®'? In
this sense, 1 might be regarded as an analogue of the potent
B-glucosidase inhibitor isofagomine (4).™

Within the framework of a project that aims at developing
anomeric-specific glycosidase inhibitors for clinical applica-
tions, we have devised a new family of ring-modified calyste-
gine analogues in which a methylene group in the pyrrolidine
ring is replaced by an oxygen atom, namely 1-deoxy-6-oxa-N-
(thiocarbamoyl)calystegines (Scheme 2).'¥ Interestingly, some

A) B)

s
o
Ho 2 s M
Ho%ﬂ Iy HO N” NHR
Ho N” NHR HO

=05

Scheme 2. General structure of 1-deoxy-6-oxa-N-(thiocarbamoyl)calystegines.

of these neutral derivatives were shown to be more potent
and significantly more selective inhibitors of (-glucosidases
than the parent amine-type compound 1, which is particularly
attractive for mechanistic studies and optimisation of biologi-
cal activity.

The parallels between the structures of 1 and the 1-deoxy-6-
oxa-N-thiocarbamoyl analogues would suggest a similar “1-aza-
sugar” mode of binding to B-glucosidases (Scheme 2A). Yet,
mapping of the structural requirements for potent -glucosi-
dase inhibition through systematic modifications of the hy-
droxylation profile did not discard an alternative “iminosugar”
orientation of these compounds in the active centre
(Scheme 2B)." In any case, strong binding and selectivity
cannot be rationalised in 1-deoxy-6-oxa-N-(thiocarbamoyl)ca-
lystegines by the formation of electrostatic interactions as with
compounds that can be protonated. In principle, resonance
delocalisation of the lone pairs in the thiourea functionality
must result in partial positive charge density at the nortropane
nitrogen atom, which might more closely resemble the situa-
tion at the transition state than the fully protonated amine ni-
trogen atom in 1-4. To address these questions, the N'-butyl
and N'-octyl derivatives 8 and 9 (Scheme 3), bearing aliphatic
pseudoaglyconic substituents, have been prepared and evalu-
ated as glycosidase inhibitors. A structural, thermodynamic
and kinetic analysis of their binding with TmGH1 is reported.
The data are discussed in light of previous data for the binding
of 1-4"%"4 as examples of 1-azasugar (1 and 4) and iminosu-
gar (2 and 3) inhibitors.
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Figure 1. ITC titration data for the binding of TmGH1 (at pH 5.8, 25 °C) with A) 8 and B) 9.

The four and eight carbon atom substituents at the exocy-
clic thiourea nitrogen in compounds 8 and 9 were chosen to
match the N-alkyl substituents in amine-type glycosidase inhib-
itors that have already proved to be efficient -glucosidase in-
hibitors.'® Their synthesis was accomplished in just two steps
from 5-amino-5-deoxy-1,2-O-isopropylidene-f3-L-idofuranose
(5)""" by nucleophilic addition of commercially available n-
butyl(octyl) isothiocyanate in pyridine (61-90%), and the sub-
sequent deisopropylidenation of the corresponding thiourea
adducts 6 and 7 by treatment with 9:1 trifluoroacetic acid/
water (65-77%). The latter transformation involves spontane-
ous nucleophilic addition of the thiourea nitrogen atom, which
is located at the furanose C5 position, to the masked aldehyde
group of the monosaccharide, followed by in situ intramolecu-
lar glycosylation in the transient piperidine derivative to close
the bicyclic skeleton (Scheme 3). The simplicity and efficiency
of the synthetic scheme illustrates its suitability for combinato-
rial approaches.

The inhibitory activities of the oxacalystegine B, derivatives
8 and 9 were first mapped against a panel of commercial en-
zymes, including a-glucosidase (yeast), amyloglucosidase (As-
pergillus niger), trehalase (pig kidney), invertase (yeast) f-gluco-
sidase (almond), PB-glucosidase/p-galactosidase (bovine liver,
cytosolic), a-galactosidase (green coffee bean) and a-mannosi-
dase (jack bean). The results are shown in Table 1. Neither of
the compounds inhibited a-glucosidases. The inhibition poten-
cy towards the mammalian (-glucosidase was around 10- to
50-fold higher for 8 and 9 as compared to the natural com-
pound 1 (K; value of 45 um)."® Compounds 8 and 9 were fur-

ChemBioChem 2008, 9, 2612 -2618
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of 1.1 and 0.28 pm, respectively
(compared with 4 pum, 9 pum,
2 um and 23 nm for 1-4, respec-
tively). Isothermal titration calo-
rimetry (ITC), which was carried

10 15 20 25 30
Molar ratio

OH
RNCS
pyridine
NH; "R Tereon
._CMe, 61-90%
HO ©
5 6 R=n-Bu
7 R = n-octyl
TFA-water
HO i (9:1)
HO- Si =n-
HO N R =n-Bu
RHN

77%

| N
HO! QOH
6 .
R = n-octyl

HO ©OH

65%

o=

Scheme 3. Synthesis of the new 6-oxacalystegine inhibitors 8 and 9. The
numbering system for the nortropane bicyclic system is shown. Note that
the anomeric carbon (C1) in the L-idose precursor 6 or 7 becomes C5 in the
final compound 8 or 9.

out at pH 5.8 and 25°C (Figure 1), allowed the dissection of
the thermodynamic contributions to binding.

The dissociation constants (K;) for 8 and 9 that were deter-
mined by calorimetry (1.4 um and 0.5 um, respectively) were in
good agreement with the K; values determined by kinetic
methods. Despite their similar inhibitory potential and chemi-
cal structure, however, the thermodynamic data show signifi-
cant differences in the enthalpic and entropic contributions to

2613
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Table 1. Inhibitory activities (K, pm) for compounds 8 and 9.

Enzyme 8 9
a-glucosidase (baker yeast) n.i® n.i.
-glucosidase (almond), pH 5.5 501 n.i.
p-al idase (al d), pH 0 i
-glucosidase (almond), . n.i.
B-al idase (al d), pH 7.3 567 i
a-galactosidase (green coffee bean) n.i. n.i.
-glucosidase/B-galactosidase (bovine liver, . .85
B-gl idase/p3-gal idase (bovine liver)® 3.6 0.8
-glucosidase/B-galactosidase (bovine liver, . .
B-gl idase/p3-gal idase (bovine liver)® 2.2 23
trehalase (pig kidney) n.i. n.i.
invertase (yeast), pH 6.0 n.i. n.i.
invertase (yeast), pH 4.5 n.. n.i.
a-mannosidase (jack bean) n.i. n.i.
amyloglucosidase (Aspergillus niger) n.i. n.i.
imiglucerase 24.8 2.2
B-glucosidase (Thermotoga maritima) 1.1 0.28

[al n.i., no inhibition detected at 2 mm inhibitor concentration. [b]K;
measurements were carried out by using o-nitrophenyl-3-p-glucopyrano-
side/o-nitrophenyl-B-p-galactopyranoside as the substrate, respectively.

binding. Compound 8 has a large favourable enthalpy of bind-
ing (AH:=—9.3 kcalmol™"), which overcomes a small unfavour-
able entropic term (TAS; = —1.4 kcalmol™"). Compound 9, how-
ever, binds with both a favourable enthalpy and entropy
(AH;=—54kcalmol™"; TAS:=+2.9 kcalmol™); this suggests
that the longer alkyl chain might be involved in displacement
of more water molecules in the active site. Both thermodynam-
ic signatures are different to that observed for the parent ca-
lystegine B, 1, which has a small enthalpy term that is offset
by a large favourable entropic contribution (AH;=
—2.9 kcalmol™'; TAS; =+ 4.5 kcalmol™").1"”

X-ray data for TmGH1 in complex with 9 were collected to a
resolution of 1.90 A (Table 2) and refined to a final R, of 0.20
and Ry of 0.24.

Table 2. Data processing and refining statistics for TmGH1 in complex
with 9.

Data collection beamline (ESRF) 1D29
resolution (outer shell) [A] 20-1.90 (1.97-1.90)

space group P2,2,2,

unit cell parameters a=937A
b=944A
c=13.0A
a=L=y=90°

Rinerge (OUter shell) 0.056 (0.37)

mean /ol (outer shell) 25 (5.1)

completeness (outer shell) [%] 99.8 (100.0)

multiplicity (outer shell) 6.0 (6.1)

no. unique reflections 79606

Rcryst 0.20

Ree 0.24

RMSD bonds [A] 0.014

RMSD angles [°] 1.37

RMSD chiral volume [A3] 0.100

PDB ID 2VRJ

The electron density revealed a molecule of 9 bound in the
—1 subsite of both molecules in the asymmetric unit, with the
piperidine ring in a chair conformation and the oxamethylene
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B)

Figure 2. Ball-and-stick representation of A) TmGH1 (the nucleophile Glu351
(bottom) and acid/base Glu166 (right) are shown) in complex with 9; ob-
served electron density for the maximum likelihood weighted 2F,,—F,q is
contoured at 10, and B) overlap of TmGH1 in complex with 9 (green) and 1
(yellow). The figures were drawn by using BOBSCRIPT.”®! The n-octyl chain is
shown in two different conformations (each has an occupancy of 0.5), as
suggested by the disordered electron density in this region, which likely re-
flects the inherent flexibility of the chain.

bridge lying below the plane of this ring (Figure 2 A). This sit-
uation strongly contrasts with the complex of TmGH1 with 1,
in which the ethylene bridge is above the plane of the six-
membered ring, which places the nitrogen atom at the posi-
tion of the anomeric carbon in a native glycoside (Fig-
ure 2B)." Compound 9 binds in an orientation resembling
that seen with TmGH1 in complex with 2, with the nitrogen
atom in the region of the endocyclic oxygen (Figure 3B);'?
however, the pseudoanomeric oxygen (06 in the nortropane
nomenclature; homologous to O1 in a monosaccharide deriva-
tive)?"” and the nitrogen atom of 9 are found at least 0.7 A
“higher” in the active site of TmGH1 compared to other previ-
ously observed inhibitors such as 1, 2 and 3, as well as the
trapped 2-fluoro, covalent glycosyl-enzyme intermediate.!?
This situation means that the oxygen atom in the oxazolidine
ring of 9 (06 in Scheme 3) is in a similar position to the endo-
cyclic oxygen in the trapped 2-fluoro complex (O5 in glucose
nomenclature).

The binding of 9 with the bridge below the plane of the gly-
coside ring, as opposed to above, might prevent any unfavour-
able steric clashes between the oxazolidine ring and Trp398
and Tyr295, which line the bottom of the active site. In addi-
tion, the absence of a hydroxymethyl group at the position
equivalent to the C5 of glucose (C1 in Scheme 3) means that
no interaction is formed with the O&2 atom of Glu405, which
might limit the positional freedom in the other inhibitors that
were studied with TmGH1. Despite the difference in binding
position, the majority of the interactions with the hydroxyl
groups equivalent to those at C2, C3 and C4 of glucose are as
described previously."®'? The oxygen atom in the oxazolidine
ring hydrogen bonds with Tyr295; an interaction between an
electronegative atom of a residue at the position of Tyr295
and the endocyclic oxygen of the substrate is a common fea-
ture and thought to play a role in transition state stabilisa-
tion.”? The thiourea nitrogen atom might make a weak hydro-

ChemBioChem 2008, 9, 2612 -2618
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Figure 3. Interactions between TmGH1 and A) 9 and B) 2 The solid and
dashed bonds in the octyl chain of 9 correspond to the two different confor-
mations in which it can be modelled.

gen-bond interaction with Glu405 (distance of 3.2 A), and the
thiocarbonyl sulfur atom with Glu166 and a water molecule
(with both at a distance of 3.3 A; Figure 3 A).

The N'-(n-octyl) chain of 9 when in complex with TmGH1
lays in a channel that is surrounded by a number of hydropho-
bic amino acid residues in the aglycone subsites; this is analo-
gous to that observed for the n-nonyl chain of N-(n-nonyl)-1-
deoxynojirimycin (NN-DNJ) in the complex with recombinant
human GCase, an enzyme that belongs to the same clan GH-
A" The electron density for the alkyl chain, however, is more
disordered than for the 6-oxa-(+)-calystegine B, core, and in
both molecules in the asymmetric unit it can be built in two
conformations. This indicates that there is a certain amount of
flexibility in the chain, which is supported by the absence of
any interactions with active-site residues that would limit the
movement.

The question remains as to why 9 binds to TmGH1 in the
“opposite” orientation to 1. It has already been discussed that
inhibitors that possess suitable three-dimensional fit and ge-

ChemBioChem 2008, 9, 2612 -2618
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ometry are able to adjust to the stereochemical as well as elec-
tronic requirements of different glycosidases in possibly more
than one orientation.” Similarly, it can be argued that struc-
tural modifications in an inhibitor can alter the complementari-
ty relationships at the active site of a given enzyme by favour-
ing alternative binding modes. In the case of 9 there might be
several factors that contribute to this. Compound 1 possesses
a hydroxyl group at positions that are equivalent to both C2
and C5 in glucopyranosides (C4 and C1 in the nortropane no-
tation, respectively), which means that it is able to form hydro-
gen bonds between the hydroxyl group at C5 and Glu405 (al-
though this interaction might be weaker than in “true” gluco-
derived compounds in which there would be a hydroxymethyl
substituent) and the hydroxyl group at C2 and His121, Asn165
and Glu351. In comparison, 9 has only one of these hydroxyl
groups, which, depending on the orientation in which it binds,
can take advantage of the hydrogen-bond interactions in only
one of these positions. The binding of 9 in the observed orien-
tation means hydrogen bonds can form between the C2 hy-
droxyl group (C4 in the nortropane notation) and both oxygen
atoms of Glu351; previous studies have demonstrated that the
hydroxyl group at the C2 position contributes the most energy
to transition state stabilisation® and, thus, interactions with
the hydroxyl group at this position are likely to be more fa-
vourable than at the C5 position. In addition, the presence of
the alkyl chain at the position equivalent to the endocyclic
oxygen in a native glycoside means there is enough space in
the active site for it to be accommodated. If, however, it had
bound in the opposite orientation, it is possible the alkyl chain
would require significant movement of the acid/base residue,
Glu166. This is also consistent with the fact that N-substitution
of compound 4, in which the alkyl chain was attached to a ni-
trogen atom at the anomeric position, abolishes inhibitory ac-
tivity, whilst the identical substitution at the position equiva-
lent to the endocyclic oxygen results in more potent inhibi-
tors.['%

It is interesting that 9 has a higher inhibitory potency com-
pared to 8; 9 possesses an octyl chain, whereas 8 has a butyl
chain. The calorimetry data indicates that 9 binds with a larger
entropic contribution than 8, and so it can be surmised that
the extra potency for 9 is derived from the displacement of
more water molecules in the active site. This has been dis-
cussed previously, particularly in relation to the binding of glu-
coimidazole-derived compounds in complex with TmGH1,
where, for example, the addition of a phenethyl substituent
produces an extremely potent inhibitor, but the three-dimen-
sional structure reveals no productive interactions are formed
between this group and the active site residues.?”

In summary, the data presented here illustrate the potential
of 1-deoxy-6-oxa-N-thiocarbamoylcalystegine B, derivatives as
a new family of glycosidase inhibitors. Analysis of the thermo-
dynamic contributions to binding of 8 and 9, combined with
insights into the active-site interactions with the clan GH-A f3-
glucosidase TmGH1, unambiguously shows an orientation for 9
with the bridge below the plane of the glycoside ring and
with the alkyl substituent projecting into a channel lined with
a number of hydrophobic residues. Detailed studies at the mo-
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lecular level into the intricacies of binding, combined with a
relatively straightforward synthetic route for these 1-deoxy-6-
oxa-N-thiocarbamoylcalystegine B, derivatives, which could be
used in a combinatorial fashion, should lead to the discovery
of more potent inhibitors.

Experimental Section

Materials:  5-amino-5-deoxy-1,2-O-isopropylidene-f-L-idofuranose
(5) was prepared from commercial p-glucofuranurono 6,3-lactone
in four steps, as reported previously."”* Imiglucerase (Cerezyme®;
recombinant human (3-glucocerebrosidase analogue, My, 60430 Da)
was kindly provided by Genzyme. The glycosidases a-glucosidase
(from baker yeast), f-glucosidase (from almond), 3-glucosidase/[3-
galactosidase (from bovine liver, cytosolic), trehalase (from pig
kidney), a-galactosidase (from green coffee bean), a-mannosidase
(from jack bean), invertase (from yeast) and amyloglucosidase
(from Aspergillus niger) that were used in the inhibition studies, as
well as 4-methylumbelliferyl-3-p-glucoside, o,0/-trehalose, sucrose
and the corresponding o- and p-nitrophenyl glycoside substrates,
were purchased from Sigma. TmGH1 was expressed and purified
as described previously."?

5-(N'-Alkylthioureido)-5-deoxy-1,2-O-isopropylidene-f-L-idofura-
noses (6 and 7): n-Butyl or n-octyl isothiocyanate (2.29 mmol) and
Et;N (0.05 mL) were added to a solution of 5 (0.5 g, 2.29 mmol) in
pyridine (15 mL). The mixture was stirred at room temperature for
18 h, then concentrated and coevaporated several times with tolu-
ene under vacuum. The resulting residue was purified by column
chromatography by using the eluent that is indicated in each case
to give the corresponding thiourea adduct as an amorphous solid.

5-(N'-Butylthioureido)-5-deoxy-1,2-O-isopropylidene-f- L-idofura-
nose (6): Eluent: 2:1 EtOAc/petroleum ether; yield: 0.69 g (90%); R¢
0.32 (3:1 EtOAc/petroleum ether); [a],—38.0 (¢ 1.0, MeOH); UV
(MeOH): 248 nm (e,,,, 12.1); IR (KBr): v,,.,=3397, 3237, 2951, 1564,
1468, 1375, 1072 cm™"; '"H NMR (500 MHz, CDCl;, 313 K): 6=6.36
(brs, TH; NH), 5.93 (d, J,,=3.7 Hz, 1H; H1), 4.90 (m, 1H; N'H), 4.50
(d, TH; H2), 432 (d, J;,=2.0 Hz, TH; H3), 425 (dd, J,5s=2.9 Hz, TH;
H4), 3.92 (dd, Jeeo=11.1 Hz, Js,=4.4 Hz, 1H; H6a), 3.87 (m, TH;
H5), 3.76 (dd, Js¢,=5.3 Hz, 1H; H6b), 3.34 (m, 2H; CH,N), 2.69, 1.63
(brs, 2H; OH), 1.57 (m, 2H; CH,CH,N), 1.38 (m, 2H; CH,CH), 1.50,
132 (25, 6H; CMe,), 094 (t, *J,,=7.4Hz, 3H; CH;); "CNMR
(125.7 MHz, CDCl;, 313 K): 6=181.8 (CS), 111.9 (CMe,), 104.6 (C1),
84.8 (C2), 80.4 (C4), 75.7 (C3), 64.7 (C6), 54.7 (C5), 44.0 (CH,N), 30.8
(CH,CH,N), 26.7, 26.0 (CMe,), 19.9 (CH,CHs), 14.3 (CHs); FABMS: m/z:
357 (100) [M+Nal*, 335 (50) [M+H]"; elemental analysis calcd (%)
for C,4H,eN,055 (334.43): C 50.28, H 7.84, N 8.37; found: C 50.33, H
7.76, N 8.16.

5-Deoxy-1,2-O-isopropylidene-5-(N'-octylthioureido)-f-L-idofura-
nose (7): Eluent: 1:1—2:1 EtOAc/petroleum ether; yield: 0.54 g
(61%); R 0.32 (3:1 EtOAc/petroleum ether); [a]lp,=—84.0 (c 1.0,
CH,Cl,); UV (CH,Cl,): 248 nm (g, 12.4). IR (KBr): v.,=3349, 2928,
1555, 1379, 1092 cm™"; 'H NMR (300 MHz, CD;0D, 313 K): 5 =5.88
(d, J;,=3.7Hz, 1H; H1), 455 (m, 1H; H5), 449 (d, 1H; H2), 4.29
(dd, J,s=7.7 Hz, J;,=2.7 Hz, 1H; H4), 4.12 (d, 1H; H3), 3.74 (dd,
Jossp="11.2 Hz, Jss,=4.3 Hz, TH; H6a), 3.70 (dd, Jss,=4.6 Hz, 1H;
H6b), 3.45 (t, *Jy,=7.0 Hz, 2H; CH,N), 1.56-1.30 (m, 12H; 6CH,),
1.45 (s, 3H; CMe), 1.28 (s, 3H; CMe), 0.89 (t, *J,y=7.4 Hz, 3H; CH,);
BCNMR (75.5 MHz, CD;0D, 313 K): 6=183.7 (CS), 113.8 (CMe,),
104.9 (C1), 86.0 (C2), 80.2 (C4), 74.8 (C3), 61.7 (C6), 55.2 (C5), 46.6
(CH,N), 33.9-31.2 (CH,), 28.0, 27.4 (CMe,), 24.7 (CH,CH,), 15.4 (CH,);
FABMS: m/z: 391 (50) [M+H]"; elemental analysis calcd (%) for
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CyaHs54N,055 (390.54): C 55.36, H 8.77, N 7.16; found: C 55.21, H
8.58, N 7.05.

(1S5,2R,3S,4R,5R)-N-(N'-Alkylthiocarbamoyl)-2,3,4-trihydroxy-6-
oxa-nortropanes (8 and 9): The corresponding L-idofuranose pre-
cursor 6 or 7 (0.5 mmol) was dissolved in a mixture of TFA/H,O
(9:1, 5mL) and stirred at room temperature for 15 min until the
starting material disappeared (TLC). The solvent was removed
under vacuum and the residue was coevaporated several times
with water. Finally, an aqueous solution of the reaction product
was neutralised by treatment with Amberlite IRA 68 (OH™) ion-ex-
change resin and freeze-dried. The resulting residue was purified
by column chromatography with the eluent that is indicated in
each case.

(1S,2R,3S,4R,5R)-N-(N'-Butylthiocarbamoyl)-2,3,4-trihydroxy-6-
oxa-nortropane (8): Eluent: EtOAc—20:1 EtOAc/EtOH; vyield:
106 mg (77 %); R 0.51 (45:5:3 EtOAc/EtOH/H,0); [al;+97.0 (c 1.0,
H,0); UV (MeOH): 248 nm (e,,,, 9.4); "H NMR (300 MHz, D,0, 313 K):
=592 (s, 1H; H5), 482 (t, J,,=J,,,=47 Hz, 1H; H1), 411 (d,
Jra7=8.5 Hz, TH; H7a), 3.82 (dd, 1H; H7b), 3.69 (m, TH; H2), 3.60
(d, J;4=7.9 Hz, 1H; H4), 3.59 (t, J,;=7.9 Hz, 1H; H3), 3.52 (t, *Jy=
7.4 Hz, 2H; CH,N), 1.55 (m, 2H; CH,CH,N), 1.29 (m, 2H; CH,CH,),
0.87 (t, *Jyy=7.4Hz, 3H; CH;); "CNMR (125.7 MHz, D,0, 313 K):
0=178.5 (CS), 89.6 (C5), 76.3 (C3), 75.0 (C4), 71.8 (C2), 67.3 (C7),
59.5 (C1), 46.6 (CH,N), 31.6 (CH,CH,N), 20.7 (CH,CH,), 14.3 (CH,);
FABMS: m/z: 299 (80) [M+Na]*; elemental analysis calcd (%) for
CyHyN,0,5 (276.35): C 47.81, H 7.29, N 10.14; found: C 47.67, H
7.02, N 10.02.

(1S,2R,3S,4R,5R)-2,3,4-Trihydroxy-N-(N'-octylthiocarbamoyl)-6-
oxa-nortropane (9): Eluent: 20:1—6:1 CH,Cl,/MeOH; yield: 108 mg
(65%); R; 0.53 (6:1 CH,Cl,/MeOH); [0], +48.0 (c 1.0, H,0); UV
(MeOH): 249 nm (g,,,, 12.9); '"H NMR (300 MHz, CD,0D, 313 K): 6=
5.81 (s, 1H; H5), 4.85 (t, J;,=J,,5=4.5 Hz, 1H; H1), 4.08 (d, J;, o=
8.0 Hz, 1H; H7a), 3.73 (dd, 1H; H7b), 3.64 (m, 1H; H4), 3.57 (m, 2H;
CH,N), 3.53 (m, 2H; H2, H3), 1.61 (m, 2H; CH,CH,N), 1.31 (m, 6H; 3
CH,), 0.89 (t, 3H; *Jyy=7.2 Hz, CH); ®CNMR (75.5 MHz, CD,0D,
313 K): 6=180.0 (CS), 90.2 (C5), 77.4 (C3), 75.8 (C4), 72.4 (C2), 66.8
(C7), 60.0 (C1), 46.5 (CH,N), 33.0-28.0 (CH,), 30.0 (CH,CH,N), 23.7
(CH,CH;), 14.4 (CH;); FABMS: m/z: 355 (80) [M+Na]™; elemental
analysis calcd (%) for Cy5H,sN,0,S (332.46): C 54.19, H 8.49, N 8.43;
found: C 54.22, H 8.28, N 8.32.

General procedure for the inhibition assay against the commer-
cial enzymes: Inhibitory potencies were determined by spectro-
photometrically measuring the residual hydrolytic activities of the
glycosidases against the respective o- (for $-glucosidase/3-galacto-
sidase from bovine liver) or p-nitrophenyl a- or (3-p-glycopyrano-
side (for other glycosidases), sucrose (for invertase) or a,a’'-treha-
lose (for trehalase) in the presence of 6-oxacalystegine derivative 8
or 9. Each assay was performed in phosphate buffer or phosphate-
citrate buffer (for a-mannosidase and amyloglucosidase) at the op-
timal pH for the enzyme. The reactions were initiated by the addi-
tion of enzyme to a solution of the substrate in the absence or
presence of various concentrations of inhibitor. The mixture was in-
cubated for 10-30 min at 37°C or 55°C (for amyloglucosidase) and
the reaction was quenched by the addition of 1M Na,CO; or a so-
lution of GLC-Trinder (Sigma, for trehalase and invertase). The ab-
sorbance of the resulting mixture was determined at 405 nm or at
505 nm (for trehalase). The K; value and enzyme inhibition mode
were determined from the slope of Lineweaver-Burk plots and
double reciprocal analysis by using a Sigma Plot program (ver-
sion 4.14, Jandel Scientific, Corte Madera, CA, USA).
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Imiglucerase inhibition assay: Enzyme solutions (0.1 mgmL™
(1.65 nm), 0.25% (w/v) sodium taurocholate and 0.1% (v/v) Tri-
ton X-100 in Mcllvaine buffer, pH 5.2) were incubated at 37 °C with-
out (control) or with either 8 or 9 at a final volume of 40 uL for
30 min. After addition of 60 pL 4-methylumbelliferyl-3-p-glucopyra-
noside (4 mm, Mcllvaine buffer, pH 5.2), the samples were incubat-
ed at 37°C for 10 min. Enzymatic reactions were stopped by the
addition of aliquots (150 uL) of glycine/NaOH buffer (100 mwm,
pH 10.6). The amount of 4-methylumbelliferone produced was de-
termined with a Spectramax Gemini XPS (Molecular Devices Corpo-
ration) at 355 nm (excitation) and 460 nm (emission). The ICs,
values were determined by plotting percent activity versus log[l],
by using at least five different inhibitor concentrations. The K;
values and enzyme inhibition modes were determined from the
slope of Lineweaver-Burk plots as above. The absence of any sig-
nificant quenching of the fluorophore signal by 8 or 9 was con-
firmed by measuring the fluorescence intensity of 4-methylumbelli-
feryl-p-p-glucopyranoside (4 um, Mcllvaine buffer, pH 5.2) in the
presence of increasing concentrations of the calystegine deriva-
tives (from 5 to 10 um). Results differed by less than 4 %.

Kinetic studies with TmGH1: Kinetic studies were conducted by
monitoring the change in UV/vis absorbance with a Cintra 10 spec-
trophotometer equipped with a Thermocell peltier power supply.
Experiments were performed at 37°C, in 100 mm sodium citrate
buffer, pH 5.8. Assays contained 15 um 2,4-dinitrophenyl 3-p-gluco-
pyranoside as substrate and 1 mgmL~" bovine serum albumin, in a
total volume of 1 mL. Experiments were performed in the absence
and presence of 8 and 9, which were at concentrations between
0.3 and 7 um for 8 and 0.05 and 1 um for 9; TmGH1 was present at
a concentration of 4 nm. The reaction was initiated by addition of
substrate after incubation of TmGH1 with the inhibitor for 20 min,
which prevented any complications from slow onset inhibition.
Rates were monitored for 400 s. The fractional decrease in v,/v, for
each inhibitor was calculated using the equation vi/v,=1+[ll/K,
and the mean K; value taken.

ITC experiments: Isothermal titration calorimetry was performed
on a VC calorimeter (Microcal, Northampton, MA) at 25°C. TmGH1
was dialysed into 100 mm sodium citrate buffer, pH 5.8, and dilut-
ed to a final concentration of 36-38 um. Compounds 8 and 9 were
diluted in the same buffer to a final concentration of 0.5 mm. All
samples were centrifuged and degassed prior to use. Titrations
were performed by injecting aliquots (10 pL) of each inhibitor into
TmGH1. Data were corrected for heats of dilution by subtracting
the excess heat at a high molar ratio of inhibitor to enzyme. The
enthalpy (AH;) and association constant (K,) were determined from
fitting to a bimolecular model with Microcal ORIGIN software. The
Gibbs free energy (AG;) and entropy (TAS;) were calculated by
using the equation AG,=—RTInK,=AH; —TAS,.

Crystallisation and X-ray data collection: TmGH1, at 10 mgmL™',
was crystallised in the presence of a minute amount of solid 9 by
using the same conditions as described previously.'” The crystal
was cryoprotected in a solution that contained the mother liquor
with the addition of 25% ethylene glycol, and flash frozen in liquid
nitrogen. Data for TmGH1 in complex with 9 were collected at
100 K at the European Synchrotron Radiation Facility (Grenoble,
France), on beamline ID29. Data were integrated and scaled with
the HKL2000 suite,*” and the CCP4 suite of programs was used for
all other crystallographic computing.*® Isomorphism between the
native structure (PDB ID code 10D0) and the complex meant that
refinement could commence after rigid body refinement in
REFMAC.B" Manual corrections were done by using COOT,*? which
were interspersed with cycles of least square refinement in

ChemBioChem 2008, 9, 2612 -2618

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

REFMAC.E" The coordinates and structure factors have been de-
posited with the accession code 2VRJ.
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Determinants of the Unexpected Stability of RNA Fluorobenzene Self Pairs

Hannes Kopitz,™ Aleksandra Zivkovi¢,® Joachim W. Engels,*® and Holger Gohlke*®?

Fluorine-substituted base analogues have proven invaluable as
“nonpolar nucleoside isosteres”™ to probe the physical forces
that govern the stabilities of nucleic acids.>*” When paired
against natural bases, fluorinated analogues destabilize DNA
and RNA helices and exhibit little binding sequence specifici-
ty.>* These observations make Watson—Crick base pairing in-
volving hydrogen bonds to fluorine unlikely.*® When paired
opposite one another, however, a considerable degree of sta-
bility is regained, and a selective pairing of fluorinated bases in
the context of nucleic acids is observed.”* Weak C—F--H—C di-
polar interactions have been implicated as acting as stabilizing
forces in this case.”

Apparently, the role of fluorine in molecular recognition
strongly depends on the surrounding molecular environment.
Similar effects have been observed in the fields of medicinal
chemistry and protein design, in which the fluorophilicity/fluo-
rophobicity of the protein environment affects the affinity of
fluorine-substituted ligands”™ or the stabilizing influence of
fluorine-containing artificial amino acids."*"" With the goal of
addressing the influence of the environment on the molecular
recognition thermodynamics of organic fluorine, we have un-
dertaken a combined experimental/computational study of
fluorobenzene self-pairing in the context of duplex RNA. We
report here the first systematic study of the determinants of
the surprising stability of fluorobenzene-based self-pairs with
increasing fluorine-substitution.

Motivated by preliminary modeling results, we synthesized
novel ribonucleoside analogues in which the nucleobases are
replaced by benzene or fluorine-substituted benzenes, respec-
tively®'>™¥ (Scheme 1 and in the Supporting Information). The
modified nucleosides were tested in a defined 12-mer RNA
duplex (5'-CUU UUC XUU CUU paired with 3'-GAA AAG YAA
GAA). The nucleoside analogues were introduced at positions
X and Y, respectively, to form a base pair in the duplex. We an-
ticipated that this supramolecular system should be particular-
ly apt for investigation of the molecular recognition properties
of organic fluorine. Here we focus on results obtained for
homo-self-pairs (that is, positions X and Y were occupied by
the same nucleotide) of 1-5. The 2,4,6-trifluorobenzene-substi-
tuted nucleoside analogue and the pentafluorinated species
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Scheme 1. Structures of the base analogues that form self pairs. R is always
the ribosephosphate moiety. 1=benzene; 2 =4-fluorobenzene; 3 =2,4-di-
fluorobenzene; 4 =2,4,5-trifluorobenzene; 5 = 2,3,4,5-tetrafluorobenzene.

were omitted, as steric effects due to bis-ortho substitution
result in large destabilization.®'¥ Likewise, we restrict ourselves
to the homologous set of benzene derivatives 1-5 instead of
also considering, for example, indole- or benzimidazole-based
base analogues.”' That way we can minimize any influence
due to variation in shape or size of the base analogues!®'” or
stacking interactions®'® (see also below) on the observed sta-
bilities. The CD spectra of the RNA duplexes with the modified
bases follow the typical curves for an A-type helix (Figure S2 in
the Supporting Information). Thus, the structure of the duplex
RNA is not disturbed by incorporation of our modified nucleo-
sides, in agreement with previous findings.”'?

The thermodynamic stabilities of the modified RNA duplexes
were determined by thermal denaturation as monitored by UV
absorbance in a phosphate buffer (20 mm, pH 7.0) containing
NaCl (140 mm).*@ The thermodynamic data were extracted
from the melting curves by means of a two-state model for
the transition from duplex to single strand.?"

Not unexpectedly,>” our measurements demonstrate that
the pairing preference of fluorinated bases is higher in self-
pairs (Figure 1; Table 1) than in pairs with natural bases.? In
both cases, the stability increases incrementally with the
number of fluorine substituents in the base analogue, with the
largest gain in stability observed in the first two fluorination
steps (1—2: AAG’=1.7 kcalmol™', 2—3: 1.4 kcalmol™). Sur-
prisingly, this leads to RNA duplex stabilities with self-paired
bases 3, 4, and 5 (11.6, 11.8 and 12.2 kcalmol™', respectively)
that are similar to or exceed that of the natural AU base pair
(11.9 kcalmol ™). In stark contrast, in the case of a 12-mer
DNA double helix, the presence of two self-pairs of 5 bases re-
sulted in an overall destabilization of the duplex by
4.6 kcalmol™' compared to the natural AT base pairs, and the
stability increase observed on going from two self-pairs of 1
bases to two self-pairs of 5 bases is much less pronounced
(AAG°=0.6 kcalmol").”) What is the molecular origin of the
stepwise stability increase and the unexpected overall stability
in the RNA case?

To address this question, we performed 10 ns molecular dy-
namics (MD) simulations and free energy calculations together
with a structural component analysis for RNA duplexes con-
taining homo-self-pairs of 1-5, including solvent and consider-
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Figure 1. Stabilities of the modified RNA duplexes with respect to the
number of fluorine atoms in the homo-self-pairs. Black circles show experi-
mentally determined values, dark gray rectangles show computed stabilities,
and light gray diamonds show computed stabilities obtained as the sum of
RNA and solvent contributions as determined by the free energy analysis. To
obtain absolute stabilities, the computed relative values were added cumu-
latively to the experimental value of the RNA duplex with the 1 homo-self-
pair.

with the sum of changes obtained for stepwise transitions
(Table 1). Likewise, the free energy profiles (Figure S3) are
smooth and without discontinuities, which could indicate the
existence of hysteresis. These findings demonstrate the statisti-
cal quality of these estimates.

We next performed a structural decomposition of the calcu-
lated relative binding free energies into contributions from
single nucleotides and an overall contribution of the solvent.
Although the validity of FED in general has been debated,”
expressing free energies as a sum of components that corre-
spond to different parts of the system is of particular interest
for interpreting macroscopic data in terms of microscopic in-
teractions.®” With the FED applied, the relative binding free
energies calculated as the sums of the single contributions
agree with the free energies reported above to within the stat-
istical uncertainty (Figure 1).

In a congeneric series of fluorine-substituted benzenes such
as 1-5 one would intuitively expect that similar macroscopic
observations, such as the observed stability increments, should
correspondingly arise from similar microscopic origins. Surpris-
ingly, this is not the case, as demonstrated by the FED results
(Table 1). For the transitions 1—2 and 4—5, the binding free
energy changes are dominated by favorable solvent contribu-

tions (—5.5 and —4.1 kcalmol™).

face area regions contributed by fluorine atoms.

Table 1. Experimentally measured and calculated relative RNA duplex stabilities, decomposition of the calculat-
ed free energies into contributions from RNA and solvent, and differences in the buried solvent-accessible sur-

Contributions due to changes of
interactions within the RNA, in
contrast, are unfavorable. Oppo-
site trends are revealed for the

it [a] [b] [a] [a] [e]
Transition —— AAGaics AAGw gl AASASA, transitions 2—3 and 3—4:
1-2 -1.7 Eos; -1.5 Eo.z; 41 Eo.z; -55 Eo.s; 13.7 Eoz; changes of interactions within
23 ~1.4 (03 ~1.1(03 -15(03 04 (0.5 22 (04 .
34 ~02(03) ~03(02) ~06(0.3) 03 (08) 1505 | the RNA contribute favorably to
4-5 04 (0.3) -03(02) 3.7 (0.3) —4.1 (04) 15.4 (0.7) the stability gain (—1.5 and
1_50 ~37(06) —3.2(04) 5.7 (0.6) -88(1.2) - —0.6 kcalmol™"), whereas the
154 —-37(03) —33(0.5) 34 (0.5) —6.7 (1.1) 32.8(0.5)

solvent contributions are negli-

tion 1—5.

[a] In kcalmol™". [b] Free energies computed by use of the FED scheme. In kcalmol™". [c] Calculated as the sum
of the single steps. [d] Calculated for the transition 1—5. [e] In A2 [f] Same values as if calculated for the transi-

gible. The FED thus reveals that
it is indirect (solvent) contribu-
tions that stabilize 2 and 5 over

ing long-range electrostatic effects. For the free energy calcula-
tions, the thermodynamic integration (TI)***%*' method was
used and standard thermodynamic cycles were applied (Fig-
ure S1). Both Tl and MD simulations were performed with the
AMBER 8 suite®” and the force field of Cornell et al.,”’ which
has a very good balance of intermolecular interaction terms
for nucleobases.”***®' Computational details are described in
the Supporting Information.

We first calculated relative binding free energies for the
modified RNA duplexes containing homo-self-pairs of 1-5. Our
calculations show an excellent agreement with experiment
(Figure 1; Table 1), with deviations between experimentally
measured and computed values < 0.4 kcal mol™'. The trend of
the computed free energies closely follows that of the experi-
mentally measured ones (*=0.97 for the series without free
energy decomposition (FED), P =0.99 for the series with FED;
Figure S4). Overall, these findings give us confidence in the
quality of the applied force field. Finally, the free energy
change computed for the 1—5 transition is in close agreement
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1 and 4, respectively. In contrast,
direct (RNA) contributions stabilize the 2—3 and 3 —4 cases.
Notably, the indirect (solvent) contributions dominate over the
direct (RNA) contributions. These trends are in perfect agree-
ment with experimentally determined contributions to duplex
RNA stability for 1, 2, or 3 paired against uridine (Table 4 in
ref. [2]), which corroborates our calculations.

How can one explain that the solvent strongly contributes
to RNA duplex stability in two of the cases while it shows neg-
ligible effects in the other ones? Obviously, it is not sufficient
to consider the overall lipophilicity of the base analogues, be-
cause this property increases generally with increasing fluorina-
tion of aromatic compounds.®? Accordingly, the log P values of
nucleosides containing 1-5 are 1.05, 1.50, 1.70, 1.83, and 1.92,
respectively.”® Likewise, no correlation with the molecular
dipole moment can be seen. This remains essentially constant
for the fluorinated base analogues 2 to 4 (1: 0.3 D; 2: 24 D; 3:
2.2D; 4: 20D; 5: 40D),” whereas it strongly increases on
going from 1 to 2 and from 4 to 5 (in which cases one would
anticipate a favorable solvent contribution for the 2—1 and

ChemBioChem 2008, 9, 2619 -2622
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the 5—4 transitions, but not for 1—2 and 4—5 as found
above).

Rather, the observed trend parallels the differences in sol-
vent-accessible surface area regions contributed by fluorine
atoms that are buried upon duplex formation (Table 1; AASA-
SA:~15A* for the 1—2 and 4—5 transitions; AASASA;
~1.5 A? for the 2—3 and 3 —4 transitions). Average structures
of the RNA duplexes from unperturbed MD simulations con-
firm this result (Figure 2). Both fluorine atoms of 2 are almost

%

R U U

pa
“o

Figure 2. Averaged structures obtained from the MD trajectories of the self-
paired fluorobenzene nucleotides in stick and van der Waals surface repre-
sentations. The solvent-accessible surfaces of the fluorine atoms are depict-
ed as green meshes. The figures were generated with PyMOL.2"

completely buried in the duplex structure, as are the fluorines
at position three in the case of 5. In contrast, the fluorine
atoms of 3 and 4 remain mostly solvent-accessible. We note
with interest that the observed AASASA; dependency points
to a local influence of fluorine substitution on duplex stability,
rather than an influence due to changes in global molecular
properties. This local influence can be explained by electrostat-
ic and, in particular, time-dependent interactions of C—F bond
dipoles being of minimal importance in polar heteroatom sol-
vents.’>33 Poor aqueous solvation of C—F dipoles results,*”
and hence a hydrophobic character of these regions, removal
of which from water is energetically favorable. Maximizing the
burial of the fluorine atoms in the cases of 2 and 5 leads to
base configurations that show short F--F contacts (between 2.9
and 3.0 A, the sum of the fluorine van der Waals radii being
2.94 R), either with an almost perpendicular orientation of the
C—F bond vectors (2) or with a collinear orientation (5). Intui-
tively, these configurations seem unlikely because two nega-
tively polarized sites face each other. However, ab initio calcu-
lations at the MP2 level of theory demonstrate attractive inter-
actions between two CF, molecules at F-F distances of the
above range,*>*® even in the least favorable case of collinear
orientation of the C—F bonds. Short intermolecular F--F con-
tacts have also been observed in the crystal packings of hexa-
fluoropropene and pentafluorobenzoic acid.?*® In the latter
case, their occurrence has been interpreted as stacking interac-
tions and hydrogen bonds in the crystal being very likely to be
of more energetic advantage than the presumed disadvantage
of the F-F contacts.®” Likewise, we interpret our findings in
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the cases of 2 and 5 in terms of the solvent contributions due
to the burial of fluorine atoms being favorable enough to over-
compensate even energetically slightly unfavorable fluorine
contacts.

What is the molecular origin for the favorable RNA contribu-
tions to duplex stability in the 2—3 and 3—4 transitions? In
addition to solvation effects, hydrogen bonding and stacking
are considered predominant forces for nucleic acid stability.***"
With regard to stacking, when paired against uridine, a 2—3
substitution stabilized duplex RNA by 0.6 kcalmol™". This value
explains less than half of the computed stabilization (1.5 kcal
mol™') and might even overestimate stacking, due to the pres-
ence of additional interactions involving fluorine at posi-
tion 2.2 Even more compellingly, “dangling end” fluoro-substi-
tuted benzenes have been found to stabilize DNA equally well
irrespective of the degree of fluorination.®”! Accordingly, we
conclude that the observed stability increase for the above
transitions is not related to differences in stacking.

A hint as to what might instead be the stabilizing force was
provided by the frequency distributions of the distances be-
tween the H3 atom of the base at position X and the F4 atom
at position Y (Figure 3). Distances of around 2.6 A are observed
in 13.0% and 14.6% of the investigated snapshots for self-
pairs of 3 and 4, respectively, but only in 9.7% in the case of 2.
Conversely, distances greater than 3.2 A occur in 43% in the
last case, but only in 16% (20%) of the 3 (4) self-pairs. The
most populated H--F distance (2.6 A; Figure 3) and C—H--F
angle (140°; Figure S5 in the Supporting Information) thus
agree perfectly with geometries reported for H--F interactions
in small-molecule crystal structures.”***? Accordingly, we in-
terpret our findings in terms of weak attractive C—F-+-H—C dipo-
lar interactions, with more short-range interactions present in
3 and 4 self-pairs than in their 2 counterparts. This interpreta-
tion is corroborated by analysis of the occupancy of C—F--H—C
interactions: that is, the ratio of times when the interaction is
present relative to the total simulation time. Occupancies of

0.16 -
2 mmm
3
0.14 4 4 =ST
0124 N

T 0.10 -

Frequency 0.08 -

006 { §
004 { & |
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Figure 3. Frequency distributions of the distances between the H3 atom of

the bases at position X and the F4 atom of the bases at position Y. The last

7 ns of the unperturbed MD trajectories were investigated. The bin width of

the histograms is 0.1 A. The olive color results if the red histogram is over-
laid by the green one.
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0.76 (0.70) are found in the case of 3 (4) self-pairs, whereas this
value amounts to 0.46 in the case of 2. Thus, C—F--H—C interac-
tions prevail for a larger fraction of time in the 3 (4) case. To-
gether with the higher frequency of interactions at shorter dis-
tances, this may well explain the gains in stability observed for
3 and 4. Finally, we also examined the stagger between the
base analogue self-pairs,* which describes the translational
displacement between the two bases along the helix axis. The
1 (2) self-pair shows a large stagger of 1.3 (1.6) A, probably
due to repulsion between opposing C—H (C—F) groups. In con-
trast, the stagger of the 3 (4) self-pair is only 0.7 (0.8) A, indi-
cating more favorable C—F--H—C interactions in these cases.
Surprisingly, the stagger of the 5 self-pair only amounts to
0.8 A, despite a potentially repulsive interaction between C—F
groups, which may be attributed to the overall stability of the
RNA duplex in this case.

Undoubtedly, covalently bound fluorine hardly ever acts as
acceptor for available Brensted acidic sites in the presence of
competing heteroatom acceptors.’~>% Attractive H--F dipolar
interactions have been described, however, for well-structured
molecular environments in which heteroatom acceptors are ex-
cluded, such as the thrombin active site”® or engineered crys-
tals.“**" Apparently, the fluorobenzene self-pairs in the context
of duplex RNA constitute a well-structured supramolecular
system, which leads to favorable interactions between self-
pairs of 3 and 4. These interactions might even be under-rep-
resented in our analysis, because the Cornell et al. force field
underestimates interaction energies for weak base pairs rela-
tive to reference QM data.*

In summary, this study demonstrates an intricate influence
of the molecular environment on the molecular recognition
thermodynamics of organic fluorine. In particular, as revealed
for the case of fluorinated base analogues, it may generally
not be sufficient to discuss the molecular recognition proper-
ties of organic fluorine in terms of global molecular proper-
ties.”! Instead, analyses at an atomic level, as provided by com-
bined experimental/computational approaches, are required.

Acknowledgements

This work was funded by the Deutsche Forschungsgemeinschaft
within  the  Sonderforschungsbereich 579  (“RNA-Liganden-
Wechselwirkungen”).

Keywords: fluorine molecular  dynamics molecular

recognition - RNA structures - thermodynamics

[1] B. A. Schweitzer, E. T. Kool, J. Org. Chem. 1994, 59, 7238.

[2] J. Parsch, J. W. Engels, J. Am. Chem. Soc. 2002, 124, 5664.

[3] J.S. Lai, J. Qu, E.T. Kool, Angew. Chem. 2003, 115, 6155; Angew. Chem.
Int. Ed. 2003, 42, 5973.

[4] G.T. Hwang, F. E. Romesberg, Nucleic Acids Res. 2006, 34, 2037.

[5] J.S. Lai, E. T. Kool, J. Am. Chem. Soc. 2004, 126, 3040.

[6] A. Somoza, J. Chelliserrykattil, E. T. Kool, Angew. Chem. 2006, 118, 5116;
Angew. Chem. Int. Ed. 2006, 45, 4994.

[7] J. A. Olsen, D. W. Banner, P. Seiler, U. O. Sander, A. D'Arcy, M. Stihle, K.
Muller, F. Diederich, Angew. Chem. 2003, 115, 2611; Angew. Chem. Int.
Ed. 2003, 42, 2507.

2622

www.chembiochem.org

[8] J. A. Olsen, D. W. Banner, P. Seiler, B. Wagner, T. Tschopp, U. Obst-Sander,
M. Kansy, K. Muller, F. Diederich, ChemBioChem 2004, 5, 666.
[9] K. Muller, C. Faeh, F. Diederich, Science 2007, 317, 1881.

[10] C. Jackel, W. Seufert, S. Thust, B. Koksch, ChemBioChem 2004, 5, 717.

[11] C. Jackel, M. Salwiczek, B. Koksch, Angew. Chem. 2006, 118, 4305;
Angew. Chem. Int. Ed. 2006, 45, 4198.

[12] J. Parsch, J. W. Engels, Helv. Chim. Acta 2000, 83, 1791.

[13] A. Zivkovi¢, PhD thesis, Johann Wolfgang Goethe-Universitat, Frankfurt
am Main (Germany), 2005.

[14] A. Zivkovi¢, J. W. Engels, Nucleosides Nucleotides Nucleic Acids 2005, 24,
1023.

[15] J. Bozilovic, J. W. Bats, J. W. Engels, Can. J. Chem. 2007, 85, 283.

[16] J. C. Delaney, P.T. Henderson, S. A. Helquist, J. C. Morales, J. M. Essig-
mann, E. T. Kool, Proc. Natl. Acad. Sci. USA 2003, 100, 4469.

[17] H. O. Sintim, E. T. Kool, Angew. Chem. 2006, 118, 2008; Angew. Chem. Int.
Ed. 2006, 45, 1974.

[18] K. M. Guckian, B. A. Schweitzer, R. X. F. Ren, C. J. Sheils, P. L. Paris, D.C.
Tahmassebi, E. T. Kool, J. Am. Chem. Soc. 1996, 118, 8182.

[19] M. Zacharias, J. W. Engels, Nucleic Acids Res. 2004, 32, 6304.

[20] M. Schweitzer, J. W. Engels in Antisense: From Technology to Therapy,
Vol. 6 (Eds.: R. Schlingensiepen, W. Brysch, K.-H. Schlingensiepen), Black-
well, Cambridge, MA, 1997, pp. 78.

[21] L. A. Marky, K. J. Breslauer, Biopolymers 1987, 26, 1601.

[22] J. G. Kirkwood, J. Chem. Phys. 1935, 3, 300.

[23] D.L. Beveridge, F. M. Dicapua, Annu. Rev. Biophys. Biophys. Chem. 1989,
18, 431.

[24] D.A. Case, T.E. Cheatham, T. Darden, H. Gohlke, R. Luo, K. M. Merz, A.
Onufriev, C. Simmerling, B. Wang, R.J. Woods, J. Comput. Chem. 2005,
26, 1668.

[25] W.D. Cornell, P. Cieplak, C.I. Bayly, I.R. Gould, K. M. Merz, D. M. Fergu-
son, D. C. Spellmeyer, T. Fox, J. W. Caldwell, P. A. Kollman, J. Am. Chem.
Soc. 1995, 117, 5179.

[26] J. Sponer, P. Jurecka, P. Hobza, J. Am. Chem. Soc. 2004, 126, 10142.

[27] J. E. Sponer, N. Spackova, P. Kulhanek, J. Leszczynski, J. Sponer, J. Phys.
Chem. A 2005, 109, 2292.

[28] J.E. Sponer, N. Spackova, J. Leszczynski, J. Sponer, J. Phys. Chem. B
2005, 109, 11399.

29] A.E. Mark, W. F. van Gunsteren, J. Mol. Biol. 1994, 240, 167.

30] S. Boresch, M. Karplus, J. Mol. Biol. 1995, 254, 801.

31] W. L. DeLano, PyMOL, DeLano Scientific, Palo Alto, CA, USA, 2002.

32] S. G. DiMagno, H. R. Sun, Curr. Top. Med. Chem. 2006, 6, 1473.

33] J. C. Biffinger, H. W. Kim, S. G. DiMagno, ChemBioChem 2004, 5, 622.

34] C. Fonseca Guerra, F. M. Bickelhaupt, J. Chem. Phys. 2003, 119, 4262.

35] R.D. Parra, X. C. Zeng, THEOCHEM 2000, 503, 213.

36] F.T.T. Huque, K. Jones, R.A. Saunders, J. A. Platts, J. Fluorine Chem.
2002, 115, 119.

371 A. Bach, D. Lentz, P. Luger, J. Phys. Chem. A 2001, 105, 7405.

38] A. Bach, J. Buschmann, D. Lentz, P. Luger, Z. Kristallogr. 2000, 215, 518.

39] 1. Tinoco, O. C. Uhlenbeck, M. D. Levine, Nature 1971, 230, 362.

40] K. J. Breslauer, R. Frank, H. Blocker, L. A. Marky, Proc. Natl. Acad. Sci. USA
1986, 83, 3746.

[41] M. Petersheim, D. H. Turner, Biochemistry 1983, 22, 256.

[42] G.R. Desiraju, Acc. Chem. Res. 2002, 35, 565.

[43] L. Shimoni, J. P. Glusker, Struct. Chem. 1994, 5, 383.

[44] V.R. Thalladi, H. C. Weiss, D. Blaser, R. Boese, A. Nangia, G. R. Desiraju, J.
Am. Chem. Soc. 1998, 120, 8702.

[45] J. W. Bats, J. Parsch, J. W. Engels, Acta Crystallogr. Sect. C 2000, 56, 201.

[46] R. E. Dickerson, Nucleic Acids Res. 1989, 17, 1797.

[47] P. Murray-Rust, W. C. Stallings, C. T. Monti, R. K. Preston, J. P. Glusker, J.
Am. Chem. Soc. 1983, 105, 3206.

[48] J. D. Dunitz, R. Taylor, Chem. Eur. J. 1997, 3, 89.

[49] J. D. Dunitz, ChemBioChem 2004, 5, 614.

[50] E.T. Kool, H. O. Sintim, Chem. Commun. 2006, 3665.

[51] K. Reichenbécher, H. 1. Suss, J. Hulliger, Chem. Soc. Rev. 2005, 34, 22.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Received: July 8, 2008
Published online on September 30, 2008

ChemBioChem 2008, 9, 2619 -2622



http://dx.doi.org/10.1021/jo00103a013

http://dx.doi.org/10.1021/ja012116g

http://dx.doi.org/10.1002/ange.200352531

http://dx.doi.org/10.1002/anie.200352531

http://dx.doi.org/10.1002/anie.200352531

http://dx.doi.org/10.1093/nar/gkl049

http://dx.doi.org/10.1021/ja039571s

http://dx.doi.org/10.1002/ange.200601311

http://dx.doi.org/10.1002/anie.200601311

http://dx.doi.org/10.1002/ange.200351268

http://dx.doi.org/10.1002/anie.200351268

http://dx.doi.org/10.1002/anie.200351268

http://dx.doi.org/10.1002/cbic.200300907

http://dx.doi.org/10.1002/cbic.200300840

http://dx.doi.org/10.1002/ange.200504387

http://dx.doi.org/10.1002/anie.200504387

http://dx.doi.org/10.1002/1522-2675(20000809)83:8%3C1791::AID-HLCA1791%3E3.0.CO;2-K

http://dx.doi.org/10.1073/pnas.0837277100

http://dx.doi.org/10.1002/ange.200504296

http://dx.doi.org/10.1002/anie.200504296

http://dx.doi.org/10.1002/anie.200504296

http://dx.doi.org/10.1021/ja961733f

http://dx.doi.org/10.1093/nar/gkh971

http://dx.doi.org/10.1002/bip.360260911

http://dx.doi.org/10.1063/1.1749657

http://dx.doi.org/10.1146/annurev.bb.18.060189.002243

http://dx.doi.org/10.1146/annurev.bb.18.060189.002243

http://dx.doi.org/10.1002/jcc.20290

http://dx.doi.org/10.1002/jcc.20290

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1021/ja00124a002

http://dx.doi.org/10.1021/ja048436s

http://dx.doi.org/10.1021/jp050132k

http://dx.doi.org/10.1021/jp050132k

http://dx.doi.org/10.1021/jp051126r

http://dx.doi.org/10.1021/jp051126r

http://dx.doi.org/10.1006/jmbi.1994.1430

http://dx.doi.org/10.1006/jmbi.1995.0656

http://dx.doi.org/10.2174/156802606777951127

http://dx.doi.org/10.1002/cbic.200300910

http://dx.doi.org/10.1063/1.1592494

http://dx.doi.org/10.1016/S0166-1280(99)00287-0

http://dx.doi.org/10.1016/S0022-1139(02)00034-9

http://dx.doi.org/10.1016/S0022-1139(02)00034-9

http://dx.doi.org/10.1021/jp004626n

http://dx.doi.org/10.1038/230362a0

http://dx.doi.org/10.1073/pnas.83.11.3746

http://dx.doi.org/10.1073/pnas.83.11.3746

http://dx.doi.org/10.1021/bi00271a004

http://dx.doi.org/10.1021/ar010054t

http://dx.doi.org/10.1007/BF02252897

http://dx.doi.org/10.1021/ja981198e

http://dx.doi.org/10.1021/ja981198e

http://dx.doi.org/10.1107/S010827019901361X

http://dx.doi.org/10.1093/nar/17.5.1797

http://dx.doi.org/10.1021/ja00348a041

http://dx.doi.org/10.1021/ja00348a041

http://dx.doi.org/10.1002/chem.19970030115

http://dx.doi.org/10.1002/cbic.200300801

http://dx.doi.org/10.1039/b605414e

http://dx.doi.org/10.1039/b406892k

www.chembiochem.org




DOI: 10.1002/cbic.200800464

Oligosaccharide-Mediated Nuclear Transport of Nanoparticles

Kenichi Niikura,*® Shota Sekiguchi,” Takashi Nishio,” Tomoya Masuda,”” Hidetaka Akita,' Yasutaka Matsuo,”

Kentaro Kogure,' Hideyoshi Harashima,"”
The transport of nanoparticles into the cellular nucleus is a po-
tentially important technique because it can open the way to
a wide range of applications, including the sequence-specific
detection of genomic DNA, efficient DNA transfection, and the
specific entry of drugs into the nucleus.!” It has been reported
that the nuclear import of proteins larger than 40 kD does not
occur by passive diffusion.”” Similarly, the nuclear import of
macromolecules or particles is strictly regulated. Therefore, the
nuclear import of nanoparticles that contain gold nanoparticles
and quantum dots has been achieved by coating the surface
with classical nuclear localization signals (NLS), that is, short,
highly positively charged peptides.”’ However, the problem re-
mains that positively charged particles can interact with serum
protein, resulting in rapid clearance from the plasma compart-
ment Because the cationic NLS interacts with negatively
charged DNA, NLS peptides do not work as efficient signals for
transport of DNA into the nucleus;® this implies that the use
of peptide-based cationic NLS might be limited when using
DNA-displaying nanoparticles.

Monsigny et al. have shown that sugars can also work as nu-
clear localization signals.”® The neoglycoproteins, BSA (bovine
serum albumin)-glucose, BSA-mannose and BSA-fucose are
rapidly transported into the nucleus of Hela cells, whereas BSA
without chemical modifications is not. Because carbohydrates
normally show high biocompatibility and water solubility, they
are suitable for use in the modification of synthetic carriers
and nanoparticles. Previously, however, only the application of
these carbohydrate signals to the nuclear import of proteins
was examined, and there are no reports on the effectiveness
of carbohydrate signals for the nuclear import of artificial ma-
terials, such as nanoparticles and polymers. Previous reports
that used BSA have focused only on monosaccharides as a
signal. In this paper, we expand the varieties of carbohydrates
tested from monosaccharides to oligosaccharides in the search
for an efficient signal that is applicable to the nuclear import
of nanoparticles. Herein, we present our unique finding that
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nanoparticles (quantum dots) that display oligo a-glucopyra-
noside on their surface are readily transported into the nucleus
of digitonin-permeabilized Hela cells. Semiconductor QDs
have a diameter of several nanometers and their specific trans-
port inside the cell can be readily achieved through the display
of multiple ligands on their surface. As far as we know, this is
the first report to describe the import of nanoparticles into the
nucleus without the use of cationic NLS.

Because BSA that has been substituted with a-glucopyrano-
side has been reported to be efficiently transported into the
cell nucleus,”” we synthesized neoglycolipids that contain vari-
ous carbohydrates comprised of different numbers of glucose
units (Scheme 1). In addition to a-monoglucopyranoside-lipid
3, we synthesized maltose(Glca1-4Glc)-lipid 4, maltotriose(GI-
ca1-4Glca1-4Glc)-lipid 5, and panose(Glca1-6Glca1-4Glc)-lipid
6. The cellotriose(GlcB1-4Glc1-4Glc)-lipid 7 is a trisaccharide
that is composed of only a pB-linked glucose, thus lipid 7 was
used as a control to a-linked glucose. Neoglycolipids were syn-
thesized based on a previously described method™ " by start-
ing from fully acetylated carbohydrates, hexa(ethyleneglycol)
and 11-bromoundecene.

CdTe nanocrystals that had been stabilized with mercapto-
propionic acid (MPA) were prepared in water as described by
Yang et al.'? Sugar-displaying CdTe QDs were synthesized by
surface exchange from MPA to the neoglycolipid in water (Fig-
ure 1A), and then purified by using spin filtration."” Ligand ex-
change occurring on the surface of the QDs was confirmed by
MALDI-ToF mass spectrometry. Ligands immobilized on inor-
ganic nanoparticles, such as QDs, were detached from the sur-
face during the laser deposition process, and the mass corre-
sponding to the molecular weight of neoglycolipids was clearly
detected (Figure 1B). Furthermore, the display of sugars on the
QDs was visually confirmed by trapping on a lectin-immobi-
lized column. For example, maltotriose 5-QDs were specifically
trapped on a ConA (concanavalin A; a-mannose and a-glucose
specific) agarose column, whereas they were not trapped on
WGA (wheat germ agglutinin; GIcNAc specific) or LCA (lens cu-
linaris agglutinin; branched-fucose specific) agarose columns
(data not shown). We explored the interactions between
sugar-displaying CdTe QDs and digitonin-permeabilized Hela
cells. Digitonin treatment causes partial damage to the plasma
membrane'™ and increases the permeability of cells. Digitonin
permeabilization has been used often in the study of biochem-
ical processes that are related to the import and export of nu-
clear proteins."* ' Although live cells become semi-intact
upon digitonin treatment due to the leakage of cytoplasmic
proteins through the plasma membrane, the nuclear mem-
brane is left intact. Import buffer (pH 7.3, 20 mm HEPES,
110 mm KOAc, 5mm NaOAc, 2 mm Mg(OAc),, 0.5 mm EGTA)
that contained the sugar-displaying CdTe QDs (0.6 mgmL™",
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Figure 1. A) Synthesis of sugar-displaying QDs by a thiol exchange reaction,
and B) confirmation of maltotriose-lipid 5 immobilization on QDs by mass
spectrometry. The calculated molecular weight of maltotriose-lipid 5
(C44H,50,,SNa) is 977.46.
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10 pL per well) was added to the
permeabilized cells and incubat-
ed for 1h at 37°C. After being

OHO washed with buffered solution,
the cells were observed by con-

OH OH focal laser scanning microscopy
Omo/ (Figure 2).  Monoglucopyrano-

OH side-displaying QDs (both a-glu-

4 cose 3- and f-glucose 2-QDs)

were retained in the cytosol and
not translocated into the nu-
cleus. Although only a few mal-
tose 4-QDs were seen in the nu-
cleus, a marked accumulation of
maltotriose 5-QDs in the nu-
cleus was observed. Similarly,
panose 6-QDs were readily im-
ported into the nucleus. The dig-
italized fluorescent intensities
from the sugar-displaying QDs in
the nuclei were in the following
order: trisaccharide > disaccha-
ride>PEG  (Figure 2H). The
transport of maltotriose-display-
ing QDs into the nucleus can be
explained by the hypothesis that
a-glucose residues on the unre-
duced terminus are more acces-
sible than when the same resi-
dues are directly linked to the lipid moiety; this indicates that
the putative receptor can recognize more than a single glu-
cose residue. The sugar-free PEG 1-QDs, which were consid-
ered to have the smallest diameter, did not enter the nucleus
and were only detected in the cytosol; this indicates that the
neoglycolipid-coated QDs used in this study were large
enough so as not to freely penetrate the nucleus pores by pas-
sive diffusion. The cellotriose 7-QDs also remained in the cyto-
sol. These control experiments support the hypothesis that the
a-glucopyranoside-containing oligosaccharides are important
for the specific delivery of quantum dots into the nucleus. In
our previous study, we have shown that classical NLS-coated
QDs are transported into the nucleus only in the presence of
additional cytosolic factors." In contrast, the nuclear import of
sugar-displaying QDs did not require additional cytosolic fac-
tors. This corresponds closely to the results of a previous
report on the nuclear import of glycosylated BSA.® Unlike the
results that were obtained by using glycosylated BSA, however,
the addition of ATP to the import buffer did not affect the effi-
ciency of nuclear import of the sugar-displaying QDs in our
study; this indicates that the transport of sugar-displaying QDs
occurred in an ATP-independent manner.

To test the general applicability of maltotriose-dependent
nuclear import, we prepared maltotriose-modified BSA. Com-
mercially available Texas Red-labeled BSA (TR-BSA) was modi-
fied with maltotriose derivatives by using heterobifunctional
crosslinker SMCC (succinimidyl 4-[N-maleimidomethyl]cyclohex-
ane-1-carboxylate). Attachment of the maltotriose residues

ChemBioChem 2008, 9, 2623 -2627
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Figure 2. Confocal fluorescence (top panels) and differential interference
contact (DIC; lower panels) images of digitonin-permeabilized Hela cells in-
cubated with sugar-displaying QDs. A) PEG 1-QDs; B) 3-Glc 2-QDs; C) a-Glc
3-QDs; D) maltose 4-QDs; E) maltotriose 5-QDs; F) panose 6-QDs; G) cello-
triose 7-QDs; H) digitalized fluorescence intensity of PEG 1-QDs, maltose 4-
QDs, maltotriose 5-QDs and panose 6-QDs in the nucleus. The mean of the
fluorescence intensity in the nucleus of each cell was digitalized.

onto the TR-BSA was confirmed by MALDI-ToF mass spectrom-
etry. The mass spectra indicated that the average molecular
weight of the BSA was increased from 66800 to approximately
92500 after the coupling reaction, which corresponds to the
attachment of about 28 maltotriose residues. Nuclear transport
of maltotriose-TR-BSA was investigated under the same condi-
tions as those of the quantum dot experiment by using the
digitonin assay. Interestingly, maltotriose—-TR-BSA was incorpo-
rated into the nucleus of all observed cells, whereas TR-labeled
BSA did not diffuse into the nucleus. Thus, maltotriose appears
to be a nuclear import signal not only for QDs but also for pro-
teins. In the case of quantum dots, mono a-glucopyranoside
did not work as a nuclear import signal; however, trisaccha-
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rides, such as maltotriose or panose-displaying QDs, did medi-
ate nuclear import. In the case of BSA however, both mono a-
glucopyranoside and trisaccharide mediated nuclear transport.
Thus, we speculate that in the case of nanoparticles it might
be important to increase signal efficiency by oligomerization of
monosaccharides.

To exclude the possibility that the maltotriose-lipid 5 dis-
played on the QDs works as a surfactant to destroy the nuclear
membrane, TR-BSA was co-incubated with permeabilized Hela
cells in the presence of maltotriose 5-QDs (at the same con-
centration as in Figure 2; 0.6 mgmL™") or free maltotriose-lipid
5 (20 mm). As shown in Figures 3D and E, no accumulation of
TR-BSA was detected in the nucleus of Hela cells even in the
presence of lipid 5 or maltotriose 5-QDs; this indicates that

OH
HO Q

Ho il Texas Red

HO o o
HO CH 4
HO O (o)
Hgﬁﬁ,of:cm)e—s "
OH q N
o :
(o]

Maltotriose—TR-BSA

Figure 3. Confocal fluorescence (top panels) and DIC (lower panels) images
of digitonin-permeabilized Hela cells incubated with maltotriose-attached

Texas Red-labeled BSA (maltotriose-TR-BSA) or Texas Red-labeled BSA (TR-
BSA). A) Maltotriose-TR-BSA; B) TR-BSA; C) maltotriose-TR-BSA after WGA
treatment; D) TR-BSA with maltotriose-lipid 5; E) and F) TR-BSA incubated
with maltotriose 5-QDs; E) fluorescence from TR-BSA; F) fluorescence from
maltotriose 5-QDs.
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the free or clustered neoglycolipid does not damage the nucle-
ar envelope and supports the hypothesis that the maltotriose
moiety attached on the cargo molecule acts as a molecular-
recognition site. WGA is known to bind to the O-GIcNAc resi-
due of the nuclear-pore complex and to inhibit the nuclear
import of macromolecules through the nuclear pores."” In the
presence of WGA, the nuclear import of maltotriose-TR-BSA
was clearly inhibited; this supports the idea that the sugar-
mediated nuclear import occurs across nuclear pores. The
mechanism by which the sugar-mediated nuclear transport
occurs is unknown; however, because cytosolic factors are not
required, we speculate that the sugar-displaying QDs or pro-
teins engage in direct interaction with nuclear-pore proteins or
proteins adjacent to the pore without the need of a carrier.

Lastly, we changed the density of maltotriose residues on
the surface of quantum dots and BSA. The concentration of
maltotriose residues on QDs was reduced by diluting the con-
centration of the maltotriose-lipid 5 with PEG-lipid 1 during
the ligand-exchange reaction on the surface of MPA-QDs. The
number of maltotriose residues on the BSA was controlled by
changing the ratio of SMCC to TR-BSA. In the case of BSA, the
average number of maltotriose residues was accurately esti-
mated from the molecular weight, which was confirmed by
MALDI-ToF MS. Figure 4 shows confocal fluorescence (top
panels) and DIC (lower panels) images of digitonin-permeabi-
lized Hela cells after treatment with QD and BSA, respectively.
In both cases, decreasing the density of maltotriose residues
drastically reduced the nuclear import of QDs and BSA. The
digitalized fluorescent intensities in the nuclei are summarized
in Figure 41 and J. In both cases, the fluorescent intensities in
the nuclei were exponentially increased with increases in the
density of maltotriose residues on the QDs and BSA. Generally,
in the case of NLS peptide, only one signal sequence is re-
quired to mediate the nuclear import of a cargo, whereas the
oligosaccharide-mediated nuclear import of proteins or nano-
particles requires a highly multivalent signal display. This differ-
ence implies that oligosaccharide-driven nuclear import is not
mediated by a carrier protein that recognizes oligosaccharide
signals, but rather the display of oligosaccharides might facili-
tate passive diffusion through increased affinity with nucleus
pores by multivalent contacts. In fact, the nuclear import of
maltotriose 5-QDs occurred in a dose-dependent manner; this
indicates the existence of an energy-independent passive diffu-
sion mechanism.

In summary, nanoparticles that displayed a-glucose-contain-
ing oligosaccharides on their surface were imported into the
nucleus. Unlike with proteins, mono-a-glucopyranoside did not
work as a nuclear-import signal for QDs; however, a-glucopyra-
noside-terminated trisaccharides, such as maltotriose or
panose, strongly mediated the nuclear import of QDs. The
physiological significance of oligo a-glucopyranoside as a
signal for nuclear import is still unclear; however, this finding
could be widely applicable to the transport of a variety of
nanoparticles into the cell nucleus, and could lead to new
techniques for imaging or for the detection of molecular-rec-
ognition events in the nucleus. We assume that a carbohy-
drate-based strategy alone is not sufficient because the carbo-
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Figure 4. Confocal fluorescence (top panels) and DIC (lower panels) images
of digitonin-permeabilized HelLa cells incubated with maltotriose-displaying
QDs and maltotriose-TR-BSA that had a variety of maltotriose residues. The
molecular ratio ([maltotriose-lipid 5]/([maltotriose-lipid 5]+ [PEG-lipid 1]) in
the solution during the surface-exchange reaction was: A) 0, B) 0.6, C) 0.8,
D) 1.0. In the case of BSA, the average number of maltotriose residues on a
single BSA was: E) 0, F) 16, G) 22, H) 28. |) Digitalized fluorescence intensity
of QDs in the nucleus was plotted as a function of the molecular ratio of
maltotriose-lipid 5. J) Digitalized fluorescence intensity of TR-BSA in the nu-
cleus was plotted as a function of the average number of maltotriose resi-
dues per BSA.

hydrate-coated nanoparticles cannot penetrate the cell mem-
brane without the aid of chemical perforation. Therefore, we
are currently engaged studying the encapsulation of the
sugar-displaying nanoparticles in positively-charged liposomes
to allow the passage of nanoparticles into the cytosol in live
cells.
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Microfluidic Lithography to Create Dynamic Gradient SAM Surfaces for
Spatio-temporal Control of Directed Cell Migration

Brian M. Lamb, Nathan P. Westcott, and Muhammad N. Yousaf*®!

Cells exist in a complex, dynamic environment and are able to
compute and process a myriad of signals, which initiate a
range of diverse activities including cell growth, migration, and
apoptosis."" Many extracellular signals are provided in either
soluble or surface immobilized concentration gradients.
Through these gradients, ligand- and receptor-mediated inter-
actions cause the cell to generate local asymmetry, resulting in
activation of signaling or cytoskeletal components. This in turn
leads to changes in the sub-cellular nanoarchitecture and ini-
tiates a range of cellular behavioral responses.? In order to
quantitatively and qualitatively understand the effects of sur-
face-immobilized ligand gradients on development, directed
migration (haptotaxis), inflammation, and wound healing, it is
necessary to generate molecularly well-defined surface gradi-
ents integrated with dynamic surfaces for the spatial and tem-
poral control of cell behavior."

Although there are several strategies to generate switchable
or dynamic surfaces for cell adhesion and migration, none are
able to spatially and temporally control, at the molecular level,
directed cell migration on dynamic gradients.”’ In order to
quantitatively study the effects of surface immobilized ligand
gradients on cell migration, the surface composition of the ma-
terial should ideally meet the following criteria. The surface is
1) molecularly well defined, 2) inert to non-specific protein ad-
sorption and cell adhesion, 3) compatible with a quantitative
and chemoselective immobilization strategy to tether a variety
of molecules to the surface, 4) enables dynamic, switchable
control of surface composition at the molecular level, and
5) compatible with live-cell high-resolution fluorescence micro-
scopy. We believe the most flexible surfaces to study biointer-
facial phenomena are based on self-assembled monolayers
(SAMs) of alkanethiolates on gold.” The synthetic flexibility of
thiol chemistry with a variety of functional groups allows for a
diverse set of orthogonal and chemoselective surface coupling
strategies to be employed.® Furthermore, several techniques
that provide high resolution spatial control"®'? have been de-
veloped to pattern SAMs on gold, such as microcontact print-
ing (uCP),"”"" dip-pen nanolithography (DPN),® and photolithog-
raphy.”’ Herein, we introduce a new strategy—microfluidic lith-
ography (uFL)—to generate patterns and gradients of electro-
active SAMs that can subsequently react chemoselectively to
immobilize ligands™ and can be dynamically controlled in the
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presence of cells to promote directional cell migration. We use
these dynamic surfaces to show the migration of Swiss 3T3 fi-
broblasts towards the higher density regions of a biospecific
cell adhesive peptide gradient. These gradients can be quanti-
tatively characterized with both cyclic voltammetry (CV) and
scanning electron microscopy (SEM), are straightforward to
generate, and highly reproducible. This strategy can be gener-
alized and used for a variety of biological studies in addition to
its potential to pattern SAM gradients of any alkanethiol. pFL
takes advantage of the intrinsic rapid rate of SAM formation of
thiols on gold to create well-defined features and gradi-
ents."*"* We have shown previously that hydroquinone termi-
nated SAMs are electroactive and provide both an activation
method for ligand immobilization and a method to quantitate
the density of ligands by in situ electrochemistry.

The oxidized quinone form is able to chemoselectively react
with oxyamine-containing ligands to generate covalent, stable
oxime linkages. This synthetic scheme is especially advanta-
geous due to the ease of solid-phase peptide and carbohy-
drate synthesis of oxyamine-containing molecules and the
commercial availability of oxyamine terminated ligands, mono-
mers, and biomolecules. Furthermore, the interfacial oxime re-
action to install ligands on the surface is fast, kinetically well-
behaved, can be done at physiological conditions (37 °C, aque-
ous media) in the presence of cells, and does not cross react
with proteins, nucleic acids, or other biopolymers."? Oxy-
amine-ligand immobilization on quinone SAMs can be analyti-
cally monitored with CV, which allows for precise measurement
of the SAM surface composition. The strategy of uFL is illustrat-
ed in Figure 1. This is a straightforward, simple, and effective
method to pattern micrometer-sized SAM features and can be
utilized for the creation of hydroquinone-terminated SAM gra-
dients. A polydimethylsiloxane (PDMS) microfluidic cassette is
placed on the surface of a gold substrate, and a small volume
of hydroquinone-terminated tetra(ethylene glycol) undecane-
thiol (H,Q-TEG) solution is added to an access hole and slowly
drawn into the microfluidic cassette through capillary action.
The surface gradient is controlled by three parameters: 1) reac-
tant depletion due to SAM formation on the gold surface as
fluid flows through the channel, 2) differential surface exposure
time due to the slow rate of capillary force driven fluid flow,
and 3) thiol diffusion from the microfluidic channel into the
PDMS cassette. By adjusting the thiol concentration and flow
conditions with engineered patterns or syringe pumps, gradi-
ents of varying slopes can be produced. The gradient mono-
layer established by pFL is initially disordered and requires re-
moval of the cassette and subsequent exposure to alkanethiol-
containing solutions to backfill the remaining regions. For bio-
logical applications, these surfaces are immersed in 1 mm tet-
ra(ethylene glycol) undecanethiol (TEG) in ethanol for 12 h.
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Figure 1. Schematic for creating an electroactive and chemoselective gradi-
ent SAM with microfluidic lithography. A) A PDMS microfluidic cassette is
placed directly onto a bare gold surface. A solution of (0.2 mm H,Q-TEG in
EtOH, 30 s) is drawn through the microfluidic chamber and SAM formation
occurs rapidly as fluid contacts surface. B) The PDMS cassette is reverse
rinsed with EtOH then removed from the surface. C) The patterned gradient
SAM surface is then placed in a T mm TEG solution for 12 h to backfill the re-
maining bare gold regions. D) Electrochemical oxidation converts the hydro-
quinone to the quinone and allows for subsequent chemoselective coupling
to RGD-oxyamine peptides for biospecific cell adhesion and migration. Cells
initially attach to the high density RGD regions and then proceed to migrate
down the gradient until the RGD density no longer supports adhesion or
migration.

TEG serves to prevent nonspecific cell and protein adhesion
and to fill the open sites that result from the rapid pFL-gener-
ated hydroquinone SAM gradient pattern.'® To characterize
the pFL-generated surfaces, the electroactive nature of the hy-
droquinone SAMs was used to precisely measure the amount
(and therefore density) of redox active molecules present and
subsequent ligand immobilization."® To visualize and quantify
monolayer density on the gradient, SEM images of full (Fig-
ure 2A) and gradient (Figure 2D) hydroquinone monolayers
were directly compared (Supporting Information) with electro-
chemical data. To correlate SEM images with electrochemical
data, we generated a pUFL pattern consisting of a full hydroqui-
none (100% surface coverage) monolayer (10 mm in EtOH,
60 s). We were able to show that these uFL conditions resulted
in a full hydroquinone monolayer by calculating the density di-
rectly from the electrochemical data. For example, we used a
UFL surface pattern of H,Q-TEG with a surface area of 0.16 cm?,
To calculate H,Q-TEG density we used the equation Q=nFAI"
(Q represents total charge, n=mols of electrons (2), F=Fara-
day’s constant, I'=molecules per surface area). The theoretical
surface density for a full electroactive monolayer should be ap-
proximately I'=1.6x 10" molecules with a total charge of Q=
5.1 uC. (We approximate a full monolayer coverage of 1x10"
molecules per cm? for H,Q-TEG SAMs.) We experimentally de-
termined a charge of 5.3 pC from the CV data, which closely
approximates full monolayer coverage (5.1 uC) and demon-
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Figure 2. Characterization of electroactive gradients by scanning electron
microscopy (SEM), electrochemistry and cell adhesion/migration. SEM image
of a density gradient pattern (A) and constant density pattern (D) of H,Q-
TEG generated by microfluidic lithography. B) and E) Linescan intensity pro-
files of the gradient and constant density monolayers of figures (A, D), re-
spectively. The plot tracks the density of H,Q-TEG along the pattern. C) and
F) Brightfield images of Swiss-Albino 3T3 fibroblasts adhered to RGD pre-
senting surfaces. The cells proliferate and migrate to a minimum RGD densi-
ty on the gradient substrate (C) but fill the constant density pattern (F) com-
pletely; (A-F: scale bar=300 pm). G) On the gradient substrate cells were
stained with fluorescent dyes to determine cell polarity at the limiting RGD
density for adhesion and migration. The actin, nucleus and Golgi were
stained and cells showed directional polarity towards the low density
region; (scale bar=300 um). H) A single polarity stained cell, attached near
the minimum RGD density to support cell attachment on the gradient (scale
bar=35 pm).

strates the rapid formation of microfluidic patterned SAMs.
SEM images of the corresponding full monolayer pattern
(100% H,Q-TEG) are shown in Figure 2D. We used the same
UFL procedure to generate varying densities of H,Q-TEG pat-
terns and characterized them using electrochemistry and SEM.
From this data we were able to show that the amount (den-
sity) of hydroquinone in the pattern, which was determined
precisely by electrochemistry, is directly proportional to the
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corresponding pattern intensity from the SEM image. Linescan
data points were obtained from SEM image files with Meta-
morph imaging software to quantitate hydroquinone density
for the full (100%) monolayer and compared to the gradient
monolayer. The gradient H,Q-TEG pattern was generated by
flowing 0.2 mm H,Q-TEG in ethanol by using capillary action
for 30 s. By comparing the linescan plots from the SEM data
and pattern distance, an approximate measurement of the gra-
dient H,Q-TEG density could be determined (Figures 2B and E).
It should be further noted that the flow of multiple different al-
kanethiols simultaneously and at different concentrations in
the microfluidic cassette enables the rapid creation of complex
but controlled patterned, mixed SAMs.

To show that patterns and gradients can be used for biospe-
cific cell adhesion and migration, we electrochemically oxidized
the surface to the quinone form and immobilized a cell-adhe-
sive RGD-ONH, peptide. The RGD peptide is known to facilitate
cell adhesion and migration through its specific interaction
with cell surface integrin receptors."” Swiss Albino 3T3 fibro-
blasts were seeded to the surface for 3 h in serum-free media.
For nongradient or uniform RGD patterns, cells adhered to the
surface, and migrated and proliferated until the pattern was
confluent (Figure 2F). For the gradient H,Q-TEG pattern surfa-
ces, cells initially adhered to the high density regions only and
then slowly proliferated and migrated down the gradient until
a minimal RGD density was reached that no longer supported
adhesion, migration or growth; this density was determined to
be 2x10" molecules per cm? (Figure 2C). Cell polarity on the
gradient surface was studied by staining cells for the Golgi, nu-
cleus, and actin network. The vector that connects the nucleus
centroid to the concentrated Golgi indicates directional polari-
ty. Cells at the edge of the gradient are polarized towards the
lower density of the gradient, but the analysis is complicated
by competing cell-cell interactions and cell-material interac-
tions. As controls, surfaces with no RGD immobilized or scram-
bled RDG immobilized showed no cell attachment, indicating
that a biospecific interaction between cell surface integrin re-
ceptors and RGD ligands is required for adhesion and migra-
tion."¥ We next extended this strategy to generate dynamic
surfaces for spatial and temporal control of directed cell migra-
tion. We wanted determine which direction cells would mi-
grate after encountering a surface gradient. Haptotactic cell
migration occurs on gradients of surface-bound biomolecules,
but directional signals may be dynamically modulated or pre-
sented by factors such as trauma, gene up-regulation, trans-
port of an internally held guidance molecule to tissue surfaces,
or physico-mechanical forces."™ To determine whether our
UFL-patterned gradients would haptotactically direct cell mi-
gration to higher surface ligand densities, we combined two
orthogonal patterning methodologies: 1) uCP to present hy-
drophobic sites for initial cell attachment and 2) uFL to pro-
duce gradients of hydroquinone that intersect with the micro-
contact printed features and can be dynamically controlled to
present RGD peptides for directed cell migration (Figure 3).
Bare gold surfaces were first microcontact printed with hexa-
decanethiols (HDT) to generate hydrophobic circles (500 pm
diameter). An intersecting hydroquinone gradient was subse-
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quently patterned using UFL. The hydroquinone SAMs remain
latent until electrochemically activated and reacted chemose-
lectively to oxyamine functional groups. After installation of
the hydroquinone gradient, the surface was then backfilled
with tetra(ethylene)glycol alkanethiol (1 mm in ethanol) for
12 h to render it inert to nonspecific cell attachment. The sur-
face was then exposed to fibronectin for 1 h to facilitate cell
adhesion. Fibronectin only adsorbs to the microcontact printed
circles. Application of an oxidative potential (750 mV for 10 s)
converted the hydroquinone to the active quinone. Fibroblasts
were seeded and only attached to the fibronectin containing
circle patterns and became confluent by 24 h. The cell adhe-
sive peptide RGD-ONH, (10 mm, 60 min) was then added and
rapidly installed onto the quinone gradient. The advantage of
the oxime reaction is that this reaction is fast, kinetically well
behaved and can be done at physiological conditions without
adverse side reactions." After 2 h cells started to migrate
from the circle and consistently migrated towards the high
density region of the gradient. As a control, when no gradient
(uniform RGD density) was pFL-patterned there was no bias in
cell migration direction. These are the first results to show spa-
tial and temporal control of cell migration on a biospecific cell
adhesive gradient.

In summary, we have demonstrated a simple strategy for
the creation of dynamic chemoselective gradients of SAMs
with pFL for biospecific and directional cell migration studies.
We have shown that these gradient patterns can be character-
ized quantitatively with SEM and CV. The incorporation of an
orthogonal electroactive interfacial oxime reaction strategy
allows for the ability to immobilize a wide variety of ligands to
the uFL generated patterned gradients.*'? By combining pFL
with pCP, spatial and temporal control of directional cell migra-
tion studies can be performed. Furthermore, the rapid forma-
tion of SAMs in microfluidic channels on gold surfaces can be
advantageously utilized to create surface gradients of multiple
functional alkanethiols. This technique is applicable to a wide
variety of chemoselective and biologically relevant SAM sys-
tems, which may universally be characterized by SEM. Integrat-
ing this methodology with live-cell fluorescence microscopy
will allow for numerous studies of cell behavior, including RNAI
processing, cell migration, mitosis, and apoptosis.””

Experimental Section

Synthesis of alkanethiols: The undecane thiols terminated with
tetra(ethylene glycol), and hydroquinone tera(ethylene glycol)
were synthesized as reported previously."

Solid-phase peptide synthesis: Peptide synthesis of RGDS-oxy-
amine was performed as previously reported.'*"

Electrochemistry: All electrochemical measurements were made
by using a Bioanalytical Systems (West Lafayette, IN, USA) Epsilon
potentiostat. An Ag/AgCl electrode served as the reference, the
gold monolayer acted as the working electrode, and a Pt wire
served as the counter electrode. The electrolyte was HCIO, (1 m),
and the scan rate was 100 mVs~". All measurements were made in
a standard electrochemical cell.

ChemBioChem 2008, 9, 2628 - 2632
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Figure 3. Combining microfluidic lithography generated gradients with microcontact printing to determine dynamic directed cell migration. A) Circles

(500 um diameter) of hexadecanethiol were microcontact printed pCP onto a gold surface (red). B) Intersecting these features, a H,Q-TEG gradient was pat-
terned utilizing pFL (blue). C) Removal of the PDMS cassette, and backfilling with TEG creates an ordered SAM surface. D) Electrochemical oxidation converts
the hydroquinone to quinone on the patterned gradient region. Cells attached and proliferated and became confluent but remained confined to the HDT
circle patterns. E) Addition of RGD-ONH, (10 mmM, 60 min) installed the ligand onto the gradient quinone surface in the presence of cells. F) Cells proceeded to
migrate from the circle patterns and encountered a gradient of biospecific RGD peptides providing a choice of directional migration. G) When a constant den-
sity of RGD is present the cells migrated in both directions equally with no bias in migration direction. H) On gradient RGD peptides, the cells consistently mi-

grated toward the higher density of RGD peptides (up the gradient).

Microfabrication: The microchips were fabricated using soft lithog-
raphy. Patterns were fabricated using masks drawn in Adobe lllus-
trator CS3 and photoplotted by Pageworks onto transparencies.
The SU-850 (Microchem, Newton, MA, USA) was patterned by
using the manufacturer’s directions to obtain 100 um channel
depth with these masks. Slygard 184 (Dow Corning, Midland, MI,
USA) was cast onto the mold in a 1:10 ratio (curing agent/elasto-
mer, w/w). The prepolymer was degassed for 15 min and then
poured over the mold. The prepolymer was cured for 1 h at 75°C.
The PDMS was removed from the master and access holes were
punched into the PDMS to allow fluid flow.

Preparation of monolayers: Gold substrates were prepared by
electron beam deposition of titanium (6 nm) and gold (24 nm) on

ChemBioChem 2008, 9, 2628 - 2632
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24x 100 mm glass microscope slides. The slides were cut into 1x
2 cm? pieces and washed with absolute ethanol before use.

Microfluidic lithography (uFL): A 1 mm ethanolic solution of hy-
droquinone tetra(ethylene glycol) undecane thiol was flowed into
the channels for 30 s to install a gradient SAM on the gold surface.
The microfluidic cassette was then backflowed with ethanol for
10 s, PDMS cassette removed, and the remaining bare gold regions
were backfilled with tetra(ethylene)glycol alkanethiol for 12 h.

For ligand density profiles: The SAM surfaces were oxidized at
750 mV for 15 s, then exposed to RGDS-ONH, (10 mm) for 3 h.
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For dynamic experiments: A PDMS microfluidic cassette with a flow-
restrictive pattern was used to slow capillary fluid flow. The pFL
gradient of H,Q-TEG thiol was patterned first (0.2 mm, 15s flow),
followed by pCP. The SAM surfaces were oxidized at 750 mV for
15 s and exposed to fibronectin (0.1 mgmL™") for 1 h. Cells were
seeded overnight, then placed in 10 mm RGDS-ONH, solution for
1h.

Oxyamine coupling reaction: The surface was activated with an
application of 750 mV for 10 s to oxidize the hydroquinone to the
reactive quinone. The surface was then exposed to the RGD-oxy-
amine peptide (10 mMm, 3 h), and then rinsed thoroughly before
cell seeding.

Cell culture: Swiss Albino 3T3 fibroblasts (ATCC) were cultured in
Dulbecco’s Modified Eagle Medium (Gibco) containing 10% calf
bovine serum and 1% penicillin/streptomycin. Cells were removed
with a solution of 0.05% trypsin in 0.53 mm EDTA , resuspended in
serum-free medium (100000 cells per mL) for cell seeding, and al-
lowed 2 h to attach to the surface prior to the addition of serum-
containing media. For passage, cells were resuspended in the
same 10 mL of medium that they were growing in, and 3 mL was
transferred to 7 mL of fresh medium in a new flask.

Cell staining and visualization: Cell staining was done according
to Hoover et al"” Phase-contrast and fluorescent images were
taken using a Nikon Eclipse TE2000-E inverted microscope.

Scanning electron microscopy: Patterned SAMs were imaged on a
Hitachi S-4700 Field Emission SEM and the intensity profile deter-
mined by Metamorph imaging software.
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A Mitochondriotropic Derivative of Quercetin: A Strategy
to Increase the Effectiveness of Polyphenols

Andrea Mattarei,® Lucia Biasutto,”®® Ester Marotta,’™ Umberto De Marchi,™ Nicola Sassi,™

Spiridione Garbisa,™ Mario Zoratti,*®

Mitochondria-targeted compounds are needed to act on a variety
of processes that take place in these subcellular organelles and
that have great pathophysiological relevance. In particular,
redox-active molecules that are capable of homing in on mito-
chondria provide a tool to intervene on a major cellular source
of reactive oxygen species and on the processes they induce, no-
tably the mitochondrial permeability transition and cell death.
We have linked the 3-OH of quercetin (3,3',4,5,7-pentahydroxy
flavone), a model polyphenol, and the triphenylphosphonium

Introduction

Polyphenols are a large family of natural compounds exhibit-
ing, at least in vitro, a variety of biomedically important activi-
ties. A vast literature documents their potential relevance for
such major healthcare endeavours as protection of the cardio-
vascular and nervous®? systems, the prevention and therapy

of cancer,”¥ counteracting senescence,”* reducing chronic in-
flammation™® and lengthening the lifespan of model organ-
isms [6-8]

These effects are attributed in part to direct interactions of
polyphenols with proteins, and in part to their redox proper-
ties as reducing agents and ROS (reactive oxygen species)
scavengers, that is, antioxidants.”'® This antioxidant character
has been proposed to underlie the alleged antagonistic effects
of polyphenols on ROS-inflicted damage and/or radical-mediat-
ed signalling, such as aging and neurodegeneration.""'? The
level of reactive polyphenol attainable at the site of action is
of obvious importance: cells normally maintain redox homeo-
stasis with a mm-range pool of molecules such as glutathione.
To have a measurable effect as general reducing agents, poly-
phenols should therefore reach concentrations that are on the
same order of magnitude.

Mitochondria are the subcellular compartment in which
most ROS are produced, and are the site of key events in both
apoptosis and necrosis. Oxidative processes are of major im-
portance in both cases.”>™ In apoptosis, for example, oxida-
tion of cardiolipin is needed for the release of cytochrome c.'”
The ROS-induced mitochondrial permeability transition
(MPT)'®'7 is now believed to have a fundamental role in ne-
crotic death, such as occurs upon reoxygenation following is-
chemia.l'®" Enhanced ROS production is the common theme
of mitochondrial dysfunction.*2"

A new sector of pharmacology targets mitochondria to pre-
vent or induce, as the case may be, cell death.”>** The control
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moiety, a membrane-permeant cationic group, to produce proof-
of-principle mitochondriotropic quercetin derivatives. The remain-
ing hydroxyls were sometimes acetylated to hinder metabolism
and improve solubility. The new compounds accumulate in mito-
chondria in a transmembrane potential-driven process and are
only slowly metabolised by cultured human colon cells. They
inhibit mitochondrial ATPase activity much as quercetin does,
and are toxic for fast-growing cells.

of mitochondrial redox processes is an attractive perspective in
this context, and the development of drugs capable of accu-
mulating specifically in mitochondria—"“mitochondriotropic”
compounds—is of obvious importance for such an effort. Im-
portant progress in this direction has been made by exploiting
the matrix-negative voltage difference of about 180 mV that is
maintained by energised mitochondria across their inner mem-
brane. Compounds formed by a redox-active part, which is
linked to a membrane-permeant permanent cation (usually tri-
phenylphosphonium, TPP), accumulate in regions that are held
at negative potential, that is, the cytoplasm and the mitochon-
drial matrix.”>?? Importantly, no significant toxic effects of
these compounds have been observed in vivo.*

We reasoned that polyphenol-TPP conjugates might act as
antioxidants in vivo and be useful for counteracting “basal”
ROS production and long-term effects such as chronic inflam-
mation and neurodegeneration. Furthermore, they might find
application against acute pathologies, for example those
caused by ischemia. Antioxidants (and MPT inhibitors) would
be expected to counteract this process, and indeed this seems
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to be the case."**?” In a relevant piece of work, the mito-

chondriotropic antioxidant decylquinone-TPP (MitoQ,,) was
administered to rats before explanting the hearts and subject-
ing them to ischemia and reperfusion (I/R).*® Treatment result-
ed in a significant reduction of the necrotic area. A similar pro-
tective effect was afforded by
high doses of intravenous re-
sveratrol in models of cerebral®
and cardiac®™ ischemia.

Polyphenols can also induce a
potentiation, rather than a re-
duction, of oxidative and radical
chain processes, that is, they
might act as “pro-oxidants”.®'-*%
Which behaviour predominates
depends on the abundance of
metal ions capable of maintain-
ing a redox cycle and/or of
redox-active enzymes, such as
tyrosinases (“polyphenol oxidas-
es”) and peroxidases, on the ion-
chelating properties of the poly-
phenols themselves, and on pH. Additional factors could in-
clude the concentration of the polyphenol®® and even the
subcellular compartment involved.®” Depending on such fac-
tors and on the particular polyphenol involved, polyphenol-
TPP conjugates might act as cytotoxic, apoptosis or necrosis-
inducing pro-oxidants.

The pro-oxidant mode of action is as potentially useful as
the antioxidant one, because it can be exploited to induce the
death of unwanted, that is, cancerous, cells. Cancer cells live
under oxidative stress,®™ which, in principle, makes them more
vulnerable to ROS-mediated damage. Cell death and/or MPT
induction by “redox-cycling” compounds, such as menadione
or adriamycin, are well known, and antitumour, mitochondri-
on-targeted, pro-oxidant-based chemotherapeutic approaches
have been proposed.®**” In vivo it might be possible to focus
the action on cancerous cells because in many tumour types,
the mitochondria maintain a higher transmembrane potential
than in normal tissue.*>**3) This approach has already been
used in pioneering pharmacological work.?>***"" Mitochondrio-
tropic polyphenols might provide significant oncological bene-
fits also if they turn out to act as antioxidants. Recent studies
have shown that mitochondrial ROS production is an impor-
tant determinant of the metastatic potential of cancerous
cells,*? and that polyphenols are capable of reducing cell
shedding from tumour masses."

The sheer number and variety of properties of natural poly-
phenols, their varied reactivity and the relevance of the patho-
physiological processes for which they offer promise, suggest
that mitochondriotropic polyphenol derivatives could find clin-
ically relevant applications that are not necessarily limited to
circumstances that involve redox processes.

Here we report the proof-of-principle synthesis, characterisa-
tion and initial biological assessment of triphenylphosphoni-
um-comprising derivatives of quercetin, a widely used model
polyphenol.
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Results

Quercetin (1) and the potentially useful target mitocondrio-
tropic derivatives considered in this work are shown in
Scheme 1.

Scheme 1. Quercetin (1) and potentially useful target mitocondriotropic derivatives.

Such derivatives were identified on the basis of the follow-
ing considerations: 1) the hydroxyls of quercetin provide con-
venient sites to connect—through an ether bond—with a
linker that bears the TPP group; 2) because the catecholic hy-
droxyls determine to a large extent the redox properties of
quercetin, they should be maintained as such in the target de-
rivative. The connection to the TPP group ought therefore to
involve one of the hydroxyls on the A or Crings; 3) to hinder
metabolism and limit the formation of negative charges due
to conjugation or ionisation, it was desirable to protect the
remaining hydroxyls with groups expected to be rapidly re-
moved by cellular enzymes, such as acetyl moieties. Moreover,
hydroxyl groups are also in part responsible for the well-
known tendency of polyphenols to form colloidal particles,
and for unspecific interactions with proteins. The introduction
of the TPP group and the protection of the hydroxyls were
thus also expected to increase the low solubility of quercetin
and possibly to counteract its notorious tendency to bind to
proteins such as haemoglobin and albumin.***?' In conclusion,
any of the three isomeric derivatives shown in Scheme 1, or
even any mixture of them, were in principle useful candidates.

Synthesis

Following the strategy outlined in Scheme 2, we succeeded in
synthesising the target derivative 7 with the TPP-bearing linker
on the Cring of quercetin. Briefly, the sequence involves pro-
tection of the catecholic hydroxyls, selective O-alkylation to
introduce a chloroalkyl group, unblocking of the catecholic
hydroxyls, acetylation and introduction of the TPP group by
nucleophilic substitution on the chloroalkyl linker. The nonace-
tylated derivative 9 was prepared in a similar manner from 4.

Ketal 2 was readily obtained by following the procedure of
Bouktaib et al.*® with only small modifications. The reaction of
2 with 1.2 equiv of 1-bromo-4-chlorobutane in the presence of

ChemBioChem 2008, 9, 2633 - 2642
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CH,C00

Scheme 2. Synthesis of mitochondriotropic derivatives 7 and 9. a) Ph,CCl, (3 equiv), 180°C, 10 min; b) 1-bromo-
4-chlorobutane (1.2 equiv), K,CO; (1.3 equiv), DMF, Ar, room temperature, 20 h; ¢) AcOH/H,0 8:2, reflux, 2 h;
d) CH,C(=0)Cl, pyridine, room temperature, 24 h; e) Nal, acetone, reflux, 20 h; f) PPh;, 95°C, 6 h.

K,CO; yielded 3 in reasonably good yield (45% after purifica-
tion). The assignment of the site of O-alkylation in 3 was based
on NMR spectroscopic data. Specifically, the presence of a
characteristically narrow NMR peak at approximately 12 ppm
indicates the presence of the slowly exchanging proton of the
hydroxyl at C5.%7*® To distinguish the two remaining possibili-
ties, that is, alkylation at C3 or at C7, either of which would
have been a useful outcome in this study, we went on to un-
block 3 and to compare the NMR chemical shifts of the ring
protons of the resulting product, 4, with those of 1. We found
that the presence of a —O(CH,),Cl group in place of an —OH
group does not affect the chemical shifts of H6 and H8, where-
as a considerable difference is observed for H2' and Hé'; this
indicates that the substitution is at C3 (see Table S1 in the Sup-
porting Information).

Deprotection of the catecholic hydroxyls (Scheme 2, step c)
according to a literature procedure™ gave the desired product
4 in 80% vyield after purification. Careful control of the prog-
ress of the reaction was required to avoid hydrolysis of the
ether linkage. Acetylation of the free hydroxyls in 4 (Scheme 2,
step d), gave the chloro derivative 5. NMR spectroscopic analy-
sis of this intermediate provided additional support for the at-
tribution of the O-alkylation site to C3: comparison of the NMR
spectra of 5 and of penta-acetylquercetin showed significant
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differences in the chemical shifts
of ring protons H2" and H6'; this
confirms that C3 was the site of
O-alkylation (Table S2). A similar
analysis was not possible for the
final product 7 due to heavy
spectral interferences by the TPP
group.

Compound 5 was converted
to 7 via the iodo derivative 6.
This indirect route avoided the
high temperature necessary for
direct reaction of triphenylphos-
phine with the primary chloro
derivative, which caused some
decomposition. Compound 4
was converted to 9 in a similar
manner.

Solubility in water

The solubility of 7 in water was
(4.964+0.21)x10™* molL™" as de-
termined by spectrophotometric
measurements (see the Experi-
mental Section). This solubility is
at least 200-fold higher than that
of quercetin.® This derivative
thus satisfies the requirement of
increased solubility in aqueous
media. The solubility of 9 turned
out to be less than 2 pum, pre-
sumably because the free hy-
droxyls facilitate the formation of large aggregates. Because
this concentration is too low for recording fluorescence spectra
and performing metabolism studies, solutions for those experi-
ments were prepared in HBSS (Hank’s balanced saline solution)
that contained 0.1 % DMSO.

Stability in aqueous solution

Both 7 and 9 are stable for at least 24 h in deionised H,0, as
determined by spectrophotometric and HPLC analysis. Com-
pound 9 is also stable in 90% HBSS, 10% CH;CN (added to
ensure solubility of the reaction products), while in this
medium 7 undergoes very slow hydrolysis of the protective
acetyl groups (Figure 1).

Metabolism

We assayed metabolism of 1, 7 and 9 by HCT116 cells, that is,
the cells that were used in the experiments concerning mito-
chondriotropic behaviour (see below). HPLC and LC-MS analy-
sis of the culture medium and cell extracts (see the Experimen-
tal section) showed that 1 and 9 were metabolised only to a
very limited extent by these cells over a period of 8 h. Modifi-
cation consisted in the introduction of a methyl group. In anal-
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Figure 1. Hydrolysis of 7 in HBSS/CH,CN (9:1). A) UV/Vis spectra were record-
ed every 6 h for 72 h. B) HPLC traces were recorded at 300 nm at different
reaction times. Abbreviations: QmAc-BTPI: acetyl-3-(4-O-triphenylphospho-
niumbutyl) quercetin iodide; QdiAc-BTPI: diacetyl-3-(4-O-triphenylphospho-
niumbutyl) quercetin iodide; QtriAc-BTPI: triacetyl-3-(4-O-triphenylphospho-
niumbutyl) quercetin iodide.

ogous experiments, 7 was progressively deacylated with the
eventual transformation of most of it into the monoacylated
compound, but it also underwent little conjugation. Figure 2
shows representative HPLC chromatograms.

Mitochondriotropic behaviour

We verified that compounds 7 and 9 indeed accumulate in mi-
tochondria by two methods. In the first approach we moni-
tored their uptake by isolated, respiring rat liver mitochondria
using a TPP-sensitive electrode (Experimental Section).*® A
representative experiment with 7 is shown in Figure 3. The in-
troduction of mitochondria causes a decrease (upward deflec-
tion of the trace) of the concentration of our compounds in
the incubation medium because they become partly seques-
tered in the mitochondrial matrix. The subsequent addition of
excess Ca’" induces the mitochondrial permeability transition,
with loss of mitochondrial transmembrane potential (Ay,,) and
release of the TPP derivatives. Release is also induced by the
addition of a Ay,,-dissipating protonophore (carbonyl cyanide
p-trifluoromethoxyphenylhydrazone, FCCP; Figure S1). The ac-
cumulation ratio, that is, the fraction of compound that is

2636

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Zoratti et al.

Intens./.
mAU{ A)
30] 1,8h, 370 nm
1
20 \
101 yethyI-Q
Int 0/ J
"mAU| B)
9, 8h, 370 nm
151
9
10 /
51 Methyl-Q—BTPI
0 Lﬁ
Intens./
mAU| C) 9
15] 7,8h,300 nm
QmAc- QdiAc-BTPI
10l BT'{ QtriAc-BTPI
Methyl-Q-BTPI
QmAc-BTPI

127 {5 16 17 18 19 t/ min

Figure 2. HPLC chromatograms that were recorded at 300 or 370 nm, as in-
dicated, for the extracts obtained after 8 h of incubation of: A) 1, B) 9 and
C) 7 with HCT116 cells. See the Experimental Section for details. Abbrevia-
tions as in Figure 1; methyl-Q: methylquercetin; methyl-Q-BTPI: methyl-3-(4-
O-triphenylphosphoniumbutyl) quercetin iodide.

RLM

Figure 3. Accumulation of tetraphenylphosphonium (Ph,P~; black trace) and
7 (grey trace) by rat liver mitochondria (RLM). Thick arrows indicate the ad-
dition of 0.16 um Ph,P*1~ or 7 to the medium (200 mm sucrose, 10 mm
HEPES/K™, 5 mwm succinate/K*, 1 mm NaH,PO,, (1.25x107%) mm rotenone,
pH 7.4). Addition of RLM (1 mgproteinmL™") and of CaCl, (40 um) are also
shown. The traces have been normalised to take into account the different
response of the electrode in the two cases, which is quantified by the bars
in the upper right corner.
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taken up by the organelles, differs somewhat from one com-
pound to the other. This can be attributed to different extents
of binding to mitochondrial constituents (lipids, proteins, nu-
cleic acids), which is well known to cause apparent deviations
from Nernst’s law. This interpretation is supported by the ob-
servation that “excess” 7 taken up is retained also after depo-
larisation. Analogous results were obtained with compound 9
(not shown).

In the second approach we exploited the fluorescence of 7
(Figure S5) to follow its accumulation in the mitochondria of
cultured cells (Figure 4). The spectral properties of the com-
pound, which are similar to those of quercetin itself (Fig-
ures S2-S5), allowed its fluorescence to be monitored upon ex-
citation in the near-UV (380 nm; Experimental Section). Mito-
chondria can be easily recognised by their characteristic granu-
lated/filamentous morphology and perinuclear distribution.
After the addition of 7 to the medium, their weak autofluores-
cence due to pyridine nucleotides is progressively over-
whelmed by the much more intense signal that is due to accu-
mulation of the quercetin derivative (panels B-D). Addition of
FCCP causes the rapid release of 7 (and partially deacylated
derivatives) from the mitochondrial matrix (panels E-F). Some
of it remains in the cytoplasm of the cells due to the presence
of a cytoplasm-negative voltage difference, which is main-
tained by K* diffusion, across the plasma membrane. Com-
plete series of images showing the uptake and release of the
compound in an analogous experiment are available as Sup-
porting Information. Compound 9 is expected to behave in
the same manner, but its low fluorescence quantum yield (Fig-
ure S5) hindered the observation of its accumulation in mito-
chondria in situ.

We compared the inhibition by quercetin, 7 and 9 of the ac-
tivity of the mitochondrial ATPase. The results were in good

agreement with previous reports of an inhibition by quercetin
with an ICy, in the 50 um range,”" and showed that the intro-
duction of the linker and TPP groups did not have a major
effect on its activity (Figure 5).

Control | 11—

PPh,*l- 20 pm I

1 20 pm =

9 20 N

7 20w —— .
PPh,*I- 50 pwm =

1 50pw |

9 50 pm Hﬂ

7 50 pm | Er‘

0 50 100 150 200 250 300 350 400 450

Rate of ATP hydrolysis /nmol-mg prot.-1-mint —>

Figure 5. Effects of 7, 9, quercetin and tetraphenylphosphonium on the rate
of ATP hydrolysis by permeabilised rat liver mitochondria. See the Experi-
mental Section for details. Determinations were carried out in triplicate and
averages +s.d. are reported.

As a preliminary test of possible anticancer activity, we also
verified the effects of these compounds, and, as controls, of
the parent polyphenol quercetin, of two phosphonium salts
and of quercetin plus these latter compounds on cultured
cells. We used the murine colon cancer cell line C-26 and, as
controls, fast- and slow-growing nontumour mouse embryonic
fibroblast cell lines (MEF). Cell growth and viability was quanti-
fied by using the tetrazolium salt reduction (MTT)
assay. As illustrated by Figure 6A, the various com-
pounds had little effect on C-26 cell proliferation at
1 uMm. At 5 um, quercetin, with or without Ph,P*I™ or
TPMP (triphenylmethylphosphonium chloride), signifi-
cantly hindered cell growth, whereas the phosphoni-
um salts by themselves remained innocuous. The mi-
tochondriotropic quercetin  derivatives displayed
marked cytotoxicity. A similar pattern was followed
with a rapidly growing line of cells of nontumour
origin, that is, SV-40 immortalised mouse embryo fi-
broblasts (MEF; Figure 6B); none of the compounds
tested had a significant effect, either at 1 or 5 um, on
a distinct, slower-growing MEF line (Figure 6C, and
data not shown). Alternative protocols—in which the

Figure 4. Ay,,-dependent accumulation of compound 7 in the mitochondria of cultured
HCT116 cells. A) Phase contrast image taken shortly before the start of the sequential au-
tomatic acquisition of 20 fluorescence images that were taken 1 min apart. About 20 s
after the first image was recorded, 7 was added to give a final concentration of 4 um. B-
D) Fluorescence images of the same field, taken approximately 0.7, 10 and 20 min, re-
spectively, after the addition of 7. The compound accumulates in perinuclear organelles
that have mitochondrial morphology. E-F) Images recorded approximately 1 and 10 min,
respectively, after the subsequent addition of 2 um FCCP—a classic Ay ,,-dissipating pro-
tonophore (uncoupler). The fluorescence is released from the mitochondria and diffuses
into the cytoplasm. Video clips showing the complete image sequences of fluorescence
uptake and release in a similar experiment are available as Supporting Information.
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various compounds were provided only once at the
beginning of the three-day period or were added
every day (thus reaching formal final concentrations
of 3 or 15 um)—gave results that were in line with
those of the substitution protocol (not reported).
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Figure 6. Effect of the mitochondriotropic quercetin derivatives and control
compounds on the readout of tetrazolium reduction cell proliferation assays.
Cells were allowed to grow for three days in the presence of the specified
compounds (see the Experimental Section for details). The panels show the
results of individual experiments that are representative of four (A, C) or
three (B) similar ones. All measurements were performed in quadruplicate;
averages =+s.d. are given. A) C-26 mouse colon tumour cells. B) Fast-growing
mouse embryonic fibroblasts (MEF). C) Slow-growing MEF (note different
scale).

Discussion

We have synthesised the target compound 7 as well as its non-
acylated analogue 9 from the natural polyphenol quercetin (1).
Both carry a TPP group at the end of a four-carbon, saturated
linker connected through an ether bond at C3 of the quercetin
skeleton. Both 7 and 9 exhibit the expected mitochondriotrop-
ic behaviour. Because a cytoplasm-negative voltage difference
also exists across the plasma membrane, the charged com-
pounds are also more concentrated in the cytoplasm than in
the surrounding medium. This is best appreciated in fluores-
cence images taken after protonophore-induced release from
the mitochondria, for example, in Figures 4E and F.

As an initial verification of whether the modifications intro-
duced had altered the pharmacological properties of the quer-
cetin ring system, we compared their activity as mitochondrial
FoF, ATPase inhibitors to that of quercetin. The latter is known
to inhibit the enzyme,®" presumably as a consequence of its
binding to a site in the F, portion, which has been character-
ised by X-ray crystallography of the enzyme-polyphenol com-
plex.”? In our assays the mitochondrial membranes had been
permeabilised with alamethicin. Therefore, no transmembrane
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electrical potential could be maintained, no accumulation of
mitochondriotropic compounds could occur, and inhibition
was expected to take place with similar dose dependence
unless the substituent(s) interfered. No such major interference
was revealed (Figure 5). Compounds 7 and 9 behave similarly;
this suggests that interactions with the aromatic core of the
molecule are most relevant for binding and inhibition. ATP syn-
thase inhibition is thus expected to take place upon accumula-
tion of mitochondriotropic polyphenols in mitochondria, and
it might well contribute to their overall effects on cells and
organisms.

Compounds 7 and 9 behave as cytostatic/cytotoxic agents
against fast-growing, but not against slow-growing cells in cul-
ture (Figure 6). This mode of action is characteristic of many
chemotherapeutic agents. Inhibition of ATP synthesis might
obviously be a component of this cytotoxic action. Another
tentative mechanism might be that a fraction of the positively
charged derivatives associates with mitochondrial DNA due to
charge interactions. Quercetin itself is known to form covalent
bonds to DNA.®**¥ This might result in a cytotoxic or cytostat-
ic effect that may be more relevant in the case of fast-dividing
cells, such as cancerous cells. It should at any rate be emphas-
ised that the parent compound, quercetin, and phosphonium
cations (PPh,*I~ and TPMP), alone or in combination, have
much weaker toxic effects. Clearly the activity of quercetin-—
TPP conjugates in this case is not simply the sum of the activi-
ties of quercetin and PPh, "1,

These and related new compounds will be available for spe-
cific tests of their properties in vivo. Their production opens
interesting perspectives because, in principle, they can either
quench or promote radical oxidative processes. Thus, a class of
natural compounds with useful properties can now be target-
ed to subcellular compartments where they ought to realise
their biomedical potential in full.

Experimental Section

Materials and instrumentation: Starting materials and reagents
were purchased from Aldrich, Fluka, Merck—-Novabiochem, Riedel
de Haen (Seelze, Germany), J. T. Baker (Deventer, The Netherlands),
Cambridge Isotope Laboratories Inc. (Andover, MA, USA), Acros Or-
ganics (New Jersey, USA), Carlo Erba (Milano, Italy) and Prolabo
(Fontenay sous Bois, France), and were used as received. The 'H
and "®C NMR spectra were recorded with a Bruker AC 250F spec-
trometer operating at 250 MHz for 'HNMR and 62.9 MHz for
3C NMR. Chemical shifts () are given in ppm, and the residual sol-
vent signal was used as an internal standard. LC-MS analyses and
mass spectra were performed with a 1100 Series Agilent Technolo-
gies system equipped with binary pump (G1312A) and MSD SL
Trap mass spectrometer (G2445D SL) with ion trap detector and
ESI source. Accurate mass measurements were obtained by using a
Mariner ESI-TOF mass spectrometer (PerSeptive Biosystems). TLCs
were run on silica gel that was supported on plastic (Macherey-
Nagel Polygram®SIL G/UV,, silica thickness 0.2 mm), or on silica
gel that was supported on glass (Fluka; silica thickness 0.25 mm,
granulometry 60 A, medium porosity) and were visualised by UV
detection. Flash chromatography was performed on silica gel (Ma-
cherey-Nagel 60, 230-400 mesh granulometry (0.063-0.040 mm))
under air pressure. The solvents were of analytical or synthetic
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grade and were used without further purification. HPLC-UV analy-
ses for assessing the purity of the compounds synthesised were
performed by a Thermo Separation Products Inc. system with a
P2000 Spectra System pump and a UV6000 LP diode array detector
(190-500 nm). UV/Vis spectra were recorded at 25°C with a
Perkin-Elmer Lambda 5 spectrophotometer equipped with water-
thermostated cell holders. Fluorescence spectra were recorded at
25°C with a Perkin-Elmer LS-55 spectrofluorimeter equipped with
a Hamamatsu R928 photomultiplier and thermostated cell holder.
Quartz cells with an optical pathlength of 1 cm were used for
measurements of both absorption and fluorescence spectra.

Synthesis procedures

3,4'-O-Diphenylmethane quercetin (2): The protection of quercetin
catechol ring was carried out by a slight modification of the proce-
dure by Bouktaib et al.*® Briefly, compound 1 (3.0 g, 8.9 mmol,
1 equiv) and dichlorodiphenylmethane (5.1 mL, 27 mmol, 3 equiv)
were mixed and heated at 180 °C for 10 min. The residue was dilut-
ed in minimal CH,Cl,, sonicated and purified by flash chromatogra-
phy by using CH.CI,/EtOAc (95:5) as eluent to afford 2 in 67%
yield. "H NMR (250 MHz, [D¢g]DMSO): 6 =6.22 (d, J=2.0 Hz, 1H; An),
6.49 (d, J=2.0Hz, 1H; Ar), 7.20 (d, J=8.0 Hz, 1H; H5'), 7.39-7.60
(m, 10H; Ar), 7.78-7.86 (m, 2H; H2', H6), 9.68 (brs, 1H; OH), 10.87
(brs, 1H; OH), 12.41 ppm (s, 5-OH); ESI-MS (ion trap): m/z: 466
[M+H]*.

3,4'-O-Diphenylmethane-3-(4-O-chlorobutyl) quercetin (3): K,CO;
(0.75 g, 5.4 mmol, 1.3 equiv) and 1-bromo-4-chlorobutane (0.86 g,
5.0 mmol, 1.2 equiv) were added under argon to a solution of 2
(1.94 g, 416 mmol) in DMF (10 mL). After stirring overnight, the
mixture was diluted in CH,Cl, (30 mL) and washed with distilled
H,O (3%x50 mL). The organic layer was dried over MgSO, and fil-
tered. The solvent was evaporated under reduced pressure, and
the residue was purified by flash chromatography by using EtOAc/
petroleum ether (3:7) as eluent to afford 3 in 45% yield. 'H NMR
(250 MHz, CDCl;): 6=1.84 (m, 4H; CH,), 3.46 (t, 2H; CH,), 3.94 (t,
2H; CH,), 6.32 (d, J=2.0Hz, 1H; Ar), 642 (d, J/=2.0Hz, 1H; Ar),
6.98 (d, J=8.25Hz, 1H; H5'), 7.34-7.44 (m, 5H; Ar), 7.55-7.69 (m,
7H; Ar), 12.60 ppm (s, 5-OH); *CNMR (62.9 MHz, [D;]DMSO): 6 =
27.0 (CH,), 28.9 (CH,), 45.2 (CH,CI), 71.5 (OCH,), 94.1, 98.9, 104.5,
108.8, 109.1, 117.5, 124.2, 124.3, 126.0, 128.8, 129.8, 137.4, 1394,
146.8, 148.7, 155.4, 156.6, 161.4, 164.5, 178.2 ppm (C4); ESI-MS (ion
trap): m/z: 557, [M+H]"; HRMS (ESI-TOF): m/z: calcd for C3,H,.0,Cl:
557.1362 [M+H]™; found: 557.1329.

3-(4-O-Chlorobutyl) quercetin (4): The catechol ring protection was
removed according to the procedure employed by Bouktaib et al.
for analogous quercetin derivatives.“® Briefly: compound 3 (1.0 g,
1.80 mmol) was dissolved in a mixture of acetic acid/H,O (4:1;
50 mL) and the solution was heated at reflux for 2 h. Then H,0O
(100 mL) and EtOAc (50 mL) were added and the organic layer was
collected, washed with sat. ag NaHCO; solution (100 mL) and dried
over MgSO,. After filtration, the solvent was evaporated under re-
duced pressure, and the residue was purified by flash chromatog-
raphy by using CHCl/acetone (8:2) as solvent to afford 4 in 80%
yield. "TH NMR (250 MHz, [DJDMSO): 6 =1.82 (m, 4H; CH,), 3.66 (t,
2H; CH,), 3.94 (t, 2H; CH,), 6.19 (d, J=1.75Hz, 1H; Ar), 6.40 (d, J=
1.75Hz, 1H; Ar), 6.89 (d, J=8.25Hz, 1H; H5'), 7.44 (dd, /=8.25,
2.0 Hz, 1H; H6'), 7.51 (d, J=2.0 Hz, 1H; H2')), 12.72 ppm (s, 5-OH);
BCNMR (62.9 MHz, [Dg]DMSO): 0=27.0 (CH,), 28.9 (CH,), 453
(CH,Cl), 71.3 (OCH,), 93.8, 98.7, 104.4, 115.7, 115.8, 120.9, 121.1,
136.8, 145.4, 148.8, 156.2, 156.6, 161.5, 164.3, 178.2 ppm (C4); ESI-
MS (ion trap): m/z: 393, [M+H]"; HRMS (ESI-TOF): m/z: calcd for
CyoH,50,Cl: 393.0736 [M+H]*; found: 393.0736.
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3',4',5,7-Tetra-acetyl-3-(4-O-chlorobutyl) quercetin (5): Acetyl chloride
(1.1 mL, 15 mmol, 20 equiv) was added dropwise and under con-
tinuous stirring to a mixture of 4 (300 mg, 0.76 mmol, 1 equiv) and
anhydrous pyridine (0.85 mL, 7.6 mmol, 10 equiv), which was
cooled in a bath of dry ice/acetone (—78°C). A white precipitate
(pyridinium chloride) formed immediately. The mixture was subse-
quently allowed to warm to room temperature and stirred over-
night. Then CH,Cl, (50 mL) was added, and the organic layer was
washed with 0.5N HCI (3x50 mL) and H,O (2x30 mL). The organic
solution was dried over MgSO, and filtered. The solvent was
evaporated under reduced pressure and the residue was purified
by flash chromatography by using CH,Cl,/petroleum ether/EtOAc
(6:3:1) as eluent to afford the acetylated product 5 in 78% yield.
'H NMR (250 MHz, CDCl,): 6 =1.85 (m, 4H; CH,), 2.33 (m, 9H; OAc),
2.45 (s, 3H; OAc), 3.56 (t, 2H; CH,), 3.99 (t, 2H; CH,), 6.82 (d, J=
2.25Hz, 1H; Ar), 7.30 (d, J=2.25 Hz, 1H; Ar), 7.35 (d, J=8.5Hz, 1H;
H5'), 7.92 (d, J=2.0 Hz, 1H; H2'), 7.96 ppm (dd, J=8.5, 2.0 Hz, 1H;
H6'); *C NMR (62.9 MHz, [DJDMSO): 6 =20.5 (CH,), 20.6 (CH,), 21.1
(CH,), 26.9 (CH,), 28.8 (CH,), 45.3 (CH,CI), 71.5 (OCH,), 110.0, 114.2,
114.9, 124.0, 124.3, 127.1, 128.6, 140.4, 142.2, 144.1, 149.6, 153.1,
154.1, 156.3, 168.3 (C=0), 168.4 (C(=0), 168.6 (C=0), 169.1 (C=0),
172.5 ppm (C4); ESI-MS (ion trap): m/z: 561, [M+H]*; HRMS (ESI-
TOF): m/z: caled for CyH,0,,Cl: 561.1158 [M+H]"; found:
561.1120.

3,4',5,7-Tetra-acetyl-3-(4-O-iodobutyl) quercetin (6): Compound 5
(100 mg, 0.18 mmol, 1 equiv) was added to a sat. solution of Nal in
anhydrous acetone (10 mL) and heated at reflux for 20 h. After
cooling, the resulting mixture was diluted in CHCI; (30 mL), filtered
and washed with H,O (3x30 mL). The organic layer was dried over
MgSO, and filtered. The solvent was evaporated under reduced
pressure to afford 6 in 86% yield. '"H NMR (250 MHz, CDCl,): 6=
1.74-2.00 (m, 4H; CH,), 2.35 (m, 9H; OAc), 2.47 (m, 3H; OAc), 3.22
(m, 2H; CH,), 3.99 (m, 2H; CH,), 6.83 (m, 1H; Ar), 7.32 (m, 2H; Ar),
7.95 ppm (m, 2H; H2', H6'); *C NMR (62.9 MHz, [D;]DMSO): 6 =8.6
(CH,)), 20.6 (CH,), 21.1 (CH,), 29.7 (CH,), 304 (CH,), 71.1 (OCH,),
110.0, 114.2, 114.9, 124.0, 124.3, 127.1, 128.6, 140.4, 142.2, 144.1,
149.6, 153.1, 154.1, 156.3, 168.3 (C=0), 168.4 (C=0), 168.6 (C=0),
169.0 (C=0), 172.5 ppm (C4); ESI-MS (ion trap): m/z: 653, [M+H]";
HRMS (ESI-TOF): m/z: calcd for C,,H,40,41: 653.0514 [M+H]"; found:
653.0521.

3,4',5,7-Tetra-acetyl-3-(4-O-triphenylphosphoniumbutyl) quercetin
iodide (7): A mixture of 6 (100 mg, 0.15 mmol) and triphenylphos-
phine (200 mg, 0.76 mmol, 5 equiv) in toluene (10 mL) was heated
at 95°C under argon. After 6 h, the solvent was eliminated under
reduced pressure and the resulting white solid was dissolved in
the minimum volume of CH,Cl, (1 mL) and precipitated with dieth-
yl ether (50 mL). The solvent was decanted and the precipitation
was repeated five times. Residual solvent was then removed under
reduced pressure to afford compound 7 in 72% yield and 96-98 %
purity. The small amount of impurities consisted of a triacetyl de-
rivative and of an isomer of 7. '"H NMR (250 MHz, [DJDMSO): 6 =
1.62-1.96 (m, 4H; CH,), 2.17 (s, 3H; OAc), 3.32 (m, 9H; OAc), 3.68
(t, 2H; CH,), 4.00 (t, 2H; CH,), 7.10 (d, J=2.25 Hz, 1H; Ar), 7.34 (d,
J=9.25Hz, 1H; H5'), 7.62 (d, J=2.25Hz, 1H; Ar), 7.72-8.04 ppm
(m, 17H; H2', H6&); *C NMR (62.9 MHz, [DJDMSO): 6 =18.3 (CH,),
19.6 (CH,), 20.5 (CHs), 20.6 (CH,), 20.9 (CH,), 21.1 (CH,), 29.5 (CH,),
70.3 (OCH,), 110.1, 1143, 114.8, 1186 (Ph, J('®C/*'P)=85.9 Hz),
123.8, 124.1, 127.1, 128.5, 130.5 (Ph, J("*C/*'P)=12.4 Hz), 133.7 (Ph,
J(*CA'P)=10.1 Hz), 135.1 (Ph, J(PC/'P)=2.8Hz), 140.2, 1422,
144.1, 149.5, 153.1, 154.1, 156.2, 168.2 (C=0), 168.4 (C=0), 168.6
(CG=0), 168.9 (C=0), 172.7 ppm (C4); ESI-MS (ion trap): m/z: 787,
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[MI7; HRMS (ESI-TOF): m/z: calcd for CyuH,0,PF 787.2303 [M]™;
found: 787.2346

3-(4-O-lodobutyl) quercetin (8): Compound 4 (100 mg, 0.25 mmol,
1 equiv) was added to a saturated solution of Nal in dry acetone
(10 mL) and heated at reflux for 20 h. After cooling, the resulting
mixture was diluted in CHCl; (30 mL), filtered and washed with
H,O (3%x30 mL). The organic layer was dried over MgSO, and fil-
tered. The solvent was evaporated under reduced pressure to
afford the product in 87% yield. 'H NMR (250 MHz, [DJDMSO): 6 =
1.72 (quintet, 2H; CH,), 1.88 (quintet, 2H; CH,), 3.29 (t, 2H; CH,),
3.92 (t, 2H; CH,), 6.18 (d, J/=1.95Hz, 1H; Ar,), 6.39 (d, J=1.95 Hz,
1H; Ar), 6.88 (d, /=83 Hz, 1H; H5'), 7.43 (dd, /=8.3, 1.95 Hz, 1H;
H6), 7.51ppm (d, J=20Hz, 1H; H2); CNMR (62.9 MHz
[DJDMSO): 6 =8.7 (CH,l), 29.8 (CH,), 30.5 (CH,), 70.9 (OCH,), 93.8,
98.7, 104.4, 115.6, 1158, 120.9, 121.0, 136.8, 1454, 148.8, 156.2,
156.6, 161.5, 164.3, 178.2 ppm (C4); ESI-MS (ion trap): m/z: 485,
IM+HI*; HRMS (ESI-TOF): m/z: caled for C,oH,s0,l: 485.0092
[M+H]*; found: 485.0060.

3-(4-O-Triphenylphosphoniumbutyl) quercetin iodide (9): A mixture of
8 (100 mg, 0.21 mmol) and triphenylphosphine (275 mg,
1.05 mmol, 5 equiv) in toluene (15 mL) was heated at 95°C under
argon. After 6 h, the solvent was evaporated at reduced pressure,
and the resulting yellow solid was dissolved in a minimal volume
of CH,Cl, (1 mL) and precipitated with diethyl ether (5x50 mL).
The solvents were decanted after each precipitation. Residual sol-
vent was then removed under reduced pressure to afford com-
pound 9 in 73% yield. '"HNMR (250 MHz, [D¢]DMSO): 6 =1.65
(quintet, 2H; CH,), 1.84 (quintet, 2H; CH,), 3.63 (t, 2H; CH,), 3.96 (t,
2H; CH,), 6.18 (d, J=2.0Hz, 1H; Ar), 6.39 (d, J/=2.0Hz, 1H; Ar),
6.74 (d, /=84 Hz, 1H; H5'), 7.33 (dd, /=84, 2.0 Hz, 1H; H6'), 7.44
(d, J=2.0Hz, 1H; H2), 7.50-7.93 ppm (m, 15H; Ar); *CNMR
(62.9 MHz, [DJJDMSO): 6=18.6 (CH,), 19.6 (CH,), 29.7 (CH,), 70.4
(OCH,), 93.8, 98.8, 104.3, 115.5, 115.7, 118.6 (Ph, J("*C/*'P)=85.8 Hz),
120.9, 121.0, 1304 (Ph, J(*C/*'P)=12.4 Hz), 133.7 (Ph, J(*C/*'P)=
10.1 Hz), 135.1 (Ph, J(3*C/*'P)=2.8 Hz), 136.6, 145.4, 148.8, 156.1,
156.5, 161.4, 164.4, 178.1 ppm (C4); ESI-MS (ion trap): m/z: 619
IMI*; HRMS (ESI-TOF): m/z: calcd for Cy,H,;,0,P* 619.1882 [M]F;
found: 619.1893.

Solubility in water: Seven standard solutions of 7 within the con-
centration range 2-6x10°m were prepared by diluting a 103 m
mother solution, which was in H,O/CH;CN (9:1), with water. The
absorbance of each solution was measured at 300 nm, which cor-
responds to a plateau region in the UV absorption spectrum of 7,
and the spectra were plotted against concentration. Linear regres-
sion analysis of the data points yielded a slope of (1.244 +0.009) x
10*. This curve (Figure S6) was used to interpolate the concentra-
tion of an aqueous saturated solution of 7, which was prepared by
vigorously stirring 7 (2 mg) in H,O (1 mL). After sedimentation, the
clear supernatant (200 pL) was added to H,O (3 mL) and the ab-
sorbance of the resulting solution was measured at 300 nm. Three
repetitions of this experiment yielded an average value of A=
0.37940.011, from which a concentration of (3.2340.06)x10°m
was interpolated by using the calibration curve. By correcting for
the dilution factor, a solubility of (4.964+0.21)x10*molL™" was
obtained.

Chemical stability studies: The chemical stability of compounds 7
and 9 in H,O and in HBSS buffer at 25°C was tested by following
changes in the UV/Vis spectra between 190 and 500 nm and by
HPLC analysis of samples that were withdrawn at different reaction
times. The reaction was initiated by adding a freshly prepared
CH;CN solution of the compound of interest (100 uL) to HBSS/
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CH5CN (9:1; 3 mL) to give a final concentration in the um range.
The composition of HBSS was: NaCl (136.9 mm), KCl (5.36 mm),
CaCl, (1.26 mm), MgSO, (0.81 mm), KH,PO, (0.44 mm), Na,HPO,
(0.34 mm), glucose (5.55 mm), pH 7.4 (adjusted with NaOH). Spec-
tral changes were followed with a Perkin-Elmer Lambda 5 spectro-
photometer (PerkinElmer) equipped with water-thermostated cell
holders. Quartz cells with an optical path of 1 cm were used for all
measurements. HPLC analyses were performed with the Thermo
Separation Products Inc. system by using a reversed-phase column
(Gemini C18, 3 um, 150x4.6 mm i.d.; Phenomenex, (Utrecht, The
Netherlands). Solvents A and B were H,O that contained 0.1%
HCOOH and CH;CN, respectively. The gradient for B was as follows:
10% for 5 min, then from 10 to 100% in 20 min; the flow rate was
0.7 mLmin~". The eluate was preferentially monitored at 300 nm.

Mitochondria: Rat liver mitochondria were isolated by convention-
al differential centrifugation procedures®™ from fasted male albino
Wistar rats that weighed approximately 300 g and had been raised
in the local facilities. The standard isolation medium was sucrose
(250 mm), HEPES (5 mm, pH 7.4) and EGTA (1 mm); EGTA was omit-
ted in the final resuspension step. The protein content was mea-
sured by the biuret method with bovine serum albumin as a stan-
dard.®® The experiments were performed with the permission and
supervision of the University of Padova Central Veterinary Service,
which acts as Institutional Animal Care and Use Committee and
certifies compliance with Italian Law DL 116/92, embodying UE
Directive 86/609. No accreditation registry for experimentation on
vertebrates exists in Italy.

TPP-selective electrode: The setup used to monitor the concentra-
tion of TPP-bearing compounds in solution was built in-house fol-
lowing published procedures.””*® A calomel electrode was used as
reference and the potentiometric output was directed to a strip
chart recorder. The experiments illustrated by Figures3 and S1
were conducted in a water-jacketed cell at 20°C. The suspension
medium contained sucrose (200 mm), HEPES (10 mwm), succinate
(5 mm), phosphate (1 mm), rotenone (1.25 um), pH 7.4 (adjusted
with KOH).

Cells: Human colon tumour (HCT116) cells,*” which were kindly
provided by B. Vogelstein, as well as fast- and slow-growing SV-40
immortalised mouse embryo fibroblast (MEF) cells (kindly provided
by L. Scorrano and W.J. Craigen, respectively) and mouse colon
cancer C-26 cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) that contained HEPES buffer (10 mm), foetal calf
serum (10%, v/v; Invitrogen), penicillin G (100 UmL™', Sigma),
streptomycin (0.1 mgmL~', Sigma), glutamine (2 mm, GIBCO) and
nonessential amino acids (1%, 100x solution; GIBCO), and incubat-
ed in a humidified atmosphere of 5% CO, at 37°C.

Metabolism studies: HCT116 cells were seeded onto a 12-well
plate, and allowed to grow to about 80% of confluence. They
were then washed with warm HBSS, and incubated for the speci-
fied periods with 1 mL per well of 20 um solutions of 7, 9 or quer-
cetin. The compounds were used as aliquots from 20 mm freshly
made stock solutions in DMSO, which were diluted in HBSS just
prior to adding the resulting solution to the washed cells. Medium
and cells were collected together after 1, 3, 6 and 8 h of incuba-
tion. Acetic acid (100 pL, 0.6m) and fresh ascorbic acid (100 pL,
10 mm) solutions were added, and the samples were immediately
stored at —20°C until treatment and analysis. Treatment consisted
of the addition of acetone (1 mL), followed by sonication (2 min),
filtration through 0.45 um PTFE syringe filters (Phenomenex) and
concentration under N,. HPLC analyses were performed with the
Agilent Technologies system by using a diode array detector that
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operated from 190 to 500 nm (G1315B) and the ion trap mass
spectrometer with ESI source. Mass spectra were acquired in posi-
tive-ion mode operating in full-scan from m/z 100 to 1500. The
HPLC protocol was the same as that employed for the chemical
stabilities studies.

Fluorescence microscopy: HCT116 cells were sown onto 24 mm
round coverslips and allowed to grow for 48 h. The coverslips were
then washed with HBSS, mounted into supports, covered with
HBSS (1 mL) and placed onto the microscope stage. The imaging
apparatus consisted of an Olympus IX71 microscope equipped
with an MT20 light source and CellR® software. The excitation
wavelength was 380 nm and fluorescence was collected in the
500-550 nm range in the images shown in Figure 4. Sequential
images were automatically recorded by following a pre-established
protocol. The acquisition and display parameters of all fluorescence
images shown were the same, that is, fluorescence intensities can
be compared.

ATP hydrolysis assays: The enzymatically coupled NADH oxidation
assay was used.®™ Mitochondria (0.25 mg proteinmL™") were incu-
bated for about 1 min in sucrose (250 mm), Tris-HCl (10 mm),
EGTA-Tris (20 pm), NaH,PO, (1 mm), MgCl, (6 mm), rotenone
(2 um), pH 7.6, with phosphoenolpyruvate (PEP; 1 mm), NADH
(0.1 mm), alamethicin (20 um), pyruvate kinase (PK; 20 units), lac-
tate dehydrogenase (LDH; 50 units), all of which were from Sigma,
together with the desired compound in a thermostated (25°C),
magnetically stirred cuvette in an Aminco DW-2000 UV/Vis spectro-
photometer operating in the dual-wavelength mode. Membrane-
permeabilising alamethicin was used to measure ATPase activity
without the potential kinetic complications associated with trans-
membrane transport of the adenine nucleotides.”” Differential ab-
sorbance at 340-372 nm was sampled every 0.6s. The reaction
was started by the addition of ATP (0.5 mm). In this assay, the ADP
that was formed by ATP hydrolysis was rephosphorylated by PK to
generate pyruvate as the other product. Pyruvate was reduced to
lactate by LDH by using NADH, which was oxidised to NAD with a
decrease in absorbance, which was the parameter that was moni-
tored. Rates of hydrolysis were determined as the best linear fit of
the data.

Cell growth/viability (MTT) assays: C-26 or MEF cells were seeded
in standard 96-well plates and allowed to grow in DMEM (200 pL)
for 24 h to ensure attachment. In the experiments shown in
Figure 6 initial densities were 1000 (C-26, fast MEF) or 2000 (slow
MEF) cells per well. The growth medium was then replaced with
medium that contained the desired compound from a mother so-
lution in DMSO. The DMSO final concentration was 0.1% in all
cases (including controls). Four wells were used for each of the
compounds to be tested. The solution was substituted by a fresh
aliquot twice, at intervals of 24 h. At the end of the third 24 h
period of incubation with the compounds, the medium was re-
moved, cells were washed with PBS, and 100 uL of CellTiter 96®
solution (Promega; for details see: http://www.promega.com/tbs)
was added. After 1 h colour development at 37°C, absorbance at
490 nm was measured by using a Packard Spectra Count 96-well
plate reader.
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Isofagomine Induced Stabilization of Glucocerebrosidase

Gregory J. Kornhaber,” Michael B. Tropak,™ Gustavo H. Maegawa,” Steven J. Tuske,”

Stephen J. Coales,” Don J. Mahuran,” < and Yoshitomo Hamuro*

Structurally destabilizing mutations in acid [5-glucosidase (GCase)
can result in Gaucher disease (GD). The iminosugar isofagomine
(IFG), a competitive inhibitor and a potential pharmacological
chaperone of GCase, is currently undergoing clinical evaluation
for the treatment of GD. An X-ray crystallographic study of the
GCase-IFG complex revealed a hydrogen bonding network be-
tween IFG and certain active site residues. It was suggested that
this network may translate into greater global stability. Here it is
demonstrated that IFG does increase the global stability of wild-

Distended macrophages, the hallmark feature of Gaucher dis-
ease (GD), arise due to the massive accumulation of the glycoli-
pid, glucosylceramide (GC) in lysosomes. GD has been linked to
certain mutations in GBA, the gene encoding the enzyme gluco-
cerebrosidase (GCase), that negatively affect the ability of GCase
to convert lysosomal GC to p-glucose and ceramide. The effects
of GC accumulation extend downstream of the lysosome,!" re-
sulting in altered calcium homeostasis and phospholipid synthe-
sis; this can lead to endoplasmic reticulum stress and/or inflam-
matory responses. Either of these responses can effect cellular
growth and trigger apoptosis.? This disorder is characterized by
an enlarged liver and spleen, anemia, painful bone lesions and
in some cases neurological damage. The standard treatment for
individuals with GCase deficiencies involves either enzyme re-
placement therapy with imiglucerase (Cerezyme, Genzyme
Corp.)*® or less frequently, substrate reduction therapy with mi-
glustat (Zavesca, Actelion Ltd.).**' Recently a third therapeutic
approach, enzyme enhancement therapy (EET), utilizing small
molecule pharmacological chaperone (PC) has been proposed.
Currently, isofagomine (IFG), an iminosugar and potent competi-
tive inhibitor of GCase (Plicera, Amicus Therapeutics Inc.) is
being evaluated clinically as a PC for EET*®

IFG, like other GCase PCs, is a competitive inhibitor with 1Cs,
values of 5 and 30 nm at pH 7.2 and pH 5.2, respectively.®! Sur-
prisingly, it has been shown to be effective as a PC in cultured
patient cells only at concentrations significantly higher than its
ICso, 10-100 um.® This likely reflects the fact that the efficacy
of a PC not only depends on its affinity for the target enzyme
but also on its bioavailability in terms of membrane permeabil-
ity, subcellular distribution and metabolism.”’ Thus, the actual
intracellular concentration of IFG after treatment is likely much
less than the extracellular concentration. The actual concentra-
tion and any residual inhibitory effects IFG might have on lyso-
somal GCase are difficult to determine, as the in vitro assays
for GCase enhancement include washing of cells prior to lysis
and dilution of the intracellular IFG by the addition of lysis and
assay buffers (> 100-fold).
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[a]

type GCase, shifting its melting curve by ~15°C and that it en-
hances mutant GCase activity in pre-treated N370S/N370S and
F2131/L444P patient fibroblasts. Additionally, amide hydrogen/
deuterium exchange mass spectroscopy (H/D-Ex) was employed
to identify regions within GCase that undergo stabilization upon
IFG-binding. H/D-Ex data indicate that the binding of IFG not
only restricts the local protein dynamics of the active site, but
also propagates this effect into surrounding regions.

Among Caucasians, N370S has been identified as the most
common GD associated missense mutation; 75% of GD pa-
tients of Ashkenazi Jewish decent harbor at least one allele
encoding this substitution."®' Among the Asian population,
L444P (Type Il, neurological) and F213I (Type I) have been iden-
tified as the first and second most frequent mutations. N370S
is associated with impaired intracellular trafficking resulting in
a reduction in lysosomal concentrations of GCase.'>"® Due to
the possible destabilizing effect of the N370S substitution, the
folding rate of GCase in the endoplasmic reticulum (ER) is be-
lieved to be decreased, thus allowing the ER-associated degra-
dation machinery (ERAD) time to recognize and redirect the
unfolded protein to the cytosolic proteosome.' Cell-based
activity and immunofluorescence assays have demonstrated an
IFG-dependent increase in lysosomal pools of enzymatically
active N370S GCase.”®'% Steet et al® proposed that IFG in-
creases the exit of mutant GCase from the ER. Given that the
kinetic properties of the mutant enzyme following treatment
with IFG resembled those of the wild type enzyme, it was fur-
ther proposed that the increased ER export occurred because
of the stabilization of natively folded N370S GCase, which was
induced by the formation of IFG-GCase complexes. This pro-
posal is consistent with the previously published FOLDEX
model of protein folding and/or degradation within the ER."”!
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In recent X-ray crystallographic studies Lieberman et al.
identified an extensive hydrogen bonding network between
IFG and six GCase active site residues. This network stabilized a
particular active site conformation that the authors suggested
promoted greater global stability.” Here we probe the effects
of IFG-binding in solution on GCase global stability by differen-
tial scanning fluorimetry®?? and on local dynamics by amide
hydrogen/deuterium exchange coupled with proteolysis and
mass spectrometry (H/D-Ex).”*? The ability to partially restore
intracellular trafficking and lysosomal GCase localization of
mutant forms of GCase was then inferred from activity assays
performed on N370S/N370S and F213I/L444P patient fibro-
blasts. These experiments were employed to gain a better un-
derstanding of the PC mechanism associated with IFG binding,
particularly the relationship between local dynamics, global
stability in solution and their effect on lysosomal concentra-
tions of the enzyme.

[71

Results

IFG enhances global stability and activity

The thermal stability of GCase (Cerezyme) in the absence and
presence of increasing concentrations of IFG was determined
using differential scanning fluorimetry (DSF) by monitoring the
increase in emission intensity of NanoOrange, "#2°? an envi-
ronmentally sensitive fluorescent probe that undergoes fluo-
rescence enhancement upon exposure to the hydrophobic in-
terior of a protein. As the temperature is elevated, the fluores-
cence intensity of NanoOrange increases as a larger proportion
of the GCase in solution unfolds, enabling binding of the
probe to the hydrophobic interior. As shown in the inset in
Figure 1A, the melting temperature (T,,) of GCase is defined as
the midpoint in the thermal ramp from the period when the
fluorescence intensity increases until peak intensity. This value
represents the transition point in the equilibrium between the
folded and non-native states of the protein. At the maximum
concentration of IFG evaluated (43 pm), the T, of wild-type
GCase in the presence of the ligand was increased by approxi-
mately 15°C relative to the T, (49°C) observed for GCase in
the absence of IFG (see Figure 1B).

Previous measures of N370S GCase activity of fibroblasts
pretreated with increasing concentrations of IFG, identified a
maximum dose response at ~30 um IFG.”” Two GD patient fi-
broblast cell lines, one harboring N370S/N370S and the other
F2131/L444P GCase mutations, were treated with IFG for five
days and intracellular GCase activity following lysis of cells was
determined with the aid of the artificial substrate 4-methylum-
belliferyl-beta-p-glucopyranoside (MUGIc).2*" An increase in
enzymatic activity is observed as an increase in fluorescence
upon release of the 4-methylumbelliferyl fluorophore. Treat-
ment of N370S/N370S and F213I/L444P fibroblasts with 25 um
IFG for five days enhanced GCase activity 2.5- and 4.3-fold over
non-pretreated cells, respectively (see Figure 1C). The in-
creased activity of the F213l mutation extends the panel of
GCase mutations (N370S® and G202R™) whose activity can be
enhanced by IFG.
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Figure 1. The impact of isofagomine (IFG) on GCase stability and activity.

A) Thermostability of GCase in the absence and presence of increasing con-
centrations of IFG as measured by differential scanning fluorimetry (DSF).
Unfolding of GCase was monitored by the change in relative fluorescence
levels of the fluorophore NanoOrange with increasing temperature. B) In-
crease in T, relative to ligand-free GCase (AT, (°C)=T,, [IFG]—T,, [DMSQ]) in
response to increasing concentrations of IFG (n=2). C) Relative increase in
GCase activity (Black Box) as a result of IFG treatment. Cell lines derived
from GD patient fibroblasts carrying either N370S/N370S or F2131/L444P
substitutions were treated with IFG (25 pm). Activity levels are relative to
cells treated with dimethyl sulfoxide. f-Hexosaminidase (HEX) activity levels
(gray bars) serve as an experimental control, as IFG does not inhibit HEX
(data not shown) or affect its activity in treated cells (n=2).

H/D-Ex analysis of ligand-free GCase

Purified GCase (Cerezyme/Imiglucerase) in the presence or
absence IFG was incubated in deuterated buffer (pH 7.8) for
a predetermined period and proteolyzed by immobilized
pepsin.?? Then the mass of each peptide was determined by
liquid chromatography mass spectrometry (LC/MS). Deutera-
tion levels of 61 GCase peptides were determined at different

ChemBioChem 2008, 9, 2643 — 2649
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Figure 2. Deuteration level of peptides derived from different GCase regions. The deuterium uptake over 30, 100, 300, 1000 and 3000 s (in descending order)

is displayed below the sequence of GCase according to the color code given in the legend, lower right. The secondary structure elements found in domain Il
(PDB ID: 2NSX) are denoted as symbols above the sequence. Residues forming hydrogen bonds with isofagomine (IFG) are denoted by asterisks. Position of

residues corresponding to mutations G202R, F213Il, N370S and L444P are boxed and outlined in red.

time points (see Figure ST in the Supporting Information).
These peptides cover 82% (408/497 residues) of the protein’s
sequence (Figure S2). Four of five missing regions contained a
glycosylated asparagine residue of unknown mass, thus pre-
cluding LC/MS identification.

Only 35% of GCase was deuterated under the conditions
and time frame of analysis, indicating that it is a predominantly
stable protein (Figures 2 and 3, Table S1). The fastest exchang-
ing regions (deuterated >60% on average) were segments
130-134, 135-142, 187-197, 243-249, 343-347, 386-400, and
435-446. Loop regions (shown red or orange in Figure 3) com-
prised the most dynamic regions of GCase. The most slowly
exchanging regions (deuterated <20% on average) were seg-
ments 69-91 (B1 and a.1), 119-127 ($2), 156-167 (a.2), 215-219
(a3), 230-240 (B4), 281-283 (B5), 284-296 (a5), 310-312 (6),
365-371 (a7), 374-383 (38), 399-405 (), 420-426 (a8), 449-
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457 (B), 459-461 (B), 464-480 (P), and 482-493 (). These rigid
regions formed the most stable protein folding core of GCase
(shown blue in Figure 3).

IFG stabilization of loop, active site and internal regions

IFG addition resulted in strong negative perturbations (>9%
decrease in average deuteration level) in nine regions corre-
sponding to segments 119-127, 177-184, 187-197, 230-240,
243-249, 310-312, 343-347, 386-400 and 414-417 (Figures 4
and 5, Table S2). A negative perturbation is the result of a re-
duction in the local unfolding rate of a particular region. The
6% drop observed in the average deuteration level of all seg-
ments is likely an indication of a net global stabilization upon
IFG addition. No meaningful positive perturbations (>5% in-
crease in average deuteration level) correlated with IFG addi-
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Figure 3. Color highlighted average deuteration level of each peptide super-
imposed upon the ribbon diagram representation GCase X-ray crystal struc-
ture (PDB identifier 2NSX) bound to isofagomine (stick representation color
red black). The average deuteration level of each peptide is color coded as
shown at the bottom. lllustration generated with PyMOL (DeLano Scientific).

tion. Based on the 3D structure of the recently determined
GCase-IFG complex, residues Asp127, Trp179, Glu235 and
Asn396, which form hydrogen bonds with IFG at the active
site of the enzyme,” were found to reside within four of the

240
w
249 o
3
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=
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regions showing strong perturbation (Figures 4 and 5; 119-127
(B2), 177-184 (B3), 230-240 (4), and 386-400 (loop)). Segment
343-347 resides in a loop region near Glu340, which is also
hydrogen bound to IFG. Perturbations at 187-197 (loop) and
243-249 (loop) correspond to adjacent loop regions at the
mouth of the active site.

The perturbation observed in 310-312 (36) is likely due to
overlap with loop 1 region (residues 311-319).” At neutral pH
and in the absence of ligand, loop 1 can assume two different
conformations: helical turn and irregular secondary structure
(PDB ID: 2NT1). In contrast to the neutral pH apo structures,
loop 1 in the IFG bound GCase structure (PDB ID: 2NSX) was
observed solely in the helical turn conformation. On the basis
of these observations it was proposed that in the absence of
substrate or inhibitor, loop 1 undergoes dynamic sampling of
the two conformational extremes, whereas in the presence of
IFG, the conformation with the helical turn is stabilized. The
present data have demonstrated the stabilization of loop 1
upon IFG binding, which is consistent with the earlier conclu-
sion that IFG binding stabilizes one of two possible conforma-
tions known to be samlped by loop 1.7

A strong perturbation was also observed in segment 414-
417 (a8), a region corresponding to a portion of helix a8 of
domain lll (Figures 4 and 5; Table S2). This region does not lie
in or around the active site, but instead abuts one of two f3-
sheets constituting domain Il. The slower H/D exchange rate in
this segment upon IFG-binding may result from a propagation
of changes in the hydrogen bonding network involving resi-
dues GIn414 and Asp399, ultimately resulting in an increase in
rigidification of this region. Residue Asp399 resides in the
ligand stabilized segment 386-
400 (loop), a region that includes
Asn396, a residue directly hydro-
gen bonded to IFG at the active
site. Although primarily surface
accessible, segment 386-400

(loop) nonetheless includes a
subset of solvent excluded resi-
dues. In this buried region
Asp399 is likely hydrogen

| | Glu340
Active
site loop

Glu235

Aspl27  Tip179

-20

bonded to GIn414, given that
the interatomic distance be-
tween Asp399-O6 and GIn414-
Ne is 2.6 A (PDB identifier 2NSX).

Gind14

Average perturbation / %

-30

There are four segments that
show intermediate perturbations
(5-8% decrease in average deut-

Active
site loop L

-40

eration level) upon IFG binding:

Asn396

130-134, 284-296, 315-336, and
350-362 (Figures 4 and 5). Seg-
ment 130-134 (loop) is sequen-

Figure 4. Changes in average deuterium incorporation (perturbations) of segments in response to isofagomine
(IFG) binding. Positive perturbations are indicative of increased mobility, whereas negative values indicate struc-
tural rigidification. Labeled are columns for segments comprising the active site or including residues that form
hydrogen bonds to IFG (Asp127, Trp179, Glu235, Glu340 and Asn396). Also indicated is GIn414, a residue residing
in rigidified segment 414-417, which is likely hydrogen bonded to Asp399, a residue residing in stabilized seg-

ment 386-400.
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tially and conformationally adja-
cent to IFG hydrogen bonded
residue Asp127. Segment 284-
296 (a5) is conformationally ad-
jacent to region 310-312 ((36).
Segment 315-336 (a6) is con-
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Figure 5. Isofagomine (IFG) induced perturbations in deuterium uptake upon binding to
GCase are superimposed upon the ribbon diagram representation of the IFG bound
GCase X-ray crystal structure (PDB ID: 2NSX). A) Highlighted are intermediate perturba-
tions (5-8% decrease in average deuteration level; cyan) and strong perturbations (> 9%
decrease in average deuteration level; blue). lllustrated are deuterium build-up curves
representing B) a large perturbation (segment 243-249), C) an intermediate perturbation
(segment 350-362) and D) no perturbation (segment 97-103). Intermediate perturba-
tions correspond to the following segments: 130-134, 284-296, 315-336 (0.6), and 350-
362. lllustration generated with PyMOL (DeLano Scientific) and Kaleidagraph (Synergy
Software). E) IFG rigidified regions with perturbations in >9% are segments 119-127
(red), 177-184 (orange), 187-197 (orange), 230-240 (yellow), 243-249 (yellow), 310-312
(green), 343-347(green), 386-400 (blue) and 414-417 (purple). IFG hydrogen bonded res-
idues are labeled (Asp127, Trp179, Glu235 and Asn396). Also labeled are residues Asp399

and GIn414 which are likely hydrogen bonded.

nected to segment 310-312 ($6) and is also adjacent to 284—
296. Whereas segment 350-362 (a7) is sequentially adjacent to
segment 343-347, it is conformationally adjacent to segment
414-417 (08), a region that appears to undergo a propagated
stabilization upon IFG binding through hydrogen bonding
with segment 386-400. These regions are either sequentially

ChemBioChem 2008, 9, 2643 — 2649
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or conformationally adjacent to regions more closely
associated with the active site or active site loop re-
gions.

Discussion

DSF was employed to probe to what extent IFG im-
parted greater global stability. IFG was found to posi-
tively shift the transition midpoint of the heat dena-
turation curve by nearly 15°C (Figure 1A). Thus, it
appears that a reduction in local unfolding properties
of active site and active site loop regions translated
into a gain in global stability.

It is now well established that IFG can enhance the
activity of GCase in N370S and G202R patient fibro-
blasts.”® Previous metabolic labeling experiments
clearly illustrated that IFG facilitated the folding and
transport of newly synthesized N370S GCase out of
the ER and into lysosomes.®’ Furthermore, IFG in-
creased the lysosomal pool of N370S GCase isolated
by Percoll gradient centrifugation.”’ It can therefore
be concluded that IFG is capable of gaining access to
the ER luminal space, where it presumably imposes
greater global stability upon mutant GCase. Here we
tested whether IFG is capable of stabilizing another
GCase mutant, F213l. IFG treatment produced a 4.3-
fold enhancement in GCase activity over non-treated
F2131/L444P patient fibroblasts, demonstrating that
this enhancement is not limited to the N370S and
G202R mutations. A GD cell line homozygous for the
L444P mutation did not respond to treatment with
IFG (data not shown).

While X-ray crystallography can provide the fine
details of a protein-ligand interaction, the structure is
a static picture of the conformational space sampled
by the protein. The Lieberman et al.”’ crystallographic
structure of the GCase-IFG complex revealed a de-
tailed network of hydrogen bonding interactions be-
tween GCase and IFG. However, it is not clear how
these interactions translate into increased global sta-
bility, resulting in enhanced protein folding, intercel-
lular transport and lysosomal enzyme activity. Thus,
additional information on changes that occur to pro-
tein dynamics upon ligand binding is needed to
better understand the mechanism that ultimately
produces these results.

Amide hydrogen exchange is a good descriptor of
protein dynamics. A slow amide hydrogen exchange
reaction indicates a less dynamic and more stable en-
vironment for the amide.?*333¥ Amide H/D exchange
rate determination down to a resolution of six to ten
amino acids has been made possible by combining proteolysis
with mass spectrometry. This approach has been applied to
probe the mechanism by which the hydrogen bonding net-
work introduced by IFG binding is propagated throughout the
folded GCase molecule. To the best of our knowledge, this is
the first time H/D-Ex has been used to directly monitor the ef-
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fects of a PC on the molecular dynamics of specific regions of
a lysosomal enzyme such as GCase.

H/D-Ex results revealed that the effects of IFG binding prop-
agate beyond the GCase regions which are in direct contact
with IFG. Whereas strong perturbations in the H/D exchange
rate were observed in regions previously identified as directly
hydrogen bound to IFG (segments 119-127, 177-184, 230-240,
and 386-400), as well as others very close to these regions
(segments 187-197, 243-249, 310-312, 343-347 and 414-417),
weaker yet significant perturbations were observed in regions
of the protein more distal from the active site (segments 130-
134, 284-296, 315-336, and 350-362; see Figures4 and 5).
Since Lieberman et al.”’ demonstrated no significant structural
changes in GCase upon IFG-binding (not including “loop 1”),
H/D exchange rate perturbations observed outside of the
active site could not have arisen through allosterism. Instead,
the various breathing motions of the protein, both local and
global fluctuations, appear to be restricted upon IFG binding.

H/D-Ex in combination with molecular dynamics simulations
could be used to help elucidate the mechanism by which the
binding of a PC translates into the stabilization of the target
protein. H/D-Ex serves as an important adjunct to the tech-
niques and considerations involved in optimizing the pharma-
cokinetics of a lead PC. These results also form the basis for
future experiments involving protein dynamic comparisons of
GCase mutants, such as N370S and F213l, in the presence and
absence of isofagomine or other PCs.

Experimental Section

Chemical reagents: Cerezyme (Imiglucerase) was purchased
from Genzyme Corporation (Cambridge, MA). Isofagomine
(IFG) was purchased from Toronto Research Chemicals (North
York, Canada) and NanoOrange from Invitrogen. Fluorogenic
substrates 4-methylumbelliferyl beta-b-glucopyranoside
(MUGIc) and 4-methylumbelliferyl beta-N-acetylglucosaminide
(MUG) were purchased from Sigma-Aldrich. All other reagents
unless otherwise noted were obtained from Sigma-Aldrich.

Cell lines: Typel| GD fibroblast cell lines harboring N370S/
N370S and F2131/L444P mutations were kindly provided by
Dr. JoeT.R. Clarke of the Sick Children’s Hospital, Toronto
(Canada) and Dr. F. Choy, University of Victoria (Canada), re-
spectively. The first of two provided cell lines harbors a homo-
zygous N370S substitution in the GCase gene, GBA. The
second cell line harbors one allele encoding a F213I substitu-
tion and its pair, a L444P substitution.

H/D-Ex experiments: The H/D-Ex protocol utilized in this ex-
periment was previously elaborated upon in greater detail.””
Specific to this study, a GCase stock solution in the presence or
absence of IFG (59:1 molar ratio IFG to GCase) was prepared
by combining GCase (50 pL, 80 um in H,0) with DMSO (5 pL)
containing IFG (47 mm) or with DMSO alone (5 pL). An ex-
change reaction was initiated by diluting each mixture (5 uL)
with deuterated buffer (15 pL, 50 mm Tris, pH 8.0). The reaction
was allowed to proceed at 23°C for a series of predetermined
time periods (30, 100, 300, 1000 and 3000s). Then the ex-
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change reaction was quenched by lowering the temperature
to 1°C and the pH to 2.5 by the addition of a prechilled solu-
tion (1°C; 30 pL) containing 2m urea and 1m tris(2-carboxy-
ethyl)phosphine hydrochloride (TCEP). The quenched solution
was immediately pumped at 200 uLmin~' over an immobilized
porcine pepsin column (104 pL bed volume) with trifluoroace-
tic acid (TFA, 0.05%) for three minutes with contemporaneous
collection of proteolytic products by way of a trap column
(4 pL bed volume). Pepsin was immobilized on Poros 20 AL
media (30 mgmL™', Applied Biosystems) as per the manufac-
turer’s instructions.”” Peptide fragments were eluted from the
trap column and separated by C18 column (Magic C18, Mi-
chrom BioResources, Inc., Auburn, CA, USA) with a linear gradi-
ent of 13% solvent B to 40% solvent B over 23 min (solvent A,
0.05% TFA in water; solvent B, 95% acetonitrile, 5% water,
0.0025% TFA; flow rate changed from 10 uLmin~' at 0 min to
5 uLmin~ at 23 min). Mass spectrometric analyses were carried
out with a Thermo Finnigan LCQ™ mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) with a capillary temper-
ature of 200°C. Spectral data was acquired in data-dependent
MS/MS mode with dynamic exclusion. The software program
SEQUEST (Thermo Fisher Scientific, San Jose, CA) was used to
tentatively identify the sequence of dynamically selected
parent peptide ions. This tentative peptide identification was
verified by visual confirmation of the parent ion charge state.
These peptides were then further examined to determine if
the quality of the measured isotopic envelope was of sufficient
quality to allow an accurate geometric centroid determination.
Centroid values were then determined using a proprietary pro-
gram developed in collaboration with Sierra Analytics (Mod-
esto, CA, USA). Back exchange corrections and deuteration
level calculations were implemented as previously described
elsewhere.”®3> Average per residue deuteration level calcula-
tions were weighted by the number of residues in each deu-
terated segment.

Differential scanning fluorimetry: GCase (Cerezyme) suspen-
sion in water (30 mgmL™") was diluted in citrate phosphate
(CP) buffer (10 mm citrate, 20 mm phosphate, pH 7.0) to
0.1 mgmL™". IFG was dissolved in DMSO to various concentra-
tions (2.3 mm to 34 nm). IFG/NanoOrange mixtures were pre-
pared by combining each diluted IFG stock with CP containing
diluted enzyme (1 pL of IFG stock plus 25 pL diluted enzyme),
followed by NanoOrange addition (25 puL, 1:50 dilution of
NanoOrange stock provided by manufacturer). A mock IFG/
NanoOrange control was created by substituting DMSO (1 pL)
in lieu of the IFG stock. Mixtures were transferred to an Opti-
con Mini-cycler Real Time PCR machine (Bio-Rad CA, USA) and
temperatures ramped from 30 to 90°C over a period of 1 h.
Fluorescence readings were recorded at 0.2°C increments. The
transition midpoint (T,) of GCase in the presence of different
concentrations of IFG was calculated with the manufacturer’s
software.

Evaluation of the effect of IFG on GCase activity in Gaucher
patient cells: N370S/N370S or F2131/L444P patient fibroblasts
were treated for 5 days with alpha-MEM media supplemented
with FBS (10%) and containing IFG (25 pm) or DMSO (1 %). For
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analysis of intracellular GCase and hexosaminidase activity,
media containing IFG or DMSO was removed, cells were rinsed
twice with calcium- and magnesium-free PBS over a 5 min
time period. Cells were trypsinized for 10-15 min at 37°C, fol-
lowed by centrifugation at 1000 rpom and washing with PBS.
The final cell pellet was lysed by adding CP buffer (pH 5.5) con-
taining Triton X-100 (0.4%) and taurodeoxycholate (0.4%). The
lysate was cleared by centrifugation at 100000g and total solu-
ble protein content determined using the Bradford Bio-Rad
Protein Assay according to the manufacturers protocol (Bio-
Rad). Enzymatic activity of both GCase and B-hexosaminidase
(Hex) was determined with the aid of artificial substrates
MUGIc and MUG. Activity was measured by the increase in
fluorescence due to release of the 4-methylumbelliferyl fluoro-
phore from MUGIc and MUG. The increase in fluorescence was
measured using a Spectramax M2 fluorometer (Molecular Devi-
ces Corp, Sunnyvale, CA), and detected at excitation and emis-
sion wavelengths set to 365 nm and 450 nm, respectively. Re-
actions were initiated by mixing equal volumes of lysate and
substrate (0.8 mm MUGIc or 3.2 mm MUG) and then incubated
at 37°C for either 1 h (GCase) or for 15 min (Hex). Reactions
were terminated by raising the pH to 10.5, above the pK, of 4-
MU, with 0.1 M 2-amino-2-methyl-1-propanol. The effect of IFG
on GCase or Hex activity was determined by dividing the activ-
ity obtained in the presence of isofagomine by that obtained
in the presence of DMSO only.
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Identification of Pharmacological Chaperones for Gaucher
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Point mutations in [3-glucocerebrosidase (GCase) can result in a
deficiency of both GCase activity and protein in lysosomes there-
by causing Gaucher Disease (GD). Enzyme inhibitors such as iso-
fagomine, acting as pharmacological chaperones (PCs), increase
these levels by binding and stabilizing the native form of the
enzyme in the endoplasmic reticulum (ER), and allow increased
lysosomal transport of the enzyme. A high-throughput screen of
the 50000-compound Maybridge library identified two, non-car-
bohydrate-based inhibitory molecules, a 2,4-diamino-5-substitut-
ed quinazoline (IC;, 5 um) and a 5-substituted pyridinyl-2-fura-

Introduction

Gaucher Disease (GD; MIM 230800, 230900, 2301000) is the
most common of the ~70 lysosomal storage diseases
known."? It is an autosomal recessive multisystem disorder
with a high level of morbidity, and in severe cases is fatal at an
early age. The biochemical hallmark of GD is the storage of
glucosylceramide (GC), the precursor of 95% of all cellular gly-
cosphingolipids, primarily in the tissues of the reticuloendothe-
lial system and the brain arising from deficiency of lysosomal
-glucocerebrosidase (GCase, EC 3.2.1.45) encoded by the GBA
gene. Although the disorder represents a broad and continu-
ous spectrum of clinical involvement, three main clinical phe-
notypes are generally recognized: type I, nonneuronopathic; II,
acute neuronopathic: and lll, subacute neuronopathic.”’ Type |
GD (incidence 1/40000-1/60000) accounts for the bulk of the
patients, who are generally mildly affected. The highest carrier
frequency of typel GD occurs amongst Ashkenazi Jewish
adults (1/11) with ~90% of these individuals carrying one of
just four alleles—that is, N370S, F213l, L444P, or G202R.*® The
N370S mutation alone accounts for 75% of these alleles.

Typel GD patients (N370S heterozygotes/homozygotes)
have residual enzyme activity levels that are ~5-20% of
normal;"®” this closely matches the critical threshold level of
11-15% of normal activity required to prevent the storage of
GC, which was determined using a murine macrophage cell
line treated with conduritol-B-epoxide (CBE), an irreversible
inhibitor of Gcase, as a model of type | GD.” Thus, like other
lysosomal storage disorders, it appears that only a relatively
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mide (ICs, 8 um). They raised the levels of functional GCase 1.5-
2.5-fold in N370S or F213I GD fibroblasts. Inmunofluorescence
confirmed that treated GD fibroblasts had decreased levels of
GCase in their ER and increased levels in lysosomes. Changes in
protein dynamics, monitored by hydrogen/deuterium-exchange
mass spectrometry, identified a domain Il active-site loop (resi-
dues 243-249) as being significantly stabilized upon binding of
isofagomine or either of these two new compounds; this suggests
a common mechanism for PC enhancement of intracellular
transport.

small increase in GCase activity is necessary to prevent and/or
reverse the clinical progression of the disease.

Type I® and to a lesser extent type Il and Ill forms of GD'
currently benefit from two existing therapeutic approaches.
These include: 1) enzyme replacement therapy (ERT) and
2) substrate reduction therapy. ERT ameliorates many manifes-
tations of GD and is both a safe and effective treatment. How-
ever, it is very costly at ~$200000 per year for an average
70 kg adult." SRT attempts to limit the storage of GC by using
small molecules to inhibit its synthesis in vivo. Currently the

9,10]
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only FDA-approved SRT-agent is N-butyl-deoxynojirimycin (NB-
DNJ) (Miglustat or Zavesca®), which inhibits the first step in
glycolipid synthesis and has shown some promise in treating
GD type |. However, it is not as effective as ERT,'? and the
treatment is associated with unpleasant side effects, for exam-
ple, severe diarrhea. Currently, a new therapeutic strategy,
enzyme enhancement therapy (EET), is being evaluated in
Phase | and Il clinical trials. EET uses small molecule “pharma-
cological chaperones” (PCs) to stabilize the native conforma-
tion of a mutant enzyme as it folds in the endoplasmic reticu-
lum (ER), allowing it to pass the ER quality control system (ER-
QC) and avoiding the ER associated degradation system
(ERAD), and be transported to the lysosome.™' EET has
shown promising preclinical results in at least four lysosomal
enzyme deficiencies and could be applied to other lysosomal
storage disorders.">'® To date successful PCs have also been
competitive inhibitors of their target enzymes."” It is believed
that once the PC-enzyme complex reaches the lysosome, the
large amounts of stored substrate(s) will displace the PC and
continue to stabilize the enzyme."® However, it is desirable to
identify PCs that are most active at the neutral pH of the ER, in
order to optimize binding strength and thus their ability to sta-
bilize the folding process, and minimize their inhibitory proper-
ties once the complex enters the acidic environment of the
lysosome, where stored substrate should continue to stabilize
the enzyme.

Although ERT has been successfully used to treat type | GD
patients, there are benefits to considering other therapeutic
modalities such as SRT or EET. These could be used in lieu of or
in combination with ERT. Small molecules are less expensive,
can be given orally and usually cross the blood-brain barrier,
which opens up the possibility of treating type Il and Ill GD pa-
tients. As EET augments transit of the mutant GCase from the
ER,**4 it also has the potential to attenuate the unfolded pro-
tein response and prevent ER stress that can lead to apoptosis
and other inflammatory responses.” Recently, components of
the ER-QC system have been implicated as factors involved in
determining the clinical impact of GCase mutations.** %"

The degree to which the different GCase PCs enhance intra-
cellular enzyme levels depends on the nature of the particular
mutation.?*?” For example, the GCase PC, N-octyl valienamine
chaperones the F213l mutation better than the N370S muta-
tion.” Overall the G202R substitution is most responsive to
chaperoning, whereas the L444P mutation, associated with the
neuronopathic form of GD in the homozygous form, thus far
remains refractory to EET*?®) However, the intracellular activity
of the L444P and G202R mutations can be increased by grow-
ing patients’ cells at a decreased temperature of 30°C;*” this
suggests that L444P might be “chaperoned” by other, as yet to
be identified, compounds.

To date most Gaucher PCs consist of glucose-based azasu-
gars either with an alkylated side chain, for example, NB-DNJ®!
or N-nonyl-deoxynojirimycin (NN-DNJ)"™ and derivatives there-
of,*” or without an alkylated side chain, for example, isofago-
mine (IFG).? IFG is currently undergoing Phase | and Il clinical
trials sponsored by Amicus Therapeutics (http://www.amicus
therapeutics.com/clinicaltrials/at2101.asp). Although IFG is a
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nanomolar inhibitor, GCase activity is increased more than
two-fold when GD type | patient fibroblasts are treated with
10-100 um concentration of the compound. Other more
potent and selective GCase inhibitors such as a-1-C-nonyl-1,5-
dideoxy-1,5-imino-D-xylitol, with a K; value of 2nm, and 6-
nonyl IFG, with an IC;, value of and 0.6 nm, have been de-
scribed that also more than double GCase residual activity in
Gaucher patients fibroblasts but act at nanomolar concentra-
tions.31

The mechanism by which NB-DNJ, NN-DNJ or IFG-binding
stabilizes the wild-type enzyme has been explored by X-ray
crystallography at acidic and/or neutral pH.*>*¥ The general
consensus is that residues from three loops (residues 311-319,
342-354 and 393-396), surrounding the substrate-binding
pocket are stabilized upon binding of the glycone moiety of
these PCs. The most striking finding of the crystallization stud-
ies was that PC-binding preferentially stabilizes a helical-turn
conformation within a loop region located at the mouth of the
active site (residues 311-319). It is proposed that the helical-
like conformation is important for the chaperoning activity of
IFG.2? However, crystal, interchain or intermolecular contacts
that occur solely as the result of protein crystallization, could
have obscured the identification of additional regions of im-
portance in chaperone-enhanced intracellular transport.

Hydrogen/deuterium exchange coupled with mass spec-
trometry (H/D-Ex) has been used to probe protein dynamics in
solution in the presence and absence of ligand.®¥ This proce-
dure has been used to map ligand binding sites and to detect
ligand-induced conformational and/or dynamic changes of a
protein. Using this approach Kornhaber et al.?” have detected
changes in protein dynamics in several regions of GCase fol-
lowing IFG binding. Five of these regions, 119-127, 177-184,
230-240, 310-312 and 386-400, are consistent with the loca-
tions of residues involved in PC binding as determined by crys-
tallography.?**¥ However, additional perturbations observed in
regions 187-197, 243-249 and 414-417 were not previously
seen. These results highlight the importance of examining the
structural dynamic properties of GCase-PC complexes in solu-
tion.

We previously demonstrated that high-throughput screening
(HTS) of large compound libraries of drug-like molecules for in-
hibitors of (3-N-acetyl hexosaminidase (Hex) can identify non-
carbohydrate (for example, non-iminosugar) based candidate
PCs for Tay-Sachs disease.?**”! Hits were subsequently verified
in a cell-based assay for PC activity.*® This approach has been
applied to GD by Zheng etal. to identify three classes of
GCase inhibitors.®® To identify additional novel frameworks for
GCase inhibitors we have screened a different library of small
drug-like molecules, the 50000 compound Maybridge library,
for inhibitors of purified GCase. The availability of additional
frameworks for GCase inhibitors that also function as PCs
could potentially increase the repertoire of GBA mutations re-
sponding to EET. Additionally, the examination of the effects
that the binding of non-carbohydrate based PCs to GCase has
on protein dynamics might be helpful in identifying the rele-
vant region(s) of GCase that when stabilized, increase its intra-
cellular transport efficiency.
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Utilizing the above HTS strategy, two novel GCase inhibitors
that functioned as PCs in cell-based assays were identified in
the Maybridge library. Their effect on the conformational dy-
namics of wild-type GCase was determined by H/D-Ex, which
revealed a single common region in GCase that was stabilized
upon binding of IFG or either of these other two Maybridge
compounds.

Results
Primary screen for identification of GCase inhibitors

Non-carbohydrate based PCs for GCase mutants were indirect-
ly identified by first completing a primary high-throughput
screen of the small molecule, drug-like Maybridge library. In-
hibitors were identified through their ability to reduce hydroly-
sis of methyl-umbelliferyl-3-D-glucopyranoside (MUGIc), to the
fluorogenic product methylumbelliferone (MU) by purified
GCase. To evaluate the signal-to-noise ratio, the Z-statistic,*”
based on the activity of the enzyme in the presence the com-
pound diluent, dimethyl sulfoxide (DMSO, high control), as

D. Mahuran et al.

compared to a known inhibitor, castanospermine (low control),
was calculated. The resulting value of 0.75 indicated very good
separation of the high and low controls. Following screening
of 49586 compounds for activity against GCase, 680 hits were
obtained based on a cut-off of three standard deviations from
the mean of the activity. To facilitate screening of the hits in a
secondary screen, the hit zone was empirically lowered to 30%
of the mean, resulting in 108 hits.

Secondary screen to validate PC activity of each hit

Three distinct characteristics of each hit were evaluated in the
secondary screens using four assays and six different concen-
trations of the candidate compound (Figure 1). The characteris-
tics evaluated for each hit were: 1) IC,, 2) ability to attenuate
heat denaturation and 3) ability to function as specific, nontox-
ic PCs in GD cells. Each of the 108 hits from the primary screen
showed a dose response curve with 1Cg, values ranging from
single digit to more than 100 pm. (26 compounds had ICg,
values ranging from 0.7-9.9 um, 49 had IC;, values ranging
between 10-50 um, 16 hits had ICs, values between 50 and

( ~50000 drug-like compounds )

Primary screen (Inhibition)

108 hits

Secondary screens

Inhibitory activity (ICsp) Attenuation denaturation Cellular activity (Gece) Cellular activity (Hex)
1.2 101 e mac17s3 w8 48
1 -=MwWP 01127
1.04 0.8{ ——BTB 03346 2.0 2.0
- HTS 06789
0.8 0.6 —RDR01439 15 15
——BTB 08066
0.6 1 —+NH 00306
041 —SEW 06186 1.0 1.0
0.4 |
.2 0.2 0.5 0.5
0 0 0 0
0.1 1 10 100 | 0.1 1 10 100| 0.1 1 10 100 0. 1 10 100
108 / 108 49/108 2/108
2 leads
1 2
MWP 01127 MAC-1753

5-((4-methylphenyl)thio)quinazoline-2,4-diamine

5-(3,5-dichlorophenoxy)-N-(4-pyridinyl)-2-furamide

Figure 1. Screening strategy used to identify two GCase inhibitors in the Maybridge library of small, drug-like molecules. Firstly, each of 50000 compounds
was evaluated for its ability to reduce the activity of GCase to less than 30% of that obtained from a DMSO control. Secondly, the 108 compounds (hits) were
confirmed in a secondary inhibitory screen. Thirdly, each hit was evaluated for three characteristics by using four assays (y-axes are GCase activity relative to a
DMSO control, that is, 1 =no change in activity; and x-axes represent the concentration [um] of each compound used in the reaction). A) inhibition assay to
confirm and determine ICs, values (0.8 mm MUGIc); B) heat denaturation attenuation assay: remaining GCase activity in the presence of the compound fol-
lowing heating (50 °C for 20 min); C) and D) changes in intracellular GCase and Hex activity levels in GD patient fibroblasts (N370S/N370S). Cells were treated
for five days with the indicated concentration of test compound, and the activities were then measured. Curves for the two lead compounds, as well as for
six other selected compounds, are shown. Finally, two lead compounds were selected for further study on the basis of their ability to increase GCase activity
in treated patients’ cells without affecting Hex activity levels. The complete data set for all 108 hits is available as Table S1 (structures of hits) and Figure S1
(Inhibitory activity, attenuation thermal denaturation and intracellular GCase/Hex activity) in the Supporting Information.
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100 um and 17 compounds had ICs, values greater than
100 um). We previously showed that inhibitory compounds
identified by HTS that functioned as chaperones also increased
the heat stability of the wild-type Hex.®® Furthermore, N-sub-
stituted derivatives of deoxynojirimycin that function as PC
have been shown to increase the thermostability of both wild-
type GCase and N370S GCase.’ Only 49 of the 108 hits atte-
nuated the thermal denaturation of GCase to varying degrees.
The remaining 59 hits were excluded as candidate PCs because
46 of the compounds had no effect and 13 resulted in in-
creased thermal denaturation. Finally, to control for specificity
and toxicity, changes in activity levels of both mutant intracel-
lular GCase and wild-type Hex were monitored following treat-
ment of GD cells with varying concentrations of each hit. After
treating GD (N370S/N370S) cells for five days with each of the
remaining hits, ~20% produced a > 1.4-fold increase in GCase
activity relative to cells treated with DMSO. Of these 21 com-
pounds, only two, MWP01127 (compound 1) and MAC1753
(compound 2) showed increased GCase activity over two con-
centration ranges and did not affect the activity of Hex (used
as an indicator of toxicity) at the corresponding concentration
(Figure 1). (Throughout this article compound 2 is referred to
by the local library code, MAC1753, rather than the actual May-
bridge library code, HTS 02324, so as to limit confusion with
the acronym for high-throughput screening.)

Structure and selectivity of the lead GCase inhibitory
compounds

The two lead compounds, 1 and 2, were found to be 5-((4-
methylphenyl)thio)quinazoline-2,4-diamine and 5-(3,5-dichloro-
phenoxy)-N-(4-pyridinyl)-2-furamide, respectively (Figure 1). Al-
though reminiscent of GCase inhibitory compounds consisting
of nitrogen containing heterocycles,®®*”! 5-substituted 2,4-dia-
minoquinazolines or 5-substituted pyridinyl-2-furamides have
not been previously described as GCase inhibitors. Using the
colourimetric  substrate  p-nitrophenyl-B-p-glucopyranoside
(pNPGlIc), 1 and 2 were found to be low micromolar inhibitors
of GCase with ICs, values of 7.8 and 4.7 um, respectively
(Table 1). By comparison, IFG, a known carbohydrate-based
GCase inhibitor, was found to have an IC5, of 30 nm using
pNPGIc. Whereas 2 shows no inhibition towards other lysoso-
mal enzymes such as human (3-galactosidase ($-Gal), a-glucosi-
dase (0-Glc) and Hex, 1 and IFG show detectable activity
against these enzymes, albeit at concentrations more than a
100-fold higher. Both 1 and IFG also showed activity against
human cytosolic f-glucosidase that also hydrolyses glucosyl-
ceramide and whose catalytic domain also consists of a (f/0)8
TIM barrel.”*"” While both compounds 1 and IFG also enhanced
GCase activity in N370S/N370S patient cells at 12.5um
(Figure 1 and®¥), this value is below the 50 pum ICs, of 1 for
neutral B-glucosidase but greater than the corresponding 1 um
IC;0 value of IFG for this enzyme. Additionally both IFG and 1
inhibit almond p-glucosidase. However, while the ICs, of IFG
towards the almond enzyme is nearly identical to that of the
human enzyme, the IC5, of 1 for almond p-glucosidase is in-
creased 24-fold relative to human GCase. In contrast, 2 is virtu-
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Table 1. Specificity of GCase inhibitory compounds.

Enzyme/Compound 1% 26 IFG
human B-GCase™ 7.89 47 0.030
human cytosolic 514 > 400 1.0
B-glucosidase™

human B-Gal® 570 > 1150 180
human a-Glc™® 1300 > 1150 290
almond B-GIc™ 190 > 1150 0.026
human Hex¥ >700" n.i. (1150) n.i. (1000)

[a] See Figure 1 and Table 2. [b] Enzyme activity evaluated using the sub-
strate pNPGIc (1.6 mwm). [c] IC5, pum. [d] Full dose response curve could not
be generated; estimated IC,. [e] MUGal; (0.25 mm). [f] MUaGlc (0.5 mm).
[g] MUG (0.4 mm). [h] n.i. noninhibitory at highest concentration evaluat-
ed

ally non-inhibitory towards either the almond enzyme or the
neutral pB-glucosidase (Table 1). Thus, 1 and IFG have similar
inhibitory profiles.

Compounds 1 and 2 increase GCase protein levels in the
lysosomes of GD cells

The effect of 1 and 2 on GCase and Hex levels in N370S/N370S
patient fibroblasts was examined over a larger range of con-
centrations. Both compounds showed signs of toxicity at con-
centrations greater than 30 pm, as indicated by the parallel de-
crease in intracellular GCase and Hex activities (Figure 2A, B).
Although maximum increase in GCase activity in patient cells
was seen at a concentration of 12.5 um for both compounds, 1
(Figure 2A, C) treatment resulted in a 2.5-fold increase in
enzyme activity in comparison to the 1.5 fold rise seen with 2
(Figure 2B, Q). In order to compare the efficacy of the com-
pounds in patient fibroblasts with different GCase mutant
alleles, the effect of IFG (25 um), 1 (12.5 um) or 2 (12.5 um) on
the F213l allele, more commonly found in GD patients of Asian
descent, was examined. In these cell lines the efficacy of the
two compounds was reversed relative to similarly treated GD
cells expressing the N370S GCase allele. Treatment with 2 re-
sulted in a 2.4-fold increase in GCase activity as compared to a
1.6-fold elevation observed in compound 1-treated cells (Fig-
ure 2C). The cellular localization of the enhanced GCase activi-
ty observed in 1- or 2-treated GD cells was probed by prepar-
ing lysosome-enriched fractions and examining their GCase
and lysosomal-associated membrane protein-2 (Lamp-2) levels
by Western blotting. A clear enrichment in GCase protein with
little change in Lamp-2 levels was observed in the treated
versus untreated cells (Figure 2D).

1 and 2 are mixed-type inhibitors of GCase and are most
efficient at neutral pH

The changes in apparent K, and V,,,, values of GCase for
MUGIc were determined at 5-7 different concentrations of 2 or
1 (Figure 3 A, B). Unlike IFG that is a classic competitive inhibi-
tor, the V,,,, decreased along with an apparent increase in K,
with increasing dose of either 1 or 2. These data are consistent
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Figure 2. Changes in GCase and Hex activity in GD patient fibroblasts after .‘;0.75-
treatment with 1 or 2. A), B) GD patient cells carrying the N370S/N370S al- g
leles were treated with 1 or 2 for five days. Activity levels are relative to cells 5«
treated with solvent only (DMSO), that is, a y-axis value of 1 indicates no © :E” 0.50
change. Hex activity levels serve as a control for toxicity. Standard deviation E .%
(n=3) is shown for each point. C) Relative changes in GCase (black bars) and £
Hex (gray bars) activity following treatment of either N370S/N370S or F2131/ § 0.25
L444P GD cells with IFG (25 um), 1 (12.5 pm) or 2 (12.5 um). D) 1 and 2 in- —a 1
crease the levels of lysosomal GCase in N370S/N370S Gaucher patient fibro- -2
blasts. The iron-dextran colloid method was used to prepare a lysosome- 0.00 T v v T
enriched fraction from N370S/N370S GD cells treated with compounds 1 45 5.5 6.5 7.5
(12.5 um) or 2 (12.5 pm) or vehicle (0.1% DMSO). GCase or the lysosomal pH

marker Lamp-2 were visualized by Western blotting.

with a mixed-type of inhibition, which has also been reported
for other non-carbohydrate-based inhibitors of GCase.*®

Ideally inhibitory compounds acting as PC would be most
active at the neutral pH found in the ER (where their binding
increases the stability of the mutant enzyme, offsetting some
of the destabilizing effects of the mutation) and least active in
the lysosome (where they could continue to inhibit the activity
of the cognate enzyme). Consequently, the inhibitory activity
of each compound was evaluated over a pH range of 4.5 to 7.
Both 1 and 2 are most active as inhibitors at neutral pH (Fig-
ure 3C).

Active derivatives of compounds 1 and 2

To evaluate the structure versus IC,, toxicity and PC-activity re-
lationships of the compounds, a simple quinazoline derivative
(1a; lacking any pendant hydrophobic groups) and a diethoxy
quinozoline derivative (1b) of 1 were examined. Whereas the
former compound exhibited a tenfold reduction, the latter
derivative showed a two- to three-fold reduction in inhibitory
activity (Table 2).
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Figure 3. Compounds 1 and 2 are mixed-type inhibitors that function opti-
mally at a neutral pH. A) 1 (squares) and B) 2 (circles) were tested at five
concentrations, two above and below their IC,, values, each in the presence
of seven different concentrations of the substrate (MUGlIc). The resultant ap-
parent Ky, (mm; right y-axes, open symbols) and V,,,, (relative fluorescence
units (RFU)h™'; left y-axes, filled symbols) values for each inhibitor concen-
tration (x-axis, um) are shown as linear graphics. C) The relative inhibitory
activity of 1 (10 pum, squares) and 2 (12 pm, circles) were determined at dif-
ferent pH values.

These results suggest the importance of the size and identi-
ty of the hydrophobic group at the 4- and 5-positions. Al-
though, in cultured cells 1 resulted in cell death at concentra-
tions >17 um, 1b showed no significant toxicity even at
800 um. Whereas substitution of the phenoxy-furamide group
in 2 with a phenyl ring (2a) reduced its inhibitory activity
more than ten-fold, substitution with an alkyl group (2b) pro-
duced an essentially non-inhibitory compound. Derivative 1a
was able to enhance GCase activity 1.5-fold in patient fibro-
blasts bearing either the N370S or F213I allele. On the other
hand, compound 2 a, did not significantly increase GCase activ-
ity in either of these cell lines. Thus, the parental compounds
identified through HTS have lower ICs, values and greater PC
activity in patient cells than the derivatives we have so far eval-
uated.
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Table 2. Inhibitory activity of derivatives of 1 and 2.
Compound IUPAC name ICso
[compound symbol] [um]@
5-((4-methylphenyl)thio)- 7.8
quinazoline 2,4-diamine)
S NH2 [1]
L
1 N7 NH,
Y NH; 2,4,-diamino-6-nitro- 61
O°N+ | SN quinazoline
~
1a NJ\NHZ
NH; 7,8-diethoxy-quinazoline 22
SN 2,4-diamine
o N/)\NHZ
0]
w0
Cl 5-(3,5-dichlorophenoxy)- 47
N o N-(4-pyridinyl)-2-
W A furamide [2]
cl 0”0 un— N
) —
o) Z N 2-methyl-N-pyridin-4-yl- 80
P benzamide
N
H
2a
o AN 2,2-dimethyl-N-(4- > 400"
\})LN S | pyridinyl)propanamide
2b H
[a] pNPGlIc (1.6 mm). [b] Full dose-response could not be generated, esti-
mated 1Cs, value.

Treatment of GD patient cells with 1 or 2 changes the intra-
cellular localization of GCase

The intracellular localization of mutant GCase before and after
treatment with 1 or 2 was probed using indirect fluorescent
immunostaining. Cells were co-stained with IgGs against
GCase and either a marker for lysosomes, Lamp-1, or an ER
marker, protein disulfide isomerase (PDI). In untreated cells
(DMSO only), GCase staining was diffuse and distinct from the
punctate staining pattern of Lamp-1 (Figure 4A, Top and
bottom panels labelled N370S/N370S and F213I/L444P). In-
stead, GCase staining colocalized (indicated by yellow colour)
with the ER marker PDI (Figure 4B, Top and bottom panels la-
belled N370S/N370S and F2131/L444P). However, when N370S
or F213I patient cells were treated with either 1 (Figure 4A,
2nd row top/bottom panels) or 2 (Figure 4A, 3rd rows top/
bottom panels), their GCase staining pattern increased in fluo-
rescence intensity, became more punctate and exhibited a
greater co-localization with Lamp-1, as indicated by the in-
creased yellow colour in the Merge column (Figure 4A 3rd
column in each panel). Furthermore there was a notable de-
crease in the overlap between GCase and PDI staining of
N370S and F213l cells treated with 1. (That is, we observed a
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decreased amount of yellow in the merged GCase and PDI
images). In the case of 1-treated N370S and F213I cells, there
was also an observable decrease in the overall intensity level
of PDI staining, suggesting a decrease in ER stress, for which
PDI is also a marker, as compared to untreated cells (Figure 4B,
second column, second row in all panels).

Profiling changes in protein dynamics within the GCase
molecule upon PC-binding

Since PCs are proposed to stabilize mutant proteins by affect-
ing their conformational dynamics, we used hydrogen/deuteri-
um exchange mass spectrometry (H/D-Ex) to examine and
map such changes within the GCase molecule. These experi-
ments were performed in solution, in the absence or presence
of a 59-fold molar excess of either ligands IFG, 1 or 2. The de-
grees and rates of deuteration of 26 distinct GCase peptides
generated post D,0 exposure were determined. In the pres-
ence of any of these compounds, there was a decrease in the
deuteration of peptides surrounding the active site relative to
the unliganded control. IFG-binding perturbed the largest area
of GCase (16/26 of peptides), compared to 1 (6/26) and 2 that
affected only one region, encompassed by peptide 243-248
(Figure 5A). Surprisingly, this is the only region that is most
clearly and strongly perturbed by all three ligands. When
examined over time, each of the regions that were affected by
ligand binding were perturbed to different degrees by the
three compounds (Figure 5B). The number of regions (16/26,6/
26 and 1/26) perturbed by each of the ligands (IFG, 1, 2) paral-
lels the maximal enhancement in GCase activity levels ob-
served in N370S/N370S patient cells following treatment with
the corresponding compounds (3.9-fold, 2.4-fold and 1.5-fold,
respectively; Figure 2D).

Discussion

By screening a library of drug-like compounds we identified
108 novel GCase inhibitors with 1C5, values ranging from 6 um
to greater than 100 um. Although each of these confirmed
inhibitory compounds was tested for enhancing activity in GD
patient cells, only two of the initial hits clearly increased GCase
activity following treatment, a quinazoline-2,4-diamine (1) and
a pyridinyl furamide (2; Figure 1 and 3). Only two of the 108
inhibitors functioned as PC in cells, which may be attributed to
several factors. Whereas compounds 1 and 2, as well as 47
others, attenuated thermal denaturation of wild-type GCase,
other inhibitors conferred no such benefit. In fact several of
the other inhibitory compounds actually appeared to destabi-
lize the enzyme, hence their apparent inhibitory effect. These
compounds would not be expected to function as PCs. The
other inhibitory compounds that also attenuated thermal de-
naturation may have failed as PCs due to toxicity, poor bio-
availability and/or conversion to an inactive metabolite. The
latter two properties may also explain why IFG, which is a
59 nm inhibitor of purified GCase in vitro, functions best as a
PC at 10-30 um in cultured cells. On the other hand both 1
and 2 function best as PCs at 12 um, very close to their ICs,
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Figure 4. Effects of compounds 1 and 2 on trafficking GCase from the ER to lysosomes in GD patient fibroblasts. N370S/N370S and L444P/F213I cells were
treated with DMSO, 1 (10 pum) or 2 (12 pum). A) The primary IgGs against GCase or the lysosomal marker Lamp-1 are visualized as green or red, respectively.
In the merged images, yellow denotes colocalization in lysosomes. B) The primary IgGs against GCase or the ER marker PDI are visualized as green or red,
respectively. In the merged images, yellow denotes colocalization in the ER. Scale bars from left to right are 10 um (DMSO), 13 pm (1) and 16 pm (2).

values. Currently all confirmed PCs for lysosomal storage dis-
eases have been demonstrated to be inhibitory molecules that
can stabilize the enzyme against thermal denaturation. Howev-
er, the current results underscore the point that every inhibito-
ry compound that does this, does not necessarily also function
as a PC in patient cells.

We have shown that 1 and 2 function as PCs using three in-
dependent approaches. Firstly, 1 and 2 increase GCase activity
1.5-2.5-fold in GD patient cells bearing either the N370S or
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F213| alleles. Secondly, they specifically increase the levels of
GCase in lysosomes of these cells by more than twofold. Lastly,
using immunofluorescence it was shown that treatment of
both sets of patient cells resulted in increased colocalization of
GCase with Lamp-1, a lysosomal marker, and a corresponding
decrease in GCase colocalization with the ER marker PDI. Addi-
tionally both compounds inhibit GCase best at the neutral pH
of the ER. These data strongly support the hypothesis that
these compounds enhance the folding and thus the intracellu-
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Figure 5. Summary of the perturbations in H/D exchange from selected regions of GCase in the absence or presence of ligands. A) Regions that show signifi-
cant (>10%) change in H/D-Ex in the presence of IFG, 1 or 2 are colour-coded (see boxed legend). Deuterium buildups over time (30 to 3000 s) for different
regions of GCase =+ligand are mapped onto the amino acid sequence of human GCase. 3-Strands are shown as blue arrows, a-helices as pink tubes and se-
lected loops as purple bars. Residues previously identified by crystallography as interacting with IFG are shown in red boxes. For clarity N- and C-terminal
GCase sequences not showing any significant H/D-exchange perturbations have been omitted. B) Segments showing significant perturbations in the presence
of IFG, 2 or 1 relative to the apo enzyme are colour coded according to position, and superimposed upon the cartoon ribbon diagram representation of the
IFG-bound GCase X-ray crystal structure (2NSX). Surrounding the cartoon are representations of deuterium-buildup curves for GCase-segments 243-249
(green), 187-197(orange), 310-312 (red), 315-336 (pink), 130-134 (purple) and 386-396 (blue). Deuterium-buildup curves are shown for selected segments

of GCase in the absence of ligand (+), or in the presence of excess IFG (2), 1 (0) or 2 (0). The illustration was generated with PyMOL (DeLano Scientific) and
Kaleidagraph (Synergy Software). The deuterium-buildup curves for all segments are provided in Figure S2.
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lar transport of the GCase mutants from the ER to the lyso-
some.

Both 1 and 2 are heterocyclic compounds containing at
least one nitrogen atom. 2 shares features with the phenyl and
amino modified derivatives of pyridine that Li and Byers
showed to function as single-digit mm inhibitors of almond f3-
glucosidase.” This and other imidazoles were evaluated due
to their close resemblance to naturally occurring nitrogen con-
taining heterocycles such as 1-deoxynojirimycin and castano-
spermine. Zheng et al. screened another library of 59815 small
molecules for inhibitors that could function as PCs and de-
scribed three classes of inhibitory nitrogen containing hetero-
cycles, an N-substituted quinoline, an N-substituted-1,3,5-tria-
zin-2-ylamino ethanol and a 1,3,4-thiadazol-2-yl-4-(phenylsulfo-
namido) benzamide derivative.®® Although these compounds
differ from 1 and 2, the pyridinyl moiety in the quinoline deriv-
ative and the triazine group are reminiscent of the pyrimidine
ring found in 1. Whereas 1 and 2 have IC;, values of 8 and
5um for GCase, the three classes of inhibitors identified by
Zheng et al. functioned as inhibitors at 30, 103 and 430 nm.
However, concentrations of 13-40 um of these compounds
were required to increase the activity of N370S GCase in GD
patient cells, similar to the optimal 12 um PC concentration we
report for 1 and 2.8

Although cytosolic B-glucosidase shares some of the resi-
dues found in the GCase active site, it is only inhibited by 1 at
a tenfold higher concentration relative to GCase.*” Conse-
quently, the activity levels of the neutral cytosolic (3-glucosi-
dase would not be expected to be affected by the concentra-
tion of 1 (12 pm) that was shown to enhance GCase activity. It
is interesting that IFG like 1 also inhibits neutral (3-glucosidase,
suggesting that the two compounds may interact with the
active site in a similar manner. The quinazoline framework in 1
is found in drugs such as trimetrexate, antifungal and antineo-
plastic agents that function as dihydrofolate reductase (DHFR)
inhibitors, as well as doxazocin, a selective a-1-adrenergic
blocker. Both these compounds do not inhibit GCase activity
(data not shown), possibly due to substitutions on the amino
groups or the 6-position of quinazoline. Previously 2,4-diami-
no-5-substituted quinazolines have been shown to act as in-
hibitors of human and bacterial DHFR.***¥ This may explain
the observed toxicity at concentrations greater than 30 pm.
The fact that substituents on the 6- and 7-positions of 2,4-di-
aminoquinazoline result in decreased GCase inhibition and an
increase in DHFR inhibition suggests that selectivity of 1 con-
geners for GCase over DHFR could be increased by modifying
the substituents on the 5-position of quinazoline. Although 1
did not inhibit human lysosomal Hex, it is interesting that pyri-
methamine, a known Plasmodium falciparum DHFR inhibitor
also functions as a PC for mutant forms of Hex found in late
onset GM2-gangliosidosis,”*” and like 1 contains a 2,4-diamino-
pyrimidine moiety.

The regions in the wild-type GCase structure that are stabi-
lized by our two new PCs were identified by H/D-Ex experi-
ments and compared to those regions affected by IFG. At a
59-fold molar excess of 1, 2 or IFG, specific regions of the
enzyme were rigidified (reduced the extent of H/D exchange).
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Although the stabilizing effects of the compounds were exam-
ined using wild-type enzyme, these results likely extend to the
mutant enzyme.

Kornhaber et al.®* have recently used H/D-Ex to identify the
regions that undergo stabilization following IFG binding. Con-
sistent with the crystal structures of GCase:ligand complexes,
loops encompassing residues 311-319 (labeled loop1;;_3;¢ iN
ref. [32] and loop3;;,.31¢ in ref. [33]), 342-350 (labeled loop2;,,_
354 in ref. [32] and loop1;,,_35, in ref. [32]) and 393-396 (labeled
loop3345_346 i ref. [33]) showed decreased levels of deuteration
in the presence of IFG and hence increased rigidification of the
regions. A similar albeit more limited, perturbation pattern was
seen for the same regions in the presence of either 1 or 2.
Each of the three loops contains residues that form hydrogen
bonds with IFG.B%3

Although IFG binding induced the greatest degree of pertur-
bation in the three loops, 1 had a greater overall impact on
the rate of hydrogen/deuterium exchange than 2. The only
region demonstrating a significant reduction in the rate of hy-
drogen/deuterium exchange by all three PCs was the segment
encompassing residues 243-249. This is a rather surprising
observation given that none of the crystal structures of GCase:
ligand complexes have shown any residues in this region
making a direct contact with the bound glycone moiety. How-
ever, this region does contain Leu241 which forms a hydropho-
bic contact with the alkyl chain present in GCase:NN-DNJ com-
plex.?¥ Furthermore, computational docking studies of a trun-
cated GC ligand derivative into the active site of the enzyme
(2NSX) suggested that the alkyl chain would lie in a shallow
hydrophobic groove between residues 311-317 and 235-
25259 Although one could envision a hydrophobic group
such as 4-methylphenylthiol in 1 or 3,5-dichlorophenoxy in 2
lying in this groove, IFG lacks a hydrophobic group that could
have such an effect on residues 235-252.

The rigidification observed in residues 235-252 may arise in-
directly as a result of the concerted movement brought about
by the direct interaction of the ligands with one of these
loops. Alternatively, differences between the two experimental-
ly derived binding profiles may be due to the constraints
placed on the breathing motions of the protein monomers in
the crystal lattice versus the protein in solution.”™ The confor-
mational differences in loop341-350 observed in the first two
crystallographically derived structures of GCase are attributed
to crystal contact differences.* It is interesting to note that in
all structures to date with the exception of 2NSX, residues
Trp348 (2NT1, 2J25, 2V3E, 2V3D) or Asp353 (2NTO0) in loop342-
354, make crystal contacts through a hydrogen-bond with
Ser242 that is part of loop235-242 in the adjacent monomer
in the crystal lattice (PISA-webserver).*” Thus one could specu-
late that the lack of observed differences in these regions
upon ligand binding in the crystal structures may be due to
the constraints imposed by the crystal contacts between the
two loops in adjacent monomers.

The degree to which each of the three PCs (IFG, 1 or 2) are
able to enhance GCase activity in GD patient cells with the
N370S mutation appears to most closely correlate with pertur-
bation effects on H/D-Ex in loop243-248. The importance of

[35
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this loop in the formation of a functional GCase is also indicat-
ed by the fact that its residues are conserved to greater
degree across a wider phylogenetic distance (tetropods, fugu,
honeybee and Caenorhabditis elegans) than residues found in
loop311-319.¥ Our H/D-Ex data on this limited set of PCs are
consistent with the crystallographic data correlating an en-
hancement in global stability with the rigidification of
loop311-319 and/or loop342-354. However, it is difficult to
reconcile whether the conformational changes observed in
these loops are more relevant to allosteric control of GCase ac-
tivity® if conformational fluctuations lead to recognition by
the ER-QC machinery and ER retention. The two conformers of
the enzyme may relate to conformational changes that GCase
is proposed to undergo following activation via its interaction
with SapCH The existence of two conformational states in
GCase is analogous to the conformational states of the delta
opioid receptor. One of these conformations is stabilized by
agonists and the other by antagonists.®” Interestingly, both ag-
onists and antagonists also enhance surface expression of the
delta opioid receptors.®" It would therefore be interesting to
see whether or not a compound that stabilizes an alternative
conformer of GCase at neutral pH would also function as a PC.

The H/D-Ex experiments on GCase in the presence and ab-
sence of IFG, 1 or 2 underscore the importance of other re-
gions of GCase, such as loop 235-252, in mediating the trans-
port enhancing effects of PCs on N370S and F213I mutants. As
a technique H/D-Ex serves to highlight structural regions of
GCase that undergo important conformational changes. These
regions may be the focus of other higher resolution tech-
niques such as NMR to generate in atomic detail, the dynamic
and conformational changes that the protein undergoes in so-
lution in the presence and absence of ligands.

Conclusions

These experiments have validated HTS for inhibitors as a gen-
eral approach to identify additional frameworks for generating
PCs for glycosidases deficient in lysosomal storage disorders.
The fact that only two compounds out of the initial 108 hits
for GCase inhibitors were ultimately identified as PCs under-
scored the importance of testing each candidate compound in
patient cells. Although H/D-Ex does not produce the high reso-
lution data obtainable by crystallography, its use allows for
rapid identification and comparison of regions in a protein
that are stabilized in solution upon binding of various ligands.
In the case of GCase, the previously unobserved correlation
between the stabilization of amino acid residues 242-253 and
PC activity was elucidated.

Experimental Section

Chemicals and reagents: A total of 49586 drug-like compounds
from the Maybridge collection (Maybridge PLC, Cornwall, UK) were
used in the initial screen. Compounds were evaluated in the secon-
dary screen and their derivatives were re-ordered from Maybridge
PLC or Chembridge (San Diego, CA, USA) and solubilized using
DMSO or water. Human GCase (cerezyme) was purchased from
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Genzyme (Cambridge, MA, USA). The concanavalin A-binding frac-
tion of human placental lysate was used as a source for lysosomal
enzymes [(-Gal and a-Glc. Human Hex was purified from placenta
as described.®” Almond B-glucosidase was purchased from Sigma
(USA). Human neutral f-glucosidase kindly provided by N. Juge
(Biosciences FRE-3005-CNRS Universite Paul Cezanne Aix Marseille
I, France) was expressed and purified from Pichia pastoris as de-
scribed.®” Fluorogenic substrates purchased from SIGMA (USA) in-
cluded; 4-methylumbelliferyl-3-p-glucopyranoside (MUGIc), GCase;
4-methylumbelliferyl-3-p-galactopyranoside  (MUGal), f-Gal; 4-
methylumbelliferyl-a-b-glucopyranoside (MU-a-Glc), a-Glc; 4-meth-
ylumbelliferyl-p3-N-acetylglucosamine (MUG), Hex. The colourimetric
substrate  p-nitrophenyl--p-glucopyranoside (pNPGIc) (SIGMA,
USA) was also used to monitor GCase, human cytosolic -glucosi-
dase and almond (-glucosidase activity.

Cell lines: The following cell lines were used: “N370S” fibroblast
cell line from a patient diagnosed with the Type | Gaucher disease
homozygous for the N370S mutation (Molecular Diagnostics Labo-
ratory, SickKids, Toronto, Ont., Canada); “F213I" fibroblast cell line
from a patient diagnosed with type | Gaucher bearing the F213I/
L444P alleles (kindly provided by F. Choy, University of Victoria). All
cell lines were grown in a-minimal essential media (a-MEM; Invi-
trogen, USA) supplemented with 10% fetal bovine serum (FBS;
Sigma, USA), and antibiotics Penicillin/Streptomycin (Invitrogen,
USA) at 37°C in a humidified CO, incubator.

Primary screening: Human GCase was screened against the 49586
compound library of drug-like small molecules (Maybridge PLC,
Cornwall, UK) in duplicate in 384-well plate format. The screen was
fully automated on a SAIGAIN core system (Beckman-Coulter Inc.,
Fullerton, CA) with an ORCA arm for labware transportation, a
Biomek FX (Beckman-Coulter) for liquid handling, and an Analyst
HT (Molecular Devices Corp., Sunnyvale, CA) for fluorescence de-
tection (Ae,=330 nm; A, =460 nm). All liquid handling and activity
detection was done at room temperature. Each 384-well assay
plate was read nine times, with 105 s between each read. Reaction
rates (RFUs™") were calculated as the slope of the data of the
second to ninth data point, inclusive. Each reaction consisted of
GCase (72 pg mL™"), taurodeoxycholate (TdC, 0.24 %), human serum
albumin (0.1%), MUGIc substrate (625 um) and compounds in
20 mm citrate-phosphate (CP) buffer. Library compounds dissolved
in DMSO were added to a final concentration of 20 um. Each 80
compound set from the library was analyzed in duplicate using
two quadrants of the 384 well plate. Eight replicate high (2%
DMSO) and low controls (2% DMSO, castanospermine (45 um))
were included in each quadrant of the 384 well plate. The residual
activity (RA) of the enzyme in the presence of each of the com-
pounds was determined as previously described.®® To obtain an
estimate of the variability of the assay, eight replicate high and low
controls were used to generate a Z-factor,”® which measures the
variability of the rate values for GCase. A Z-factor of 0.75 was
obtained for the primary GCase screen. (That is, a very good sepa-
ration of the high and low controls was observed).

Secondary screening: The dose-response curves of the 108 hits se-
lected from the primary screen were determined by the endpoint
GCase assay, in the presence of seven concentrations (0.1-100 pm)
of the putative inhibitor diluted in DMSO. IC;, values were deter-
mined as described previously.*® Compounds exhibiting sigmoidal
dose response curves were selected as bona fide inhibitors.

GCase and other glycosidase activity assays: GCase activity was
measured by release of 4-methylumbelliferyl fluorophore from
MUGIc. Assays (50 pL) contained CP (20 mm, pH 5.5), TdC (0.2%)
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and MUGlIc (0.8 mm). For the endpoint assay, the reaction at 37°C
was terminated by raising the pH to 10.5, above the pKa of 4-MU
by adding 2-amino-2-methyl-1-propanol (0.1m, 200 pl). The in-
crease in fluorescence was measured using a Spectramax Gemini
EM MAX (Molecular Devices Corp, Sunnyvale, CA) fluorometer and
detected at excitation and emission wavelengths set to 365 nm
and 450 nm, respectively. For inhibition studies using the enzymes
other than GCase, the following buffer: substrate combinations
were used: $-Gal: MUGal (1.6 mm in 20 mm CP 5.5), almond {3-glu-
cosidase: pNPGIc (1.6 mm in 20 mm CP pH 5.5:), human cytosolic
[-glucosidase: pNPGIc (0.25 mm in 20 mm CP pH 5.5), a- MUaGlc
Glc (0.5 mm in 20 mm CP pH 5.5), Hex: MUG (0.4 mm in 20 mm CP
pH 4.5). All reactions were performed at 37 °C as an endpoint assay
as described for GCase above.

To control for compounds that were either fluorescent or fluores-
cence quenchers near the emission maxima of MU, the inhibitory
activity of compounds was also confirmed using the colourimetric
substrate pNPGIc under conditions described for the MUGIc end-
point assay, except that absorbance was measured at 405 nm and
for kinetic analyses 1.6 mm pNPGIc was used. IC;, values or kinetic
parameters (Ky, V.., were obtained by a nonlinear curve fitting of
the data to the sigmoidal dose-response equation or Michaelis—
Menten equation by using Prism 4.0 (Graphpad Software, La Jolla,
CA, USA).

Heat inactivation assay: Heat inactivation experiments were per-
formed using cerezyme powder (GCase) (13 mgmL™") in CP buffer
(20 mm), diluted a further 1/200-1/400 in CP buffer (20 mm,
pH 5.5) containing TdC (0.2%). Diluted samples of GCase contain-
ing inhibitors or DMSO, were split into two aliquots, one was left
on ice, and the other heat-treated at 50°C. Heat-treated enzyme
samples at each time point were cooled on ice until completion of
the time series. For enzyme activity, samples were pre-equilibrated
to room temperature for 10 min, followed by addition of MUGIc
(0.8 mm final) substrate and incubated at room temperature for a
further 20 min. Remaining activity was expressed as a ratio of
GCase activity in the presence of the test compound following
incubation at 50°C versus activity of the corresponding aliquot in
the presence of the test compound held at 4°C.

Determination of pH dependence of inhibitory activity of 2 and
1 towards GCase: GCase (100 ngmL™") was diluted into 20 mm CP
buffer of pH ranging from 4.5-7 in steps of 0.5 units. Compound 2
(12 pum final), 1 (10 um final) or DMSO (1% final) was added to the
enzyme mix and equilibrated for 15 minutes at room temperature.
Following addition of an equal volume of MUGlIc (0.8 mwm final), an
endpoint assay was performed at 37°C as described above. Residu-
al activity was expressed as a ratio of GCase activity at a given pH
in the presence of the test compounds (1 or 2), versus activity at
the corresponding pH in the presence of DMSO.

Evaluating chaperoning activity of compounds in cell culture:
Gaucher patient fibroblasts (10000-50000 cells per well) were
seeded onto 24 well plates at (about 50% confluence). The next
day, the medium was replaced with fresh a-MEM-FBS with or with-
out a test compound (1:100 dilution). Test compounds were dis-
solved in DMSO. Mock or compound-treated cells were evaluated
in triplicate after growth for five days at 37°C in a CO,-humidified
incubator.

To measure GCase activity in treated Gaucher fibroblasts, media
was removed, cells were washed twice with PBS and subsequently
lysed by the addition of Triton X-100 (0.4%) and TdC (0.4%) in CP
(20 mm, pH 5.5). An aliquot (25 pL) of the lysate was mixed with an
equal volume of MUGIc (10 mwm final) and assayed for total GCase
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activity. To control for variability in cell numbers between replicate
wells, the remaining aliquot of the lysate, was used to assay for
lysosomal Hex, with the substrate MUG using the endpoint assay
described above.

Purification of iron-dextran-labeled lysosomes: An enriched lyso-
somal fraction was prepared from Gaucher patient N370S/N370S
fibroblasts treated with either DMSO (0.1%), 1 (12.5 um) or 2
(12.5 um) for five days, followed by labeling with iron-dextran col-
loid and subsequent purification by magnetic chromatography as
previously described.® Lysosomal GCase was monitored fluoro-
metrically using the substrate MUGlIc.

Western blotting: The enriched lysosomal fractions (1 ug) from
treated and untreated Gaucher patient cells were subjected to
SDS-PAGE on a bis-acrylamide gel (10%), and the separated pro-
teins were transferred to nitrocellulose. A rabbit polyclonal IgG
against human GCase or mouse monoclonal Lamp-2 antibody
were used as previously described.” Blots were developed using a
chemiluminescent substrate according to the manufacturers proto-
col (Amersham, Bioscences, UK). Bands were visualized and optical
density quantitated using a high sensitivity gel documentation
system (Fluorchem 8000) consisting of a cooled CCD camera cou-
pled with Alpha Innotech software (Alpha Innotech Corp., San
Leandro, CA, USA).

Mass spectrometry: The mass of selected secondary hits was con-
firmed by the Advanced Proteomic Centre at Sickkids (Toronto,
Canada) using a QToF mass spectrometer (Waters/Micromass, Man-
chester, UK)

Indirect immunofluorescence and confocal microscopy imaging:
Indirect immunolabeling was performed using a previously de-
scribed protocol®™ with small modifications. In brief, cells were
seeded onto 18 mm diameter coverslips for 16-20 h, then washed
and fixed with paraformaldehyde (2.5%)(EMS) in PBS (pH 7.2), for
20 min at 37°C. Blocking and permeabilization was performed for
1 h at room temperature with saponin (0.2%; Sigma) and 10% of
either goat or horse normal serum (Wisent Inc. St. Bruno, QC,
Canada) in phosphate-buffered saline (SS-PBS). Primary antibodies
were diluted in SS-PBS solution and incubated with the coverslips
for 1 hour at room temperature. Secondary antibodies were dilut-
ed in SS-PBS solution and incubated with the coverslips for 1 hour,
at room temperature in the dark. Extensive washes with PBS were
performed after primary and secondary antibody incubations. Nu-
clear staining was done with DAPI (Molecular Probes) at 1/50000
in PBS. Coverslips were mounted onto glass slides by using fluores-
cent mounting medium (Dako Denmark A/S, Glostrup, Denmark).
Primary antibodies used were rabbit polyclonal IgG anti-human
GCase (raised by ourselves against purified recombinant GCase),
mouse monoclonal IgG1 anti-human LAMP-1 (DHSB, lowa) and
anti-rat PDI (Stressgen Bioreagents, Ann Arbor, MI, USA). Secondary
antibodies were Alexa Fluor 488 chicken anti-rabbit IgG and Alexa
Fluor 594 chicken anti-mouse IgG (Invitrogen) at a 1/200 dilution
in SS-PBS solution. Samples were analyzed using a Zeiss Axiovert
confocal laser microscope equipped with a 63 x 1.4 numerical aper-
ture Apochromat objective (Zeiss) and LSM 510 software; DAPI-
stained nuclei were detected on the same system with a Chame-
leon two-photon laser. Confocal images were imported and con-
trast/brightness adjusted using Volocity 4 program (Improvision
Inc., Waltham, MA, USA). Intensity settings were not changed
when recording the images of GCase or PDI staining between the
same treated and untreated cell lines.

Hydrogen/deuterium exchange mass spectrometry experiments:
A GCase stock (80 um) was prepared by dissolving cerezyme
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powder (31 mg) into H,0O (500 pL). Stocks (47 mm) of IFG, 2 or 1
were prepared in DMSO. A 59:1 molar ratio of IFG, 2 or 1 to GCase
was prepared by combining the GCase stock (50 pL) with the com-
pound stock (5 pL). A DMSO containing “no-ligand” control was
prepared by combining the GCase stock (50 uL) with DMSO (5 pL).
An exchange reaction was initiated by diluting each mixture (5 pL)
of with Tris (15 pL, 50 mm) to give a final pH of 7.8, and allowed to
proceed at 23°C for a series of predetermined time periods (30,
100, 300, 1000 and 3000 s). The exchange was quenched by lower-
ing the reaction temperature to 1°C and by dropping the pH of
the reaction to 2.5 by the addition of a pre-chilled solution (30 pL,
1°C) containing urea (2m) and tris(2-carboxyethyl)phosphine
(TCEP) (1 ™). The quenched solution was immediately pumped at
200 uLmin~' over an immobilized porcine pepsin column (104 pL
bed volume) with trifluoroacetic acid (TFA) (0.05%) for three mi-
nutes with contemporaneous collection of proteolytic products by
way of a trap column (4 pL bed volume). Pepsin was immobilized
on Poros 20 AL media (30 mgmL™", Applied Biosystems) as per the
manufacturer’s instructions.*? Peptide fragments were eluted from
the trap column and separated by C18 column (Magic C18, Mi-
chrom BioResources, Inc., Auburn, CA, USA) with a linear gradient
of solvent B (13%) to solvent B (40%) over 23 min (solvent A,
0.05% TFA in water; solvent B, 95% acetonitrile, 5% water,
0.0025% TFA; flow rate 5 uLmin '-10 uLmin™"). Mass spectromet-
ric analyses were carried out with a Thermo Finnigan LCQ™ mass
spectrometer (Thermo Fisher Scientific, San Jose, CA) with a capilla-
ry temperature of 200°C. Spectral data were acquired in data-de-
pendent MS/MS mode with dynamic exclusion. The software pro-
gram SEQUEST (Thermo Fisher Scientific, San Jose, CA) was used to
tentatively identify the sequence of dynamically-selected parent-
peptide ions. This tentative peptide identification was verified by
visual confirmation of the parent ion charge state. These peptides
were then further examined to determine if the quality of the mea-
sured isotopic envelope was of sufficient quality to allow an accu-
rate geometric centroid determination. Centroid values were then
determined using a proprietary program developed in collabora-
tion with Sierra Analytics. Back-exchange corrections and deutera-
tion level calculations were implemented as previously described
elsewhere B7>8

Acknowledgements

We acknowledge the excellent technical assistance of Amy
Leung, Daphne Benedict and Marie Anne Skomorowski, and
thank John Callahan and M. Mylvaganam for their helpful dis-
cussions. Various aspects of this project were supported by grants
from the Protein Engineering Network of Centres of Excellence of
Canada (PENCE; to E.B. and D.M.), and a bequest from the Uger
Estate (M.B.T. and D.M.), an NIH Grant (5R21NS051214-02; M.B.T.
and D.M.) and a Canadian Institutes of Health Research (CIHR)
“Team” grant (CTP-82944; E.B., M.B.T and D.M.). We thank Natha-
lie Juge (Biosciences FRE-3005-CNRS Université Paul Cézanne Aix-
Marseille Ill, France) for a gift of human neutral [5-glucosidase
and F. Y. Choy (University of Victoria, BC, Canada) for the GD
F2131/L444P cell line.

Keywords: chaperones - enzymes - glucocerebrosidase - high-
throughput screening - hydrogen/deuterium exchange mass
spectrometry

ChemBioChem 2008, 9, 2650 - 2662

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] E. Beutler, G. A. Grabowski in The Metabolic and Molecular Bases of In-
herited Disease, Vol. lll, 8th ed. (Eds.: R. C. Scriver, A. L. Beaudet, W. S. Sy,
D. Valle), McGraw-Hill, New York, 2001, pp. 3635.

[2] T.D. Butters, Expert Opin. Pharmacother. 2007, 8, 427.

[3] A.G. Knudson, W. D. Kaplan in Cerebral Sphingolipidoses. A Symposium
in Tay-Sachs Disease (Eds.: B. W. Volk, S. M. Aaronson), Academic Press,
New York, 1962, pp. 395.

[4] V. Koprivica, D. L. Stone, J. K. Park, M. Callahan, A. Frisch, I.J. Cohen, N.
Tayebi, E. Sidransky, Am. J. Hum. Genet. 2000, 66, 1777.

[5] E. Beutler, T. Gelbart, C. R. Scott, Blood Cells Mol. Dis. 2005, 35, 355.

[6] U.H. Schueler, T. Kolter, C.R. Kaneski, G.C. Zirzow, K. Sandhoff, R.O.
Brady, J. Inherited Metab. Dis. 2004, 27, 649.

[7]1 G.A. Grabowski, N. Leslie, R. Wenstrup, Blood Rev. 1998, 12, 115.

[8] D. Amato, T. Stachiw, J.T. Clarke, G.E. Rivard, J. Inherited Metab. Dis.
2004, 27, 659.

[9] O. Goker-Alpan, K. S. Hruska, E. Orvisky, P.S. Kishnani, B. K. Stubblefield,
R. Schiffmann, E. Sidransky, J. Med. Genet. 2005, 42, e37.

[10] F.Y. Choy, W. Zhang, H.P. Shi, A. Zay, T. Campbell, N. Tang, P. Ferreira,
Blood Cells Mol. Dis. 2007, 38, 287.

[11] E. Beutler, Mol. Genet. Metab. 2006, 88, 208.

[12] G. M. Pastores, N. L. Barnett, Expert Opin. Invest. Drugs 2003, 12, 273.

[13] A.R. Sawkar, W. C. Cheng, E. Beutler, C. H. Wong, W. E. Balch, J. W. Kelly,
Proc. Natl. Acad. Sci. USA 2002, 99, 15428.

[14] A.R. Sawkar, W. D'Haeze, J. W. Kelly, Cell. Mol. Life Sci. 2006, 63, 1179.

[15] A. Vellodi, Brit. J. Haematol. 2005, 128, 413.

[16] R.J. Desnick, J. Inherited Metab. Dis. 2004, 27, 385.

[17] J. Q. Fan, Trends Pharmacol. Sci. 2003, 24, 355.

[18] Z. Yu, A.R. Sawkar, J. W. Kelly, FEBS J. 2007, 274, 4944.

[19] J. Q. Fan, Biol. Chem. 2008, 389, 1.

[20] R. A. Steet, S. Chung, B. Wustman, A. Powe, H. Do, S. A. Kornfeld, Proc.
Natl. Acad. Sci. USA 2006, 103, 13813.

[21] G. H. Yam, C. Zuber, J. Roth, FASEB J. 2005, 19, 12.

[22] J. Q. Fan, S. Ishii, N. Asano, Y. Suzuki, Nat. Med. 1999, 5, 112.

[23] H. Yoshida, FEBS J. 2007, 274, 630.

[24] 1. Ron, M. Horowitz, Hum. Mol. Genet. 2005, 14, 2387.

[25] M. Schmitz, M. Alfalah, J. M. Aerts, H.Y. Naim, K. P. Zimmer, Int. J. Bio-
chem. Cell. Biol. 2005, 37, 2310.

[26] H. Lin, Y. Sugimoto, Y. Ohsaki, H. Ninomiya, A. Oka, M. Taniguchi, H. Ida,
Y. Eto, S. Ogawa, Y. Matsuzaki, M. Sawa, T. Inoue, K. Higaki, E. Nanba, K.
Ohno, Y. Suzuki, Biochim. Biophys. Acta Mol. Basis Dis. 2004, 1689, 219.

[27] A.R. Sawkar, S.L. Adamski-Werner, W. C. Cheng, C. H. Wong, E. Beutler,
K. P. Zimmer, J. W. Kelly, Chem. Biol. 2005, 12, 1235.

[28] K. Lei, H. Ninomiya, M. Suzuki, T. Inoue, M. Sawa, M. lida, H. Ida, Y. Eto,
S. Ogawa, K. Ohno, Y. Suzuki, Biochim. Biophys. Acta 2007, 1772, 587.

[29] P. Alfonso, S. Pampin, J. Estrada, J.C. Rodriguez-Rey, P. Giraldo, J.
Sancho, M. Pocovi, Blood Cells Mol. Dis. 2005, 35, 268.

[30] P. Compain, O.R. Martin, C. Boucheron, G. Godin, L. Yu, K. Ikeda, N.
Asano, ChemBioChem 2006, 7, 1356.

[31] X. Zhu, K. A. Sheth, S. Li, H. H. Chang, J. Q. Fan, Angew. Chem. 2005, 117,
7616; Angew. Chem. Int. Ed. 2005, 44, 7450.

[32] R.L. Lieberman, B. A. Wustman, P. Huertas, A. C. Powe, Jr., C. W. Pine, R.
Khanna, M. G. Schlossmacher, D. Ringe, G. A. Petsko, Nat. Chem. Biol.
2007, 3, 101.

[33] B. Brumshtein, H. M. Greenblatt, T. D. Butters, Y. Shaaltiel, D. Aviezer, I.
Silman, A.H. Futerman, J. L. Sussman, J. Biol. Chem. 2007, 282, 29052.

[34] Y. Hamuro, S.J. Coales, M.R. Southern, J.F. Nemeth-Cawley, D.D.
Stranz, P. R. Griffin, J. Biomol. Tech. 2003, 14, 171.

[35] G.J. Kornhaber, M. B. Tropak, G. Maegawa, S. J. Tuske, S. J. Coales, D. J.
Mahuran, Y. Hamuro, ChemBioChem 2008; DOI: 10.1002/
cbic.200800249.

[36] M.B. Tropak, J. Blanchard, S. G. Withers, E. Brown, D. Mahuran, Chem.
Biol. 2007, 14, 153.

[37] M. B. Tropak, D. Mahuran, FEBS J. 2007, 274, 4951.

[38] W. Zheng, J. Padia, D. J. Urban, A. Jadhav, O. Goker-Alpan, A. Simeonoy,
E. Goldin, D. Auld, M. E. Lamarca, J. Inglese, C.P. Austin, E. Sidransky,
Proc. Natl. Acad. Sci. USA 2007, 104, 13192.

[39] A.R. Sawkar, M. Schmitz, K.P. Zimmer, D. Reczek, T. Edmunds, W.E.
Balch, J. W. Kelly, ACS Chem. Biol. 2006, 1, 235.

[40] Y.-K. Li, L. D. Byers, Biochim. Biophys. Acta Protein Struct. Mol. Enzymol.
1989, 999, 227.

2661

www.chembiochem.org



http://dx.doi.org/10.1517/14656566.8.4.427

http://dx.doi.org/10.1086/302925

http://dx.doi.org/10.1016/j.bcmd.2005.07.005

http://dx.doi.org/10.1023/B:BOLI.0000042959.44318.7c

http://dx.doi.org/10.1016/S0268-960X(98)90023-6

http://dx.doi.org/10.1023/B:BOLI.0000042983.60840.f3

http://dx.doi.org/10.1023/B:BOLI.0000042983.60840.f3

http://dx.doi.org/10.1136/jmg.2004.028019

http://dx.doi.org/10.1016/j.bcmd.2006.11.003

http://dx.doi.org/10.1016/j.ymgme.2006.01.010

http://dx.doi.org/10.1517/13543784.12.2.273

http://dx.doi.org/10.1073/pnas.192582899

http://dx.doi.org/10.1007/s00018-005-5437-0

http://dx.doi.org/10.1111/j.1365-2141.2004.05293.x

http://dx.doi.org/10.1023/B:BOLI.0000031101.12838.c6

http://dx.doi.org/10.1016/S0165-6147(03)00158-5

http://dx.doi.org/10.1111/j.1742-4658.2007.06042.x

http://dx.doi.org/10.1515/BC.2008.009

http://dx.doi.org/10.1073/pnas.0605928103

http://dx.doi.org/10.1073/pnas.0605928103

http://dx.doi.org/10.1096/fj.04-2375com

http://dx.doi.org/10.1038/4801

http://dx.doi.org/10.1111/j.1742-4658.2007.05639.x

http://dx.doi.org/10.1093/hmg/ddi240

http://dx.doi.org/10.1016/j.biocel.2005.05.008

http://dx.doi.org/10.1016/j.biocel.2005.05.008

http://dx.doi.org/10.1016/j.chembiol.2005.09.007

http://dx.doi.org/10.1016/j.bcmd.2005.05.007

http://dx.doi.org/10.1002/cbic.200600217

http://dx.doi.org/10.1002/ange.200502662

http://dx.doi.org/10.1002/ange.200502662

http://dx.doi.org/10.1002/anie.200502662

http://dx.doi.org/10.1038/nchembio850

http://dx.doi.org/10.1038/nchembio850

http://dx.doi.org/10.1074/jbc.M705005200

http://dx.doi.org/10.1016/j.chembiol.2006.12.006

http://dx.doi.org/10.1016/j.chembiol.2006.12.006

http://dx.doi.org/10.1111/j.1742-4658.2007.06040.x

http://dx.doi.org/10.1073/pnas.0705637104

http://dx.doi.org/10.1021/cb600187q

www.chembiochem.org



BIO

[41] Y. Hayashi, N. Okino, Y. Kakuta, T. Shikanai, M. Tani, H. Narimatsu, M. Ito,
J. Biol. Chem. 2007, 282, 30889.

[42] S. Tribolo, J. G. Berrin, P. A. Kroon, M. Czjzek, N. Juge, J. Mol. Biol. 2007,
370, 964.

[43] A. Rosowsky, C. E. Mota, S. F. Queener, M. Waltham, E. Ercikan-Abali, J. R.
Bertino, J. Med. Chem. 1995, 38, 745.

[44] M. Zolli-Juran, J.D. Cechetto, R. Hartlen, D. M. Daigle, E.D. Brown,
Bioorg. Med. Chem. Lett. 2003, 13, 2493.

[45] G.H.B. Maegawa, M. Tropak, J. Butner, T. Stockley, F. Kok, J. T. R. Clarke,
D. J. Mahuran, J. Biol. Chem. 2007, 282, 9150.

[46] B. Brumshtein, M. R. Wormald, I. Silman, A. H. Futerman, J. L. Sussman,
Acta Crystallogr. Sect. D Biol. Crystallogr. 2006, 62, 1458.

[47] E. Krissinel, K. Henrick, J. Mol. Biol. 2007, 372, 774.

[48] B. Liou, A. Kazimierczuk, M. Zhang, C.R. Scott, R.S. Hegde, G. A. Gra-
bowski, J. Biol. Chem. 2006, 281, 4242.

[49] X. Qi, G. A. Grabowski, Biochemistry 1998, 37, 11544.

[50] J. G. Baker, S. J. Hill, Trends Pharmacol. Sci. 2007, 28, 374.

D. Mahuran et al.

[51] U.E. Petdja-Repo, M. Hogue, S. Bhalla, A. Laperriere, J. P. Morello, M.
Bouvier, EMBO J. 2002, 21, 1628.

[52] G. Huyer, W.F. Piluek, Z. Fansler, S. G. Kreft, M. Hochstrasser, J. L. Brod-
sky, S. Michaelis, J. Biol. Chem. 2004, 279, 383609.

[53] J. H. Zhang, T. D. Chung, K. R. Oldenburg, J. Biomol. Screening 1999, 4,
67.

[54] M.B. Tropak, S. Reid, M. Guiral, S.G. Withers, D.J. Mahuran, J. Biol.
Chem. 2004, 279, 13478.

[55] Y. Hou, B. McInnes, A. Hinek, G. Karpati, D. Mahuran, J. Biol. Chem. 1998,
273, 21386.

[56] C.L.Birmingham, A. C. Smith, M. A. Bakowski, T. Yoshimori, J. H. Brumell,
J. Biol. Chem. 2006, 281, 11374.

[57] Z. Zhang, D. L. Smith, Protein Sci. 1993, 2, 522.

[58] Y. Hamuro, S.J. Coales, J. A. Morrow, K.S. Molnar, S.J. Tuske, M.R.
Southern, P. R. Griffin, Protein Sci. 2006, 15, 1883.

Received: May 1, 2008

2662

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2008, 9, 2650 - 2662



http://dx.doi.org/10.1074/jbc.M700832200

http://dx.doi.org/10.1016/j.jmb.2007.05.034

http://dx.doi.org/10.1016/j.jmb.2007.05.034

http://dx.doi.org/10.1021/jm00005a002

http://dx.doi.org/10.1016/S0960-894X(03)00480-3

http://dx.doi.org/10.1074/jbc.M609304200

http://dx.doi.org/10.1107/S0907444906038303

http://dx.doi.org/10.1016/j.jmb.2007.05.022

http://dx.doi.org/10.1074/jbc.M511110200

http://dx.doi.org/10.1021/bi980785+

http://dx.doi.org/10.1016/j.tips.2007.06.011

http://dx.doi.org/10.1074/jbc.M402468200

http://dx.doi.org/10.1177/108705719900400206

http://dx.doi.org/10.1177/108705719900400206

http://dx.doi.org/10.1074/jbc.M308523200

http://dx.doi.org/10.1074/jbc.M308523200

http://dx.doi.org/10.1074/jbc.273.33.21386

http://dx.doi.org/10.1074/jbc.273.33.21386

http://dx.doi.org/10.1074/jbc.M509157200

http://dx.doi.org/10.1110/ps.062103006

www.chembiochem.org




DOI: 10.1002/cbic.200800263

3- Instead of 4-Helix Formation in a De Novo Designed
Protein in Solution Revealed by Small-Angle X-ray

Scattering

Rasmus Haiberg-Nielsen,*® A. Pernille Tofteng Shelton,” Kasper K. Sgrensen,

[al]

Manfred Roessle,” Dimitri I. Svergun,® < Peter W. Thulstrup,”” Knud J. Jensen,*® and

Lise Arleth*™

De novo design and chemical synthesis of proteins and their
mimics are central approaches for understanding protein folding
and accessing proteins with novel functions. We have previously
described carbohydrates as templates for the assembly of artifi-
cial proteins, so-called carboproteins. Here, we describe the prep-
aration and structural studies of three a-helical bundle carbopro-
teins, which were assembled from three different carbohydrate
templates and one amphiphilic hexadecapeptide sequence. This
heptad repeat peptide sequence has been reported to lead to 4-
a-helix formation. The low resolution solution structures of the
three carboproteins were analyzed by means of small-angle X-
ray scattering (SAXS) and synchrotron radiation circular dichro-
ism (SRCD). The ab initio SAXS data analysis revealed that all
three carboproteins adopted an unexpected 3+ 1-helix folding
topology in solution, while the free peptide formed a 3-helix

Introduction

De novo design and total chemical synthesis of artificial pro-
tein mimics is a powerful approach to test our understanding
of protein folding. By designing protein mimics with reduced
complexity, specific sequence-to-folding questions that are dif-
ficult to answer in more complex systems can be addressed.
Assembly of peptide chains on a template, for example, a
cyclic peptide, to form so-called “template assembled synthetic
proteins” (TASP) has been suggested as a method for testing
protein folding. TASP molecules allow one to mimic an isolated
folding unit, for example, a subdomain, and at the same time
take into account the fixating and stabilizing force imposed by
the rest of the protein.

Since the introduction of the TASP concept by Mutter and
co-workers, several groups'™! have explored this strategy.
Most of this work has focused on designing 4-a-helix bundles
by attaching short amphiphilic peptides to templates of vari-
ous rigidity, for example, linear®® and cyclic peptides,” ' por-
phyrins,!" """ cavitands,"®' and phenyl based structures.®
Despite this endeavor, it still remains elusive whether the tem-
plate acts by directing the amphiphilic peptides into a pre-
determined folding topology as proposed by Mutter and co-
workers or if the template can be regarded as a neutral scaf-
fold merely holding the peptides together as suggested by
Fairlie and co-workers."® The reason for the rather poorly un-
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bundle. This finding is consistent with the calculated a-helicities
based on the SRCD data, which are 72 and 68% for two of the
carboproteins. The choice of template did not affect the overall
folding topology (that is for the 3+1 helix bundle) the template
did have a noticeable impact on the solution structure. This was
particularly evident when comparing 4-helix carboprotein mono-
mers with the 2 x2-helix carboprotein dimer as the latter adopt-
ed a more compact conformation. Furthermore, the clear confor-
mational differences observed between the two 4-helix (3+1) car-
boproteins based on p-altropyranoside and p-galactopyranoside
support the notion that folding is affected by the template, and
subtle variations in template distance-geometry design may be
exploited to control the solution fold. In addition, the SRCD data
show that template assembly significantly increases thermostabil-

ity.

derstood effect of the template most likely has to do with the
experimental difficulties related to structural characterization.
First of all, characterization by NMR is made difficult by the
structural economy used in de novo design, in which several
copies of the same peptide sequence are used. Furthermore,
since most de novo designed proteins fail to crystallize, no
crystal structure for any TASP structure has been reported, and
additional options for structural characterization are limited.
Consequently structural elucidation has so far primarily been
based on CD spectroscopy, simple chemical shift dispersion in
'HNMR or non-covalent bound fluorescent dyes with low
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binding specificity, which provide even less information. How-
ever, the information from this kind of structural characteriza-
tion is limited, since molten-globule-like structures may con-
tain residual, secondary structure close to that expected for
the native protein. Likewise, the use of fluorescent dyes is not
very informative nor reliable in this case since many native pro-
teins also bind the dyes."” Therefore, these techniques should
be complemented with a structural technique, preferably one
which allows fast data acquisition and does not depend on a
protein’s ability to crystallize. Small-angle X-ray scattering
(SAXS),” including recently developed techniques for ab initio
data analysis®" is in particular suited for de novo protein re-
search since the measurements are fast and are performed on
solutions of proteins. Here we present a comparative SAXS
study of three o-helical bundle carboproteins with different
carbohydrate templates to test the effect of the peptide se-
quence and the template on their global folding.

Results
Design

We have previously described carbohydrates as templates for
the design of artificial protein or protein mimics, which we
termed carboproteins.”? Four copies of a peptide sequence re-
ported to favor 4-helix bundles"” were attached to monosac-
charide templates with a parallel orientation. These carbopro-
teins were characterized using mainly CD spectrometry, includ-
ing denaturation studies, and also through H-D exchange of
amide NH’s by 1D NMR, which revealed a NH exchange pro-
tected core. We observed a reproducible effect of the template
(Galp vs. Altp) on the degree of a-helicity of the carboprotein;
such a directing effect from the template had not been report-
ed before. A diameter for carboproteins of about 23-27 A,
which is consistent with 4-helix bundle formation in the self-
assembled monolayer (SAM), has been proposed from studies
of SAMs on Au(111) surfaces.>?¥
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O
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| 0" 9 ) 0—N
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N HN
\N—O [¢] lMe \\ /—\(O oe
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1: Galp
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Carboproteins 1 and 2 were synthesized as previously de-
scribed,”" while novel carboprotein 3 (with a cyclo-dithioery-
thritol or ¢DTE template) was prepared by extension of our
recently reported synthesis of a related cyclo-dithiothreitol
(cyclo-DTT) structure.? The four peptide units of carbopro-
teins 1 and 2 have a parallel orientation when a 4-helix bundle
is formed. However, the Altp template in 2 has a 1,2-trans di-
axial orientation at O-2 and O-3. The 2-helix carboprotein 3
was designed to dimerize, which could occur in parallel, anti-
parallel, “bisecting U” topology or “cross-linked” (extended) be-
tween several monomers. Template 3 (cDTE) is a meso com-
pound, and hence stereochemically pure. One aim of this
study was to analyze the effects of peptide sequence (for ex-
ample, side-chain packing) on the folding and compare them
with directing effects of the templates (Figure 1).

Small-angle X-ray scattering

The recorded scattering profiles of carboproteins 1-3 and the
free peptide 4 in Figure 2A show remarkably similar features,
although differences are seen in the finer details. Next, we
focused on Fourier-transformed data,””® which provides infor-
mation on the intraparticle distances, that is, to the possible
connection lines within the particle. The differences between
carboproteins 1-3 and the complex of the nontemplated pep-
tide 4 are more easily observed in the indirect Fourier trans-
formed data (Figure 2B), in which the obtained pair distance
distribution functions (p(r)-functions) of carboproteins 1-3
clearly differ from each other and from the p(r) of the free pep-
tide. The nearly bell shaped p(r)-function of nontemplated
peptide 4 with a D,,,, of 36 A indicates a rather compact spher-
ical structure. However, for all carboproteins (1--3) the shape
of the p(r)-functions agrees with the structure typically found
for two-domain proteins. The peak at 19 A is the most repre-
sentative intramolecular distance in the protein, and the
shoulder at about 42 A corresponds to the distance between
the center of mass of each domain.”®>" Furthermore, the

Ac
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Ac

NH Ac
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P
N N
| HN
0 NH =
I
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0 /L
;\ 0 o]
o) o.&s« -S
2: Altp 3. cDTE

Figure 1. Structure of carboproteins 1-3 assembled on methyl a-galactopyranoside (Galp), methyl a-altropyranoside (Altp), and cyclo-dithioerythritol (cDTE).
Peptide sequence: Ac-YEELLKKLEELLKKAG-H. Carboproteins 1 and 2 are structural isomers (2 has a trans diaxial arrangement of the O-2 and O-3 hydroxyls).
The 2-helix ¢cDTE carboprotein 3 was designed as a ‘hemi’ 4-helix bundle, which would dimerize to a 2x2-helix bundle. For comparison, the corresponding

nontemplated peptide Ac-YEELLKKLEELLKKAG-NH, (4) was included in this study.
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Table 1. List of parameters obtained from indirect Fourier transformation.
20°C 74°C
Name 10) 107> cm™] My [kD] Ry [A] Dy [A] 10) 107> cm™] My, [kD] Ry [A] Dpnax [A]
carboprotein 1 420+0.08 6.32 18.4540.56 59.41 +2.60 2.9540.04 444 16.8640.41 57.03+1.90
carboprotein 2 4.69+0.09 7.06 24.10+£0.73 78.67 +2.85 2.6540.05 4.00 15334043 49134225
carboprotein 3 4.37+0.06 6.58 16.88+0.38 53.79+1.89 3.184+0.03 479 15.60+0.22 49224153
peptide 4 3.1940.04 4.80 13.3240.1 36.05+0.64 - - -
A) 1000 - i .
) ¥ catioproEii 4 three cases R, as well as D,,,, are reduced. The decrease in for
*  carboprotein 2 ward scattering for all carboproteins when heated is most
*  carboprotein 3 likely simply an effect of the change in mass density and hy-
B tide 4 . .
100 - HERLCE dration pattern; this occurs as a result of exposure of the hy-
drophobic surface.
w
E
3
€ 104 Ab initio modeling using GASBOR
s
= An ab initio method based on chain-compatible dummy resi-
dues developed by Svergun and co-workers®? was used to re-
17 store the 3D solution shape from the experimental data in the
q range 0.008 < g < 0.496 A~". This method employs a simulat-
ed annealing procedure to find the spatial distribution of
0.1 ' y ‘ v . dummy residues that gives the best fit against the experimen-
0.0 0.1 02 0.3 04 05 tal data. Furthermore, a constraint is imposed on the models
-t to ensure that they have a spatial distribution of dummy resi-
q . . .
dues corresponding to that of a normal protein. Since the
number of dummy residues exceeds the actual information
B) 124 : content of the scattering curve, this method does not give
*  carboprotein 1 . . [33-35) K ;
f‘.' s carboprotein 2 unique solutions. To take into account the non-unique
10 1 tme ® carboprotein 3 nature of the method, 15 ab initio models were generated
- A * peptide 4 from each dataset, and subsequently an average structure was
> found using the programs SUPCOMB and DAMAVER.® The

p(r)

Figure 2. A) Background subtracted raw data that has been scaled. B) Pair
distance distribution function obtained by an indirect Fourier transformation
of the data.

slowly decreasing tail region following the shoulder reveals
that one of the two domains may have an elongated form.
The radius of gyration, Ry, and the maximal diameter, D,,,,,
as determined by indirect Fourier transformation (See Table 1)
support the view that carboprotein 2 adopts a solution struc-
ture significantly more extended than that of carboproteins 1
and 3, as the dimensions of protein 2 are considerably larger.
However, when heated these differences diminish, and in all
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average y values of the restored models against the raw data
were 2.02, 2.72, 2.21 and 2.65 for carboproteins 1, 2, 3 and the
nontemplated peptide 4, respectively. Representative model
fits are displayed in Figure 6. Moreover, the individual solutions
of the restored envelopes seemed to be robust since the nor-
malized spatial discrepancy (NSD) values on average were rea-
sonably low (0.836, 0.981, 0.854 and 0.783 for carboproteins 1,
2, 3 and peptide 4, respectively; NSD values below unity indi-
cate that models are similar).®

The SAXS reconstructed molecular envelopes of carbopro-
teins 1-3 presented in Figure 3 have clear similarities. Appa-
rently all carboproteins have two components: a compact
nearly spherical part (~30-40 A) and a thinner elongated part
(~20-50 A). Furthermore, carboproteins 1-3 as well as the
complex of the nontemplated peptide 4 all have a small, but
noticeable cavity inside (~5-9 A). Besides these common fea-
tures, several individual features can be seen. The solution
structure of carboprotein 3 reveals that the compact part of
the protein is wider, and the thin elongated part is accordingly
shorter. The bulky tail-region of carboprotein 2 is also clearly
different form that of carboproteins 1 and 3. In the case of car-
boprotein 2, all the independent models included in the struc-
tural averaging had a cluster of dummy residues situated near
the end of the tail part; however, this part of carboprotein 2
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Figure 3. Ab initio reconstructed molecular envelopes of the solution shape of the three
de novo designed carboproteins 1-3 and the free peptide 4 viewed from different an-
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was not in close proximity to the 3-helix bundle, but
was rather protruding away from the center (results
not shown). However, especially in the case of car-
boproteins 1 and 2, the two components of the
model were clearly disconnected despite the fact
that SASREF penalizes disconnected models. This
suggests that the fourth peptide strand has greater
dimensions than what can be accounted for by an
a-helix. Moreover, when using this approach the y
values were unsatisfactory high (4.02, 4.44 and 4.06
for carboproteins 1, 2 and 3, respectively).

In order to increase the dimensions of models and
improve the low-q part of the fits, the three helix

gles. The envelopes of all three carboproteins seem to be composed of two different

parts: a compact globular part and a thinner tail-like part. Note that the size

and shape of the compact part resembles that of the complex of peptide 4.

The reconstructed envelopes of the carboproteins as well as the free peptide
complex have a cavity inside (not visible in the figure).

had a tendency to be slightly more structurally diversified than
the remaining part of carboprotein 2, which gave raise to the
marginally higher NSD-value for carboprotein 2.

Rigid body modeling

Rigid body modeling was employed as a supplementary tool
to provide additional support for the results obtained by ab
initio modeling. The program SASREF®” was used to refine the
tertiary conformation of an ensemble of a-helical model pep-
tides against the experimental SAXS-data. The a-helical model
peptide was generated as a standard a-helix using the pro-
gram PyMol, and no further structural optimization was done.
This approach allowed us to carefully examine the oligomeric
state of peptide 4. As can be seen in Figure 4, the fits obtained
when using monomeric or dimeric helices are significantly
worse than those obtained when using trimeric or tetrameric
helices. The difference between the model fit obtained with
trimer and tetramer helixes are somewhat smaller, but none-
theless, the fact that the y value for the 4-helix bundle is more
than twice that of the 3-helix bundle clearly suggests that the
peptide 4 self-assembles into a 3-helix bundle. Furthermore, as
judged form the scattering pattern of peptide 4 in Figure 4,
the formation of this 3-helix bundle is insensitive to a eight-
fold dilution; this suggests that the formation of this structure
is rather specific. Monomeric and dimeric states are not pro-
moted upon dilution. This finding is consistent with previous
observations of carboproteins that appeared to have only one
peak in their size exclusion chromatography profiles.

Based on the similarities in size and shape of the compact
part of carboproteins 1--3 on the one hand, and the complex
formed by self-association of peptide 4 on the other, we ana-
lyzed carboproteins 1-3 by rigid body modeling of only two
components, namely, an a-helical peptide already used to
model the nontemplated peptide 4 complex and the final 3-
helix bundle model obtained by modeling the peptide 4 com-
plex. When doing so, the obtained models were basically in
agreement with the ab initio models. Thus, the fourth helix
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Figure 4. A) SAXS-data of the complex of peptide 4 recorded at three differ-
ent concentrations. The depression of the scattering intensity at low-g and
40 mgmL™" is a result of interparticle interference. B) Rigid body modeling
of atomic models of the amphiphilic a-helix hexadecapeptide. The graph
shows the fits obtained by rigid body modeling of monomeric, dimeric, tri-
meric and tetrameric a-helix peptides against the experimental SAXS-data
from peptide 4. As can be seen visually as well as from the y-values dis-
played in the legend, the best fit was obtained by modeling the data as a
3-helix bundle.
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2 3 a Synchrotron radiation circular dichroism (SRCD)

In order to provide further spectroscopic information
to investigate the differences in the SAXS solution
structure of carboproteins 2 and 3, these carbopro-
teins were analyzed by synchroton radiation CD
spectroscopy. As can be seen from Figure 7, both
structures have a pronounced maximum at 190 nm
and a minimum at 220 nm, which is the fingerprint
of an a-helical structure. Thus, both spectra show
signals indicative of high content of helical secon-
dary structure. Based on [6],,, the degree of a-helic-
ity was calculated according to the formula pro-

o «t ey
y 900 ‘ ' '
Figure 5. Results of rigid body modeling. The Figure shows the models obtained by rigid
body modeling (blue spheres) overlaid with the envelopes obtained by ab initio model-
ing (green mesh). The rigid body model of the nontemplated peptide 4 com-

plex has been obtained by rigid body modeling of three a-helical model
peptides against the experimental SAXS data. The resulting 3-helix bundle

model in combination with an additional peptide strand was used to model A) 10° 1 - carboprotein 1
carboproteins 1-3. Prior to the process of tertiary structure refinement the - carboprotein 2
fourth a-helical peptide strand was individually stretched to fit each of the 10 o carboprotein 3
envelopes of the ab initio models of carboprotein 1-3. The rigid body peptide 4
models and the ab initio envelopes were superimposed with the program 2
SUBCOMB. A high degree of similarity was observed, which supports the ab 10° .
initio results. I2)

g=

3

£ 102 A

©
bundle portion of the model was conserved but the fourth 5
hexadecapeptide was stretched manually for each of the car- 10"
boproteins, thus spoiling its a-helical structure. This was done
by taking an atomic model of a-helical hexadecapeptide 100 |
strand and stretching it to fit into the thin elongated part of
each ab initio envelope, as shown in Figure 5. The two compo-
nents were aligned using the program PyMol. The a-helical 107 ' ' ' ' '

i e e 0.0 0.1 0.2 03 0.4 0.5

peptide strand was stretched until it fitted into the elongated g
part of the ab initio envelope. The rigid body models obtained a/A”
by this procedure are exhibited in Figure 5. As can be seen,
the models are in very good agreement with the ab initio B) 10° -
models. Moreover, the y values for the theoretical scattering Cargc’pm:e!”;
. e . o . . carpoprotein
intensities of these models were significantly improved in com- T BEIbERONEIN

parison to the experimental data (3.06, 3.36 and 3.58 for car- - peptide 4
boproteins 1, 2 and 3, respectively). This improvement was

the fourth helix of carboproteins 1-3 does not adapt an a-heli-
cal structure. However, despite the fact that these models give 10" 4
an accurate fit to the experimental data at low-g, carbopro-
teins 1-3 do not give a good agreement at high-g. Whereas

mainly achieved in the lower-q region, thus reflecting that - 0¥

these models describe the overall shape and dimensions of E

the molecules more accurately. Furthermore, this suggests that f_’ 107
5

10°
these rigid body models may be in good agreement with over-
all shape and topology of the molecules they do accurately de- 1
. . . . 10~ T T T T 1
scribe the finer details above ~0.30 A, which are much more EF B i s ad 0E

precisely represented in the retrieved ab initio models. The
rigid body model of the complex formed by peptide 4, on the q /A"

other hand, fits the experlmental data surprlsmgly well Figure 6. A) Representative model fits of retrieved ab initio models of carbo-

throughout the entire g-range, strongly suggesting that the proteins 1-3 and the complex of peptide 4. B) Rigid body model fits. The

complex of peptide 4 is, in fact, a 3-a-helix bundle. complex of peptide 4 was modeled with three a-helical peptide strands.
The final model of this complex was used in combination with a fourth non-
helical peptide strand to model the structure of carboproteins 1-3. Whereas
the 3-helix rigid body model fits the experimental data surprisingly well
throughout the entire g-range, the obtained models for carboproteins 1-3
do not fit the finer structure well above ~0.30 A.
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Figure 7. A) Synchrotron radiation circular dichroism of carboprotein 2. Note
the maxima at 190 nm and the minima at ~208 nm and ~222 nm, which in-
dicate an a-helical structure. B) Synchrotron radiation circular dichroism of
carboprotein 3.

posed by Chen and co-workers® to 72 and 68 % for carbopro-
teins 2 and 3, respectively. These results agree with the 67 %
a-helicity previously reported for carboproteins.”™ The differ-
ences observed at [6],,, were found throughout the spectra.
However, since the spectra have the characteristics of a-helical
structure, these differences were especially pronounced at 190
and 220 nm.

For the purpose of comparison, the a-helicity was calculated
based on [6],,, at five different temperatures. As can be seen
from the decrease in a-helicity as a function of rising tempera-
ture in Figure 8, carboproteins 2 and 3 obviously have different
degrees of thermostability, with the template Altp assembled
carboprotein 2 being the most stable.

Discussion

The presented results unequivocally show that carboproteins
1-3 do not form 4-helix bundles. First of all, the indirect Fouri-
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Figure 8. a-Helicity of 4-helix carboprotein 2 and of 2x 2-helix 3 as function
of temperature. The a-helicity was calculated based on [6#1220 as described
by Chen and co-workers®® Data were fitted to a sigmoidal (logistical) func-
tion. The steeper decline in the curve of the 2x2 helix dimer reveals in-
creased stability of carboproteins gained by attaching the helixes to a com-
mon template.

er transformation data clearly excludes the possibility of 4-helix
bundle formation, since a 4-helix bundle of these structures
would have a D,,, of less than 40 A. The molecular length of
the a-helical form of this peptide is ~24 A assuming 3.6 resi-
dues per turn and a helical repeating unit of 5.4 A. In addition,
the template and linkers are likely to extend these structures
by 5-7 A; however, even if the Gly-Aoa linkers were fully ex-
tended, a 4-helix bundle of these structures could not extend
beyond 40 A. Similarly, the molecular width of a 4-helix bundle
of this peptide is expected to be ~30 A and could not exceed
40 A as this would disconnect the helixes.

Thus, the question arises: which alternative solution folds
are adopted by carboproteins 1-3? The distinct two-domain
shape of the p-(r) functions of carboproteins 1-3 suggests that
not all of the four helices are bundled together. Indeed, this is
also what must be concluded from the reconstructed ab initio
envelopes as well as the rigid body models. These clearly show
that carboproteins 1-3 adopt a 3+1 helix fold, whereas non-
templated peptide 4, forms a 3-helix bundle. Moreover, the
complex formed from the nontemplated peptide 4 showed no
tendency for formation of higher oligomeric states even at
40 mgmL™" and it was insensitive to an eightfold dilution; this
suggests that the 3-helix formation of this peptide is rather
specific. The notion of 3-helix bundle formation is, furthermore,
consistent with the a-helicities calculated based on the CD
data. The calculated a-helicities were 72% and 68% for carbo-
proteins 2 and 3, respectively, which are again compatible
with a structure consisting of three helical and one random
coiled-like peptide.

The ab initio models of the carboproteins as well as trimer
of peptide 4 all turned out to have a small cavity in the middle
of the bundle. This is supported by the rigid body modeling of
the trimer complex formed by peptide 4. The resulting spatial
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arrangement of the helices shows that the helices are unex-
pectedly far apart; this suggests a rather loose packing of the
hydrophobic amino acid side-chains. One explanation for this
packing behavior could be related to the simplistic design of
the sequence. Since the all-Leu design of the hydrophobic
core might be incompatible with the typical knobs-into-holes
type of side-chain packing that is formed from the alternating
packing of small and large hydrophobic side-chains, this could
provide a more dynamic core.

The length of the compact part of the envelope of carbopro-
teins 1 and 2 is ~30 A, which is close to that expected of a 16
amino acid helix (~24 A) plus the linker and template (~5-7 A).
Carboprotein 3, on the other hand, has a more elongated
body that extends to ~35 A, but at the same time the length
of the excluded helix is accordingly shorter. The additional flex-
ibility of this 2x2 helix carboprotein seems to enable it to
adopt a conformation in which the fourth helix is less excluded
from the rest of the protein. Therefore this carboprotein proba-
bly has less exposure of hydrophobic surface. Furthermore, as
a result of this additional flexibility, the compact part of carbo-
protein 3 adopts a solution structure closer to that of the
bundle formed by self-association of peptide 4. In contrast, the
conformational flexibilities of carboproteins 1 and 2 appear to
be restricted by the template since the fourth amphipatic
“helix” has a more extended and consequently a more solvent
exposed conformation. Thus, the SAXS-data suggest that the
template restricts the “fourth” helix to adopt a thermodynami-
cally less favorable conformation. In other words, there is a di-
recting effect of the template.

Moreover, when comparing the p(r)-functions of carbopro-
teins 1 and 2, it is clear that template stoichiometry also im-
pacts the solution structure. This is especially evident when
looking at interatomic distances above 35 A, as these distances
are much more populated in carboprotein 2 than in carbopro-
tein 1. This means that the p-altropyranoside template some-
how facilitates the folding of the excluded peptide strand into
a less extended and more compact conformation. The pro-
nounced differences between p(r)-functions at intermediate to
high distances show that the bp-galactopyranoside template
forces the construct to adopt a fundamentally different solu-
tion fold than that of carboproteins 1 and 3.

The question arises as to whether specific heptad repeat se-
quences form coiled-coils or 3-, 4-, 5-helix bundles or even
higher order structures. In this work, we focused on formation
of 3- versus 4-helix structures. The de novo protein coil-Ser
which has an all-Leu core with Leu in positions a and d, forms
an antiparallel trimer.*® In contrast, there are only few exam-
ples of parallel triple helical structures. However, the de novo
sequence coil-V°L? forms a parallel trimeric coiled coil (VEA-
LEKKVAALESK-VQALEKKVEALEHG)."” The o,A (Ac-GELEELLKKL-
KEELKG-OH) and a,B (Ac-GELEELLKKLKELLKG-OH) sequences
from the DeGrado group were reported to form tetrameric
assemblies as 4-helix bundles. Interestingly, the formation of
disulfide linked 5-helix assembly rather than expected 4-helix
bundle has been described.*" The sequence used in the pres-
ent study was Ac-Y2EPELLK'KIL*EPESLULeK'KOA’G-H, N-acetylat-
ed and coupled as the C-terminal aldehyde in which a, b, ¢, d,
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e, f, and g indicate positions in the heptad repeat. It thus
allows for four ‘turns’ in an a-helix, sufficient for helix bundle
formation, and includes three Leu and one Tyr (N-terminal)
and one Ala (C-terminal) in a and d positions. Sherman and
coworkers"” have used related sequences to design 3- and 4-
helix bundles®? and have found that their 4-helix structures
are more stable than the corresponding 3-helix structures and
that the trimer is in a monomer-dimer equilibrium. They specu-
lated that they could ‘force’ formation of a 3-helix or 4-helix by
placing the corresponding number of helices on their cavitand
templates. The results we present here contradict the view
implicit in reports from several groups working with TASPs, for
which no X-ray structures have been reported, that the
number of a-helical sequences attached to a central template
determines the oligomeric state of the formed helical bundle.

Based on sedimentation equilibrium experiments and CD
spectroscopy on 4-a-helix TASPs, Fairlie and coworkers, on the
other hand, concluded that template shape, size and direction-
ality did not influence helix-bundle formation given sufficiently
long linkers."® This conclusion somewhat contradicts the find-
ing that carboproteins have a substantial increase in a-helicity
compared to the unattached peptide.”>? Similarly, it has been
shown that 3-sheet formation can be induced well below the
critical chain length onset of B-sheet structure by fixing the
peptide to rigid template molecules.***! The work presented
in this paper supports the view that template assembly im-
pacts on structure formation; however, to our knowledge this
is the first time it has been thoroughly demonstrated that tem-
plate assembly influences tertiary structure formation in addi-
tion to inducing secondary structure.

It was somewhat surprising that the dimensions of all carbo-
proteins decreased upon heating. For the vast majority of nat-
urally occurring proteins, R, actually increases upon denatura-
tion. Furthermore, in the case of disulfide-free proteins without
prosthetic groups, R, scales with the chain contour length ac-
cording to the power low relationship expected for a Gaussian
random coil.*® However, similar observations have been re-
ported before for other de novo designed triple helix bun-
dles.® Thus, in these cases the elongated native structures
have greater dimensions than their random coil-like denatured
state.

Finally, it should be emphasized that the thermal stabilities
of carboprotein 2 and 3 are very impressive; however, these
high stabilities are not unusual for an all leucine a-helix
bundle, which typically is highly resistant to elevated tempera-
tures®®>" as well as chemical denaturation.?>*>°*>3 |n fact, the
burial of hydrophobic side groups is considered to be the
main packing force, and hence the key parameter determining
the stability of helix bundles.*** More interestingly though, is
the noticeably higher thermal stability of carboprotein 2 com-
pared to 3, which reveals the impact of the template on stabili-
ty. In light of the cited reports on highly stable a-helix bundles,
this finding may appear trivial. Nonetheless, more recent re-
ports have shown that conformational specificity in redesigned
proteins often is achieved at the expense of decreased stabili-
ty."®°% For instance, structural specificity in de novo designed
proteins may be obtained by increasing the specificity of inter-
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helical contact surfaces. This has been achieved through sub-
stitutions of nonpolar, aliphatic side-chain groups with aromat-
ic or conformationally restricted (3-branched ones (for example,
substitution of Leu with Tyr)." Therefore, the stability gained
by the ‘template assembly’ may be exploited to maintain a suf-
ficient degree of stability which would allow increase of the
conformational specificity, and consequently decreasing the
stability, without compromising the fold.

Conclusions

We have designed and synthesized three carboproteins to in-
vestigate the effects of the template assembly on stability and
structure. By means of SAXS and ab initio data analysis we
have shown that these carboproteins adopt an unexpected
3+1 helix folding in solution. The template stoichiometry
design did not control the overall folding topology. That is, the
template carrying four potentially a-helical peptide strands did
not form a 4-helix bundle, but a 3-helix bundle; however, the
template did actually have a noticeable influence on the con-
formation. The template effect was especially evident when
comparing the solution structure of the 2x2-stranded carbo-
protein on one hand and the 4-stranded carboproteins on the
other. Furthermore, the reconstructed solution structures of
carboproteins 1 and 2 revealed conformational differences.
Thus, subtle variations in template distance-geometry design
may be used to control the solution structure. In addition, our
results show that the ‘template assembly’ utilized in the design
of the presented carboproteins contributes to a significant in-
crease in thermostability, which may be exploited in the pur-
suit of creating conformational specific de novo designed pro-
teins.

Experimental Section

General: The synthesis of Boc,-Aoa-OH has been described in an
earlier publication from our laboratories.*” It is now available from
NeoMPS (Strasbourg, France). Automated peptide synthesis was
carried out on an Applied Biosystems 433A peptide synthesizer.
Manual peptide synthesis was performed in polypropylene syringes
equipped with a polyethylene filter. Most chemicals were pur-
chased from Sigma-Aldrich, Fluka, NovaBiochem (Schwalbach, Ger-
many) or Iris Biotech (Marktredwitz, Germany) and used without
further purification.

A phosphate buffer (10 mm, pH7) was prepared by dissolving
NaH,PO,2H,0 (0.78 g, 5 mmol) in water (500 mL) and then titrating
to pH 7 with NaOH (1 m aq). An acetate buffer (0.1 m, pH 4.76) was
prepared by dissolving an equal amount of NaOAc3H,0
(10 mmol) and AcOH (10 mmol) in water (200 mL). A HP 8452A
Diode Array spectrophotometer was used to quantify the amount
of Fmoc cleaved. Analytical HPLC was performed on a Waters
system (Milford, MA, USA), with a 600 control unit, a 996 PDA de-
tector, a 717 Plus autosampler, and Millenium 32 control software.
For the analysis of peptides a Waters XTerra 300 C,3 column
(3.5 um, 3.0x50 mm) was used. For the analysis of carboproteins a
Waters Symmetry 300 C, column (5 um, 3.9%x150 mm) was used.
Preparative and semipreparative HPLC were performed on a similar
Waters system with a Delta 600 pump. Preparative HPLC was per-
formed on a stack of three 40x100 mm column cartridges of
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Waters Prep Nova-Pak HR C,; 6 um 60 A. Semipreparative HPLC
was performed on a single C, 25X 10 mm 15 um 300 A column car-
tridge (FeF Chemicals, Kage, Denmark) or a single C,;3 40x10 mm
HR 6 um 60 A column cartridge of Waters Prep Nova Pak. The sol-
vents used for HPLC were A) H,0 with 0.1% TFA, B) CH;CN with
0.1% TFA, C) H,0, D) CH,CN.

NMR spectra were recorded on a Bruker Avance 300 spectrometer.
Masses were determined using an ESI-TOF-MS connected to a
Waters 2795 HPLC equipped with a Waters 996 PDA detector. The
ESI-TOF-MS was a Micromass LCT apparatus from Waters equipped
with an ESI probe and spectra were acquired in positive mode.

Synthesis of carboproteins. (4R,55)-1,2-dithiane-4,5-diyl bis(2-
(bis(tert-butoxycarbonyl)aminooxy)acetate): (S,R)-cyclo-dithioery-
thritol (39 mg, 0.26 mmol) and N,N-di-Boc-aminooxyacetic acid
(251.4 mg, 0.86 mmol) were dissolved in pyridine-CH,Cl, (1:1,
6 mL). The reaction was stirred with molecular sieves (4 A) for 1 h
before diisopropylcarbodiimide (DIC, 109 mg, 0.86 mmol) and 4-di-
methylaminopyridine (DMAP, 0.13 mL, 0.17 mmol) were added.
After 2 h additional DIC (0.17 mL, 1.38 mmol) was added and the
reaction was stirred for an additional 30 min. Finally, the molecular
sieves were removed and the reaction mixture was concentrated
in vacuo. The solution was dissolved in CH;CN, centrifuged and pu-
rified by preparative C,; RP-HPLC. Yield 129 mg, 72%. 'H NMR
(CDCl;, 300 MHz), 8: 1.41 (s, 36H), 2.4-3.41 (m, 4H), 4.45 (s, 4H),
5.10-5.22 (m, 2H); *CNMR (300 MHz, CDCl;): 6=28.04, 72.17,
84.51, 150.07, 166.26. ESI-MS, calculated for CygHaN,0,,S;:
698.2391 Da. Found m/z 717.2574 [M+H,0+H]*.

Carboprotein 3, (Ac-Tyr-Glu-Glu-Leu-Leu-Lys-Lys-Leu-Glu-Glu-
Leu-Leu-Lys-Lys-Ala-Gly)2-cyclo-DTE: (4R,55)-1,2-dithiane-4,5-diyl
bis(2-(aminooxy)acetate) (4R,5S5)-1,2-dithiane-4,5-diyl bis(2-(bis(tert-
butoxycarbonyl)aminooxy)acetate) (35 mg, 0.05 mmol) was dis-
solved in CH,CL,/TFA (1:1, 5mL) and stirred for 1 h. The solution
was then concentrated in vacuo and lyophilized. Yield 15 mg,
> 999%.

Carboprotein 3 (4R,55)-1,2-dithiane-4,5-diyl bis(2-(aminooxy)ace-
tate) (5 mg, 16.8 umol) and peptide aldehyde (100 mg, 50.4 pmol)
were dissolved in 4 mL of a 2:1 solution of CH;CN and NaOAc
buffer (0.1 m, pH 4.76). The reaction was stirred for 6 h and purified
by prep C,g RP-HPLC; yield 12 mg, 84%. ESI-MS, m/z: 1374.57
[M43HP", 1031.38 [M4+4H]*", 825.34 [M4-5HP ", 688.12 [M4+-6H]*™,
(calcd for CiggH314N4056S,: 4122.89 Da).

Peptide 4, Ac-Tyr-Glu-Glu-Leu-Leu-Lys-Lys-Leu-Glu-Glu-Leu-Leu-
Lys-Lys-Ala-Gly-NH2: Peptide 4 was synthesized using standard
automated Fmoc-chemistry on a Novasyn TGR 0.27 mmolg ™" resin
and purified by prep C, RP-HPLC; yield 132 mg, 68%. ESI-MS, m/z:
984.69 [M-+Na+HI*", 973.70 [M+2HI*", 649.47 [M+3HP" (calcd
for CyoH;53N,,0,6 1944, 13 Da).

Sample preparation and initial characterization: Samples
(1omgmL™") were prepared by dissolving lyophilized sample
(1 mg) into buffer (100 pL, 50 mm NaOAc, pH 5.5). The concentra-
tions were controlled by measuring absorption at 280 nm on a
Nanodrop spectrophotometer (NanoDrop Technologies). Prior to
SAXS-measurements the carboproteins were subjected to size ex-
clusion chromatography. Judged from the retention profiles, mon-
odisperse conditions were found for carboproteins 1-2 up to
10 mgmL~'. Carboprotein 3, on the other hand, formed a mono-
disperse dimer as designed.

Small-angle X-ray scattering measurements and data process-
ing: SAXS-measurements were performed on the X33 small-angle
X-ray scattering beamline of the European Molecular Biology Labo-
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ratory (EMBL) at the storage ring DORIS Ill of the Deutsches Elek-
tronen Synchrotron (DESY) using standard procedures. Data were
collected on a MAR345 image plate detector covering a range of
0.01<g<0.49 A" (g=4 m sin 0/\, where 20 is the scattering
angle and A is the X-ray wavelength). The scattering intensities of
buffer backgrounds were measured both before and after the
sample and the averaged background scattering were subtracted
from the scattering of the sample according to standard proce-
dures. Reference solutions of bovine serum albumin (BSA) of
known concentration (~5 mgmL~") were used for absolute calibra-
tion. As an independent check, absolute calibration was performed
on water; the deviation of the two methods was found to be
within 2%. The data were converted to into a direct space repre-
sentation in terms of the pair distance distribution function, p(r),
by means of a indirect Fourier transformation®™ using a Bayesian
analysis method.”® In the case of homogenous particles, the p(n-
function represents the probability of finding a point within the
particle at the distance r starting form an arbitrary point inside the
particle. Thus for proteins, which almost have a uniform electron
density, the p(r) function can be considered as a histogram of
inter-particle distances. The p(r) is related to the scattering intensi-
ty /(q), through the Fourier Transform [Equation (1)]:

oo

P =535 | ral(@sin(ra)dg M)

0

Ab initio shape determination: The solution shapes of carbopro-
teins 1-3 were reconstructed from the experimental data using
the ab initio method GASBOR.?? The method allows for the retrie-
vial of structural information down to a resolution of ~0.5 nm.?? In
this method, simulated annealing and nonlinear minimization rou-
tines are employed to minimize the discrepancy between a chain-
like ensemble of dummy residues and the experimental data. At
each calculation step, one dummy residue is moved and the result-
ing scattering curve is calculated using the Debye formula. Tradi-
tionally, SAXS ab initio methods have avoided contribution from in-
ternal structure by neglecting the higher g-portion of the scatter-
ing curve. GASBOR, on the other hand, has a build-in constraint
that allows it to exploit the entire g-range and thus obtain a
higher resolution. This is achieved through a so-called histogram
penalty weight constraint that forces the model to have a distribu-
tion of adjacent dummy residues corresponding to the distribution
of a-atoms typically found in proteins. Thus, besides optimization
of the conformation of the dummy residues to the experimental
data this method tries to obey certain physically meaningful con-
straints. The basic function to be minimized using this method is
[Eq. (2)]:

E(r) =3 + aP(r) )

Where x* is the reduced chi-square of the experimental data
against the model and P(r) is a penalty term which is added via
the Lagrange multiplier a. The P(r) consists of three independent
penalty terms: The first term imposes a natural spatial distribution
of the dummy residues by demanding that a spatial distribution in
the model corresponds to that typically found in proteins. The
second term imposes interconnectivity in the model, such that in-
terconnected models are preferred over unconnected models. The
last term enforces a kind of inertia in the center of mass of the
model such that the center of mass is not moved unnecessarily
during the process of ab initio fitting. Even though the histogram
penalty weight forces the model to have a predefined distribution
of adjacent dummy residues it does not require the chain to be
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unbranched. For this reason GASBOR works equally well with
branched molecules such as TASPs. By using this method it was
possible to exploit the experimental resolution of 13 A (27/g,,,) in
the data analysis.

All carboprotein ab initio models were obtained using 68 dummy
residues to account for both the peptide part (64 dummy residues)
and the carbohydrate part (4 dummy residues). To take into ac-
count the difference in mean electron density between the pep-
tide and carbohydrate part, the number of carbohydrate dummy
residues was calculated as [Eq. (3)]:

MW temp * Vtemp ptemp —Pbuffer
Nresidues = (3)
Muwavan - Vavaa Pavan—Poufter

Here Myiemp(~632 gmol™") and My, (135 gmol ™) are the molecu-
lar weights of template and the peptide part of the protein, re-
spectively. n,(0.62cm>g™") and v, (0.73 cm>g™") are, respec-
tively, the partial specific volume of the template and the peptide
component. Pp(335 enm™) is the mean electron density of the
buffer and Pimp (510 enm™) and pavAA(447 enm™) are, respec-
tively, the mean electron density of the template and the peptides.
Using these values, the scattering contributions of the template

corresponds approximately to four dummy residues.

The ab initio models were obtained by using 100 annealing steps
with 40000 iterations at each step. However, a maximum of 4000
successes (configurations improving the fit) at each step were
allowed. Besides the above-mentioned adjustments, only default
values were used. Fifteen independent ab initio models were gen-
erated for each of the three carboproteins and an average model
was found by using the programs DAMAVER and SUPCOMB®® in
batch mode; for more detailed information see refs. [59] and [60].

Rigid body modeling: The tertiary structure carboproteins 1-3 as
well as peptide 4 was elucidated using the rigid body modeling
program SASREF"” This program employs simulated annealing to
optimize the spatial arrangement of an ensemble of subunits in a
complex against experimental SAXS data. This is done by randomly
selecting one subunit and moving it randomly in an arbitrarily di-
rection followed by a random rotation. After each step the scatter-
ing amplitudes of the shifted subunit are recalculated and the scat-
tering intensity of the entire complex is computed via the Debye
equation and compared to the experimental data. Besides optimiz-
ing the scattering intensity of the model complex to that of the
experimental data, SASREF is constrained to avoid steric clashes
and to be interconnected.

Synchrotron radiation circular dichroism (SRCD): Far-UV CD spec-
tra were obtained using the CD instrument at the UV1 beamline at
the ASTRID synchrotron at the Institute for Storage Ring Facilities
(ISA), University of Aarhus, Denmark. This UV absorption and CD
beamline has been described in detail previously.®" It has been
shown that at UV1, protein samples do not deteriorate upon se-
quential scanning, despite the high UV photon flux of the beam-
line.®@ CD spectra of carboproteins 1, 2, and 3 were measured in
an aqueous solution of sodium acetate buffer (50 mm, pH 5.5). All
protein concentrations were 5.0 mgmL~". For all samples a 0.1 mm
cylindrical SUPRASIL quartz cell (Hellma GmbH, Germany) was used
for both sample and reference spectra. Temperature was controlled
with a sample holder attached to a Peltier element, and spectra
were recorded sequentially at the following temperatures: 26, 34,
42, 50, 58, 66, 74, 82 and 90°C. Reference spectra were only re-
corded at 26°C, and a reference scan preceded and followed every
temperature series. A standard 10 mgmL~' camphor sulfonic acid
solution was used for obtaining a calibration factor for the signal
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intensities. The CD spectra were obtained by averaging two scans
with one point per nm and 45 s. collection time per point in the
260-180 nm interval. The degree of a-helicity was assessed based
solely on the mean residue ellipticity at 220 nm ([6],,,=—40000/
(1—k), with k=2.6).
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Reconstitution and Anchoring of Cytoskeleton inside Giant

Unilamellar Vesicles

Dennis Merkle,** Nicoletta Kahya,” and Petra Schwille*"

Among the requirements for all life forms is the ability to self-rep-
licate. In eukaryotic cellular systems, this division is achieved
through cytokinesis, and is facilitated by the (re)arrangement
and interaction of cytoskeletal proteins with lipids and other pro-
teins localized to the plasma membrane. A fascinating challenge
of modern synthetic biology is the bottom-up reconstitution of
such processes for the generation of an artificial cell. One crucial
step towards this goal is the functional reconstitution of the pro-
tein-anchoring machinery to facilitate cytokinesis into lipid vesi-
cles. True to the ideal of a minimal cell-like system, we here de-
scribe the formation of an actin-based cytoskeleton within giant

Introduction

The concept of an artificial cell has fascinated theoretical and
evolutionary biologists for several decades. Ideas originating
from the theories of self-reproducing machines have been ex-
tending into exciting new biological arenas. The creation of a
minimal cell would combine molecules into a propagating
system that could potentially adapt and evolve." Further-
more, the use of “artificial cells” as ultrathin polymer mem-
branes to encapsulate various materials, including cells, en-
zymes and drugs, was put forward over 40 years ago, and this
field continues to create new opportunities in biotechnology
and therapeutic applications.*® In 1957, the first polymeric ar-
tificial cells were developed; they encapsulated haemoglobin
and acted as red blood cell mimics. By the 1970s, artificial cells
with encapsulated adsorbents were used clinically for the re-
moval of toxins from the blood. Since then, various artificial
cells have been developed, including those that microencapsu-
late active enzymes and even cells—for example, islet cells for
diabetes treatment, or genetically engineered cells or stem
cells for regenerative medicine.*® On the other hand, a
“bottom-up” reconstitution approach can also be useful to ex-
amine minimal systems that are free from the overwhelming
cellular complexity. By reducing the components of biochemi-
cal systems and expressing them in a “cell-like” environment,
one creates a system that has the capacity to examine various
biological phenomena from protein expression to protein fold-
ing, as well as cellular mechanics, signalling and trafficking.

In one scenario, a minimal cell could possess the ability to
process information (that is, translate genetic material into pro-
teins), use nutrients and cofactors as energy, and most impor-
tantly, propagate and divide.""”’ In metazoan native cellular sys-
tems, cell division is achieved through the organization and
anchoring of the cytoskeleton to the walls of the plasma mem-
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unilamellar vesicles (GUVs) made from porcine brain lipid ex-
tracts. We demonstrate that the actin filaments are localised and
anchored to the interior walls of the GUVs through the spectrin/
ankyrin proteins, and produce tightly packed actin bundles.
These studies allow for the examination of cytoskeletal rear-
rangements within a cell-like model membrane system and repre-
sent important first steps in reconstituting the minimal machi-
nery required for the division of an artificial cell. In addition, the
study of such minimal systems can shed light on protein func-
tions that are commonly unobservable or hidden within the over-
whelming complexity of cells.

brane. Ubiquitously-expressed spectrin proteins play principal
roles in anchoring the cytoskeleton to the plasma membrane
of eukaryotic cells. Spectrin is coupled to the inner surface of
the plasma membrane by a variety of proteins and lipids, but
predominantly through its association to ankyrin, which is in
turn linked to the cytoplasmic domain of various proteins, in-
cluding: anion exchange proteins, voltage-gated sodium chan-
nels, Na®/K™ ATPase, Na'/Ca’'* exchange protein, inositol
1,4,5-triphosphate receptors, the Rh antigen and RhAG ammo-
nium transporter, voltage-regulated K* KCNQ2/3 channels,
L1CAMs, CD44 and E-cadherin.®® A crucial step in the bottom-
up approach towards a self-replicating system is thus, to
design a (membrane) compartment simple enough to be
easily controllable and reproducible, but also complex enough
to accommodate crucial components of the cytoskeleton an-
choring machinery.

The plasma membrane of a cell consists of a liquid crystal-
line lipid/protein centre, an extracellular layer formed by oligo-
saccharides of glycolipid head groups and the branched poly-
peptide/oligosaccharide head groups of glycoproteins, and an
intracellular side, in which the bilayer is coupled to the mem-
brane-associated cytoskeleton and other proteins." In addi-
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tion to the vast diversity of proteins found in native cellular
membranes, the lipid content of various membranes is also in-
credibly complex and varies greatly amongst different cellular
compartments and organelles.'™ When studying model mem-
brane systems, it thus is a daunting task to achieve the com-
plexity found in true native membrane states, especially since
each cell and organelle type can contain a variety of lipid and
protein compositions. Giant unilamellar vesicles (GUVs), with
their cell-like shape and size, are a very promising system if
one wishes to leave the mere characterization of model mem-
branes behind and explore their use in synthetic biology.""'?
The use of complex synthetic mixtures in GUV formation has
already shed light on how lipids mix, sort and interact. In addi-
tion, the reconstitution of proteins into GUVs has allowed the
study of protein-lipid interactions as well as protein functionali-
ty in differing membrane environments.""

Taking steps towards the reconstitution of metazoan cell di-
vision machinery, we sought to polymerise and physiologically
anchor an actin cytoskeleton or cortex to the interior walls of
GUVs. True to the idea of a minimal cytoskeletal-membrane
system, we have reconstituted actin filaments in a cell-like
model membrane environment (that is, GUVs made from iso-
lated membrane fractions from porcine brain). The use of
membrane fractions maintains the complex lipid composition
found in a native brain membrane state, and contains the nec-
essary integral membrane proteins for anchoring the cytoskele-
ton. In addition, we have also isolated an enriched spectrin/an-
kyrin pool and utilized this within the GUVs to anchor the
actin filaments, for the first time, to the inner walls of the por-
cine GUVs (Figure 1). While GUVs have been previously made
from native membrane fractions,”"” this is the first demonstra-
tion of GUVs formed from porcine brain membranes, as well as
the first demonstration of a quaternary-protein system recon-
stituted in and anchored to the interior walls of GUVs. This
work not only further validates GUVs as a model “cell-like”
compartment, in which multiprotein systems can be reconsti-
tuted and examined in the presence of complex lipid mixtures,
but also signifies a critical step towards achieving the require-
ments for division of a minimal cell system.!"?

Results

GUVs from porcine brain containing integral
membrane proteins

Important studies on cytoskeletal organization have been real-
ised using erythrocytes and brain tissue. In addition, ankyrins
and spectrins are expressed at high levels in the vertebrate
brain, and there has been much work characterizing and puri-
fying these cytoskeletal components from bovine and porcine
brain.*'®" With the goal of mimicking a physiologically rele-
vant environment for the anchoring of cytoskeleton inside
GUVs (Figure 1), and as the spectrin-based cytoskeleton in
brain has already been thoroughly characterized, we decided
to isolate membrane fractions from porcine brain to form
GUVs consisting of a native lipid composition and containing
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Figure 1. A) Cartoon of a giant unilamellar vesicle containing membrane-as-
sociated proteins (for example, ion channels and band Ill protein), which
bind ankyrin and, hence, spectrin and the bundles of actin filaments to the
lipid bilayer. B) Close-up of (A), with the protein components (ion channels,
band Ill, ankyrin, spectrin) needed to anchor actin filaments to the mem-
brane. This Figure serves as a simple schematic of how we envisage the
actin is anchored to the walls of the GUVs. For a comprehensive review of
how ankyrin, spectrin and actin can interact with the plasma membrane in
eukaryotic cells see references 8 and 9.%?

integral membrane proteins capable of binding spectrin/
ankyrin.

Porcine brain was brought to the laboratory for homogeni-
zation and membrane/protein extraction within an hour of har-
vest. Following protocols by Davis and Bennett," the brains
were homogenized, membrane fractions were separated
through centrifugation, the brain membranes were demyeli-
nated through a sucrose bed and the membrane associated
proteins were separated from the membrane fractions contain-
ing integral proteins with a NaOH (0.1 N) extraction. The mem-
brane fractions were washed extensively in buffer to restore a
neutral pH and were finally centrifuged by ultracentrifugation.
These membrane pellets were then diluted to an approximate
final protein concentration of 5-6 mgmL~' and stored in treha-
lose (20 mMm), sodium phosphate (10 mm), sodium azide
(5 mm) and EGTA (0.2 mm). Due to high proteolytic activity in
these brain extracts, all buffers and membrane/protein frac-
tions used contained a cocktail of protease inhibitors (see the
Experimental Section).

Approximately 10 uL of this extracted membrane fraction
was spotted onto ITO coverslips and GUVs were grown
through electroswelling as previously described."” GUVs
grown from these preparations resulted in various vesicles
(both multi- and unilamellar) ranging in size between five and
100 um (Figure 2). GUVs were visualized either with the lipid
dye DiD-C18 or by immunostaining with specific antibodies
targeting proteins known to be integral to brain membranes.
Figure 2 illustrates a typical GUV from porcine brain stained
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Figure 2. Giant unilamellar vesicles prepared from porcine brain extracts.
Porcine brain membranes were spotted onto ITO cover slips and GUVs were
formed by electroswelling as described in the see the Experimental Section.
GUVs were visualized by immunostaining against A) Na/K ATPase and

B) Ca’" ATPase with mouse monoclonal antibodies and a secondary goat
anti-mouse antibody conjugated to Cy5 (left). Right panels are the corre-
sponding phase contrast images. Scale bars in (A) and (B) are 20 and 10 pm,
respectively.

with a mouse monoclonal antibody against (A) Na/K ATPase
and (B) Ca’" ATPase. The primary antibodies were detected
through a secondary goat antibody against mouse IgG conju-
gated to a Cy5 fluorescent dye. GUVs are also depicted as
phase contrast images (Figure 2, right panels). It can be seen
that the antibody localizes along the surface of the GUV. Since
there are multiple washes after primary and secondary anti-
body incubation, we believe that the immunostaining of the
membrane is indicative of the presence of both Na/K ATPase
and Ca’" ATPase in the GUV membrane. Controls performed
on the GUVs with an unspecific primary antibody against
human spectrin, which does not recognize porcine brain spec-
trin, or in the presence of secondary antibody alone did not
result in staining of the GUVs (data not shown). In addition,
mouse monoclonal antibody against Na/K ATPase and Ca®"
ATPase did not bind to GUVs prepared from porcine total
brain lipid extract (TBLE) containing no proteins (not shown).
Immunoblots of the various membrane fractions against the
Na/K ATPase as well as spectrin are displayed in Figure 3A.
Spectrin/ankyrin is very tightly associated to the membrane
fractions. However, after membrane extraction with NaOH, all
membrane associated proteins that are not integral are sepa-
rated from the membrane. Immunoblots against spectrin, Ca®"
ATPase, actin and tubulin demonstrated the absence of cyto-
skeletal components in the membrane preparations after
NaOH extraction, while the integral Ca’t ATPase remained
present (Figure 3B).
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Figure 3. SDS-PAGE and immunoblot analysis of various porcine membrane
and protein fractions. A) Immunoblots against porcine spectrin (260 kDa)
and Na/K ATPase (110 kDa) at various steps of the preparations (see the Ex-
perimental Section). Lane 1: Whole brain homogenate. Lane 2: Supernatant
from whole brain homogenate centrifugation. Lane 3: Membrane fractions
after centrifugation through a 1 m sucrose bed (demyelinated). Lane 4: Start-
ing membrane supernatant. Lane 5: Starting membrane fraction. Lane 6:
Rapidly sedimenting membrane fraction. Lane 7: Slow sedimenting mem-
brane fraction. B) Immunoblots against porcine Ca>* ATPase (140 kDa), actin
(42 kDa) and tubulin (57 kDa) pre and post NaOH extraction. C) Coomasie
blue stained SDS-PAGE of highly enriched spectrin/ankyrin protein fraction.
The left panel shows the pre DEAE protein fraction while the right panel
shows the final purified fraction used in the current study.

GUVs from porcine brain retain functional ion channels

The presence of integral membrane proteins in porcine GUVs
does not imply that these proteins retain proper structure
and/or activity. To ensure that the NaOH extraction of the
membranes, which is necessary to remove actin, ankyrin and
spectrin, did not inactivate the integral membrane proteins,
we set up a functional assay for Ca’* ATPase. We prepared the
GUVs in the presence of ATP and Calcium Green, a sensitive
calcium probe that becomes brightly fluorescent in the pres-
ence of Ca’". By growing GUVs in the presence of these com-
ponents, we ensured that the interior of the GUVs contained
both ATP and Calcium Green. We then washed the GUVs ex-
tensively with buffer containing ATP (1 mm) but no Calcium
Green (10-20 chamber volumes or ~2-4 mL of buffer) in order
to remove any excess Calcium Green from the media surround-
ing the GUVs. These GUVs showed virtually no fluorescence
signal (Figure 4A). Upon injection of CaCl, (5 mm) and ATP
(1 mm) into the GUV chamber the interior of the GUVs became
bright fluorescent green (Figure 4B), while GUVs grown and
washed in the absence of ATP remained at a nearly undetecta-
ble fluorescent level (Figure 4C). These results demonstrate
that the integral membrane ion transporters reconstituted in
our GUVs from porcine brain remained active. Next we exam-
ined the spectrin/ankyrin binding capabilities of the porcine
brain GUVs.
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Figure 4. GUVs from porcine brain retain active ion channels. A) GUVs
grown in the presence of ATP (1 mm) and calcium green indicator (10 um).
In the absence of Ca’", the indicator is not fluorescent. B) GUVs prepared as
in (A); however, after formation, the GUVs were treated with Ca’>* (5 mm).
C) GUVs were grown in the presence of 10 um calcium green indicator, but
in the absence of ATP. Following formation, GUVs were treated with Ca®"

(5 mm) as in (B). Left panels indicate fluorescence images while right panels
indicate phase contrast images; scale bars are 10 um.

10 pm

Anchoring of the cytoskeleton inside porcine GUVs

GUVs were grown as described above in the presence of puri-
fied actin (5 ug) treated with phalloidine-Alexa 488 conjugate
(1 unit). After electroswelling, the GUVs were washed exten-
sively with buffer in order to remove the majority of the actin
filaments on the outside of the GUVs. The resulting GUVs con-
tained actin filaments dispersed throughout their interior (Fig-
ures 5A and B). Resolving the single filaments was difficult due
to large undulations of the GUV membrane as well as the free
diffusion of actin filaments within the GUV. We did observe
some free floating filaments in the surrounding buffer
medium, but the majority of the filaments were contained
within the GUVs (Figure 5A).

Highly enriched protein fractions containing spectrin and an-
kyrin were isolated using a protocol developed by Davis and
Bennett with slight modifications (see Experimental Sec-
tion).">' GUVs were prepared from these fractions in the
presence of actin and spectrin/ankyrin. The filaments in such
GUVs were no longer dispersed throughout the GUV interior.

2676

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

D. Merkle, P. Schwille et al.

10 pm

10 pm

10.pm

10 pm

Figure 5. Spectrin/ankyrin proteins can anchor actin filaments to the interior
walls of GUVs and result in dense actin bundle formation. A) and B) GUVs
prepared from porcine brain membrane extracts (visualized with the lipid
dye DiD C18) in the presence of actin (visualized with phalloidin-Alexa 488
conjugate). C) and D) GUVs formed as described in (A) and (B) with the ad-
dition of a highly enriched fraction of spectrin/ankyrin proteins; scale bars
are 10 um.

Instead, the actin filaments displayed dense packing near the
walls of the GUVs (Figures 5C and 5D), as according to the
sketches in Figure 1. In the majority of cases, the filaments ap-
peared anchored to the interior wall of the GUV, as can be
seen by the stack of cross-sectional images displayed in Fig-
ures 5A and 5B. The series begins on the outer wall of the
GUV (Figures 6A and B panel 1) and progressively moves to-
wards the GUV equator (each image represents a 1 um shift to-
wards the equator of the vesicle in the z-direction). Figure 6 A
demonstrates actin filaments closely adhering to the wall and
following the curvature of the GUV (purple arrow). In Fig-
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Figure 6. In the presence of spectrin/ankyrin, actin associates directly with
integral proteins in the lipid bilayer of the GUV. A) and B) z-Stack fluores-
cence images visualized with DiD C18 (red) and actin—phalloidin Alexa 488
conjugates (green). Images begin at the outer wall of the GUV (panel 1) and
move towards the equator of the vesicle (panel 8) in 1T um increments per
panel. A) The white line in panel 1 indicates the outer-membrane wall, while
the white lines in panels 5, 7 and 8 indicate an actin filament following the
curvature of the GUV membrane wall. B) The white line in panel 1 indicates
the outer-membrane wall of the GUV; scale bars are 10 um. C) Membrane-
precipitation assay showing interactions between porcine brain membrane
fractions, spectrin/ankyrin and actin. D) Membrane-precipitation assay show-
ing interactions between porcine total brain lipid extract (contains no pro-
teins), spectrin/ankyrin and actin. In (C) and (D) immunoblots on the top
panel were probed for spectrin and immunoblots on the bottom panel were
probed for actin. Lane 1: porcine membrane (C)/TBLE(D) alone. Lane 2: por-
cine membrane/TBLE plus actin. Lane 3: porcine membrane/TBLE plus spec-
trin/ankyrin. Lane 4: porcine membrane/TBLE plus spectrin/ankyrin and
actin.

ure 6B, it can be seen that the filaments are located directly
below the GUV wall and are no longer visible when the focus
reaches the equator of the vesicle (panel 8).

We then examined the nature of protein—-GUV lipid interac-
tions. We developed a membrane precipitation assay, in which
the membrane fractions were incubated with actin and/or
spectrin/ankyrin for 10-15 min and then pelleted by centrifu-
gation. The pellet was then resuspended and washed with
excess buffer containing 0.05% Tween 20 to remove any un-
specific protein interactions. In essence, the membrane con-
taining the integral proteins was pelleted and washed rather
than beads conjugated to antibodies as in a traditional IP
assay. The washing/centrifugation procedure was repeated fi-
vefold prior to addition of SDS loading dye and resolution by
SDS-PAGE (see Experimental Section). Immunoblots showed
that in the absence of ankyrin and spectrin, the actin filaments
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could still interact with the lipids of the GUV (Figure 6C). In ad-
dition, the membrane precipitation assay demonstrated that
spectrin alone could also associate with the porcine membrane
fractions as could actin in the presence of spectrin (Figure 6C).
In the presence of spectrin/ankyrin, ~30% more actin was re-
tained by the membrane fractions, as approximated by PAGE
band quantitation (compare lanes 2 and 4 in Figure 6C, lower
panel). It has been previously demonstrated that both spectrin
and actin can bind membranes through their electrostatic in-
teractions with the exposed, charged head groups of the
lipids.'"®? To better examine spectrin/actin-lipid interactions,
we repeated the membrane precipitation assay with a total
brain lipid extract (TBLE) containing no proteins. The mem-
brane precipitation assay demonstrated the ability of actin to
associate with the TBLE GUVs (Figure 6 D). However, the spec-
trin/ankyrin pool did not associate with the membranes under
these conditions, unless in the presence of actin (Figure 6D),
although very weakly. This may indicate that the spectrin/an-
kyrin can associate with the actin filaments, but not with the
TBLE of the GUV wall. This idea is also supported by band in-
tensity analysis of Figure 6D, lower panel lanes2 and 4, in
which there is an approximate 1.3-fold (or about 20%) increase
in actin retention of the TBLE in the presence of spectrin/an-
kyrin. Comparison of the intensity of the bands in the gels indi-
cates that the porcine membrane retained about 1.8-fold more
actin than the TBLE (compare lower panels of Figures 6C and
D, lanes 2), while in the presence of ankyrin and spectrin, the
porcine membrane retained approximately 2.5-fold more actin
than the TBLE and 1.9-fold more actin than the TBLE with
spectrin/ankyrin (compare lower panels in Figures 6C lane 4,
and 6D lanes 2 and 4). Taken together, these results indicate
the first reconstitution of natively anchored cytoskeleton to
the interior walls of GUVs.

Discussion

Minimal systems allow for the study of biochemical pathways
in a cell-like environment that is free from the overwhelming
complexity found in living cells. Working with systems like
giant unilamellar vesicles (GUVs) is a fascinating task that
allows the exploration of whether the key phenomena of
living matter, such as the capacity to divide and self-replicate,
can be reconstituted in such artificial environments with dra-
matically reduced complexity." In the present work, we have
reconstituted the anchoring of actin filaments to the interior of
native lipid-protein composition GUVs through the spectrin/
ankyrin proteins, which bind to integral membrane proteins.
There has been significant previous work involving the in-
corporation of membrane proteins into GUVs."" Previous stud-
ies have demonstrated that the lipid composition of the mem-
brane bilayer can directly influence the function (and hence
the proper folding) of the incorporated proteins."” Therefore,
since the anchoring of actin to the eukaryotic plasma mem-
brane requires integral membrane proteins, we opted to ex-
tract both the integral membrane proteins as well as the
native lipids from porcine brain. We did this since it is not trivi-
al to recombinantly express these large, multi-subunit proteins
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and then ensure that they incorporate into the GUVs properly
with respect to one another. In addition, the already thorough
characterization of the spectrin-, ankyrin- and actin-based cy-
toskeleton in porcine brain made this tissue ideal for the ex-
traction of actin-based cytoskeletal components for reconstitu-
tion.*® We confirmed the functional state of the membrane
proteins in the porcine GUVs, in particular, the integral protein
Ca®" ATPase was shown here to transport free Ca’" into the
interior of the GUVs. While recombinant Ca>" ATPase has been
previously reconstituted in vesicles made of synthetic lipids,?"
this is the first demonstration of GUVs formed from native por-
cine brain membranes that contain functional transmembrane
proteins. This also highlights the efficacy of electroswelling for
forming complex component containing unilamellar vesicles
with functional proteins within.

Since the main goal of this study was to anchor actin fila-
ments to the GUVs, our primary concern was to ensure that
these transmembrane proteins reconstituted in the GUVs were
functional with respect to protein-binding (that is, spectrin/an-
kyrin and actin). Actin has been previously polymerized inside
GUVs consisting of simple lipid compositions, and there is also
work describing the anchoring actin to the outer walls of
GUVs.[®22551 However, the interior anchoring of actin filaments
to GUVs has only been achieved through electrostatic interac-
tions or through formation of biotin-streptavidin com-
plexes."®?2% Here we demonstrate actin filament binding and
anchoring inside complex lipid—protein GUVs, mediated by
native spectrin/ankyrin. In general, the GUVs from porcine
brain were highly undulatory in nature making imaging a chal-
lenge. Nonetheless, the undulations of the interior actin fila-
ments were greatly reduced in the presence of spectrin/ankyr-
in, reinforcing the idea that they were immobilized and anch-
ored to the walls of the GUVs. In the vast majority of cases, z-
stack analysis indeed revealed that these actin bundles were
located in discrete regions within the GUV, often near the
membrane wall (Figure 6 A and B). Repeated imaging over the
course of several hours also revealed that these filaments were
not free floating, but were fixed to specific locations within the
GUV (data not shown).

Previous studies have indicated gross vesicle deformation in
GUVs encapsulating polymerized actin filaments.”® Although
we did observe a few deformed vesicles, as well as some vesi-
cles with protruding filaments, in the vast majority of GUVs
formed in the presence of spectrin and ankyrin, the actin fila-
ments only formed the dense packed bundles described
above. Even in the absence of spectrin and ankyrin, the vast
majority of the GUVs remained somewhat spheroid (Figures 5C
and D and 6 A and B). The exact cause of these observations is
difficult to pinpoint for they are likely dependent upon actin
amounts, the mode of polymerisation, and the lipid (and pro-
tein) composition of the GUVs. (When working with model sys-
tems, one inherently also encounters artefacts of that model
system.) Furthermore, our actin filaments were polymerized
and stabilized with phalloidin, salt and spectrin/ankyrin where-
as, in previous studies, polymerization of actin inside GUVs was
induced by electrostatic means and/or by temperature
changes."®?% A study by Wagner and colleagues® examined
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how the structure of cross-linking molecules influences the
structural and mechanical properties of actin networks. While
this study did not specifically examine the effect of spectrin/
ankyrin, they showed similar actin bundle formation in the
presence of specific cross-linking molecules.”® The study also
demonstrated that the spacing structure of the cross-linker
molecules predominantly determines their mechanical effec-
tiveness, and not the affinity of the actin-binding domains.
Here, the spectrin/ankyrin interaction with actin resulted in
similar bundle formation, which may have influenced filament
length and hence vesicle deformation (or lack thereof). It has
also been shown that spectrin/ankyrin can greatly strengthen
the plasma membrane of a cell (facilitating bleb formation and
mass cell deformation without cell rupture), and spectrin rod
domain repeats have been demonstrated to induce a large in-
crease in the surface shear viscosity of lipid monolayers. This
“stiffening” of the membrane could have contributed to the
lack of vesicle deformations. According to our results, the inter-
action of actin with spectrin/ankyrin stabilized the actin fila-
ments into dense bundles. It is likely that these dense actin
networks anchored to the GUV walls induced local membrane
tension. This idea is supported by our observation of undula-
tions of the GUV wall during imaging. In the case of GUVs with
spectrin/ankyrin anchored actin, the bundles are rather fixed
and static. (Nonetheless, the membrane undulations did per-
sist, however the degree/amplitude of membrane undulations
in the presence and absence of actin/spectrin/ankyrin was not
investigated in detail.) In addition, the spectrin/ankyrin used
here was not highly pure, but only a highly enriched fraction
(Figure 3C). We cannot exclude the possibility that some con-
taminant proteins had an effect upon the actin organization. It
should also be noted that electroswelling is not 100% efficient
in GUV formation. That is, the surface of the ITO sample slide
still contained much of the originally spotted membrane frac-
tions and actin filaments. Hence, many of the ruptured GUVs
(if any) may have sedimented onto this layer, while those GUVs
that electroswelled up from this layer contained densely
packed actin bundles that did not deform the membranes. It is
also worth mentioning that this large lipid pool below the
electroswelled GUVs also made epi-fluorescence illumination
difficult (due to very high background fluorescence), and
hence we opted to use confocal imaging, despite the large un-
dulatory nature of GUVs. The goal of the present study was to
reassemble the spectrin/ankyrin and actin interactions on the
interior walls of GUVs, and we are currently examining these
spectrin-actin-GUV interactions, and their effect on vesicle
shape, in more detail.

We further examined the actin filament interactions with
porcine lipids in the presence and absence spectrin/ankyrin
using a membrane precipitation assay (Figures 6C and D). As a
control, we examined porcine total brain lipid extracts, since
both spectrin and actin have been shown to bind lipids
through electrostatic interactions.'®' In the absence of spec-
trin and ankyrin, both our membrane-protein containing por-
cine extracts and the TBLE were capable of binding actin, al-
though the porcine membrane extracts did exhibit greater re-
tention of actin. Upon addition of spectrin/ankyrin, both the
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amount of actin associated with our porcine brain membrane
extracts as well as the amount of actin associated with the
TBLE lipids increased, indicating spectrin/ankyrin induced
cross-linking actin filaments (Figures 6C and D). Furthermore,
spectrin/ankyrin could only interact with our porcine brain
membranes and not significantly with TBLE lipids. Spectrin—
lipid binding is due in part to the ankyrin-binding domain, and
can be inhibited through the addition of ankyrin to spectrin,
and likely explains why we do not see spectrin binding to the
total porcine brain lipid extract (and is indicative that we had
intact spectrin/ankyrin complexes). The association between
spectrin and ankyrin is very strong, and traditional purification
protocols require harsh treatment of the spectrin/ankyrin com-
plexes for proper dissociation (KBr)."® Furthermore, our assay
utilized extensive washing in the presence of detergent, which
could disrupt the electrostatic interactions between the lipids
and the spectrin. While we could not find a commercially avail-
able ankyrin antibody that would detect porcine ankyrin, the
previously well-characterized spectrin/ankyrin purifications also
produced similar banding patterns in Coomasie stained SDS-
PAGE as observed in Figure 3C. Taken together, these data sug-
gest that we indeed anchored actin filaments to the interior
walls of GUVs through the specific interaction between spec-
trin/ankyrin and integral membrane proteins. To our knowl-
edge, this is the first demonstration of a four-component pro-
tein interaction reconstituted in a close-to-native state inside
GUVs.

Previous studies have shown actin anchored to the exterior
walls of GUVs.'"82 %1 A recent and interesting study by Liu and
colleagues demonstrated that actin polymerization can induce
changes in the membrane domain organization of GUVs and
stabilize existing domains.”” The GUVs used in that study were
of a relatively simple composition (four lipids) and the actin fil-
aments were anchored through N-WASP interactions with PIP2
and Arp2/3. We examined our porcine GUVs for the existence
of membrane domains but did not observe any domain forma-
tion or rearrangement on a large spatial scale (within the opti-
cal resolution), both in the presence and absence of the actin
networks (Figure 5 and data not shown). Nonetheless, our
actin networks were often localized to specific regions on the
GUV wall. It could be that domains exist, however they may be
too small to resolve optically in our current system. Also, we
cannot rule out domain rearrangements (below optical resolu-
tion) upon actin polymerization and anchoring to the GUV
walls.

Also important to the discussion is the lipid composition of
the vesicles used. Here we utilized a demyelinated total brain
porcine extract. Commercially available total brain lipid extracts
(Avanti) contain low levels (i.e., <17 %) of phosphatidylethanol-
amine, phosphatidylserine, phosphatidylcholine, phosphatidic
acid, and phosphatidylinositol, along with a major component
consisting of sphingomyelin, gangliosides, and ceramides,
which are mainly removed during the demyelination through
the sucrose gradient (see Experimental Section). While it was
beyond the scope of the current work to perform a detailed
analysis on the effects of individual lipids in the vesicles, such
studies are of importance and are under investigation.

ChemBioChem 2008, 9, 2673 - 2681

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In conclusion, the current study is an important step to-
wards the far goal of creating an artificial cell. In order to ach-
ieve a minimal system for cell division, there is a requirement
for organizing and anchoring the cytoskeleton within such
vesicles. The next steps will be to control the organization of
the actin networks in the GUVs (that is, specifically localize the
anchoring of the filaments) and potentially introduce motor
proteins to induce constriction of the vesicles. Such studies are
currently underway.

Experimental Section

Materials: All reagents, salts, protease inhibitors and buffers were
purchased from Sigma. Antibodies against porcine brain spectrin
(@b11182), human erythrocyte spectrin (ab2808), Na/K ATPase
(ab2871), Ca®" ATPase (ab2825), actin (ab11004), tubulin (ab7291),
as well as goat anti-mouse and goat anti-rabbit IgG HRP conju-
gates (ab6789 and ab6721, respectively) were purchased from
Abcam (Cambridge, UK). Secondary goat anti-mouse Cy5 conju-
gates were purchased from Jackson ImmunoResearch Laboratories
(Suffolk, UK). The lipid probe DiD-C18, purified actin from rabbit
skeletal muscle, calcium green and phalloidin conjugated to Alexa-
fluor 488 were purchased from Molecular Probes (Invitrogen). Total
porcine brain lipid extract (TBLE) was purchased from Avanti Polar
Lipids (Alabaster, USA). All confocal images were taken on a Zeiss
Meta LSM 500, and all immunoblots were visualized using a Fuji
LAS 3000 chemiluminescence detection system.

Isolation of porcine membrane fractions: Porcine brains were ob-
tained fresh from a slaughterhouse and used within an hour of
harvest. About 90-100 g of brain was used for one preparation, fol-
lowing a protocol developed by Davis and Bennett."® Note that all
buffers used in all methods described below contained a cocktail
of protease inhibitors including: PMSF (200 nm), pepstatin A
(1 pgmL™"), benzamidine (2 mm), leupeptin (100 pm), aprotonin
(800 nm), chymostatin (100 pum), and antipain (100 pm). Briefly, the
brain tissue was washed in fresh PBS buffer to remove menengis
and then was homogenized in homogenization buffer (250 mL)
containing sodium phosphate (10 mm), sodium azide (5 mm), EDTA
(0.2 mm) at pH 7.5. The homogenate was centrifuged at 900g for
15 min and the resulting supernatant was centrifuged at 20000g
for 45 min. The resulting membrane pellet was resuspended in ho-
mogenization buffer (100 mL) with sucrose (700 mm) and centri-
fuged at 30000g for 45 min in order to demyelinate the mem-
brane fraction. The resulting myelin layer was removed along with
the supernatant and the pellet was washed three times with wash
buffer. This produced the “starting membrane” fraction. At this
point, the starting membrane pellet was split into two equal por-
tions, one for the isolation of the spectrin/ankyrin pool (see
below), and one for the production of porcine membrane fractions
free of nonintegral membrane associated proteins.

One half of the above pellet was then resuspended in NaOH
(100 mL, 0.1 N) and extracted at 4° C for 30 min. The extracted mix-
ture was then centrifuged at 30000g for 45 min through wash
buffer containing sodium phosphate (10 mm), sodium azide
(5 mm), EGTA (0.2 mm), DTT (0.5 mm), 0.05% (v/v) Tween 20 and
10% (w/v) sucrose and the resulting pellet was washed with wash
buffer until the pH was returned to 7.5 (ca. 5x). This membrane
fraction was the “rapidly sedimenting” membrane fraction. The su-
pernatant from the 10% sucrose spin was also centrifuged for
60 min at 40000 rpm to produce a slowly sedimenting membrane
fraction. This membrane fraction was washed with wash buffer
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until the pH returned to 7.5. After the final washes, the two mem-
brane fractions (rapid and slow sedimenting) were again centri-
fuged and then resuspended in GUV buffer, which consisted of
wash buffer containing trehalose (20 mm) and KCI (10 mwm), distrib-
uted into aliquots, snap frozen in liquid nitrogen and stored at
—80° C. Aliquots were used within several days of preparation and
were only thawed once for use. Upon thawing, no membrane frac-
tions were refrozen or reused. Aliquots were 10 pL at an approxi-
mate lipid concentration of 30-40 mgmL ™' and a protein concen-
tration of approx. 5 mgmL~". Quantitation was achieved by using a
nanodrop spectraphotometer. As can be seen in Figure 2 A (lanes 6
and 7), the rapidly sedimenting membrane fractions contained no
Na/K ATPase and hence all experiments were performed with the
“slowly sedimenting” membrane fractions.

Isolation of highly enriched spectrin/ankyrin pool: Following the
protocol above, the porcine membranes were prepared up to the
“starting membrane” fraction stage. At that point, we followed a
protocol described by Davis and Bennett with some modifica-
tions."*"® One half of the starting membrane pellet was extracted
with wash buffer containing KCI (500 mm) for 30 min. The extract
was centrifuged for 45 min at 30000g and the resulting pellet was
further extracted with wash buffer containing KI (800 mm) for
60 min. Spectrin and ankyrin remained in the supernatant upon
centrifugation at 30000g for 45 min. Ammonium sulphate was
added to the isolated supernatant at 4° C to 60% saturation, and
the proteins were precipitated at —20°C followed by centrifuga-
tion at 1000g for 15 min. The resulting pellet was resuspended in
wash buffer dialysed against wash buffer containing KCl (500 mwm).
This suspension was centrifuged at 1000009 for 60 min to remove
small vesicles, and the supernatant was concentrated through a
300 kDa MWCO Vivaspin 50 concentrator in order to remove small-
er unwanted proteins. Since the associated spectrin/ankyrin com-
plex is far bigger than 300 kDa, it did not pass through the filter.
The concentrate, which was enriched in spectrin/ankyrin, was then
dialysed to KCI (150 mm) in ankyrin buffer and loaded onto a
10 mL DEAE sepharose fast-flow column (Amersham; Figure 3C,
left). The column was washed with 10 bed volumes of wash buffer
containing KCl (150 mm) and the column was eluted in steps with
wash buffer containing 300, 500 and 750 mm KCI. The spectrin/an-
kyrin eluted at 300 mm KCl, as determined by SDS-PAGE and Coo-
masie blue staining. The spectrin/ankyrin containing fractions were
concentrated through a 300 kDa MWCO Vivaspin 50 concentrator
as described above (Figure 3C, right). The preparation was distrib-
uted into aliquots, snap frozen in liquid nitrogen and stored at
—80° C. Aliquots of 50 uL were prepared at a protein concentra-
tion of approximately 5mgmL~". The presence of spectrin was
confirmed through immunoblotting (Figure 6). Unfortunately a
commercially available porcine-brain-ankyrin antibody was not
available, although ankyrin is clearly visible through Coomasie blue
staining (Figure 3C).

GUV preparation from porcine brain fractions: GUVs were pre-
pared as previously described."” Aliquots of porcine membrane
fractions were spotted evenly over ITO coverslips. The chambers
were then sealed and filled with GUV buffer. The GUVs were grown
using electroswelling for 2 h at 1.2 V. Where indicated, actin (5 ug)
and/or spectrin/ankyrin (5 ug) was added to the membrane ali-
quote and thoroughly mixed prior to spotting onto the ITO cover-
slip. Where indicated, DiD-C18 (0.2 pL, 2 pm) was added to the mix-
ture in order to stain the lipid bilayer. Samples containing actin
were also treated with one unit of phalloidin-Alexa 488 conjugate
(following the manufacturer’s recommended protocol). The GUVs
were visualized using a Zeiss Meta LSM 500 confocal microscope.
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Immunostaining of GUVs: GUVs prepared from porcine brain
were incubated with a solution of 1:500 primary antibody (mouse
anti-Na/K ATPase, or Ca?" ATPase as indicated) in GUV buffer and
left at room temperature for 60 min. The chamber was then
washed with 10 chamber volumes (10x200 pL) of wash buffer.
Next, a 300 pL solution of 1:500 secondary goat-anti-mouse anti-
body conjugated to the Cy5 fluorescent dye in GUV buffer was in-
jected into the GUV chamber and incubated at room temperature
for 60 min. After this incubation, the chamber was washed with ap-
proximately 20 chamber volumes of GUV buffer containing
Tween 20 (0.05%). The GUVs were then visualized by using a Zeiss
Meta LSM 500.

Assay for Ca>* ATPase activity in porcine GUVs: GUVs were pre-
pared as described above in the presence of calcium green indica-
tor (10 um) and, where indicated, ATP (1 mwm), following the manu-
facturer’s (Invitrogen) recommended protocol. After electroswel-
ling, the sample chamber was washed with excess wash GUV
buffer (containing 1 mm ATP, where indicated). The chamber was
then filled with GUV buffer containing CaCl, (5mm), and ATP
(1 mm) where indicated, and imaged as described above.

“IP-like” assay for spectrin/ankyrin and actin binding to porcine
membrane fractions and immunoblots: “slowly sedimenting”
membrane fractions (5 pL) were incubated with actin (5 pg) and/or
highly enriched spectrin/ankyrin (5 ug) on ice for 15 min. The mix-
tures were then diluted to 500 uL with wash buffer containing
Tween 20 (0.05%) and centrifuged at 14000 rpm for 15 min. The
resulting membrane pellet was resuspended and washed in 500 pL
wash buffer containing Tween 20 (0.05%, 5x) before the final
pellet was resuspended in 50 uL wash buffer, SDS loading dye was
added and the samples were boiled and resolved with 8% SDS-
PAGE. The resolved SDS gels were transferred onto nitrocellulose
and blocked for 60 min with a milk solution (5%) in Tween-Tris
buffered saline (TTBS) buffer containing Tween 20 (0.05 %), Tris-HCI
pH 7.5 (20 mm), and NaCl (0.5 m). Primary antibodies were incubat-
ed for at least 2 h followed by 3xX 5 min washes with TTBS and
an incubation of secondary antibody for 20 min. Blots were
washed excessively with TTBS and treated with ECL solution prior
to imaging chemiluminescence with a Fuji LAS 3000.

Abbreviations: GUV: giant unilamellar vesicle; SDS-PAGE: sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; TBLE: total
brain lipid extract; PMSF: phenylmethylsulfonyl fluoride; DTT: di-
thiothreitol; EGTA: ethylene glycol tetraacetic acid; IP: immunopre-
cipitation; TTBS: Tween-Tris buffered saline; PBS: phosphate buf-
fered saline; ITO: indium titanium oxide; ATP: adenosine triphos-
phate; Na/K ATPase: sodium/potassium ATPase; Ca’" ATPase: calci-
um ATPase; Kl: potassium iodide; KCl: potassium chloride; KBr: po-
tassium bromide.
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Imaging Target mRNA and siRNA-Mediated Gene Silencing
In Vivo with Ribozyme-Based Reporters

Min-Kyung So ,*® Gayatri Gowrishankar,” Sumitaka Hasegawa,” June-Key Chung,” and

Jianghong Rao*™

Noninvasive imaging of specific mRNAs in living subjects prom-
ises numerous biological and medical applications. Common
strategies use fluorescently or radioactively labelled antisense
probes to detect target mRNAs through a hybridization mecha-
nism, but have met with limited success in living animals. Here
we present a novel molecular imaging approach based on the
group | intron of Tetrahymena thermophila for imaging mRNA
molecules in vivo. Engineered trans-splicing ribozyme reporters
contain three domains, each of which is designed for targeting,
splicing, and reporting. They can transduce the target mRNA into
a reporter mRNA, leading to the production of reporter enzymes

Introduction

Fluorescence in situ hybridization (FISH) has for many years
been the mainstay for examining the expression and localiza-
tion of various RNA species.!" Recently, several new RNA imag-
ing techniques have been developed and allow the visualiza-
tion of single RNA transcripts in living cells. These techniques
include the use of molecular beacons that fluoresce only when
the probes hybridize to the target.” A number of efforts have
also been made to use radiolabeled antisense oligonucleotides
(RASONSs),** which are generally modified nucleic acids (for
example, phosphothioates, 2’-OMe backbone, peptide nucleic
acids) and labeled with a radioisotope for imaging overex-
pressed RNA targets.

In spite of these advancements, it has proven difficult to use
labeled oligo probes to image mRNA molecules in living ani-
mals; this is mainly due to issues related to the in vivo stability
and specificity of the probes, as well as problems with their in
vivo delivery to target tissue and a poor signal-to-noise ratio
due to the inherently low copy number of mRNA. These draw-
backs have necessitated the development of alternate tech-
nigues for in vivo RNA imaging. Bhaumik et al. developed a
system based on the mammalian spliceosome to image pre-
mRNA in vivo." The technique, known as spliceosome-mediat-
ed RNA trans-splicing (SMaRT), was originally developed with
the intention of repairing disease-causing mutant genes at the
level of pre-mRNA.®” Another approach for live imaging of a
target mRNA uses a genetically encoded reporter based on an
RNA binding protein and a fluorescent protein.® This dual- or
three-component (if the fluorescent protein is split into two
separate parts) reporting system has been demonstrated with
a number of RNA targets containing genetically fused RNA
aptamer tags in living cells,*'® and even with endogenous
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that can be noninvasively imaged in vivo. We have demonstrated
this ribozyme-mediated RNA imaging method for imaging a
mutant p53 mRNA both in single cells and noninvasively in living
mice. After optimization, the ribozyme reporter increases contrast
for the transiently expressed target by 180-fold, and by ten-fold
for the stably expressed target. siRNA-mediated specific gene si-
lencing of p53 expression has been successfully imaged in real
time in vivo. This new ribozyme-based RNA reporter system
should open up new avenues for in vivo RNA imaging and direct
imaging of siRNA inhibition.

RNAs in mitochondria." We used a different approach and

exploited the enzymatic activity of the natural Tetrahymena
group | intron to develop a novel RNA imaging tool, which
employs antisense RNA binding and reporter gene systems to
achieve targeting specificity and signal amplification, respec-
tively.

The nuclear rRNA of the ciliated protozoan Tetrahymena ther-
mophila contains a 413-nucleotide intervening sequence (IVS;
also categorized as group | introns) that is excised from the
larger RNA by self-splicing."? Deleting the first 21 nucleotides
of the group | intron afforded a derivative known as L-21,
which was shown to mediate trans-splicing (between two sep-
arate RNA molecules) in vitro,"*'¥ in E. coli™ and in mammali-
an cells."® The internal guiding sequence (IGS) of the ribozyme
may be modified to base pair essentially with any sequence as
long as a G-U wobble pair is maintained at the splice site. Be-
cause of this sequence latitude, ribozymes based on the

[a] M.-K. So,* Dr. G. Gowrishankar,* Dr. S. Hasegawa, Prof. J. Rao
Molecular Imaging Program at Stanford
Department of Radiology, Biophysics, Cancer Biology Programs
Stanford University School of Medicine
1201 Welch Road, Stanford, California 94305-5484 (USA)
Fax: (+1)650-736-7925
E-mail: jrao@stanford.edu
[b] M.-K. So,* Prof. J.-K. Chung
Department of Nuclear Medicine, Laboratory of Molecular Imaging and
Therapy of Cancer Research Institute
Seoul National University College of Medicine
Yeongeon-dong, Jongno-gu, Seoul 110-744 (South Korea)
[*] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

ChemBioChem 2008, 9, 2682 - 2691





RNA and siRNA Imaging

group | intron of Tetrahymena may be engineered to target
any chosen RNA. Sequences present downstream of the ribo-
zyme are ligated to the splice site of the substrate RNA. These
3’ exon sequences may also be changed to potentially any nu-
cleotide sequence. This ability was thus used to “revise” vari-
ous mutant RNA transcripts in a new gene therapy approach
termed ribozyme-mediated RNA repair.

Compared with more traditional strategies, RNA repair
would allow the endogenous regulation of the gene modifica-
tion (as it is RNA-directed) and simultaneously reduce the ex-
pression of the mutant gene product. This approach has been
successfully used to correct sickle cell transcripts,"” to remedy
the triplet repeat expansion in the 3" UTR of the myotonic dys-
trophy protein kinase transcript,™® to repair mutant p53 tran-
scripts,'” to repair the mutant mRNA of canine skeletal muscle
chloride channel,” and to convert pathogenic transcripts of
the hepatitis C virus (HCV) into new RNAs that exert anti-HCV
activity.”"! These ribozymes have also been used to trans-splice
a cytotoxic gene onto a particular target RNA,*** ensuring
target-specific expression of the cytotoxic gene. Whereas cleav-
ing ribozymes must efficiently deplete a chosen mRNA species
to be effective in vivo, even a small amount of trans-splicing
would be sufficient to express the cytotoxic gene and kill the
target gene-expressing cells.

In a novel application of the trans-splicing ribozymes, we at-
tached reporter genes as the 3’ exon to detect the target RNA
molecule in vivo. Guided by an attached antisense sequence,
the designed ribozyme would splice the reporter onto the
target RNA in-frame, resulting in a fusion RNA consisting of the
reporter and part of the target. The fusion RNA can subse-
quently be translated to give the reporter activity. In this paper
we demonstrate that this new RNA imaging tool is able to
detect tumor-specific mutant p53 mRNA in living mice in real
time. We further applied this ribozyme-based RNA reporter to
image siRNA-mediated gene silencing in vivo.

Results and Discussion
Ribozyme reporter design

Trans-splicing ribozymes bind their RNA substrates through
base-pairing to a 6 nt internal guide sequence (IGS) on the
ribozymes. This is followed by two consecutive transesterifica-
tion reactions that lead to the cleavage of the target mRNA
and formation of a ligation product that contains the 5’ frag-
ment of the target mRNA and the exon attached to the 3’ end
of the ribozyme.">**?* Based on the ribozyme-mediated trans-
splicing mechanism, we designed trans-splicing ribozyme-
based reporters to image a target mRNA (Figure 1).

The reporter construct consists of three domains: the trans-
splicing ribozyme intron, the antisense sequence for target
binding, and a reporting domain containing a reporter-gene
mRNA. The start codon (AUG) of the reporter gene is removed
to minimize the reporter translation before the trans-splicing.
Trans-splicing between the ribozyme reporter and the mRNA
target generates a fusion reporter gene that contains the start
codon from the target mMRNA and becomes translatable. The
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Figure 1. A schematic representation outlining the design of a ribozyme-
based reporter for RNA detection.

translation product of the fusion reporter mRNA—the fusion
enzyme reporter—catalyzes biochemical reactions and produ-
ces readout signals for in vivo imaging (Figure 1).

We constructed our first ribozyme reporter, TRz—f-lactamase
(TRz-Bla), for imaging a dominantly negative mutant p53
(p53DN) mRNA (G-to-A mutation at nt 1017; Figure 2A). The
p53 tumor suppressor gene is one of the most commonly mu-
tated genes in human cancers, encoding a transcription factor
that mediates cell-cycle arrest and apoptosis in response to
DNA damage and cellular stresses.”*?”’ The dominantly nega-
tive p53DN is functionally inactive even when overexpressed,
and was thus used as our model target. A uridine located at
position +41 (+ indicates the number of bases from the A of
the start codon) on the p53 mRNA was previously identified to
be accessible to the trans-splicing ribozyme as a splice site."
Therefore, TRz-Bla was directed at U41 on the p53DN mRNA
with a 202 nt antisense sequence complementary to a region
downstream of the U41 on the p53DN mRNA (from nt 49 to
250). The selection of this long targeting sequence is based on
our previous finding that a longer antisense sequence leads to
more efficient in vivo trans-splicing.”® To further enhance
trans-splicing potential, TRz-Bla has an extended IGS (9 nt) and
a 7 nt P10 helix (Figure 2A). The coding sequence of a Bla re-
porter gene is attached to the 3’-end of the ribozyme through
a 15-nt linker; this ensures that Bla will be spliced in frame to
the p53DN mRNA at the splice site. While this reporter is de-
signed for p53DN, it should image wild-type p53 as well if p53
mRNA is present at the detectable abundance, as both the
splicing site (nt41) and the targeting sequence (nt 49 to 250)
are far away from the mutation site (nt 1017) in p53DN.

Imaging p53DN mRNA expression using ribozyme f3-
lactamase reporter

COS7 cells were chosen for this study because they have low
endogenous p53 activity, and this would allow for the evalua-
tion of targeting specificity. COS7 cells were cotransfected with
TRz-Bla along with a plasmid expressing p53DN mRNA
(pCMV-p53DN). The splicing reaction was assayed both at the
RNA level by reverse-transcriptase PCR (RT-PCR) to detect the
trans-splicing product and at the protein level to measure
the reporter-enzyme Bla activity with a fluorometric assay
(Figures 2B and C).? A time course analysis was performed to
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Figure 2. Ribozyme-mediated imaging of the p53DN mRNA with the ribozyme f-lactamase reporter (TRz-Bla). A) Schematic diagram of the ribozyme reporter

(TRz-Bla) targeting the p53DN mRNA. Arrows indicate the 5’ splice site (U41) on

the p53DN mRNA and the 3’ splice site on the ribozyme reporter. The

shaded area downstream of the 5’ splice site marks the 202 nt antisense. The nine boxed nucleotides are extended IGS. The G-U wobble base-pair at the

S'splice site is indicated by a black dot (-). Oblique lines indicate the 7 bp P1-P10 interaction. B) RT-PCR analysis of RNA extracts from COS7 cells transfected
with the indicated constructs. C) B-Lactamase activity in COS7 cells 72 h after transient transfection with indicated constructs, shown as the hydrolysis rate
of CC1. An asterisk (*) denotes statistical significance (p < 0.05). D) Fluorescence microscopy images of COS7 cells transfected with indicated constructs and
stained with CCF2/AM at 72 h after transfection. Upper panel shows an overlay of frames captured at 530 nm (green emission) and 460 nm (blue emission),

and lower panel shows the DsRed positive cells (emission at 605 nm).

examine the kinetics of the splicing-dependant reporter activi-
ty, indicating the peak activity at 72 h after transfection (data
not shown). RT-PCR and sequence analysis of these samples at
the 72 h time-point confirmed that correct trans-splicing had
occurred in cells expressing the target p53DN mRNA (Fig-
ure 2B). In comparison, when the control construct TRz,,—Bla,
an inactive mutant containing a single mutation at the catalyt-
ic site of the ribozyme (G264A)***% was transfected along
with pCMV-p53DN, no splice product was detected under the
same conditions by RT-PCR (Figure 2B). The Bla reporter activi-
ty of cells cotransfected with TRz-Bla and pCMV-p53DN was
seven-fold higher than that of cells cotransfected with the in-
active reporter construct and pCMV-p53DN (Figure 2C). Other
controls with only TRz-Bla or TRz,,—Bla similarly displayed low
Bla reporter activity (Figure 2C). These results demonstrate
that the ribozyme reporter system can detect the specific
target mRNA from a pool of cellular RNAs in transfected cul-
ture cells.

We then tested if we could visualize the detection of p53DN
mRNA in living cells using a membrane-permeable fluorogenic
substrate for B-lactamase, CCF2/AM.B" COS7 cells were trans-
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fected with TRz-Bla or TRz,—Bla along with pCMV-p53DN. A
mammalian expression vector expressing red fluorescent pro-
tein DsRed was cotransfected in all cases as a transfection
marker. CCF2 fluoresces green (520 nm) because of fluores-
cence resonance energy transfer (FRET) from the coumarin
donor to the fluorescein acceptor, but Bla hydrolysis splits off
fluorescein, disrupts FRET, and shifts the emission to blue
(447 nm).5? Therefore, cells in general stained green but trans-
fected cells exhibiting Bla activity (and in this case expressing
p53 mRNA) emitted blue fluorescence from the cleaved sub-
strate (Figure 2D). Quantitation of the blue-green signals from
the images with image analysis software revealed that 54% of
cells transfected with the ribozyme reporter TRz-Bla and the
target p53DN were Bla-positive (blue/green ratio >1) in con-
trast to the negative control, (TRz,~Bla+p53DN) in which just
8% of transfected cells were Bla-positive (see Figure S1 in the
Supporting Information). Similar heterogeneity of the activity
among the transfected cell population has been observed with
cis-splicing ribozyme® and may be related to the stochastic
mMRNA synthesis in mammalian cells. This result correlates well
with the in vitro data and has demonstrated the feasibility of
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imaging target mRNA in single living cells with the ribozyme-
based imaging method.

Detecting transiently expressed p53 mRNA in vitro with
ribozyme-luciferase reporter

Our next quest was to apply the ribozyme reporter construct
to image the p53DN mRNA in living animals. Firefly luciferase
(FL) is an excellent reporter for bioluminescence imaging in
small living animals.®*>*) We thus replaced the P-lactamase
reporter with the firefly luciferase gene and constructed our
second ribozyme reporter, TRz-FL (Figure 3 A). RT-PCR and luci-
ferase activity assays were completed to evaluate TRz-FL, and
confirmed that TRz-FL could detect transfected p53DN in
vitro. Similar to TRz-Bla, the splicing-dependant activity
peaked at about 72 h (Figure 3B). Northern blot analysis was
performed to assay the specificity of the trans-splicing reac-
tion. COS7 cells were transfected with TRz-FL or TRz, —FL (an
inactive mutant with the same mutation in the ribozyme as
TRz—Bla) along with or without p53DN. While the unspliced
reporter RNA was detected in all four samples, the splice prod-
uct generated by the trans-splicing was observed only in cells
transfected with both TRz-FL and the target p53DN (Fig-
ure 3C). Moreover, no major nonspecific splice products were
detected in the blot; this suggests that the trans-splicing re-
action proceeded between the ribozyme reporter TRz-FL and
the target p53DN mRNA with a fair degree of specificity.

To examine the correlation between the splicing-dependant
luciferase activity and the p53DN mRNA level, we varied the
amounts of the p53DN plasmid during the cotransfection of
COS7 cells with TRz-FL or TRz,,.—FL. The detection of the splice

A) GGAGGCUCECCCCAUGGEUU —--CGC——5'

extended IGS \\\\\\ antisense

UCG AAGCGGGG GAUCC GAA - ---UAA

P1-P10interaction L= firefly luciferase

——TRz-FL
B) —8— TR2-FL +p53DN
—4— TRzmt-FL
45000  —*— TRzmt—FL+p53DN
40000
35000
30000
25000
20000
15000
10000

5000

Luciferase activity
1 RLU per ug of protein

20 40 60 80 100 120
t/h

Figure 3. Detection of the p53DN mRNA with the ribozyme firefly luciferase reporter (TRz-FL). A) Schematic dia-
gram of TRz-FL targeting the p53DN mRNA. B) Splicing-dependant luciferase activity in COS7 cells transfected
with the indicated constructs (RLU per ug protein) versus time (h). An asterisk (*) denotes statistical significance
(p <0.05). C) Northern blotting assay of cells transfected with indicated constructs with DIG-labeled luciferase

product by the RT-PCR analysis was dependent on the amount
of target p53DN plasmid (Figure 4A). Quantitative RT-PCR
revealed that both the p53DN mRNA from the trans-splicing
reaction and the fusion mRNA increased linearly with the
amount of plasmid transfected (Figures 4B and C). Correspond-
ingly, the splicing-dependant luciferase activity also increased
as the amount of plasmid transfected increased (Figure 4B).
These results indicate a linear correlation between the mea-
sured splicing-dependent reporter activity and the target
mRNA level and have demonstrated the feasibility of detecting
the target mRNA quantitatively with the ribozyme-based re-
porter system.

Visualizing p53 mRNA expression in living animals

We next evaluated the efficacy of our constructs for imaging
p53DN mRNA in living animals. As the first model, 2.5x10°
COS7 cells transfected with either TRz-FL or TRz,~FL along
with pCMV-p53DN or empty vector (pCMV-null), were subcu-
taneously implanted at four different positions on the bodies
of nude mice (n=3). Mice were imaged with a CCD camera im-
mediately after i.p. injection of p-luciferin and every 24 h there-
after. The kinetics of the in vivo trans-splicing reaction in the
mice followed a similar trend as observed in cell culture. Re-
gions of interest (ROI) analysis revealed a maximum of nine-
fold difference between the tumor expressing both the target
p53DN and the ribozyme reporter TRz-FL and the background
bioluminescence from the other three control tumors 72 h
after transfection (Figures 5A and 5B). RT-PCR analysis of RNA
extracted from the tumors and sequencing of the PCR product
revealed that correct trans-splicing had occurred (Figure 5C).
The second model employed
the hydrodynamic delivery of
TRz-FL and p53DN to the liver
of a nude mouse, and examined
the trans-splicing in transfected
liver cells by in vivo biolumines-
cence imaging. The hydrody-
namic method of delivery uses
a large injection volume and
short injection time, resulting in
an accumulation and subse-
quent expression of plasmid
DNA, predominantly in the
liver.?3® Mice were imaged at
an interval of 6 or 12 h after the
plasmid injection (Figure 6A).
ROI analysis revealed that at
24 h the total bioluminescent
emission from the mice injected
with both TRz-FL and pCMV-
p53DN was seven-fold stronger
than from the mice injected
only with TRz-FL (Figure 6B).
The contrast between the two

DNA probe. The spliced reporter mRNA is indicated by an arrow. The spliced mRNA is similar in size to the p53 lu-

ciferase fusion RNA (fusion-FL) expressed from a CMV promoter (right lane). Ethidium bromide staining of the 185

rRNA before transfer is shown below.
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groups increased up to 28-fold
at 36 h. Ex vivo imaging of ex-

2685

www.chembiochem.org



www.chembiochem.org



BIO

A) Opug
p53DN plasmid amount

0.4pug

p53DN —»
Spliced product—»

GAPDH —»
ol 120000  ~“"TRz-FL | il
~#-TRzmt—FL 10.018 s
© i i 2
_% 100000 Normalized spliced mRNA {0016 <
22 z
z2 10014 &
g5 80000 10.012 3
22 2
£ 60000 00 B
52 10.008 3
33 N
e 40000 10.006 E
h 10004 5
20000 z
10.002
0 0
0 0.1 0.2 0.3 0.4 0.5
p53 plasmid amount / pg per well
C) 0.6
5 05
3
R*=0.9901
§ 0.4
['4
= 3
? 0.
a
8 02
5 0.1
z
0 4 4

0 0.1 0.2 0.3 0.4 0.5
p53 plasmid amount / ug per well plate

Figure 4. Quantitative correlation of splicing-dependant luciferase activity
to p53DN mRNA level. A) RT-PCR analysis of COS7 cells transfected with
increasing amounts of the p53DN plasmid. B) Dependence of the p53DN
mMRNA level and the reporter activity on the amount of p53DN plasmid used
in transfection. The amount of TRz-FL or TRz,,~FL is constant in all transfec-
tions. Fusion reporter mRNA levels are measured by quantitative PCR and
normalized to GAPDH RNA, showing a good correlation of R*=0.99.

C) There is a linear relationship between the amount of p53DN plasmid and
its mRNA level.

cised organs from both mice 24 h after the plasmid injection
corroborated this result (See Figure S2 in the Supporting Infor-
mation). RT-PCR analysis of RNA extracts from livers confirmed
the correct trans-splicing at the RNA level (Figure 6C). The
small amount of the splice product detected in the negative
controls could be due to trans-splicing to endogenous p53
mRNA in the mouse liver as shown in Figure 6C; we men-
tioned previously that the reporter was able to target and
image wild type p53 as well.

Improving the sensitivity of the reporter for imaging stably
expressed p53DN mRNA

The ribozyme firefly-luciferase reporter TRz-FL is able to detect
overexpressed p53DN mRNA in vivo, but its sensitivity does
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not allow the detection of stably expressed p53DN mRNA in
vivo. One approach to improving the sensitivity is to minimize
the nonsplicing-related background signal such as leaky trans-
lation of the reporter gene before trans-splicing. We decided
to further truncate the firefly luciferase gene and delete three
additional amino acids after the first methionine. Moreover,
the nucleotides that code for the amino acids in position 5-7
of the luciferase are involved in the formation of a 9 bp helix
(P1-P10 interaction) with the 5 end of the ribozyme (Fig-
ure 7A); this helix is believed to be important for positioning
the 3’ exon (luciferase gene) for trans-splicing and blocking
leaky translation from the luciferase before splicing. This new
reporter TRz-FL2 indeed showed much lower background ac-
tivity than TRz-FL.

We tested TRz-FL2 similarly with transiently or stably ex-
pressed p53DN gene in COS7 cells. The negative control was
an inactive version of TRz-FL2 with a single mutation (TRz,—
FL2). Trans-splicing was assayed at both the RNA level (Fig-
ure 7B) and the protein level by assessing luciferase activity
(Figure 7C). A 180-fold contrast was observed in the transient
transfection in which the pCMV-p53DN was present in excess;
this is much larger than that with TRz-FL, which is about
seven-fold. For the stable transfection of pCMV-p53DN, the
contrast was readily detectable with a value of as high as ten-
fold (Figure 7C inset), although the expression level of stably
transfected p53DN is much lower than that in the transient
transfection as measured by RT-PCR (Figure 7 D). The ability to
detect of stably expressed target mRNA using our improved
TRz-FL2 reporter in vivo suggests that it should be feasible to
detect an endogenous mRNA target that is expressed at the
similar abundance.®

Imaging siRNA-mediated gene silencing in vivo

After having established that the ribozyme reporter could
image the expression of specific mRNA in both living cells and
living animals, we applied it to image RNAi-mediated suppres-
sion of target gene expression in vivo. Gene silencing by small
interference RNAs offers a powerful yet convenient means to
intervene in gene expression, and assessment of the silencing
effect in vivo by direct visualization should facilitate many bio-
logical and medical applications. In previous studies siRNA-
directed inhibition of expression was often assessed with a re-
porter gene such as green fluorescent protein or a fusion con-
struct containing the target gene and the reporter gene as the
target.[“""m

Two p53-gene specific siRNAs (siRNA#1 targeted at nucleo-
tides starting from the position 943 and siRNA#2 at the posi-
tion 1030) and appropriate negative control siRNA were syn-
thesized commercially. The siRNAs were cotransfected with
TRz-FL2 and the p53DN construct in COS7 cells. As shown in
Figure 8 A, the p53-splicing-dependant luciferase signal drop-
ped significantly by more than nine-fold in the presence of the
p53-specific siRNA but not with the negative-control siRNA.
More importantly, the drop in the luciferase activity was consis-
tent with the decrease in the p53 RNA levels determined by
quantitative RT-PCR (Figure 8A).
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Figure 5. Bioluminescence imaging of the p53DN mRNA in implanted cells in living mice. A) Representative images of nude mice with subcutaneous implan-
tation of COS7 cells that were transiently transfected with TRz-FL4+pCMV-null (1), TRz-FL4+ pCMV-p53DN (Il), TRz, —FL+pCMV-null (I}, or TRz, —~FL+pCMV-
p53DN (IV), at indicated positions. B) ROI analysis of bioluminescent signals emitted as a function of the time (h) after initial plasmid transfection. C) RT-PCR

results from total RNA isolated from tumors 24 h after implantation.

We finally evaluated the utili-
ty of our ribozyme reporter
system in imaging the siRNA
efficacy in preclinical animal
models. The TRz-FL2 and the
p53DN expressing constructs
were delivered through hydro-
dynamic injections to the livers
of nude mice (n=6-8 each
group), along with p53-specific
siRNA#1 or negative control
siRNA. An 87% drop in the
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Figure 6. Bioluminescence imaging of systemically delivered ribozyme firefly-luciferase reporter in living mice.
A) Representative bioluminescent imaging of mice 24 h after intravenous injection of the ribozyme luciferase re-
porter (TRz-FL) and the pCMV-p53DN (right) or an empty vector (left). B) ROI analysis of bioluminescence from
mice imaged at different times after the plasmid injections. C) RT-PCR results of total RNAs from liver dissects of
mice 24 h after the injection. An asterisk (*) denotes statistical significance (p < 0.05).

We next examined the correlation between the amount of
p53-specific siRNA and the reporter signal. Varying concentra-
tions of siRNA#1 were added to COS7 cells in cotransfection
with the ribozyme and p53DN constructs. The luminescent
output from the cells was captured using cooled CCD cameras
72 h after transfection (Figure 8B), and the p53 mRNA level in
the respective samples was measured by quantitative RT-PCR.
Quantification of the signals by the ROl method revealed a sig-
nificant correlation (R*=0.97) between the splicing-dependant
luminescent signal and the p53 mRNA level (Figures 8C and
Figure S3 in the Supporting Information). A silencing effect of
as low as 16 pM of siRNA was readily detectable with the ribo-
zyme reporter. These results suggest that the ribozyme report-
er system allows quantitative estimates of the efficacy of siRNA
suppression.

ChemBioChem 2008, 9, 2682 - 2691

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

splicing-dependant luciferase
signal was observed only in the
mice injected with the p53
siRNA#1 (Figures 8D and E). The
RT-PCR results with the RNA ex-
tract from the livers of a sample
set of these mice confirmed
that the drop in the luciferase
output correlated to the p53
RNA levels (See Figure S4 in the
Supporting Information). Our data demonstrate that the ribo-
zyme reporter is able to image the siRNA suppression of target
gene expression in vivo.

t/h

Conclusions

We have reported a trans-splicing ribozyme-based reporter
system to image target mRNAs in living subjects, and success-
fully imaged a mutant p53 mRNA in single cells and living
mice. Different from existing methods for mRNA imaging, this
new approach offers several attractive features: The two-step
amplification promises great sensitivity for the target detec-
tion. The method is compatible with many in vivo noninvasive
imaging modalities, for example, positron emission tomogra-
phy (PET) or magnetic resonance imaging (MRI), if a PET or MRI

2687

www.chembiochem.org



www.chembiochem.org



BIO

A) Splice site (U41) B)
p53 DN mRNA ¥
§'==—— CCCUCUGAGUCA GAA "="GCC——
|||||-|| I (NN
[Gaeacecy] UUGUAUGGCUU-- cec— s
Extended IGS \\\\ Antisense unsplicing

UCG A AAAAACAUAAAG -+ UAG

Truncated luciferase

lTransfspiicing

mRNA of p53DN (14 a.a.)
; v \
5 ——AUG + CCU CUA AAA AAC AUA AAGUAG
Met Pro Leu Lys Asn lle Lys
C) 35000 -
* 1000
30000 - 800 *
c 600
>3 25000 4
273 400 -
- o
8% 20000 4 200
é ? 15000 ¢
28 Trz-FL2 TRzmt-FL2
53
- & 10000 4
5000
0+ T )
4’0% 5P j<\'} ,QO'
o] el x
8 R & &
/g\‘} ;(\:" <
& Y
N ;\(\'6\

Figure 7. Improved ribozyme luciferase reporter TRz-FL2. A) Schematic diagram of TRz-FL2 targeting the p53DN
mRNA. Arrows indicate the 5 splice site (U41) on the p53DN mRNA and the 3’ splice site on the ribozyme report-
er. Shaded area downstream of the 5’ splice site marks the 202 nt antisense sequence. Boxed eight nucleotides
are extended IGS. The G-U wobble base-pair at the 5'splice site is indicated by a black dot (). Oblique lines indi-
cate the 9 bp P1-P10 interaction. The p53-luciferase fusion mRNA generated by trans-splicing is also shown.

B) RT-PCR of RNA from COS7 cells transfected with indicated ribozyme constructs; the first two lanes from left
contained p53DN and the last two lanes did not. C) Luciferase activity in COS7 cells transiently or stably (inset)
transfected with the indicated constructs. D) RT-PCR analysis of p53DN RNA levels in transiently or stably transfect-

ed COS7 cell lines.

reporter gene other than Bla or luciferase is attached. The re-
porter constructs can be easily delivered into any cell line or in
vivo into mice through plasmid- or viral-based vectors.

While this study uses a mutant p53 as the target, any new
mRNA target can first be mapped for splice sites with an RNA
library, and corresponding antisense sequences can then be
added in the reporter for targeting."”! Our optimized reporter
has shown the feasibility of applying this strategy to direct
imaging of an endogenous mRNA, especially overexpressed
tumor-specific mRNA in living subjects.

Although we have shown that this method can visualize
target mRNA in single living cells with Bla as the reporter
enzyme, it may not offer subcellular resolution due to the
signal amplification scheme that leads to the separation of the
RNA location from the final readout signals. The need of a sub-
strate for signal generation may also exclude it from visualizing
fast RNA dynamics.

The utility of this reporter has been further demonstrated in
direct imaging of the siRNA-mediated specific suppression in
gene expression. Imaging siRNA inhibition in vivo should find
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enormous applications in both
biological and biomedical re-
search from evaluating the in
vivo specificity and efficacy of
siRNAs to in vivo screening
siRNA for therapeutics.

& R Q\')f Py
A\Qj' .\Qj' 483’ A‘Qj'&

Experimental Section

All  experiments performed on
mice were approved by the Stan-
ford Institutional Animal Care and
Use Committee.

Plasmid construction: All mam-
malian expression vectors were
constructed by standard cloning
procedures. PCR amplification was
done using Pfu ultra-high-fidelity
DNA polymerase from Stratagene
(La Jolla, CA, USA) to avoid the
introduction of any undesirable
mutations. The ribozyme se-
quence was derived from pTT1A3-
T7 (a kind gift from Drs. Thomas
Cech at University of Colorado
and Roger Tsien at University of
California, San Diego). The gene
encoding P-lactamase without the
secretory signal and the start
codon was derived from pUC19
(New England Biolabs, Ipswich,
MA, USA). The gene encoding fire-
fly luciferase without the start
codon was derived from pGL3
(Promega, Madison, WI, USA). The
p53 antisense sequence was de-
rived from pCMV-p53wt (Clon-
tech, Mountain View, CA, USA).
The pDsRed2-N1 vector (Clontech)
was used as the plasmid back-
bone in constructing a CMV promoter-driven expression vector
after removal of the DsRed cDNA (pCMV-null). pCMV-p53DN
(Clontech) expresses a dominant negative mutant of the tumor
suppressor gene p53.

Cell lines, cell culture, and transfection protocols: COS7 cells
(monkey kidney cell line) were grown in Dulbecco’s Modified Eagle
medium supplemented with 10% fetal bovine serum at 37°C and
5% CO,. Cells were transfected with Lipofectamine 2000 (Invitro-
gen Corp., Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. Lysates for P-lactamase or luciferase activity assays were
made using Passive Lysis Buffer (Promega).

RNA extraction and RT-PCR: Total RNA was isolated using TRizol
reagent (Invitrogen), and tissue samples were homogenized with
Power Gen 125 (Fisher Scientific, Santa Clara, CA, USA) before RNA
extraction. Isolated RNAs were treated with DNase before cDNA
synthesis with M-MLV reverse transcriptase (Invitrogen). L-arginina-
mide (50 mMm) was present in both DNase treatment and cDNA
synthesis to quench any in vitro trans-splicing. The cDNAs were
amplified for 26 cycles unless otherwise specified using GoTaq
(Promega). Quantitative RT-PCR was done with Brilliant SYBR Green
QPCR mix from Stratagene and the iCycler from Bio-Rad (Hercules,
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Figure 8. Imaging siRNA-mediated suppression of p53DN expression in vivo. A) Plot showing luciferase activity and p53DN mRNA levels of COS7 cells trans-
fected with the indicated constructs and p53-specific siRNA or negative-control siRNA. mRNA levels were calculated by quantitative RT-PCR. B) Bioluminescent
image of live COS7 cells transfected with TRz-FL2 or TRz,,—FL2 and the indicated concentrations of negative siRNA or p53 siRNA#1. C) Plot showing p53
mRNA levels calculated by quantitative RT-PCR as a function of luciferase activity calculated by drawing ROIs in the image shown in Figure 7B. D) Representa-
tive bioluminescent imaging of mice 24 h after hydrodynamic delivery of TRz-FL2, pCMV-null and pCMV-p53DN with negative siRNA, or p53 specific siRNA
as indicated. E) ROI analysis of bioluminescence from mice imaged 24 h after plasmid and siRNA delivery. Asterisk (*) denotes statistical significance (p < 0.05).

CA, USA). Primers used were: splicing FW (TCG AGC CCC CTC TAA
GCG), Luc BW (GCC CAA CAC CGG CAT AAA G) for the fusion prod-
uct; p53FW (CAG TCA GAT CCT AGC GTC G) and Luc BW for detect-
ing both unspliced and spliced products. PCR products were ana-
lyzed by gel electrophoresis in 1% agarose gels. The identities of
the spliced products were revealed by sequence analysis. Quantita-
tive RT-PCR was analyzed with an algorithm, Miner, developed by
Zhao et al.”*

Northern blotting: Total RNA (10 pg, or 5 pg for the control) was
separated by denaturing 1% agarose gels in MOPS (20 mm,
pH 7.0), EDTA (1 mm), sodium acetate (5 mm), and formaldehyde
(6.8%). RNA was blotted onto nylon membranes (Hybond-N",
Amersham, Piscataway, NJ, USA) by capillary transfer. Specific RNAs
were detected by hybridization to DIG-labeled DNA probes
(700 bp in size) against the firefly luciferase mRNA according to the
manufacture’s instructions (Roche Applied Sciences).

In vitro enzyme assays: To measure [-lactamase activity, cell

lysate (45 pL) and fluorogenic substrate CC1 (1 mm, 5 ul)® were
mixed in each well of a 96-well microtiter plate (Corning, Corning,
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NY, USA). Fluorescence was measured with excitation at 360 nm
and emission at 465 nm at each time point in a Safire microplate
reader (TECAN, Research Triangle Park, NC). Fluorescence data was
normalized against total lysate protein contents determined by a
Bradford assay (Bio-Rad, Hercules, CA, USA). Bioluminescence
assays were performed by using a TD 20/20 luminometer (Turner
designs, Sunnyvale, CA). Cell lysates (20 uL) were mixed with LARII
(Promega, Madison, WI, USA), and the reaction was measured in
relative light units (RLU) in the luminometer. The values were
normalized against protein content and reported as RLU per ug
protein.

Fluorescence microscopy imaging: COS7 cells were transfected
with the respective plasmids (0.4 pg each) along with pDsRed2-N1
(0.2 ug) by lipofectamine 2000 in a 24-well plate. 24 h after trans-
fection, cells were reseeded onto a 35 mm glass bottom culture
dish (MatTek, Ashland, MA). 48 h after reseeding, cells were washed
twice with Hanks' balanced salt solution (HBSS, Sigma, St. Louis,
MO, USA) and loaded for 1 h at room temperature with HBSS con-
taining CCF2/AM (2 um, Invitrogen), and probenecid (2.5 mm,
Sigma). Cells were then washed four times with HBSS and ob-
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served immediately under an Axiovert 200M fluorescence micro-
scope (Carl Zeiss Microlmaging, Inc., Thornwood, NY, USA). The fol-
lowing filter set (Chroma Technology Corp., Rockingham, VT, USA)
was used for microscopic analysis of CCF2/AM: HQ405/20 for exci-
tation, 425DCXR as the dichroic mirror, HQ460/40 for blue emis-
sion, and HQ530/30 for green emission. For the acquisition of
DsRed images the following filter set was used (Chroma): excita-
tion, HQ546/12; dichroic mirror, Q560LP; emission, HQ605/75.
Images were analyzed with METAMORPH software (Universal Imag-
ing, Downingtown, PA). Quantitative analysis was done by using
the MetaMorph Image analysis software version 5.0 (Universal
Imaging, Downingtown, PA). Suitable thresholds were set in the
images to be analyzed to enable selection of region of interests
(ROIs). ROIs were then drawn around DsRed positive (transfected)
cells and blue and green intensities were measured for each ROI
after subtraction from background.

Cell implantation: 48 h after transfection, COS7 cells were collect-
ed by trypsinization, counted and suspended in phosphate buf-
fered saline (PBS). Nude mice (four weeks old from Charles River
Breeding Laboratories, Wilmington, MA), were anesthetized with
isofluorane in the light-tight chamber of an IVIS 50 imager (Xeno-
gen, Alameda, CA). After anesthetization, cells transiently transfect-
ed with the respective constructs (2.5x10° cells in 50 uL of
PBS+50 pL of matrigel) were implanted s.c on the left and right
shoulders and thighs.

siRNA sequences: siRNA duplexes against p53 (p53 siRNA#1, #2
are from Invitrogen, Validated stealthTM RNAi DuoPak): p53
siRNA#1 targets at the position 943: 5'-CCA UCC ACU ACA ACU
ACA UGU GUA A-3’; p53 siRNA#2 targets at the position 1030: 5'-
CCA GUG GUA AUC UAC UGG GAC GGA A-3’; in vitro nontargeting
control duplex (negative siRNA, Ambion, Silencer Negative Control
#1 siRNA); in vivo nontargeting control duplex (negative siRNA, In-
vitrogen, Stealth RNAi Negative Control 36% GC Content). p53
siRNA #1 and negative siRNA for in vivo experiments were purified
through desalting.

In vitro siRNA and plasmid transfection: COS7 cells were seeded
at a density of 5x10* cells per well in a 24-well plate, and trans-
fected at 80% confluency with Lipofectamine 2000 (Invitrogen) fol-
lowing the manufacturer’s instructions. Cells were cotransfected (in
triplicate) with a mixture of expression plasmid (400 ng), target
plasmid (400 ng) and siRNA (final concentration 10 nm per trans-
fection), diluted to 50 pL in optiMEM medium (Invitrogen). Lipo-
fectamine 2000 (2 uL) was diluted in optiMEM medium (50 uL) and
incubated at room temperature for 5 min. This mixture was added
to the nucleic acid and incubated for 20 min at room temperature,
before addition to the plated cells. 72 h after transfection, biolu-
minescence assays, RT-PCR or quantitative RT-PCR were performed.

For cell plate images with different concentration of siRNA, COS7
cells were seeded in a 48-well plate and all materials were used in
1/3 of the 24-well-plate transfection method. Final concentration
of siRNA was between 0.016 and 10 nm. 72 h after transfection, p-
luciferin (3 mg in 100 pL PBS) was added to each well and incubat-
ed at room temperature for 5 min. The entire plate was imaged for
10 s using the IVIS in vivo imaging system.

In vivo delivery of plasmids and siRNA to mice: The use of hy-
drodynamic injections for plasmid delivery to the liver of mice has
been described previously.*® Briefly, plasmids were preincubated
with 80 units of RNAse inhibitor (Invitrogen) at 37°C for 30 min
before use. All male nude (nu/nu) mice were ~28 g in weight (6-8
weeks of age) at the time of injection. Ribozyme plasmid DNA
(50 pg) and target or pCMV-null plasmid DNA (50 pg) with siRNA
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(50 pg) was formulated in 5% w/v glucose in water (2 mL) and in-
jected into the tail-vein of nude mice in one shot (injection time
~5's, 26.5-gauge needle; Becton Dickinson and Company, Franklin
lakes, NJ). Mice were imaged every 6 or 12 h thereafter.

Image acquisition and analysis: For small-animal bioluminescence
imaging, a Xenogen in vivo Imaging System (IVIS; Xenogen) was
used. Immediately before scanning, animals were anesthetized
with isoflurane as before, and then injected via i.p with p-luciferin
(3 mg per mouse). 10 min after p-luciferin injection, whole-body
images were acquired for 5 or 1 min as per requirement. Regions
of interest (ROIls) of constant area were manually drawn over areas
of signal intensity by using the LIVING IMAGE software (Xenogen),
and results were reported as maximum intensity values within an
ROl in photons per second per cm? per steradian. A one-tailed
student t test was used to calculate p values.
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New Peptolides from the Cyanobacterium Nostoc insulare
as Selective and Potent Inhibitors of Human Leukocyte

Elastase

Christian Mehner,” Daniela Miiller,™ ' Stefan Kehraus,” Stephanie Hautmann,

Michael Giitschow,"” and Gabriele M. Kénig*®

Eight new cyanopeptolins (insulapeptolides A-H) were obtained
from the cyanobacterium Nostoc insulare. Their isolation was
guided by their bioactivity toward the target enzyme human leu-
kocyte elastase, molecular biological investigations, and MALDI-

Introduction

Cyanobacteria belong to the oldest forms of life on earth and
populate nearly every habitat of our planet. Due to the struc-
tural diversity of their secondary metabolites and their out-
standing bioactivities, cyanobacteria are of interest for pharma-
ceutical research. In the current study, we focused on the iden-
tification of inhibitors for human leukocyte elastase (HLE). HLE
is a serine protease that is responsible for the cleavage of elas-
tin, an elastic protein in connective tissues. Excessive activity of
this enzyme can result in diseases such as emphysema, arthri-
tis, and cystic fibrosis,”? and HLE inhibitors are of relevance
for the therapy of such afflictions. To date, recombinant endog-
enous elastase inhibitors are already available (for example, se-
cretory leukocyte proteinase inhibitor or al-proteinase inhibi-
tor). Sivelestat, a sulfonamide, is the only synthetic inhibitor to
reach the clinical market,”* and there is a need for further
potent drugs. There are two additional serine proteases that
are stored in the azurophilic granules of leukocytes, protei-
nase 3 and cathepsin G. Together with elastase, they are trans-
located to the surface of the cell membrane and/or released at
an inflammatory site after cell stimulation. All three neutrophil
serine proteases can act extracellularly in the breakdown of
matrix components, but also intracellularly to degrade ingest-
ed host pathogens. These proteases are synthesized as inactive
zymogens and processed to the active enzymes. Their activity
is further regulated by endogenous inhibitors of the serpin
and chelonianin families as well as a2-macroglobulin. HLE and
proteinase 3 show a similar preference to cleave peptides after
a small hydrophobic amino acid. Unlike HLE and proteinase 3,
cathepsin G, which is a rather poor proteolytic enzyme, has a
primary substrate specificity for aromatic and basic amino
acids at this position.”” Of note is that proteinase 3 is known to
be the major autoantigen in Wegener's granulomatosis.”

A screening of 17 cyanobacterial strains that belong to eight
different genera in a HLE inhibition assay revealed the strain
Nostoc insulare (Nostocales) to be a potent producer of inhibi-
tors of this enzyme.
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[c]

TOF analysis. These peptides are selective inhibitors of human
leukocyte elastase with activities in the nanomolar range. Insula-
peptolide D (4) was the most potent compound with an IC,
value of 85 nm (K; value of 36 nm).

The predominant group of cyanobacterial metabolites are
peptides of diverse molecular architectures. Many of these
peptides are anticipated to be synthesized by nonribosomal
peptide synthetases (NRPSs), which operate nucleic acid free at
the protein level, and each biosynthetic step requires a respec-
tive protein module. A minimal module consists of adenyla-
tion, thiolation and condensation domains (named A-, T- and
C-domains) for amino acid activation, transfer of activated
intermediates, and formation of the peptide bond, respective-
ly.”~" NRPS-derived peptides normally contain unusual amino
acids like methylproline, which has been described in spumi-
gins (4-methylproline),"? scytonemin A (3-methylproline),l"
nostopeptolides A1-3 (4-methylproline),"¥ and nostocyclopep-
tides A1-2 (4-methylproline) for example."™™ For nostopepto-
lides A1-3 and nostocyclopeptides A1-2, the biosynthesis of
(25,45)-4-methylproline was recently investigated by feeding
experiments and biomolecular investigations.['®'”!
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Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author: NMR spectroscopic data
for compounds 1-8; selective ROESY experiments and LC-MS runs (ad-
vanced Marfey’s method) to determine the relative and absolute configura-
tion of Hmp in compound 1; chiral GC-MS run for 1; data of the HLE inhib-
ition assays for the crude extract of N. insulare and the VLC fractions; incu-
bation experiment of HLE with 4; alignments of the putative NRPS frag-
ment NoiN1 with NosA and NosC; alignment of NoiF with NosF and NcpE;
proposal for the biosynthesis of Hmp.
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Insulapeptolide HLE Inhibitors

By making use of the well-documented genetic information
of biosynthetic gene clusters for NRPS-type molecules from cy-
anobacteria (see refs. [17-21]), the metabolic potential of N. in-
sulare was investigated by a PCR-based methodology, which
showed that this strain is a putative producer of NRPS-derived
natural products. Additionally, MALDI-TOF analysis of the ex-
tract revealed the presence of unprecedented peptides.

After large-scale cultivation of N.insulare, eight new pep-
tides (1-8, see Scheme 1) with inhibitory activity toward HLE in
the micro- to nanomolar range could be isolated by using the
bioassay to identify the most-active fractions. Compounds 1-4
(insulapeptolides A-D) with the unusual amino acid 3-hydroxy-
4-methyl-proline (Hmp) and citrulline (Cit; the latter is extreme-
ly rare in cyanobacterial peptides; the only examples are sym-

acetic acid
46 L-leucine

32
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CH3, R, = H: 8, insulapeptolide H

Scheme 1. Structures of the insulapeptolides A-H (compounds 1-8).
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plocamide A® and the nostropeptins E-K®)) were the most-

active compounds with 1C;, values toward HLE from 85-
140 nMm. The second group of peptides (5-8, insulapeptolid-
es E-H), in which the Hmp moiety is exchanged for L-threonine
were less potent (ICs, values: 1.6-3.5 um). The inhibitory profile
of this class of peptolides was also evaluated with respect to
the related neutrophil serine proteases, that is, proteinase 3
and cathepsin G.

Results

The crude extracts (MeOH/CH,Cl,, 1:2) of 17 cyanobacterial
strains that belong to the genera Tychonema, Synechocystis,
Oscillatoria, Fischerella, Scytonema, Plectonema, Tolypothrix, and
Nostoc were tested in an HLE activity assay. From all extracts
only the one of N.insulare (Nostocales) showed a remarkable
inhibition of the enzyme with an ICs, value of 9 pgmL™" (Sup-
porting Information).

To evaluate the biosynthetic potential of N. insulare, a molec-
ular biological analysis that was based on PCR studies was con-
ducted with degenerate primers that were deduced from con-
served sequence motifs of adenylation domains of nonriboso-
mal peptide synthetase (NRPS) genes (MTF,/MTR). This way, it
was possible to amplify a putative nrps gene fragment of the
expected size of 1000 bp from the DNA of N. insulare. Several
conserved sequence motifs that were typical of adenylate-
forming domains (A2-A8) could be identified, and this enabled
the PCR amplicon to be classified as a putative peptide synthe-
tase gene fragment that shows homology (on the protein
level) to the NRPS sequences nosA (60%) and nosC (61 %) from
Nostoc sp. GSV224;"® nosA (gene bank no. AAF15891) and
nosC (gene bank no. AAF17280) belong to a gene cluster that
encodes for the biosynthetic enzymes of nostopeptolides A1
and A2."¥ By analyzing the amino acid sequence of the gene
fragment, it was possible to determine nine of ten amino acid
residues that represent the amino acid binding pocket of one
adenylation domain of the NRPS. These specific amino acids,
the so-called ‘codons’ of nonribosomal peptide synthesis, de-
termine which amino acid is selected by the A-domain in ques-
tion."®" This analysis showed that the amplified nrps gene
fragment putatively encodes part of an A-domain, which spe-
cifically binds leucine (Table 1). To further specify the peptides
that are possibly produced by N. insulare, we chose a second
PCR experiment with a primer pair that was deduced from the

Table 1. Selectivity conferring code of the putative A-domain NoiN1. The
obtained codon (first row) is compared with literature data (second row).

Activated
substrate!”

Residue position™
235 236 239 278 299 301

Plasmid
322 330 331

NoiN1® D A W F L G N V V
D A W F L G N V V Lle

[a] Plasmid that contained the putative nrps gene fragment of N. insulare
as insert DNA. [b] Position of amino acids (one-letter code) within the A-
domain of a NRPS, according to Stachelhaus et al.™" [c] The amino acid
that is specifically adenylated by the A-domain of this module according

to literature data."®""'®
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amplification experiment of the nosF gene (gene bank no.
AAF17284).1%'8 This gene encodes for a reductase that is re-
sponsible for the last step of the biosynthesis of the rather rare
nonproteinogenic amino acid (25,4S)-4-methylproline."®'® |t
was possible to amplify a gene fragment of the expected size
(about 820 bp), and the deduced amino acid sequence of this
amplicon showed 90% identity to NosF. From these experi-
ments, we concluded that the NRPS-derived peptides may con-
tain a C-methylated proline resi-

due.

G. Kénig et al.

and combined analysis of homonuclear couplings ('H,'H) and
NOE data.

The molecular formula of compound 1 was determined to
be C,H,,N,O,, based on HRMS (ESI) measurement (calcd:
964.5120 [M+Na]™; found: 964.5115) and NMR spectral data
(Table 2). The "TH NMR spectrum showed characteristic resonan-
ces for a-CH groups between d 4.5 and 5.4 ppm. Resonances
between ¢ 6.7 and 7.2 ppm provided evidence for the pres-

A MALDI-TOF characterization
of the crude extract revealed Table 2. NMR spectroscopic data for compound 1 (500 MHz, CD,0D).
the presence of several molecu- C/H no. 8y U in H2)® o HMBC ROESY (selected)
lar masses (for example, m/z Val ] ~ 1751 B ~
964.5, 9785, 9925, 10135, ) 4.96,d (4.7) 584 13,456 -
1027.5, 1029.5, 1041.5, 1043.5, 3 233, m 33.2 - 38
and 1057.5) for some of which, 4 089, d (69) 17.8 2,3 15,35
no corresponding cyanobacteri- > 1.03,d (69) 204 23 1
P gy N-Me-Tyr 6 - 172.0 - -
al COmpOUndS could be found 7 5.37, brd (11.4) 62.7 6,8, 15 17
in the databases (Antibase 2008, 8a 337, m 347 7,9,10, 1 -
Wiley and database of Anagnos- 8b 2.80, dd (11.4; 14.8) - 7,9,10, M 17
9 - 129.2 - -
Tec GmbH, Potsdam, Germany). 10 7.14,d (8.2) 131.9 8,12,13,14 15,17, 20, 21
Due to the results of the mo- 1 7.14,d (8.2) 1319 8,12,13, 14 15,17, 20, 21
lecular biological and MALDI- 12 6.73,d (8.2) 116.8 9,14 21
TOF investigations as well as 13 6.73,d(82) 1168 9,14 21
- . 14 - 157.7 - -
the remarkable inhibitory activi- N-Me 1s 289 s 317 7,16 45,10, 11
ty of the crude extract, our lle 16 - 172.8 _ -
strain N. insulare was chosen for 17 461,d (11.0) 56.6 16, 18, 21, 22, 26 7,8b, 10, 11
large-scale cultivation in a 25 L 18 1.95,m 34.7 - -
. . 19a 1.24, m 253 - -
photobloreactor. The”obtalned 19b 084 m - ~ ~
biomass was lyophilized and 20 0.76, t (7.0) 108 18,19 10,11
subsequently extracted with di- 21 0.06, d (6.3) 14.8 17,18, 19 10,11, 12,13
chloromethane/methanol  (1:2). Ahp 22 - 171.5 - -
23 466, m 50.7 22,24, 27 24b, 25
Th'e cru<'jfe extract was separate'd 24 299 m 229 - -
using silica gel vacuum liquid 24b 197, m - - 23
chromatography (VLC). Eight 25 1.96, m 31.1 23,26 23,26
fractions were subjected to the 26 515, brs 76.0 22,24 25
. . Leu 27 - 174.6 - -
HLE bioassay (for dejcalled re- %8 467, m sy5 27,33 ~
sults see the Supporting Infor- 29a 202, m 411 _ _
mation). Two active fractions, 29b 1.58, m - - -
the most polar ones, were puri- 30 212, m 246 - -
. . 31 1.00, d (6.3) 243 29, 30, 32 -
fied by preparative .rev.ersed 3 093 d (63) ne 20, 31 34
phase HPLC to obtain insula- Hmp 33 - 1695 _ _
peptolides A-H (compounds 1- 34 453,d (3.2) 66.4 33 32, 35,36
8, see Scheme 1) as white amor- 35 534,1(3.2) 79.2 L 4, 34, 36
hous materials. The structures 36 262,m 39.0 34, 35, 37a, 38
P : ) 37a 4.33, brt (8.8) 535 34, 35, 36, 39 36, 37b, 40, 42
of these compounds were eluci- 37b 3.57, brt (10.4) 36, 38 37a, 38, 40, 42
dated by using spectroscopic 38 1.20,d (6.3) 1.4 35,36, 37 3,36,37b
methods, including 1D ('H, C, Cit 39 - 173.6 - -
40 459, m 528 39, 41, 42, 45 37a, 37b
and DEPT135) and 2D NMR a1 184,m 207 40, 42 46
spectroscopy experiments 42 1.74,m 26.6 - 37a,37b
(HSQC, COSY, HMBC, and 43a 326, m 40.5 41 -
NOESY/ROESY). The absolute 43b 3.08,m 41,42, 44 -
. . . 44 - 162.3 - -
co.nﬁguratlons of. the amllno Ac 45 ~ 1734 ~ ~
acids were determined by chiral 46 200, s 222 45 41
GC-MS, chiral HPLC, LC-MS (ad- - -
[a] Assignments are based on extensive 1D and 2D NMR measurements (HMBC, HSQC, COSY).
method)®*>

vanced Marfey's
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ence of an aromatic moiety. Additionally, the '"H NMR spectrum
featured two sharp signals at 6 2.00 and 2.89 ppm for an ace-
tylic methyl group (CH;-46) and an N-methyl group (CH;-15),
respectively. The >C NMR spectrum revealed signals for nine
methyls, nine methylenes, 17 methine groups, and eleven qua-
ternary carbons. After assignment of all protons to their direct-
ly bonded carbon atoms using 'H,"C HSQC spectroscopy data,
it was possible to establish all amino acid residues by
'H,'H COSY and HMBC experiments. HMBC and NOE correla-
tions enabled us to connect the single amino acids of com-
pound 1 to a cyclic structure with a short side-chain.
'H,'H COSY correlations from H-3 (8, 2.33 ppm) to Hs-4 (6,
0.89 ppm), Hs;-5 (64 1.03 ppm) and the a-CH-2 (6. 58.4 ppm
and Jy 4.96 ppm) indicated the first residue to be a valine. 'H
and ">C NMR spectra showed signals that were characteristic of
a 1,4-disubstituted benzene ring (resonances for H-10/11: dy
7.14 ppm, d, J=8.2, 2H and H-12/13: ¢, 6.73 ppm, d, /=82,
2H). In the HMBC experiment, a strong correlation between H-
10/11 and C-8 (d. 34.7 ppm) (the proton of the latter being
part of the CH-7, CH,-8 'H,'H spin system) was detectable. The
characteristic downfield shift of C-14 (6. 157.7 ppm) indicated
a hydroxyl group at this position. A strong HMBC correlation
between H;-15 (6 2.89 ppm) and C-7 (d¢ 62.7 ppm) indicated
that the established tyrosine moiety was N-methylated. Be-
cause H-2 of valine (0, 4.96 ppm) exhibited a long-range CH
coupling to the carbonyl C-6 (3¢ 172.0 ppm) of N-methyl-tyro-
sine, both amino acids could be identified as directly neighbor-
ing. Additionally, the N-methyl group CH;-15 (¢ 31.7 and dy
2.89 ppm) showed an HMBC correlation to the carbonyl C-16
(0c 172.8 ppm) of an isoleucine residue, which was assigned by
'H,"H COSY correlations. The direct neighborhood of isoleucine
and the aromatic amino acid was furthermore confirmed by
the unusual highfield resonance of the methyl group CH;-21
(04 0.06 ppm), which is caused by the anisotropic effect of the
aromatic ring.”® A further spin system consisting of CH-23,
CH,-24, CH,-25, CH-26 could be clearly established by
'H,"H COSY correlations. The a-methine proton H-23 (d,
4.66 ppm) showed a 'H,"C long-range correlation to the car-
bonyl group C-22 (6. 171.5 ppm). Because the oxymethine
proton H-26 (8, 5.15 ppm) also had a HMBC correlation to this
carbonyl function it was quite clear that C-22 to CH-26 were
arranged in a cyclic structure. A comparison with literature
data®” led us to the conclusion that this residue was 3-amino-
6-hydroxy-2-piperidone (Ahp). Because of the 'H,”C long-
range coupling between H-17 (d, 4.61 ppm) of isoleucine and
the carbonyl group C-22 (6 171.5 ppm), it was presumed that
the Ahp formed a hemiaminal with this isoleucine residue. H,-
29 (8y 1.58, 2.02 ppm) showed 'H,'H COSY correlations to H-28
(04 4.67ppm) and H-30 (64 2.12ppm). Furthermore,
'H,"H COSY correlations between H;-31 (6, 1.00 ppm) and H-30
as well as between H;-32 (6, 0.93 ppm) and H-30 could be ob-
served. 'H,'H COSY data thus clearly delineated a leucine resi-
due. The a-H-23 of Ahp (d, 4.66 ppm) coupled with the car-
bonyl C-27 (8¢ 174.6 ppm) of this leucine, which prolonged the
peptide in the N-terminal direction. The oxymethine function
CH-35 (6¢ 79.2 and &, 5.34 ppm) exhibited 'H,'"H COSY correla-
tions to H-34 (64 4.53 ppm) and H-36 (6, 2.62 ppm). H-36
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showed additional 'H,"H COSY correlations to H,-37 (6, 3.57,
4.33 ppm) and to the methyl group CH;-38 (3, 1.20 ppm). A
HMBC correlation between H-37a (6, 4.33 ppm) and a-CH-34
(0c 66.4 and 6, 4.53 ppm) indicated the cyclization of this resi-
due to the unusual amino acid Hmp. H-28 (3, 4.67 ppm) of
leucine had a weak HMBC correlation to the carbonyl group of
Hmp (dc 169.5 ppm) and the oxymethine proton of Hmp (H-
35; Oy 5.34 ppm) showed a long-range correlation to C-1 (¢
175.1 ppm). Therefore, Hmp is the linkage between the N-ter-
minal leucine and the C-terminal valine, resulting in a 19-mem-
bered cyclic depsipeptide. The connectivity between the valine
and the Hmp residue was confirmed by ROESY correlations be-
tween H-3 (6, 2.33 ppm) and the H;-38 (d, 1.20 ppm) of Hmp.
'H,"H COSY correlations allowed us to deduce the presence of
a further spin system that began at CH-40 (d. 52.8 and dy
4.59 ppm) and reached through to CH,-43 (6. 40.5 and J 3.08,
3.26 ppm). A HMBC correlation between H,-43 and the quater-
nary C-44 (6. 162.3 ppm) suggested the presence of an argi-
nine-like amino acid that did not belong to the cyclic inner
core of the peptide. A ROESY correlation between CH;-46 of
the acetyl group (0 22.2 and 6, 2.00 ppm) and CH,-41 (6 29.7
and J, 1.84 ppm) of this residue determined the amine func-
tion to be acetylated. The HMBC coupling between H-37a (dy
433 ppm) and C-39 (6. 173.6 ppm), as well as the strong
ROESY correlation between the a-H-40 of the arginine like resi-
due (dy 4.59 ppm) and both H,-37 protons (6, 3.57, 4.33 ppm)
attached this acetylated amino acid as a “western part” chain
to the Hmp amino group. The resulting structural proposal
had a mass difference of +1 Da to the measured high-resolu-
tion data, which gave rise to the proposal that the arginine-
like residue had to be the rarely described citrulline. This
assumption was confirmed later by GC-MS analysis.

By chiral GC-MS and chiral HPLC analyses of the hydrolysate,
the absolute configuration of several amino acids could be de-
termined as: L-valine, L-leucine, L-isoleucine, L-citrulline and L-
N-methyl-tyrosine. The relative stereochemistry of Ahp was de-
termined to be (35%,6R*)-Ahp based on NMR spectral data. Due
to the very small 'H,'H-coupling of less than 1.0 Hz that was
observed for H-26 (brs), the hydroxy group at C26 had to be
axially oriented. This axial orientation of the hydroxy group is
responsible for the downfield shift of the axially oriented H,-24
(04 2.99 ppm).”® The ROESY correlations between H-23 (8,
4.66 ppm) and the equatorial Hy-24 (3 1.97 ppm) and be-
tween H-23 and H,-25 (0, 1.96 ppm) determined the relative
configuration as mentioned above (Scheme 2). By oxidation of
compound 1,%? following hydrolyzation and advanced Mar-
fey’s method® %" the absolute configuration of the resulting
glutamate could be determined as L, and thus the absolute
configuration of Ahp as 3S,6R (=23S5,26R in 1). The relative
configuration of the unusual amino acid Hmp was determined
on the basis of a selective ROESY experiment to be
(25%,3R*,4R*)-3-hydroxy-4-methyl-proline (see also Scheme 2).
Irradiation of H-36 (0, 2.62 ppm) caused, beyond the enhance-
ment of H;-38 (&, 1.20 ppm), enhancements of H-34 (Jy
4.53 ppm), H-35 (dy 5.34 ppm), and H-37a (8, 4.33 ppm); this
indicates that all these protons are positioned on the same
side of the heterocycle. The enhancements of H-34 and H-36
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Scheme 2. Selected ROESY correlations, which led to the determination of
the relative configuration of Ahp and Hmp in compound 1.

after irradiation of H-35 further confirmed the relative configu-
ration. To determine the absolute configuration, an advanced
Marfey's analysis of the hydrolysate was performed,?*2%"3%
and was shown to be (25,3R,4R)-3-hydroxy-4-methylproline (for
results of selective ROESY experiments and of Marfey’s analysis
see the Supporting Information). Compound 1 is named insula-
peptolide A.

HRMS (ESI) measurement of insulapeptolide B (2) revealed
a molecular formula of C,H,;N,0,, (Mm/z calcd: 978.5276
[M+Na]*; found: 978.5279). From 'H, "*C, and DEPT 135 NMR
spectroscopic data, it became apparent that compound 2
showed high similarity to 1. A mass difference of +14 Da and
a shift of the protons in the methyl region of the 'H NMR spec-
tra were the first hint toward an exchange of the valine residue
for an isoleucine. Amino acid analysis of the hydrolysate by
chiral GC-MS of 2 indeed confirmed the presence of an L-allo-
isoleucine in addition to L-leucine, L-citrulline, L-N-methyl-tyro-
sine and L-isoleucine. Interpretation of the 2D NMR spectro-
scopic data confirmed that the L-valine of insulapeptolide A
was exchanged with an isoleucine in insulapeptolide B. Assum-
ing that both peptides are derived from the same NRPS com-
plex with the A-domain, which has a relaxed substrate specific-
ity for valine or isoleucine, we propose that the L-valine in 1 is
exchanged against L-allo-isoleucine in 2, whereas the rest of
the peptide is identical. By using NMR spectroscopic data and
by following advanced Marfey’s method the configuration of
Ahp and Hmp could be shown to be identical to insulapeptoli-
de A.

Compounds 3 (m/z caled for C,H;;NgNaO,,: 978.5276
[M+Na]*; found: 978.5258) and 4 (m/z caled for
CugHsNoNaO,,: 992.5433 [M+Na]™; found: 992.5433) could be
isolated as two minor metabolites. The 'HNMR spectra
showed an additional signal for a methoxy group (Jy
3.78 ppm) as compared to the spectra of compounds 1 and 2,
respectively. A HMBC correlation between the methyl protons
(R,) and the quaternary, hydroxylated aromatic carbon (C14) of
the N-methyl-tyrosine residue confirmed a further methylation
of this amino acid in 3 and 4. Detailed analysis of the 2D NMR
(COSY, HSQC, HMBC, and ROESY) spectroscopic data showed
that methylation of the aromatic hydroxy functionality was the
only difference between insulapeptolide A (1) and C (3) on one
hand, and between insulapeptolide B (2) and D (4) on the
other. The absolute configurations of 3 and 4 were supposed
to be the same as in 1 and 2, as all four structures are conge-
ners of one group of cyanopeptolins.
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From the active fractions of the crude extract of N. insulare a
second group of cyanopeptolins, comprising compounds 5-8,
were isolated. The HRMS (ESI) of insulapeptolide E (5) showed
an ion peak at m/z 1043.5084 [M+Na]* that corresponded to
molecular formula of Cy;H,,NgNaO,, (calcd: 1043.5066). A de-
tailed analysis of the 2D NMR spectroscopic data that was ob-
tained from HSQC, COSY, HMBC, and ROESY experiments al-
lowed us to conclude that compound 5 is also a cyclic peptide
that belongs to the cyanopeptolin class, but with some differ-
ences in the cyclic sequence and the side-chain in comparison
to insulapeptolides A-D. By COSY and HMBC experiments the
following residues could be established: isoleucine, N-methyl-
tyrosine, two threonine, Ahp, homophenylalanine, serine, pro-
line, and butyric acid. By HMBC correlations from the a-CH
groups of the single amino acids to the carbonyl groups of the
adjacent amino acids, as well as ROESY correlations—for exam-
ple, between H-28a (8, 2.79 ppm) and H-37 (6, 5.62 ppm)—
the whole amino acid sequence was determined. The connec-
tivity between the N-terminal end of the side-chain (proline)
and butyric acid could be shown by the ROESY correlation be-
tween H-48a (dy 2.40 ppm) and H,-46 (6, 3.63, 3.70 ppm). The
absolute configurations were shown to be L-allo-isoleucine, L-
N-methyl-tyrosine, L-threonine, L-homophenylalanine, L-serine,
and L-proline by chiral GC-MS and chiral HPLC investigations
of the hydrolysate. The configuration of Ahp (35,6R) was deter-
mined in the same manner as for insulapeptolide A.

In insulapeptolide F (6) (m/z calcd for CgH,(NgNaO,,:
1029.4909 [M+Na]™*; found: 1029.4907 ) the isoleucine residue
of 5 was exchanged with a valine, as evident from NMR spec-
troscopic data (Supporting Information).

For compound 7 (m/z calcd for CsoH,0NgNaO,;: 1013.4960
[M+Nal*; found: 1013.4953) an obvious change of the reso-
nance signals in the aromatic region of 'H and "*C NMR spectra
was discernable. Further investigations of the 1D and 2D NMR
spectroscopic data proved that the only difference between
insulapeptolide G (7) and insulapeptolide F (6) is the replace-
ment of the N-Me-Tyr against an N-Me-Phe residue.

Mass spectral analysis revealed a molecular formula of
Cs;H,,NgOy; (Mm/z calcd 1027.5117 [M+Nal*; found: 1027.5099)
for insulapeptolide H (8). The NMR spectra were most similar
to those of compound 7, but they lacked the signals for a
valine residue and showed signals for an isoleucine moiety
instead. Therefore, valine in insulapeptolide G (7) is exchanged
against an isoleucine in insulapeptolide H (8). The absolute
configurations of compounds 6-8 are assumed to be the same
as in compound 5.

Thus, eight peptides, which correlate to seven of nine initial-
ly detected MALDI-TOF signals at m/z 964.5 (insulapeptolide A),
978.5 (insulapeptolide B and (), 992.5 (insulapeptolide D),
1013.5 (insulapeptolide G), 1027.5 (insulapeptolide H), 1029.5
(insulapeptolide F) and 1043.5 (insulapeptolide E) were purified
from the highly complex crude extract. Two minor compounds,
which probably also belong to the cyanopeptolin class, with
signals of low intensity at m/z 1041.5 and 1057.5 in the MALDI-
TOF spectrum could not be isolated. Assuming that the signals,
like the others, refer to [M+Nal" ions, a mass difference of
14 Da to insulapeptolide H and insulapeptolide E, respectively,
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suggests a methylation of a fur- -
Table 3. NMR spectroscopic data for compound 5 (500 MHz, CD,0D).
ther hydroxyl group, for exam-
ple, of the Ahp residue. Methyl- C/H no. Oy (U in Hz)® o HMBC ROESY (selected)
ations at this position are also lle 1 _ 175.2 _ _
known from literature reports, 2 474,d (6.3) 57.2 1,3,4,56 -
and they support this presump- 3 2.00, m 382 2,4,5,51 -
tion. 2331 4a 145, m 27.5 2,3,5,51 -
’ . 4b 1.28, m - 2,3,5,51 -
Insulapeptolides A-H  were 51 101, t (7.6) 16 3,4 _
evaluated toward the serine 5 0.92,d (6.6) 15.7 2,3,4 37
proteases human leukocyte N-Me-Tyr 6 - 172.0 - -
. 7 5.03,dd (3.2; 11.7) 63.3 6,89, 15,16 17,18
elastase (HLE), cathepsin G and
; (HLE) P 8a 339, m 345 7,9,10, 11 17,18
proteinase 3 (Table 4). Insula- 8b 279, m 7,9,10, 11 17,18
peptolides A-D  (1-4)  were 9 - 129.1 - -
hlghly potent inhibitors of HLE 10 7.12,d (8.2) 131.8 8,12, 13, 14 18, 19
. 1 7.12,d (8.2) 131.8 8,12, 13,14 18,19
with IC;, values between 85
50 ; 12 6.75,d (8.2) 116.8 9, 14 17,18, 19
and 140 nm, whereas insulapep- 13 6.75,d (8.2) 116.8 9,14 17,18, 19
tolides E-H (5-8) were far less 14 - 157.7 - -
active with IC,, values ranging N-Me 15 287,s 313 7,16 10,1
; Thrl 16 - 1734 - -
from 1.6-3.5 um. Toward protei-
H . P 17 458, d (6.6) 56.1 16, 18, 19, 20, 24 7, 8a, 8b, 10, 11, 24
nase3 and cathepsin G, com- 18 370, m 67.4 17,19 7,8a, 8b, 10, 11, 12, 13
pounds 1-8 were much weaker 19 0.55,d (6.3) 19.6 17,18 10, 11,12, 13
inhibitors (ICs, values >16 um). Ahp 20 - 171.8 - -

. B 21 4,66, dd (6.6; 12.6) 51.0 20, 22, 25 22b, 23b
IrTsuIapeptollc.iesA H Were. thus 2 278 m 4 n -
highly selective for HLE in re- 22b 191, m 21, 24 21
spect to these enzymes. An ICs, 23a 2.06, m 30.8
value of 85 nm was determined 23b 1.88, m - 21,24 2

. 24 5.35, brs 77.3 17, 20, 22 17

for compound 4 (Figure 1), ' e
X P (Fig ) Hphe 25 - 173.9 - -
which corresponds to a K; value 26 440, brd (9.1) 545 5 _
of 30 nm in the case of compet- 27a 249, m 334 26, 28 -
itive inhibition. The competitive 27b 1.98, m - - -
s 28a 2.79, m 33.1 26, 27, 29, 30, 31 37
charact.er of lnhlbltlon was e)'( 28b 264 m i 26, 27, 29, 30, 31 °
emplarily confirmed for this 29 _ 1422 _ _
peptolide by using four differ- 30 7.22,d (7.3) 129.7 29, 34 -
ent substrate concentrations, 31 722,d(7.3) 129.7 29, 34 -
T 32 7.30,t(7.3) 129.5 29, 34 -

and was indicated by the paral-

) Y P 33 7.30,t (7.3) 129.5 29, 34 -
lel lines of the Hanes-Woolf 34 7.20, t (7.3) 127.1 30, 31 _
plot (Figure 2A). This analysis Thr2 35 - 171.5 - -
resulted in a K; of 36 nm as ob- 36 4.80, brs 57.3 35,37,38, 39 -

. 37 5.62, q (6.6) 736 1,35, 38 5, 28a
tained from the secondary plot
. yP 38 145, d (6.6) 18.7 36, 37 -
(Figure 2B). Furthermore, HLE Ser 39 _ 1732 _ _
was incubated over 90 min with 40 469, t (5.4) 56.8 39, 41,42 -
compound 4, and enzymatic ac- 41a 400, dd (5.4; 11.4) 633 39, 40 -
- . 41b 3.93,dd (5.4; 11.4) - 39, 40 -
ivity was followe in
t .ty as followed by add .g bro P z 1749 z ~
aliquots to the chromogenic 43 455, dd (3.8; 8.5) 613 42, 44, 45, 46 -
substrate. A constant residual 44a 228, m 309 42, 43, 45, 46 -
HLE activity was observed 44b 215 m - 42,43, 45, 46 -
. L . . 45a 212, m 259 43, 44, 46 -
rin his in ion time. ’ T
du. g .t s CUb.at on time 45b 2.02, m - 43, 44, 46 -
This indicates that insulapepto- 46a 3.70, m 488 43, 44, 45 482
lide D was not degraded by HLE 46b 3.63, m - 43, 44, 45 48a
(Supporting Information). Ba 47 - 174.6 - -
48a 2.40, m 37.3 47, 49, 50 463, 46b
48b 228, m - 47, 49, 50 -
50 1.01, t (7.6) 14.2 48, 49 -
Today genetic information that [a] Assignments are based on extensive 1D and 2D NMR measurements (HMBC, HSQC, COSY).

is related to the biosynthesis of
natural products is easily re-
trievable from databases. In
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Figure 1. Inhibition of HLE by compound 4 in the presence of 100 um
(=1.85K,,) of the chromogenic substrate MeO-Suc-Ala-Ala-Pro-Val-NHNp.
The data are the mean values of duplicate measurements. The reactions
were followed over 10 min, and the rates, v, were determined by linear re-
gression. Rates in the absence of inhibitor, v,, were set to 100%. Nonlinear
regression according to the equation v=vy/([ll/ICs,+ 1) gave a value IC5o=
85+t4 nm.

Genbank (http://www.ncbi.nlm.nih.gov/Genbank/), more than
450 sequences that are related to NRPS biosynthetic gene clus-
ters are listed; this provides the possibility to deduce appropri-
ate primers and to search for organisms that have the genetic
potential to produce such metabolites. Moreover, detailed in-
formation on consensus sequences, as are known for adenyla-
tion domains (A-domains) of NRPSs, allow one to deduce struc-
tural details for the produced natural product.?*3¥ The use of
molecular biology to screen cyanobacteria (identification of
NRPS and PKS genes) has been reported in the literature as an
appropriate tool for the identification of the most likely sour-
ces of (bioactive) natural products.®*>” In the current study, a
PCR-based screen revealed the ability of N. insulare to produce
peptides with leucine, methylproline, or derivatives of these
two amino acids as subunits. MALDI-TOF investigations of the
crude extracts and the results of a HLE inhibition assay proved
N. insulare to produce bioactive, not yet described, secondary
metabolites. Subsequently, the isolation of insulapeptolides A-
H (1-8) was guided by the HLE bioassay.

Insulapeptolides belong to the cyanopeptolin group of non-
ribosomal peptides,"®3® one of the largest classes of cyanobac-
terial cyclic peptides to be characterized so far. This group of
compounds is defined as 19-membered cyclic depsipeptides
that contain the unusual residue Ahp and a side-chain of varia-
ble length with a terminal carboxylic acid that is attached to
the cyclic core structure.”***% A striking feature of compounds
1-4, which they share with nostopeptin A and B*" and the
nostropeptins,®® is the position of the unusual amino acid
Hmp, which replaces the threonine residue that is present at
this site in all other cyanopeptolins.

The biosynthesis of insulapeptolides A-H (1-8) probably
does not involve eight individual gene clusters of nonriboso-
mal peptide biosynthesis. Two gene clusters that encode the
two enzyme systems responsible for the biosynthesis of insula-
peptolides A-D and the insulapeptolides E-H are assumed. The
observed structural diversity within both groups of insulapep-
tolides can be explained by incomplete biosynthetic processes
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Figure 2. Inhibition of HLE by compound 4 in the presence of different con-
centrations of the chromogenic substrate MeO-Suc-Ala-Ala-Pro-Val-NHNp.
The reactions were followed over 10 min, and the rates, v, were determined
by linear regression. Rates in the absence of inhibitor and the presence of
100 pum of the substrate were set to 100%. A) Hanes-Woolf plot [S]/v versus
substrate concentrations, [S]. The data are mean values of duplicate meas-
urements with inhibitor concentrations, [I], of 400 nm (2), 300 nm (A),

200 nm (), 100 nm (M) and in the absence of the inhibitor (O). The paral-
lel lines indicate competitive inhibition. Linear regression gave values for
vertical intercepts. The intercept for the data in the absence of inhibitor, K,/
Vinax Was 0.3540.10 um % . B) Plot of vertical intercepts versus the concen-
trations of 4. Linear regression according to the equation: intercept=K,, [Il/
(K: Vinax) + K/ Vinae gave a slope K./(K; V;,..,) =9.8+0.8% ", that corresponds
to a value KK=36+11 nm.

and/or relaxed substrate specificities of biosynthetic enzymes.
Compounds 1 and 2 contain an N-methyltyrosine, whereas
compounds 3 and 4 contain a N,O-dimethyltyrosine residue;
this makes it unlikely that a inaccurately working O-methyla-
tion domain is responsible for this set of compounds. On the
other hand, compounds 1, 3, 6, and 7 contain an L-valine resi-
due at a position at which in 2, 4, 5, and 8 an L-allo-isoleucine
is located. The occurrence of such pairs of compounds might
be due to the presence of adenylation domains with a relaxed
substrate specificity for valine or isoleucine, which is in good
accordance with literature reports."®'®32 Also, the incorpora-
tion of phenylalanine (in compounds 7 and 8) instead of tyro-
sine (in compounds 5 and 6) could be derived from a relaxed
substrate specificity of the respective A-domains. Such “inac-
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curacies” in the biosynthesis of cyanobacterial NRPS-derived
peptides often result in remarkable libraries of one structural
type. For the nostopeptolides from Nostoc sp. GSV224"® and
the nostocyclopeptides from Nostoc sp. ATCC53789"" this kind
of combinatorial chemistry was proven by characterization of
the biosynthetic gene cluster. Furthermore, the brunsvicamides
A-C from Tychonema sp.,*® the aurilides B and C from Lyngbya
majuscula,*? the wewakpeptins A-D from Lyngbya semiplena™®
and the largamides A-C and D-G from an Oscillatoria sp.*” can
also be presumed to be part of such naturally derived “libra-
ries.”

HLE, proteinase 3 and cathepsin G are homologous serine
proteases that are major components of the primary azurophil-
ic granules of polymorphonuclear neutrophils.”’ They play an
important role in the proteolytic events associated with inflam-
mation and involved in the development of diseases such as
pulmonary emphysema, rheumatoid arthritis, and psoriasis.*™
Despite their subcellular localizations and similar 3D structures,
these serine proteases have specific biological functions that
have not been entirely clarified to date.” In a bioassay-guided
approach, we have identified new peptolides as potent inhibi-
tors of HLE. The cyanopeptolins 1-4 inhibited HLE with 1Cs,
values of about 100 nm, whereas compounds 5-8 were less
active with ICs, values in the lower micromolar range. Insula-
peptolides A-H (1-8) were furthermore evaluated toward the
closely related serine proteases proteinase 3 and cathepsin G.
None of the compounds showed potent activity against these
enzymes; this implies a high selectivity for HLE in relation to
the two latter serine proteases (Table 4). Although
the best compounds (3 and 4) exhibited some activi- A)
ty against proteinase 3 and cathepsin G, their 1Cs,
values for HLE were 150- or 200-fold lower, respec-
tively. The inhibition values of 1 and 2 for HLE and
proteinase 3, which differed by three orders of mag-
nitude, revealed a remarkable preference of these
peptolides for HLE. The mode of inhibition of 4 was
further characterized kinetically, and a K; value for
competitive inhibition of 36nm was obtained
(Figure 2). It can therefore be concluded that this
compound occupies the substrate-binding site of
HLE, which is also expected for the other peptides of
this study. Serine protease-catalyzed hydrolysis fol-
lows an acylation—-deacylation mechanism. It was
considered that the cyanopeptolins might act as al-
ternate substrates of HLE with a strongly decelerated
deacylation step.*¥ To test whether the enzyme
could proteolytically cleave the peptides, an exem-
plary incubation experiment was performed with in-
hibitor 4. During the time course of incubation, the
HLE activity was not regained, which strongly indi-
cates that the peptide inhibitor was not degraded by
HLE. This finding is in agreement with results on the
inhibition of porcine pancreatic elastase by the cya-
nopeptolin scyptolin A™ The crystal structure of the
elastase-scyptolin A complex showed that the Ahp
residue occupies a crucial part of the active site,
thereby preventing the access of hydrolytic water

B)
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and cleavage of the inhibitor. On the other hand, the insula-
peptolides did not behave as irreversible inhibitors by acylat-
ing the active site serine of HLE. This could be concluded be-
cause time-independent inhibition was observed for all insula-
peptolides, and during incubation with compound 4, residual
activity of HLE was maintained. Thus, we propose that the in-
sulapeptolides act as competitive inhibitors by forming nonco-
valent enzyme-inhibitor complexes with HLE.

Insulapeptolides A-D (1-4) are very selective inhibitors of
HLE. This selectivity can be explained taking literature reports
into account. The enzyme subsites S2, S1’, S2’, and S3’ (stan-
dard nomenclature according to Schechter et al.;** Scheme 3)
are the main determinants of substrate specificity for protei-
nase 3 and account for its difference from HLE, that is, in pro-
teinase 3 these subsites are considerably more polar. Further-
more, HLE and proteinase 3 accommodate substrates with
small, hydrophobic residues at P1 that interact with S1, where-
as cathepsin G prefers aromatic or positively charged residues
at this position.”” Cyanopeptolins are well known to inhibit
several serine proteases.””*® For example, scyptolin A and B
from Scytonema hofmanni inhibit porcine pancreatic elastase
with an ICy, value of 0.16 um.*” Scyptolin A is a cyclic depsi-
peptide with the sequence N-butyryl-Ala-Thr1-Thr2-Leu-Ahp-
Thr;-(3'-chloro-N-methyl-Tyr)-Val ((butyryl replaced butyroyl, in
which the ester linkage is formed by the hydroxyl group of
Thr, and the carboxyl group of valine. Matern et al."”’ reported
the crystal structure of the scyptolin A-elastase complex show-
ing that scyptolin A binds with its four N-terminal amino acid

S1
TN
acetic acid
L-leucine
O} NH o 51
R 3S,6R-Ahp
L-citrulline 3 |J\

H
A "
N @ Il
OH
H2N
2S,3R 4R-

L-valine

L-isoleucine S2°

L-N-methyl-tyrosine

OH 83’

P4 P3 P2 Pl Y PI" P2  P3
(P e P D DD substrate
N N . N\ \__ enzyme
S4 S3 S2 S17 S2° S3°
S1

Scheme 3. A) Proposed interaction of compound 1 with HLE (see Matern et al.” and
Linington et al.??).
enzyme-peptide interaction sites.”*” The arrow indicates the scissile bond.

B) Schechter and Berger convention for the nomenclature of the
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residues (Ala-Thr1-Thr2-Leu) to the subsites S4-S1 of elastase.™
The interaction with subsites S1/, S2’, and S3’ could not be
clearly defined. Scyptolins A and B as well as the insulapepto-
lides A-D possess leucine at the same position. In the scypto-
lin A—elastase complex, this residue was accommodated by the
S1 pocket. This interaction is in agreement with the primary
substrate specificity of elastases. Presumably, the binding of in-
sulapeptolides A-D (1-4) to HLE is similar to the binding of
scyptolin A to porcine pancreatic elastase, and accordingly, the
methylproline of compounds 1-4 occupies the S2 pocket
(Scheme 3). It is postulated that the “eastern parts” of these in-
hibitors (1-4) are directed toward the S1/, S2’, and S3’ subsites,
and this contributes to their high affinity. For the (albeit much
weaker) interactions of the insulapeptolides A-D with protei-
nase 3, it is also likely that the leucine residue is accommodat-
ed by the S1 pocket, because proteinase 3 shares the primary
substrate specificity with HLE. The reduced affinity for protei-
nase 3 might result from less favourable interactions. For ex-
ample, the hydrophobic moieties methylproline at P2 and iso-
leucine at P2’ position might interact unfavourably with the
corresponding subsites, which are more polar in proteinase 3
than in HLE.

None of the insulapeptolides exhibited a remarkable inhibi-
tory potency toward cathepsin G. This enzyme has a substrate
specificity for aromatic or positively charged amino acids at P1.
It was presumed that insulapeptolides A-D (1-4) interact in
the same way with this enzyme as with HLE and proteinase 3,
by occupying the P1 binding site with the leucine residue. The
exchange of leucine in compound 1-4 against the aromatic
homophenylalanine in 5-8 should have improved the affinity
to cathepsin G; however, no enhancement of inhibition was
observed. This could be due to the nonproteinogenic character
of the homophenylalanine residue. In this context it is interest-
ing that largamides D-G were evaluated as inhibitors of bovine
chymotrypsin,?” a serine protease with a similar preference for
aromatic amino acids at P1 position as cathepsin G. The puta-
tive P1 residues in these peptides are leucine (largamides D
and E), tyrosine (largamide F) and the nonproteinogenic homo-
tyrosine (largamide G). Largamide F was somewhat more
active (ICs, value of 4 um) than the largamides D/E (10 um) and
largamide G (25 pum). Thus, in support of our proposal, ex-
changing leucine with the aromatic but nonproteinogenic
amino acid homotyrosine did not result in stronger inhibition
of chymotrypsin, but replacement by the aromatic and protei-
nogenic amino acid tyrosine led to the most potent inhibitor
within this group of compounds.

There are several structural differences between insulapepto-
lides A-D (1-4) and insulapeptolides E-H (5-8), and we consid-
er two of them to be important for the different potential of
HLE inhibition. First, compounds 1-4 contain leucine at P1;
compounds 5-8 contain the more voluminous homophenylala-
nine and HLE accommodates substrates with small, hydropho-
bic residues at this position. Second, because the importance
of the amino acids that occupy the S2-S4 subsites was empha-
sized," we suggest that the “western” substructure Ac-Cit-
Hmp of 1-4 facilitates a stronger affinity to HLE than Bu-Pro-
Ser-Thr in 5-8.
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Experimental Section

General procedure: A Waters system, controlled by Waters Milleni-
um software that consisted of a 717 plus autosampler, 600 control-
ler pump with in-line degasser and a 996 photodiode array detec-
tor was used for performing the purification of compounds 1-8.
Chiral HPLC was performed on a Merck-Hitachi system equipped
with an L-6200A pump, an L-4500A photodiode array detector, a
D-6000A interface with D-7000 HSM software, and a Rheodyne
7725i injection system. 'H,"*C, COSY, HSQC, HMBC, NOESY and ROE-
SY NMR spectra were recorded in deuterated methanol either by
using a Bruker 300 DPX or a 500 DRX spectrometer operating at
300 or 500 MHz for proton and at 75 or 125 MHz for >*C NMR spec-
troscopy, respectively. Spectra were calibrated to residual solvent
signals with resonances at dy,c 3.35/49.0 ppm (CD;0D). Chiral GS-
MS analyses were performed on a Perkin-Elmer AutoSystem XL gas
chromatograph that was linked to a Perkin-Elmer Turbomass mass
spectrometer and that was equipped with an Alltech Capillary Chir-
asil-Val column. UV and IR spectra were measured on Perkin-Elmer
Lambda 40 and Perkin-Elmer Spectrum BX instruments. Optical
rotations were obtained by using a Jasco DIP 140 polarimeter. The
enzymatic assays were performed on a Varian Cary 100 Bio spectro-
photomter. Human leukocyte elastase (HLE), proteinase 3, and
cathepsin G were obtained from Calbiochem, Darmstadt, Germany.
The chromogenic substrates MeOSuc-Ala-Ala-Pro-Val-NHNp (Np: 4-
nitrophenyl), MeOSuc-Lys(2-picolinoyl)-Ala-Pro-Val-NHNp, and Suc-
Ala-Ala-Pro-Phe-NHNp were obtained from Bachem, Bubendorf,
Switzerland.

The high-resolution mass spectra were recorded on a microTOF-Q
(Bruker Daltonik) equipment.

The MALDI-TOF characterization of the crude extract was done by
Dr. Marcel Erhard, AnagnosTec GmbH, Potsdam/OT Golm, Germany
by using an Applied Biosystems Voyager DEPRO MALDI-TOF instru-
mentation (matrix: 2, 5-dihydroxybenzoic acid).

Biological material: The 17 cyanobacterial strains were obtained
from different sources. The cyanobacterial strains N. insulare Borzi
(stock-ID: 54.79), Synechocystis pevalekii (stock-1D: 91.79), Nostoc sp.
(stock-ID: 29.90), Tolypothrix sp. (stock-ID: 33.92), Plectonema sp.
(stock-ID: 42.90), Scytonema bohneri Schmidle (stock-ID: 255.80)
and Scytonema myochrons (stock-ID: 46.87) were obtained from
the Culture Collection of Algae (SAG), University of Gottingen, Ger-
many. The strains Fischerella sp. 8703 (PCC8703) and Fischerella sp.
(PCC7909) were obtained from the Pasteur Culture Collection of
Cyanobacteria, Paris, France. The strains Oscillatoria sp. and Syne-
chocystis sp. and one strain of unknown taxonomy (internal code
F&28) were obtained from Dr. B. Heyduck-Soller, Section of Marine
Biology, University of Bremen, Germany. The strains Tychonema sp.
and two strains of unknown taxonomy (internal codes: CTU and
CC198) were collected from the waste water pond of a sugar facto-
ry in Brunswick, Germany by Olaf Papendorf. The unclassified strain
with the internal code Van (probably: Oscillatoria sp.) was isolated
from a hot spring on Vancouver Island, Canada by Dr. Frithjof C.
Kuepper, Head of Culture Collection of Algae and Protozoa, Oban,
Scotland. The unclassified sample Fo802 was collected by Dr. An-
thony Wright (College of Pharmacy, University of Hawaii) on the
island of Formentera, Spain. All strains were kept in 100-150 mL
sterile BG-11 medium (Sigma Aldrich, C3061 BG-11) in 300 mL Er-
lenmeyer flasks for screening purpose. The cyanobacterium N. insu-
lare Borzi was cultivated in a 25L photobioreactor (Planktotec
System Pluto) with sterile, filtered BG-11 medium (Sigma Aldrich,
C3061 BG-11) over a period of 11 months. During the cultivation at
25°C, the culture was illuminated with white fluorescent light
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(Osram L 58W/11-869). Oxygen was supplied by a continuous
stream of sterile air from the lower end of the bioreactor.

nrps PCR screening approach: Chromosomal DNA was isolated ac-
cording to Smoker and Barnum™ by using approximately 1g of
cell material. Parts of the protocol were modified. Polymerase
chain reaction (PCR) was used to amplify putative nrps gene frag-
ments from chromosomal DNA by using the primer pair MTF2 (GC-
(AGCT)GG(CT)GG(CT)GC(AGCT)TA(CT)GT(AGCT)CC) and MTR (CC-
(AGCT)CG(AGT)AT(CT)TT(AGCT)AC(TO)TG).*? PCR was carried out
by using Tag polymerase (Promega, Mannheim, Germany). The PCR
products were extracted from agarose gels by using the QIAquick
gel extraction kit (Qiagen, Hilden, Germany) and ligated into
PGEM-T vector (Promega, Mannheim, Germany). Transformation
was performed by using competent E. coli XL-1 Blue cells. Re-
combinant plasmid DNA was prepared from 3 mL overnight cul-
tures of transformed E. coli XL-1 Blue cells by using the QlAprep
Spin Miniprep Kit (Qiagen). Sequencing was conducted in both di-
rections by using standard primers T7 (TAA TAC GAC TCA CTA TAG
GG) and M13RP (CAC ACA GGA AAC AGC TAT GAC) and ABI-PRISM
Big-Dye™ cycle Sequencing Kit (Applied Biosystems, USA) accord-
ing to the standard protocols. Analysis of the labeled strands was
performed by applying an ABI Prism 310 Genetic Analyzer (Applied
Biosystems/Perkin—-Elmer, Weiterstadt, Germany). Separation of the
DNA fragments with different chain length was performed via
capillary electrophoresis (module: “SEQ-POP6 FSE 1 mL”, capillary:
61 cm x 50 um). Data were processed with Sequence Analysis 3.0
software. The resulting sequences were analysed by using the
National Center for Biotechnology Information (NCBI) BLAST server
(http://www.ncbi.nlm.nih.gov).

PCR Amplification and Cloning of noiF: The coding sequence for
NoiF was amplified by PCR by using Tag polymerase (Promega).
The oligonucleotide sequences of the primer pair were deduced
from nosFFor, nosFRev as described in Luesch et al. (2003):"® noiF-
For 5'-CTC GAA GAT TTA CAA ATT GC-3’; noiFRev 5'-TTA ACT GAT
ATT ACC TAATTG TTG AG-3'. The obtained PCR product was ligat-
ed into pGEM-T vector (the kit was obtained from Promega) and
cloned in E. coli XL1 Blue. The plasmid purification was done by
using Gene JET™ Plasmid Miniprep Kit (Fermentas, St. Leon-Rot,
Germany). Sequencing was performed at GATC GmbH (Konstanz,
Germany). The obtained sequences were online-analyzed by using
the National Center for Biotechnology Information (NCBI) BLAST
server (http://www.ncbi.nlm.nih.gov).

Isolation procedure: The lyophilized biomass from culture (275 L,
280 g) was exhaustively extracted with MeOH/CH.CI, (11 L, 2:1) in
several steps. The dried extract amounted to 14.7 g. The extract
(4.24 g) was fractionated by silica gel vacuum liquid chromatogra-
phy by using a stepwise gradient solvent system of increasing po-
larity starting with 100% PE to 100% MeOH. The last two (most
polar) fractions showed activity against HLE. Furthermore, both
showed similar "TH NMR spectra that indicated the presence of pep-
tidic compounds. To further purify these two fractions, we chroma-
tographed them on RP,; solid-phase extraction cartages (Baker-
bond Spe™, Octadecyl C,5, 1000 mg sorbens) by using a gradient
solvent system of decreasing polarity starting from MeOH/H,0
(3:1; fraction 1) to MeOH (fraction 2). Fraction 1 was purified by
HPLC (Knauer C,; Eurospher-100, 5 pm, 250x8 mm, solvent:
MeOH/H,0 (1:1) to MeOH in 60 min, flow: 1 mLmin™") to give com-
pounds 1 (9.7 mg), 2 (7.5mg), 4 (3.3 mg), 5 (9.5mg), 7 (6.0 mg)
and 8 (10.0 mg). Compounds 3 (1.6 mg) and 6 (5.0 mg) were ob-
tained after further purification by analytical HPLC (Waters Ciq
Xterra, 5 um, 250x4.6 mm, solvent: isocratic MeOH/H,0 (55:45),
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flow: 0.7 mLmin~' for 3; MeOH/H,0 (60:40) to MeOH/H,0 (68:32)
in 20 min, flow: 0.7 mLmin~' for 6).

Insulapeptolide A (1): white amorphous solid; [a]3=-98.8 (c
0.22; MeOH); UV (MeOH) A, (log &) =204 (4.48), 225 (sh) (4.01),
279 nm (3.11); IR (ATR) v.=3372, 2924, 1737, 1631, 1548, 1443,
1333, 1262, 1182, 1149, 1040 cm™'; HRMS (ESI):: m/z: calcd for
Cu6H;1NgNaO;5: 964.5120 [M+Na]™; found: 964.5115; for NMR spec-
troscopic data see Table 2.

Insulapeptolide B (2): white amorphous solid; [a]Z=-54.7 (c
0.54; MeOH); UV (MeOH) 4,.,, (log €)=205 (4.30), 225 (sh) (3.88),
279 nm (3.12); IR (ATR) v 3372, 2961, 1738, 1631, 1536, 1443,
1331, 1261, 1205, 1148, 1025 cm™'; HR-ESI MS: m/z: calcd for
C,/H,3NgNaO,,: 978.5276 [M+Na]*; found: 978.5279; for NMR spec-
troscopic data see the Supporting Information.

Insulapeptolide C (3): white amorphous solid; [a]3=—77.7 (c 0.11;
MeOH); UV (MeOH) A, (log &) =202 (4.44), 225 (sh) (3.98), 277 nm
(3.08); IR (ATR) v, 3368, 2926, 1738, 1645, 1540, 1445, 1374, 1249,
1038 cm™'; HRMS (ESI):: m/z: caled for C,;H,sNgNaO,,: 978.5276
[M+Na]™"; found: 978.5258; for NMR spectroscopic data see the
Supporting Information.

Insulapeptolide D (4): white amorphous solid; [a]3=-34.5 (c
0.22; MeOH); UV (MeOH) 4., (log €) 203 nm (4.26), 225 (sh) (3.84),
277 (2.98); IR (ATR) v 3366, 2960, 1738, 1634, 1540, 1443, 1385,
1348, 1247, 1028 cm™"; HRMS (ESI): m/z: calcd for C,gH,sNgNaO,,:
992.5433 [M+Na]*; found: 992.5433; for NMR spectroscopic data
see the Supporting Information.

Insulapeptolide E (5): white amorphous solid; [a]?=-70.2 (c
0.42; MeOH); UV (MeOH) 4, (log €)=203 (4.48), 225 (sh) (3.89),
279 nm (3.00); IR (ATR) v 3372, 2964, 1726, 1659, 1631, 1547,
1530, 1444, 1332, 1252, 1205, 1067 cm~'; HRMS (ESI): m/z: calcd for
Cs;H,NgNaO,,: 1043.5066 [M-+Na]™; found: 1043.5084; for NMR
spectroscopic data see Table 3.

Insulapeptolide F (6): white amorphous solid; [a]Z=-101.9 (c
0.29; MeOH); UV (MeOH) A,.., (log €) 202 (4.76), 225 (sh) (4.17), 279
(3.32); IR (ATR) v, 3374, 2964, 1734, 1659, 1634, 1547, 1518, 1446,
1339, 1255, 1206, 1070cm™'; HRMS (ESI): m/z: caled for
CsoH7oNgNaO,,: 1029.4909 [M+Nal*; found: 1029.4907; for NMR
spectroscopic data see the Supporting Information.

Insulapeptolide G (7): white amorphous solid; [a]2=-83.1 (c
0.26; MeOH); UV (MeOH) A, (log €) =205 (4.46), 258 nm (2.60); IR

Table 4. Inhibitory activity of compounds 1-8 against the serine proteas-
es HLE, proteinase 3, and cathepsin G.

Compound ICs, value [pm]®
HLE proteinase 3 cathepsin G
1 0.14+0.01 >100 69
2 0.10+0.01 > 100 35
3 0.090 £ 0.001 16 46
4 0.085 £ 0.004 18 17+£4
5 3.2+0.2 >100 >100
6 1.6+0.1 46 64
7 3.5+0.1 82 46
8 2.7+0.1 98 55

[a] Values with standard error were calculated from duplicate experiments
at five different inhibitor concentrations, those without standard error are
values or limits calculated from duplicate inhibition experiments at a
single inhibitor concentration, 50 um (proteinase 3) or 25 um (cathep-
sin G), according to the equation: ICs,=1[I1/(v,/v—1).
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(ATR) Vo 3364, 2964, 1736, 1631, 1530, 1443, 1333, 1254, 1204,
1067 cm™'; HRMS (ESI): m/z: calcd for CyH,0NgNaO;;: 1013.4960
[M+Na]*; found: 1013.4953; for NMR spectroscopic data see the
Supporting Information.

Insulapeptolide H (8): white amorphous solid; [a]3=-56.9 (c
0.39; MeOH); UV (MeOH) 4., (log €) =205 (4.14), 261 nm (2.23); IR
(ATR) v 3371, 2964, 1727, 1658, 1631, 1547, 1530, 1443, 1413,
1331, 1276, 1205, 1067 cm™'; HRMS (ESl): m/z: calcd for
CsH;,NgNaO,5: 1027.5117 [M+Nal*; found: 1027.5099; for NMR
spectroscopic data see the Supporting Information.

Amino acid analysis by chiral GC: Compounds 1, 2 and 5 (0.2-
1 mg) were dissolved in HCl (6N, 1 mL) and heated to 110°C for
16 h in a closed vial. The acid was removed by using a stream of
N,. The dried hydrolysate was treated with isopropanol (500 ul)
and acetyl chloride (150 pL) at 110°C for 1 h to create the isopro-
pyl-esters of the amino acids. After removal of the solvent, the dry
residues were acylated using trifluoroacetic anhydride (0.4 mL) in
CH,Cl, (0.4 mL) and heating for 15 min at 110°C). The reaction mix-
ture was dried and dissolved in EtOAc (100 pL). This solution (1 uL)
was analyzed by GC-MS by using an Alltech Capillary Chirasil-Val
column (25 m x 0.25 mm; 0.16 um; program rate: column temper-
ature held at 50°C for 3 min; 50°C-180°C at 4°Cmin~"; flow:
0.6 mLmin™"; injector temperature: 250°C). Derivatization of the
amino acids was performed by using pb- and L-amino acids (5-
10 mg; for isoleucine and threonine the configurations b, p-allo, L
and L-allo were taken) and processed as described above. Before
analysis by GC-MS, the solutions of standard amino acids were di-
luted with EtOAc (1:50). The retention times of the N-trifluoroacetyl
isopropyl ester of the amino acids were compared with those of
the derivatized standards. In the case of L-allo-isoleucine and p-iso-
leucine, the samples were spiked (because of the small difference
of the retention times: L-allo-isoleucine: 15.97 min; p-isoleucine:
15.88 min) to show that the L-allo-isoleucine was present. (stand-
ards: L-Cit 33.24 min, p-Cit 32.90 min, L-Hphe 31.24 min, p-Hphe
30.97 min, L-lle 16.30 min, L-allo-lle 15.97 min, p-lle 15.88 min, D-
allo-lle 1547 min, L-Leu 18.04 min, b-Leu 17.22min, L-Ser
16.63 min, p-Ser 16.23 min, L-Thr 14.19 min, r-allo-Thr 17.15 min, b-
Thr 13.71 min, p-allo-Thr 16.68 min, L-Val 14.01 min, p-Val 13.54 min;
compound 1: L-Cit 33.26 min, L-lle 16.40 min, L-Leu 17.92 min, L-Val
14.00 min; compound 2 : 1-Cit 33.25 min, L-lle 16.39 min, L-allo-lle
16.00 min, L-Leu 17.95 min; compound 5 : L-Hphe 31.26 min, L-allo-
lle 15.99 min, L-Ser 16.61 min, L-Thr 14.19 min).

Chiral HPLC: Compounds 1, 2, and 5 (~0.5 mg), respectively, were
hydrolyzed in HCl (6N) at 110°C for 16 h. The hydrolysates were
dried with a stream of N,. The residues were dissolved in the
mobile phase that was used for the chiral HPLC (1 mg/100 pL).

Mobile phasel: CuSO, (2 mm) in H,O0/MeCN (95:5), flow rate:
1mLmin~' (Phenomenex Chirex3126 b-penicillamine; 250x
4.60 mm; detection at 254 nm). Mobile phase | elution times (tg,
min) of standards: L-Pro 9.0 min, p-Pro 19.8 min.

Mobile phasell: CuSO, (2 mm) in H,0/MeCN (9:1), flow rate:
1mLmin~' (Phenomenex Chirex 3126 b-penicillamine; 250x
4,60 mm; detection at 254 nm). Mobile phase Il elution times (tg,
min) of standards: L-N-Me-Tyr 27.5 min, b-N-Me-Tyr 24.5 min.

Mobile phase Ill: CuSO, (2 mm) in H,O/MeCN (88:12), flow rate:
TmLmin~' (Phenomenex Chirex3126 b-penicillamine; 250x
4.60 mm; detection at 254 nm). Mobile phase Ill elution times (t,
min) of standards: L-N-Me-Tyr 21.5 min, p-N-Me-Tyr 18.6 min.

The hydrolysates were analyzed alone and by co-injection with
standard amino acids. For compound 1 and 2 the presence of L-N-
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Me-Tyr (mobile phase Ill) could be shown. For compound 5 L-N-
Me-Tyr (mobile phase Il) and L-Pro (mobile phase I) were assigned.

Oxidization of compounds 1, 2 and 5: Compound 1, 2, and 5
(0.5-1 mg) were dissolved in AcOH (500 pL) and combined with
CrO; (2 mg). After stirring for 3 h at room temperature, the reaction
mixture was subjected to a disposable ODS column (Bakerbond
Spe™, Octadecyl C,5, 1000 mg sorbens; H,0/MeOH). The oxidized
product was eluted in the MeOH fraction.

Preparation of 1-fluoro-2,4-dinitrophenyl-5-p/L-leucinamide
(FDLA) derivatives: Compounds 1, 2 (0.5-1 mg), and the oxidized
compounds 1, 2, and 5 were hydrolyzed at 110°C for 16 h in HCl
(6N, 0.5 mL). The hydrolysates were dried with a stream of N, and
washed once with H,0 (0.5 mL). The dried residues were dissolved
in H,O (100 pL). The obtained solutions were divided into two por-
tions. After adding NaHCO; (1M, 40 ul) and - or b-FDLA (1%) in
acetone (100 pL), respectively, the reaction mixtures were heated
at 70°C for 40 min. The reactions were quenched by the addition
of HCl (1 m, 20 pL) and dried. The obtained residues were dissolved
in MeCN (250 pL). The L-FDLA derivatives (5 uL) and an equal mix-
ture of the L- and p-FDLA derivatives were analyzed by ESI-LC-MS.

ESI-LC-MS conditions: The analysis of the derivated hydrolysates
was performed on a C18 column (Macherey-Nagel Nucleodur 100,
125 mm x 2 mm, 5 pm). Aqueous CH;CN containing TFA (0.01 m)
was used as the mobile phase, and was eluted with a linear gradi-
ent of CH;CN (25-70%) in 45 min (then 70% CH,CN for 15 min) at
a flow rate of 0.2 mLmin™". A mass spectrometer detector was
used for detection in ESI (negative) mode. The ion source was kept
at 400°C. The ion spray voltage was —4000 V. A mass range from
300-1000 was scanned in 1.5 s.

Preparing of the crude extracts for the HLE inhibition assay: For
screening purposes, the biomass of all cyanobacteria was separat-
ed from the medium by filtration and subsequently lyophilized by
using a Christ Beta 1-16 freeze dryer (Osterode, Germany). The
dried biomass was extracted exhaustively with a mixture of MeOH/
CH,Cl, (1:2). Extract and biomass were separated by filtration. The
crude extracts were dried on a rotavapor with a vacuum pump.
For testing in the HLE inhibition assay, the crude extracts were sus-
pended in MeCN (10 mgmL™"). These suspensions were mixed for
15 min at 600 rpm in an Eppendorf Thermomixer Comfort. Subse-
quently, the suspensions were placed for 30 min in a Sonorex
TK 52 ultrasonic bath at room temperature. Afterwards, the sus-
pensions were filtered, and the solutions were used in the enzyme
inhibition assays.

HLE inhibition assay: Human leukocyte elastase was assayed spec-
trophotometrically at 405 nm at 25°C."” Assay buffer was 50 mm
sodium phosphate buffer (500 mm NaCl, pH 7.8). A stock solution
of the chromogenic substrate MeOSuc-Ala-Ala-Pro-Val-NHNp was
prepared in DMSO and diluted with assay buffer. Final concentra-
tion of DMSO was 1.5 %, the final concentration of the chromogen-
ic substrate MeOSuc-Ala-Ala-Pro-Val-NHNp was 100 pum, unless
stated otherwise. Assays were performed with a final HLE concen-
tration of 50 ng/mL, which corresponded to an initial rate of
0.7 ummin~', when 100 um of the substrate was used. An inhibitor
solution (10 plL) and the substrate solution (50 ul) were added to a
cuvette that contained the assay buffer (890 uL), and the solution
was thoroughly mixed. The reaction was initiated by adding the
HLE solution (50 uL) and was followed over 10 min. ICs, values
were calculated from the linear steady-state turnover of the sub-
strate. The HLE inhibition by the crude extracts was determined in
the presence of DMSO (0.5 %) and acetonitrile (1%).

ChemBioChem 2008, 9, 2692 -2703
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Proteinase 3 inhibition assay: Human proteinase 3 was assayed
spectrophotometrically at 405 nm at 25°C."" Assay buffer was
sodium phosphate buffer (50 mm sodium phosphate, 100 mm
NaCl, pH 7.8). Inhibitor stock solutions were prepared in DMSO. A
100 mm stock solution of the chromogenic substrate MeOSuc-
Lys(2-picolinoyl)-Ala-Pro-Val-NHNp was prepared in DMSO and di-
luted with a 1:1 mixture of assay buffer and DMSO. Final concen-
tration of DMSO was 3.5 %, final concentration of the chromogenic
substrate MeOSuc-Lys(2-picolinoyl)-Ala-Pro-Val-NHNp was 100 pm.
Assays were performed with a final proteinase 3 concentration
of 533mUmL™", which corresponded to an initial rate of
0.24 ummin~". An inhibitor solution (10 uL) and the substrate solu-
tion (50 uL) were added to a cuvette that contained the assay
buffer (890 uL), and the mixture was thoroughly mixed. The reac-
tion was initiated by adding the proteinase 3 solution (50 uL) and
was followed over 15 min. ICs, values were calculated from the
linear steady-state turnover of the substrate.

Cathepsin G inhibition assay: Human cathepsin G was assayed
spectrophotometrically at 405 nm at 25°C.*? Assay buffer was
Tris—=HCl (20 mm), NaCl (150 mm, pH 8.4). Inhibitor stock solutions
were prepared in DMSO. A stock solution (50 mm) of the chromo-
genic substrate Suc-Ala-Ala-Pro-Phe-NHNp in DMSO was diluted
with assay buffer. The final concentration of DMSO was 1.5%, final
concentration of the substrate Suc-Ala-Ala-Pro-Phe-NHNp was
500 uMm. Assays were performed with a final concentration of
2.5 mUmL™" of cathepsin G, which corresponded to an initial rate
of 0.7 ummin~". Inhibitor solution (5pL) and substrate solution
(100 uL) were added to a cuvette that contained assay buffer
(882.5 L), and the mixture was thoroughly mixed. The reaction
was initiated by adding the cathepsin G solution (12.5 uL) and was
followed over 10 min. ICs, values were calculated from the linear
steady-state turnover of the substrate.

Keywords: cyanobacteria - enzymes - natural products -
peptides - structure elucidation
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CAY 10499, a Novel Monoglyceride Lipase Inhibitor
Evidenced by an Expeditious MGL Assay

Giulio G. Muccioli,* Geoffray Labar, and Didier M. Lambert*®

Monoglyceride lipase (MGL) plays a major role in the metabolism
of the lipid transmitter 2-arachidonoylglycerol (2-AG). This endo-
cannabinoid is known to mediate a large number of physiologi-
cal processes, and its regulation is thought to be of great thera-
peutic potential. However, the number of available monoglycer-
ide lipase inhibitors is limited, mostly due to the lack of rapid
and accurate pharmacological assays for the enzyme. We have
developed a 96-well-format assay for MGL using a nonradio-

Introduction

2-Arachidonoyglycerol (2-AG) is a lipid messenger that primari-
ly acts by binding to the cannabinoid G protein-coupled recep-
tors CB, and CB.. Unlike classical neurotransmitters, 2-AG is not
stored in vesicles prior to its release; instead, it is produced on
demand from membrane lipid precursors.? After its action, 2-
AG is rapidly taken up by cells and hydrolyzed rather than
stored in vesicles. Such a mode of action requires tight control
of 2-AG synthesis and hydrolysis. 2-AG synthesis is thought to
occur through the sequential action of phospholipase C (-
and d-PLCs) and diacylglycerol lipases (a- and (-DAGs), or
through phospholipase A; (PLA;) and lysophospholipase C
(lysoPLC) activities.”™ On the other hand, the a/B-hydrolase
monoglyceride lipase (MGL, E.C. 3.1.1.23) is responsible for the
bulk part of 2-AG hydrolysis.*® It was recently suggested that
MGL was responsible for roughly 85% of the 2-AG hydrolase
activity that is present in the mouse brain membrane.” Beside
MGL, other 2-AG hydrolase activities have been described at
the pharmacological level,”” whereas a proteomic approach
allowed for the recent identification of two additional a/p-hy-
drolase enzymes that hydrolyze 2-AG, named a/f-hydrolase
domain-containing proteins 6 and 12 (ABHD6 and ABHD12).®!
In addition, experiments that used fatty acid amide hydrolase
(FAAH) inhibitors suggested that under specific circumstances,
2-AG could also be hydrolyzed by FAAH."" Thus, 2-AG is hy-
drolyzed through several pathways, and the predominant one,
at least in mouse brain, is by MGL.

2-AG possesses a wide range of pharmacological properties
from the modulation of neurotransmitter release to control of
neuroinflammation, and from regulation of cancer cell growth
to stress-induced analgesia. It is therefore of great interest to
have access to a large spectrum of pharmacological tools that
would enable us to regulate 2-AG levels."? However, despite
MGL cloning more than a decade ago, only a limited number
of inhibitors have been described so far.'"¥ These include the
potent but unselective methylarachidonoylfluorophosphonate
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labeled substrate, 4-nitrophenylacetate. The ICs, values that were
obtained for known inhibitors of MGL using 4-nitrophenylacetate
were similar to those reported by using the radiolabeled form of
an endogenous substrate, 2-oleoylglycerol. In a first small-scale
screening, we identified CAY10499 as a novel monoglyceride
lipase inhibitor. Thus, we report here the characterization of this
submicromolar inhibitor, which acts on MGL through an unprece-
dented mechanism for inhibitors of this enzyme.

(MAFP),”® the less-potent carbamate derivative URB602,""* and
the thiuram derivative disulfiram." This disappointing situa-
tion might have arisen from the quite expensive and painstak-
ing assay procedures that are most commonly used nowadays
to screen for and to characterize MGL inhibitors. One of these
assays quantifies the arachidonic acid released upon 2-AG
hydrolysis by using HPLC-UV spectroscopy,”® while the other
common assay quantifies the hydrolysis products of radiola-
beled MGL substrates (2-AG or 2-oleoylglycerol, 2-0G).®™ An
interesting alternative to these assays would be the use of a
chromogenic substrate that, upon hydrolysis by MGL, would
release a chromophore, and thus allow for quantification of
MGL activity. Note that a similar approach was successfully
used for FAAH by using 4-nitroanilide derivatives as FAAH sub-
strates."”

Thus, in the present paper we describe the characterization
of a novel, 96-well format assay for purified recombinant
human MGL by using 4-nitrophenylacetate (4-NPA) as a sub-
strate. Using this assay, we have identified in a preliminary
screening CAY10499 as a MGL inhibitor. Thus, we also report
here the biochemical characterization of this novel MGL inhibi-
tor, which is suggested to inhibit MGL through an unprece-
dented mechanism of action.
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Results and Discussion

Because 4-NPA is a substrate of numerous esterases, we inves-
tigated whether recombinant human MGL was able to release
the chromogenic moiety, 4-nitrophenol, upon incubation with
4-NPA. As might have been expected, the rapid increase of ab-
sorbance, which was measured at 405 nm (the 4., of 4-nitro-
phenol) confirmed the hydrolysis of 4-NPA by MGL (Figure 1).
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Figure 1. 4-Nitrophenyl alkyl ester derivatives are MGL substrates. The ab-
sorbance of 4-nitrophenol released by the hydrolysis of 4-nitrophenyl alkyl
ester derivatives (0.25 mm) was monitored at 405 nm over 40 min. The fol-
lowing putative substrates were assayed: 4-nitrophenylacetate (m), 4-nitro-
phenylpropionate (4), 4-nitrophenylbutyrate (¥), 4-nitrophenylvalerate (o),
4-nitrophenylcaproate (®), 4-nitrophenyllaurate (o). The amide 4-nitrophen-
ylacetamide (2) is not hydrolyzed by MGL.

To develop a colorimetric assay for MGL based on such a reac-
tion, we further investigated the hydrolysis of 4-nitrophenyl
alkyl ester derivatives by MGL to find the best-suited substrate.
Thus, six 4-nitrophenyl alkyl esters with varying alkyl chain
lengths ranging from C, to C,, were incubated with MGL, and
the absorbance was measured over a 40 min period (Figure 1).
Except for 4-nitrophenyllaurate (4-NPL, C,,), all tested com-
pounds are MGL substrates, as evidenced by the increase in
absorbance that was observed over time. However, due to the
poor solubility of 4-NPL, we cannot rule out that this com-
pound is a MGL substrate. Note that we also tested the well-
known amidase substrate, 4-nitrophenylacetamide, but its in-
cubation with MGL did not result in increased absorbance (4,
for 4-nitroaniline is 382 nm); this is in line with the reported
lack of hydrolase activity of MGL towards anandamide.®' In
light of 4-NPAs good behavior as substrate combined with its
higher solubility, we selected it as a substrate for our following
experiments.

We next characterized the kinetic parameters of 4-NPA hy-
drolysis by MGL (Figure 2). 4-NPA is hydrolyzed in a protein-
and time-dependent manner; this further confirms that it is
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Figure 2. 4-NPA hydrolysis by human MGL. 4-NPA hydrolysis by MGL is

A) protein concentration dependent, and B) time dependent. C) Varying the
substrate concentration leads to a Michaelis—Menten-type curve (K,=0.20 +
0.03 mm and V,,=52.2+2.3 pmolmin~'mg ™).

acting as a substrate. When measuring MGL activity as a func-
tion of substrate concentration, a Michaelis-Menten-type curve
is obtained, which results in K, and V,,, values of 0.20+
0.03mm and 522423 umolmin~'mg™, respectively (Fig-
ure 2C). Based on these results, we selected the conditions—
16 ng of MGL, 15 min incubation, and 250 um 4-NPA—for a
MGL activity assay that would allow for the characterization of
potential inhibitors.
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To confirm the validity of our approach, we assayed known
lipases and MGL inhibitors. As previously reported, PMSF inhib-
ited MGL only at very high concentrations (Figure 3 A). Similar-
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Figure 3. Characterization of MGL inhibition. A) MGL was incubated in the
presence of increasing concentrations of PMSF (m), THL (), RHC80267 (»)
and the activity was measured by using 4-NPA hydrolysis. B) The MGL inhibi-
tors MAFP (a), NEM (¥), NAM (e), ATFMK (¢), and disulfiram (@) all dose-de-
pendently inhibited 4-NPA hydrolysis by MGL.

ly, the lipase inhibitor RHC80267 also required a relatively high
concentration to inhibit MGL activity. Interestingly, we ob-
tained a complete sigmoidal curve (IC5,=0.46 +0.09 um) with
the lipase inhibitor tetrahydrolipstatin (THL). However, this
inhibitor failed to fully inhibit the enzyme, suggesting that it
might not completely block the active site.

The fluorophosphonate inhibitor MAFP (IC;,=0.076 +
0.004 um; Figure 3B), the maleimide derivative N-ethylmalei-
mide (NEM, IC5,=28+1.7 um), the trifluoromethylketone ara-
chidonoyltrifluoromethylketone (ATFMK, 1C5,=1.84+0.14 um),
and the thiuram derivative disulfiram (IC;,=0.8+£0.09 pum) all
inhibited MGL with 1Cs, values that are similar to those we pre-
viously reported with human purified MGL and radiolabeled 2-
0G as a substrate."™ N-arachidonylmaleimide (NAM) inhibited
4-NPA hydrolysis with an ICs, value of 10.5+3.8 um (compared
to 4.940.9 um with [*H]-2-0G as a substrate). Although this is
lower than the value that was reported by Saario et al.,"® the
ICsq, that are reported here for NAM are consistent with what
was reported by Blankman et al.,’® and they are also consistent
with what we observed when using rat brain homogenates
(3.240.5 pum). Taken together, these data confirm that 4-NPA
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can be used as chromogenic substrate for characterizing MGL
inhibitors.

We also questioned whether the use of pure MGL would
constitute a prerequisite for the present assay or if tissue ho-
mogenates could also be used. Several authors described
strong MGL activity in rat brain homogenates,"*'” and we
therefore thought they might be suitable for our assay. Thus,
4-NPA was incubated in the presence of increasing amounts of
rat cerebellum membranes. In this way, progress curves were
generated that were similar to those obtained with pure MGL
(See Figures 2 and 4).

Three inhibitors, MAFP, disulfiram, and NEM were also tested
and found to inhibit 4-NPA hydrolysis to various extents. Note
that the inhibition curves that were obtained with rat cerebel-
lar membranes (Figure 4C) differ from those that were ob-
tained by using pure recombinant human MGL (Figure 3B). For
instance, MAFP and NEM completely inhibited 4-NPA hydrolysis
by pure MGL, whereas only 72 and 33% of the hydrolysis by
rat cerebellum membranes was inhibited. These data can be
explained by the large number of esterases that are present in
tissue homogenates, and suggest that the present assay might
not be suitable for tissues homogenates when the aim is the
characterization of MGL inhibitors.

To further test this assay, we screened (at 10 and 100 pm) a
set of compounds that have been reported to interact with
endocannabinoid-hydrolyzing enzymes. These include nonster-
oidal anti-inflammatory drugs,?” trifluromethylketone deriva-
tives,”" carbamates,”*?Y hydantoins,”® and substrate ana-
logues. With the exception of the hormone-sensitive lipase
(HSL) carbamate inhibitor CAY10499,%% and the benzoylthiocar-
bamate SC17, all the compounds were devoid of an inhibitory
effect on 4-NPA hydrolysis by MGL (Table 1, and Table ST in the
Supporting Information). Because both CAY10499 and SC17
behaved as good inhibitors in this screening, we determined
their IC;, values. MGL-mediated 4-NPA hydrolysis was inhibited
with 1C, values of 54+0.8 um and 0.54+0.03 um for SC17 and
CAY10499, respectively. When assayed by using 2-OG as a sub-
strate, 1Cs, values of the same magnitude were observed (20 +
3.15 um and 0.4 £0.04 pm, respectively).

Because there are only a limited number of available submi-
cromolar MGL inhibitors (for a review see ref. [13]), we decided
to further characterize MGL inhibition by CAY10499. The inhibi-
tion of MGL by CAY10499 cannot be overcome by increasing
the substrate concentration (Figure 5A). Actually, K, values are
increased in the presence of increasing concentrations of in-
hibitor (0, 0.1, 0.3, 1, and 10 um of CAY10499) whereas the V.,
values are decreased by the inhibitor. Interestingly, the ICs,
values that were measured after preincubation of the inhibitor
with the enzyme showed a strong increase in the inhibition
potential, with 1Cs, values reaching a plateau of around 20 nm
after 15 min of preincubation in the absence of any substrate
(Figure 5B).

These data show that CAY10499 is also able to interact with
MGL in the absence of substrate. The reversibility of the inhi-
bition was also investigated by performing a high dilution
(400x) of the enzyme-inhibitor solution prior to the substrate
addition. The inhibitor concentration was selected to fully in-

ChemBioChem 2008, 9, 2704 -2710
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Figure 4. 4-NPA hydrolysis by rat cerebellar membranes. 4-NPA hydrolysis by
rat cerebellar membranes is A) protein concentration dependent and B) time
dependent. C) The hydrolysis of 4-NPA by rat cerebellar membrane was par-
tially inhibited by MAFP (m), disulfiram (e), and NEM (V).

hibit the enzyme during the 1 h preincubation.’” Thus, after
1 h of incubation of MGL with vehicle, and following a 400X
dilution prior to substrate addition, MGL still time-dependently
hydrolyzed 4-NPA; this shows that the 1 h preincubation per
se did not affect MGL activity (Figure 5C). Adding ATFMK as an
inhibitor during the preincubation had no effect on the MGL
activity after the 400x dilution, as was expected for this rever-
sible electrophilic carbonyl-type inhibitor.?*?* On the other
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Table 1. Screening of a small set of compounds. Representative com-
pounds of classes that are known to interact with endocannabinoid me-
tabolism (that is, NSAIDs, carbamates, acylesters, ureas, trifluoromethyl-
ketones) were screened against MGL activity.
Compound MGL activity [% of control] Compound class

100 pum 10 um
SC1 51 82 NSAIDs
SC2 89 80 NSAIDs
SC3 55 67 NSAIDs
SC4 84 79 NSAIDs
SC5 68 64 NSAIDs
SCé 70 84 NSAIDs
SC7 103 100 NSAIDs
SC8 90 102 acylester
SC9 98 97 benzylglycerol
SC10 101 108 dibenzylcarbonate
SC11 88 20 carbamate
SC12 92 88 carbamate
CAY10499 5 5 carbamate
CAY10433 101 98 carbamate
WWL70 89 99 carbamate
URB602 69 84 carbamate
SC13 82 93 carbamate
SC14 80 84 trifluoromethylketone
SC15 92 1m trifluoromethylketone
sc16 100 101 trifluoromethylketone
SC17 12 36 benzoylthiocarbamate
SC18 63 80 benzoylcarbamate
SC19 79 83 benzoylcarbamate
SC20 104 105 benzhydryl
sC21 109 110 benzhydryl
SC22 102 98 hydantoin

hand, the active-site-directed covalent inhibitor MAFP fully and
irreversibly inhibited MGL. No MGL activity was detected even
after a 1 h incubation with the substrate (Figure 5C).

A similar profile is apparent after MGL incubation with
CAY10499; this suggests that the inhibition is irreversible, at
least over the time course of the assay. Note that we tested
the same inhibitors in parallel at their 400x diluted concentra-
tion, and neither MAFP nor CAY10499 inhibited MGL (data not
shown). This demonstrates that the inhibitor that is bound to
the enzyme is indeed responsible for the MGL inhibition that
was observed after the dilution.

We further characterized CAY10499 by assessing its effect on
FAAH activity as well as its affinity for the cannabinoid recep-
tors. CAY10499 was able to fully inhibit [*H]-AEA hydrolysis by
human recombinant FAAH with an IC;, of 76 nm. On the other
hand, CAY10499 displaced only 25% and 20% of [*H]-CP-
55940-specific binding to the CB; and CB, receptors, respec-
tively, and thus is devoid of significant affinity for the cannabi-
noid receptors.

Carbamate moieties are known to interact with numerous
enzymes, including several enzymes of the endocannabinoid
system. Indeed, FAAH is inhibited by such derivatives as
URB597%% and JP-83,?Y whereas MGL is inhibited, albeit to a
much lesser extent, by the carbamate URB602."¥ Finally, the 2-
arachidonoylglycerol hydrolase ABDH6 was recently shown to
be inhibited by WWL70.%3" Thus, it is interesting to compare
the potent inhibition that we obtained with the carbamate de-
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Figure 5. Characterization of CAY10499 as an MGL inhibitor. A) In the pres-
ence of CAY10499 (m O um; @ 0.1; ¢ 0.3; ¥ 1 um; A 10 um), K, values are in-
creased while V,,, values are decreased. B) Preincubation of CAY10499 with
MGL in the absence of substrate results in increased inhibition (that is, de-
creased —loglCs, values). C) Following 1 h preincubation of an enzyme-in-
hibitor mixture and 400 dilution, MGL time-dependently hydrolyzes 4-NPA
(m DMSO, control) as does the MGL that had been preincubated with ATFMK
(e). Conversely, MGL that was preincubated with MAFP (¥) and CAY10499
(a) was still inhibited; this demonstrates that the inhibition is irreversible.

rivative CAY10499 with the lack of inhibition that was shown
by all the other carbamate inhibitors that were tested here
(Table 1 and Scheme 1).

This difference in activity incited us to ask whether the car-
bamate moiety or the 5-methoxy-3-(3-phenoxyphenyl)-1,3,4-
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Scheme 1. Carbamates used in this study.

oxadiazol-2(3H)-one moiety is responsible for MGL inhibition.
Indeed, the later moiety was involved in the inhibition of HSL
by 3-phenyl-5-methoxy-1,3,4-oxadiazolon-2-one (compound
7600), a close analogue of CAY10499.5" To answer this ques-
tion, the most straightforward approach was to synthesize a
derivative lacking one of the two moieties. We therefore syn-
thesized and tested benzyl phenylcarbamate (SC23), which
lacks  the  5-methoxy-3-(3-phenoxyphenyl)-1,3,4-oxadiazol-
2(3H)-one moiety. SC23 was devoid of any activity against MGL
(data not shown). Because CAY10499 activity is increased by
preincubation with the enzyme, we also preincubated SC23
for 20 min before adding the substrate, and again found no ac-
tivity for this carbamate. Together, these data suggest that the
active moiety of CAY10499 is not the carbamate but more
likely the 5-methoxy-1,3,4-oxadiazol-2(3H)-one moiety.

Conclusion

We report here the characterization of a fast, inexpensive, and
non-radiolabeled enzymatic assay for assessing MGL activity by
using 4-NPA as chromogenic substrate. The assay was validat-
ed by using known MGL inhibitors, which all showed inhibition
values that were similar to those that we reported earlier using
[*H]-2-0G as a substrate. The use of this assay in a small-scale
screening allowed us to detect, for the first time, the inhibitory
activity of CAY10499 against MGL. Upon further study,
CAY10499 appears to be an irreversible nanomolar inhibitor
that interacts with MGL through an original mechanism for
this enzyme. This novel mechanism combined with its good
inhibition of MGL should warrant further development of this
class of compounds as inhibitors of this crucial enzyme in the
endocannabinoid 2-AG metabolism.

Experimental Section

Materials: 4-NPA, 4-nitrophenylbutyrate, 4-nitrophenylcaproate, 4-
NPL, 4-nitrophenylvalerate, N-(4-nitrophenyl)acetamide, disulfiram,
PMSF, NEM, THL, RHC80267, and 2-OG were purchased from

ChemBioChem 2008, 9, 2704 -2710
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Sigma. 4-Nitrophenyl propionate was obtained from MP Biomedi-
cals (lllkirch, France). CAY10499, CAY10433, WWL70, MAFP, NAM,
were purchased from Cayman Chemicals (Ann Arbor, MI, USA).
[*H]-2-OG and [*H]-AEA were purchased from American Radiola-
beled Chemicals (St. Louis, MO, USA). [*H]-CP-55940 (101 Cimol™")
was purchased from PerkinElmer. Pure human MGL was obtained
as previously described."™ Enzyme amounts are given in mg of
protein (determined by Bradford's method). Incubation and ab-
sorbance measurement were performed at 37 °C by using a Spec-
traMax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA).

Measurement of MGL activity using 4-NPA hydrolysis: Assays
were carried out in a 96-well microtiter plate (200 pL total volume).
Pure human MGL (16 ng per well) in Tris-HCl (150 pL, 100 mm,
pH 7.4, 0.1% w/v fatty-acid-free BSA [final]) was added to each
well, which also contained drug in DMSO (10 pL) or DMSO alone as
a control. Hydrolysis was initiated by rapidly adding a solution of
4-NPA in Tris—=HCI (1.25 mm, 40 pL; 250 pum final concentration) to
each well. The 96-well plate was incubated at 37°C for 15 min
prior to absorbance measurement at 405 nm. Wells that contained
buffer only were used as controls for chemical hydrolysis (blank)
and this value was systematically subtracted. For the characteriza-
tion of the method, assays were performed by using different pro-
tein amounts ranging from 0.1 to 48 ng, or different incubation pe-
riods (from 2 min to 40 min). A calibration curve for 4-nitrophenol
was built-up under the same conditions and used to convert ab-
sorbance values into amounts of product (data not shown).

Measurement of MGL activity using [*H]-2-OG hydrolysis: The
assay was performed as previously reported." Briefly, pure human
MGL (5 ng) in Tris-HCI (165 pL, 100 mm, pH 7.4, 0.1% w/v fatty
acid-free BSA [finall) was added to glass tubes that contained
either 10 pL of drug in DMSO or DMSO alone (control). Hydrolysis
was initiated by adding a solution of [*H]-2-OG in Tris—HCl (80 pum,
25 pL, 50000 dpm; 10 um final concentration). The tubes were in-
cubated in a shaking water bath at 37°C for 10 min. Tubes contain-
ing buffer only were used as controls for chemical hydrolysis
(blank) and this value was systematically subtracted. Reactions
were stopped by adding ice-cold MeOH/CHCl; (1:1, 400 pL), and
the radiolabeled glycerol was extracted by mixing and subsequent
centrifugation at 1700g (5 min). The upper layer (200 ulL) was re-
covered and the radioactivity was measured by liquid scintillation.

Measurement of FAAH activity: The assay was performed similarly
to the radiolabeled substrate assay for MGL activity by using [HI-
AEA and human recombinant FAAH (5 pg of protein/tube)®? in-
stead of [*H]-2-OG and human recombinant MGL, respectively.

Cannabinoid receptors competition assay: The assay was per-
formed as previously reported.”” Briefly, hCB,-CHO or hCB,-CHO
cell homogenates (40 pg of protein in 450 pL of a buffer contain-
ing Tris-HCl (50 mm), EDTA (1 mm), MgCl, (3 mm), and 1% fatty-
acid-free BSA at pH 7.4) were added to glass tubes that contained
either 0.5 pL of drug in DMSO or DMSO alone (0.1 %, total binding)
and [*H]-CP-55,940 (50 pL, 1 nm final). Nonspecific binding was de-
termined in the presence of 10 um HU-210. The tubes were incu-
bated for 1 h at 30°C, then cold buffer was rapidly added to the
tubes, the solutions were filtered through presoaked glass-fiber fil-
ters (Whatman GF/B, Maidstone, UK) by using a Brandell harvester,
and the tubes were rinsed twice with cold buffer. Radioactivity on
the filter was counted by using scintillation liquid (10 mL).

Inhibition reversibility study: The reversibility of MGL inhibition
was assessed essentially as described by Ahn et al.””? The inhibitors
were added to a microvial at a concentration of 20x (MAFP) or
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50 % (CAY10499, ATFMK) their ICs, value. MGL (220 ng) in Tris—-HCI
(50 pL, 100 mm, pH 7.4, 0.1% w/v fatty-acid-free BSA [final]) was
also added. After 1 h incubation at room temperature, three ali-
quots (5 pL) were diluted 300x, and this solution (150 uL) was
added to a 96-well plate that contained DMSO (10 plL) and 4-NPA
(40 puL, 250 pm final concentration). The hydrolysis was monitored
(405 nm) over 60 min.

Preparation of rat cerebellum homogenate and 4-NPA assay:
Tissue preparation was conducted essentially as described by Van-
devoorde et al." Briefly, rat cerebella were homogenized at 4°C in
sodium phosphate buffer (50 mm, pH 8) containing sucrose (0.3 m).
The homogenates were then centrifuged at 100000g for 50 min at
4°C, and the pellets were subsequently resuspended in Tris—-HCI
(100 mm, pH 7.4). The fractions were stored frozen in aliquots at
—80°C until use. Inhibition of 4-NPA hydrolysis assay was conduct-
ed essentially as described above, by using rat cerebella homoge-
nates (4 pg per well; 20 min incubation) instead of pure recombi-
nant human MGL.

Synthesis of N-benzoylthiocarbamic-cyclohexylethyl ester
(5C17): 2-cyclohexylethan-1-ol (4.9 g, 38 mmol) was added drop-
wise to a mixture of benzoylisothiocyanate (5g, 30 mmol) and
Et;N (3.1 g, 30 mmol) in dry toluene (60 mL). The resulting solution
was refluxed under an inert gas atmosphere for 12 h. The toluene
was then removed under reduced pressure, and the resulting solid
was recrystallized from EtOH to give a white solid (35%). 'H NMR
(400 MHz, [DgIDMSO): 6=11.91 (s, 1H), 7.85-7.83 (d, 2H), 7.64-7.60
(t, 2H), 7.52-7.46 (t, 1H), 4.25-4.49 (t, 2H), 1.69-1.55 (m, 2H), 1.42-
1.38 (m, 1H), 1.24-1.10 (m, 2H), 0.95-0.86 ppm (m, 2H); *C NMR
(100 MHz, [D¢]DMSO): 6=188.36, 163.66, 131.83, 131.27, 127.16,
126.89, 68.00, 33.43, 32.12, 31.02, 24.53, 24.15 ppm; IR: 7= 2925,
1700, 1530 cm ™.

Synthesis of benzylphenylcarbamate (SC23): Benzyl alcohol (7 g,
64 mmol) was added dropwise to a mixture of phenylisocyanate
(59, 42 mmol) and Et;N (4,2 g, 42 mmol) in dry toluene (60 mL),
and the resulting solution was refluxed under an inert gas atmos-
phere for 12 h. The toluene was then removed under reduced
pressure, and the resulting solid was recrystallized from hexane/
acetone to yield a white solid (65%). "H NMR (400 MHz, CDCl,): 6 =
7.50-7.34 (m, 10H), 5.26 ppm (s, 2H); *C NMR (100 MHz, CDCL,): &
153.39, 138.08, 136.29, 129.11, 128.68, 128.39, 128.36, 123.59,
118.91, 67.18 ppm; IR: #=1691, 1549 cm™".
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A Type I/Type lll Polyketide Synthase Hybrid Biosynthetic
Pathway for the Structurally Unique ansa Compound

Kendomycin

Silke C. Wenzel, Helge B. Bode, Irene Kochems, and Rolf Miiller*®

Kendomycin is a bioactive polyketide that is produced by various
Streptomyces strains. It displays strong antibiotic activities
against a wide range of bacteria and exhibits remarkable cyto-
toxic effects on the growth of several human cancer cell lines. In
this study we cloned the corresponding biosynthetic locus from
the producer Streptomyces violaceoruber (strain 3844-33C). Our
analysis shows that a mixed type I/type lll polyketide synthase
pathway is responsible for the formation of the fully carbogenic
macrocyclic scaffold of kendomycin, which is unprecedented
among all of the ansa compounds that have been isolated so

Introduction

Microorganisms produce an amazing number of metabolites
with useful biological activities. These compounds are charac-
terized by an enormous structural diversity that is not obtaina-
ble from alternative sources, which explains the still dominant
role of natural products in the discovery process of drug
leads." The structurally unique polyketide kendomycin (also
known as (—)-TAN 2162) is produced from various Streptomyces
strains including Streptomyces violaceoruber®™® and shows
promising biological activities. It acts as a potent endothelin
receptor antagonist,>® as an antiosteoporotic compound,®
and has also been found to display strong antibiotic activities
against a wide range of bacteria, including multidrug-resistant
Staphylococcus aureus (MRSA) strains.” In vitro cytotoxicity
tests revealed that kendomycin exhibits remarkable cytotoxic
effects on the growth of multiple human cancer cell lines, and
has a potency that is comparable to that of the clinically used
anticancer drugs doxorubicin and cisplatin.”? Recent studies on
the mode of action of kendomycin in mammalian cells have
shown that the compound mediates its cytotoxic effects, at
least in part, through proteasome inhibition.” Structurally, ken-
domycin represents an aliphatic ansa system in which a highly
substituted pyran ring is attached to a unique quinone me-
thide chromophore. This fully carbogenic scaffold is unprece-
dented among all of the ansa compounds that have been iso-
lated so far. Its novel molecular architecture along with the im-
pressive biological profile renders kendomycin an important
subject of (bio)chemical and molecular studies. Diverse syn-
thetic approaches to this unique natural product have been
reported, including two total syntheses.’”"

To elucidate the biosynthetic origin of kendomycin, stable
isotope-labeling experiments were performed with the bacteri-
al producer S. violaceoruber (strain 3844-33C)."'¥ The obtained
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far. Heterologous expression of a gene set in Streptomyces coeli-
color shows that 3,5-dihydroxybenzoic acid is an intermediate in
the starter unit biosynthesis that is initiated by the type Il polyke-
tide synthase. The identification of the kendomycin biosynthetic
gene cluster sets the stage to study a novel chain termination
mechanism by a type | PKS that leads to carbocycle formation
and provides the starting material for the heterologous expres-
sion of the entire pathway, and the production of novel deriva-
tives by genetic engineering.

data suggest that kendomycin is a product of a type | polyke-
tide synthase (PKS) system. Those giant multienzyme systems
accommodate a distinct set of catalytic domains to assemble
coenzyme A (CoA)-activated short-chain carboxylic acids in a
manner similar to fatty acid biosynthesis.">'® For each chain
propagation step a minimal set of three domains is required:
an acyl transferase (AT) domain for extender unit selection and
transfer, an acyl carrier protein (ACP) for the covalent binding
of the extender unit to the enzyme complex, and a ketoacyl
synthase (KS) domain for the decarboxylative condensation
with the growing polyketide chain. The resulting B-keto acid
might subsequently be processed by [-ketoacyl reductase
(KR), B-hydroxyacyl dehydratase (DH), enoyl reductase (ER) and
methyl transferase (MT) domains. The catalytic domains that
are required for the incorporation of a single polyketide unit
are grouped into modules, and the order and architecture of
the modules usually reflect the chain length as well as degree
of reduction of the resultant polyketide. Whereas the first
module initiates the biosynthesis by loading the starter unit,
the last module usually contains an additional termination
domain, for example, a thioesterase (TE) domain, to catalyze
the release of the polyketide chain from the enzyme complex.
Kendomycin biosynthesis seems to be unique in both aspects
(start and termination) because polyketide chain formation
most likely involves the recruitment of an unusual starter unit

[a] Dr. S. C. Wenzel, Dr. H. B. Bode, |. Kochems, Prof. Dr. R. Mliller
Universitdt des Saarlandes, Institut fiir Pharmazeutische Biotechnologie
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as well as a so-far unknown termination step.!
Based on results from feeding experiments and the
presence of a fully carbogenic ansa framework in
kendomycin, it was concluded that the macrocycliza-
tion occurs via C—C bond formation after decarboxy-
lation of the last extender unit rather than through
the common TE-mediated macrolactone formation
by intramolecular cyclization. In addition, the label-
ing studies suggested that a benzoic acid derivative
possibly generated through a type Ill PKS-dependent
pathway is used as a starter unit from the type | PKS
biosynthetic machinery. Type Il PKSs (also known
as chalcone synthase-like PKS) are iteratively operat-
ing condensing enzymes that act directly on acyl-
CoA substrates and are usually independent of
ACPs."” Originally assigned to plant secondary me-
tabolism (“chalcone synthases”), these enzymes were
later reported to be involved in the biosynthesis of
bacterial compounds as well. The corresponding
products are typically small aromatic metabolites
like 1,3,6,8-tetrahydroxynaphthalene (THN) and its

4,14]

R. Miiller et al.

ken$/10 ken1-7 keni7-20
11 oy e ken12 ken13 ken14 15 ken16 ——21

{ea e n— —— —— > E—— |} {

Xhol Xhol EcoRl  Xhol
{Xhol | Xhol i Xhol {EcoRI EcoRI  Xhol Xhol EcoRI
o : 120 kb & ; 140 kb 60 kb H
| I T ; EJ i I T L i L | L
H ' cosmid Ha
{iEcoRI i | P
cosmid F3
cosmid A7} | cosmid F10 |
cosmid D11
pKen22
1o pKen24
B | —
pKen18 | pKen14

Figure 1. Map and gene arrangement of the kendomycin (ken) biosynthetic gene cluster
in S. violaceoruber strain 3844-33C. The inserts of the cosmids and plasmids are indicated
by black bars. The restriction sites of the enzymes EcoRI and Xhol, which were used for
subcloning of fragments, are illustrated by dotted lines. Genes are shown as arrows,
which also indicate the direction of transcription. Type | PKS-encoding genes are shown
in black, whereas genes that are assumed to be involved in the biosynthesis of the aro-
matic starter unit are highlighted in grey. The proposed functions of the encoded pro-
teins are listed in Table 1.

spontaneous oxidation product flaviolin, 2,4-diacetyl-
phloroglucinol (2,4-DAPG) or 3,5-dihydroxyphenyl-
glycine (3,5-DHPG), just to name a few.!'®%¥

Kendomycin's potential as a medicinal agent, its unique
structural topography, and the interesting questions concern-
ing its biosynthesis encouraged us to identify and characterize
the corresponding biosynthetic machinery. Here, we describe
the identification of the kendomycin biosynthetic gene cluster
by hybridizing a cosmid library from the producer strain S. vio-
laceoruber (strain 3844-33C) with type | and type Il PKS-specific
probes. Sequence analysis and gene inactivation studies re-
vealed that a type I/type lll PKS hybrid system is indeed re-
sponsible for the formation of the unique polyketide. A set of
genes involved in the biosynthesis of the unusual starter unit
was subcloned and heterologously expressed in Streptomyces
coelicolor; this indicates that 3,5-dihydroxybenzoic acid is an
intermediate during type lll PKS-initiated starter unit biosynthe-
sis.

Results and Discussion

Identification of the kendomycin biosynthetic gene cluster
in Streptomyces violaceoruber

The chemical structure of kendomycin and the labeling pattern
from previous feeding studies™'¥ led us to assume that both
type | and type lll PKSs are involved in the biosynthesis. To
identify the kendomycin gene cluster, a genomic library of the
producer organism S. violaceoruber (strain 3844-33C) was con-
structed and initially screened with a KS-specific probe to
detect type | PKS pathways. Positive cosmids were subsequent-
ly hybridized by using a heterologous probe based on the
dpgA (encodes a type lll PKS) and dpgB-D genes from the bal-
himycin pathway of Amycolatopsis mediterranei.®” Five cosmids
(including cosmids A7, F3, and H4; see Figure 1) gave strong
signals with both probes and were further analyzed by end se-

2712
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quencing. Cosmid H4, which was found to encode a type | PKS
at the T3 end and a protein homologous to DpgC®? at the T7
end, was finally completely sequenced. Detailed sequence
analysis indicated that the 36 kb insert from cosmid H4 does
not contain the complete kendomycin biosynthetic pathway.
Cosmids harboring fragments that overlap with the T7 end of
cosmid H4 had already been identified in the hybridization
experiment by using the dpgA-D probe (cosmid F3 and A7,
see Figure 1). To detect cosmids that overlap with the T3 end
of cosmid H4, the initial KS cosmid sublibrary was hybridized
with a probe that was homologous to the T3 end of cosmid
H4. Five cosmids (including cosmid D11 and F10; see Figure 1)
gave strong signals and were further analyzed by their restric-
tion pattern and by end sequencing. Fragments upstream and
downstream of the cosmid H4 insert were subcloned into con-
ventional cloning vectors; this resulted in pKen14, pKen1l5,
pKen22, pKen24, and pKen26 (Figure 1 and Table S1 in the
Supporting Information), which were completely sequenced.
To prove the involvement of the identified gene cluster in ken-
domycin formation, a type | PKS-encoding gene (ken12) was
inactivated by insertional mutagenesis. The resulting mutant
strain S. violaceoruber::pKen41 was found to be unable to pro-
duce kendomycin, in contrast to the wild-type strain that was
cultivated under identical conditions (see Figure 2).

Sequence analysis of the kendomycin biosynthetic gene
cluster

Detailed analysis of the 66 kb kendomycin (ken) biosynthetic
gene cluster (GenBank accession no. AM992894) revealed 20
open-reading frames (ORFs) that are organized into four puta-
tive operons (ken1-7, ken9-10, ken12-16 and ken17-20) and
two single genes (presumably of regulatory function) flanking
both sides of the gene cluster. For a detailed description of the

GmbH & Co. KGaA, Weinheim ChemBioChem 2008, 9, 2711 -2721
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Biosynthetic Pathway of Kendomycin
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Figure 2. Phenotypic analysis of the ken12 inactivation mutant in comparison to the
wild-type strain. HPLC chromatograms of the A) S. violaceoruber (strain 3844-33C) extract
and B) S. violaceoruber::pKen41 extract are shown. The peak that corresponds to kendo-

mycin is marked with an asterisk and could only be detected in the wild-type extract (A).
The two compound peaks that are marked with plus symbols represent potential kendo-

bors a TE domain, which is usually required for the
release of the processed polyketide chain from the
multienzyme complex."® An additional gene (ken15),
which encodes a protein with homology to FAD-
dependent monooxygenases, is integrated into the
type | PKS operon (ken12-16). A set of four genes is
located (ken17-20) further downstream and encodes
a putative lipase (Ken17), a protein (Ken18) with
weak homology to an enediyne-binding protein
(MdpA) from Actinomadura madurae*® a putative
oxidoreductase (Ken19) as well as a probable inte-
gral membrane protein (Ken20). The following gene
(ken21) is transcribed in the opposite direction and
encodes a putative MarR family transcriptional regu-
lator.®" Upstream of the type | PKS-encoding genes
(see Figure 1), a set of 10 genes (ken1-7 and ken9-
11) is putatively transcribed in reverse orientation.
ken1 encodes a protein with homology to type Il thi-
oesterases. The following three genes (ken2-4) as
well as ken7 show high similarity to the dpgABCD
operon from A. mediterranei;*® these encode a type
Il PKS (Ken2/DpgA), two enoyl-CoA hydratases
(Ken3/DpgB and Ken7/DpgD), and a dioxygenase
(Ken4/DpgC). Two additional genes, ken5 and kené6,

mycin derivatives/biosynthetic intermediates (UV detection at 250-600 nm).

identified genes and the deduced function of the encoded
proteins see Table 1. The four type | PKSs that are encoded by
ken12-14 and keni16 harbor one loading module and eight
modules for the incorporation of extender units. The domain
organization of the loading module (CoA ligase (CL)-X-ACP) is
unusual because a domain of unknown function (X) is inserted
between the CL and the ACP domain (see below). All elonga-
tion modules of the kendomycin pathway incorporate the min-
imal set of KS, AT, and ACP domains, and analysis of the re-
spective active sites suggests that all domains, with the excep-
tion of the DH from module 2, are functional. In silico analysis
of the AT domain substrate specificity was performed accord-
ing to Yadav et al.”” Among the eight AT domains that are
present in elongation modules, six AT domains have predicted
specificity for methylmalonyl-CoA (AT1, AT2, AT4, AT5, AT6 and
AT7), whereas two (AT3 and AT8) are expected to select malon-
yl-CoA. Interestingly, the sequences of the methylmalonyl-CoA-
activating domains are almost 90% identical, which results in
large DNA repeats within the PKS-encoding region of the gene
cluster. This might indicate its evolutionary origin by gene du-
plication as described recently for similar systems.??*' Some of
the modules additionally contain reductive domains (KR, DH,
and/or ER); module 3 harbors a KR domain, modules 1, 2, and
5 include a DH-KR didomain and modules 4, 6, and 7 incorpo-
rate a complete reductive loop DH-ER-KR. In silico analysis of
the KR domain stereochemistry was performed according to
Caffrey”> The typical LDD motif (residues 93-95) for B-type
reduction, which is often accompanied by P144 and N148,
could be detected in all KR domains except for KR3, which
shows the A-type motif W141. The last module (module 8) har-

ChemBioChem 2008, 9, 2711 -2721
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are inserted into this putative transcriptional unit

(ken1-7). The corresponding proteins show homolo-

gy to a benzoylformate decarboxylase and a benzal-
dehyde dehydrogenase from the mandelate degradation path-
way of different Pseudomonas strains.®>*¥ Further downstream,
two putative modifying enzymes, a methyl transferase (Ken9),
as well as a pyrroloquinoline quinone (PQQ)-dependent pro-
tein (Ken10) are encoded. A regulatory gene (ken1) is located
directly after the putative ken9/10 operon. The proposed role
of the identified genes in the kendomycin biosynthesis is dis-
cussed below.

Biosynthesis of the kendomycin starter unit

An interesting feature of the kendomycin biosynthetic gene
cluster is the presence of type | PKSs as well as a type lll PKS
protein-encoding gene. The latter is assumed to initiate the
biosynthesis of the unusual starter unit, which most likely re-
sembles a highly substituted benzoic acid derivative.*'¥ The
type Ill PKS Ken2 as well as Ken3, Ken4 and Ken7 show high
similarity to the dpgA-D gene products from A. mediterranei,”?
which are involved in the formation of 3,5-dihydroxyphenylgly-
cine (3,5-DHPQG). This nonproteinogenic amino acid is incorpo-
rated in several glycopeptide antiobiotics, for example, balhi-
mycin, chloroeremomycin and vancomycin.?*%3% The Ken2
homologue DpgA represents a type lll PKS, which condenses
four malonyl-CoA units to produce 3,5-dihydroxyphenylacetyl-
CoA (3,5-DHPA-CoA; see Scheme 1).22%3¥ Two enoyl CoA hy-
dratases (DpgB and DpgD, similar to Ken3 and Ken7, respec-
tively) were described to increase production yields, and it was
speculated that their hydratase/dehydratase activity facilitates
the aromatization process.*¥ It was demonstrated, however
that both enzymes (DpgB and DpgD) are not crucial for 3,5-

2713
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Table 1. Genes that were identified in the sequenced region and the pro-
posed function of the encoded proteins.

Gene Encoded protein
Name Localization ~ GC Size  Proposed function
[%] [aa] (domain arrangement)
kenll 617-177 73.0 146 transcriptional regulator
ken10 2377-746 746 543 PQQ-dependent enzyme

ken9 3933-2374 758 519
ken7 5124-4327 740 265

methyl transferase

enoyl-CoA hydratase/isomerase,
DpgD homologue
benzaldehyde dehydrogenase
benzoylformate decarboxylase
dioxygenase, DpgC homologue
enoyl-CoA hydratase/isomerase,
DpgB homologue

type Ill PKS, DpgA homologue
type Il thioesterase

ken6 6590-5121 763 489
ken5 8278-6587 753 563
ken4 9651-8275 752 458
ken3 10429-9713 759 238

ken2 11657-10557 66.9 366
ken1 12562-11711 727 283

ken12 12831-24752 72.8 3973 type | PKS module 4-5
(KS-AT-DH-ER-KR-ACP-KS-AT-DH-
KR-ACP)

ken13  24785-31303 71.1 2172 type | PKS module 6
(KS-AT-DH-ER-KR-ACP)

ken14 31342-41685 73.3 3447 typel PKS module 7-8
(KS-AT-DH-ER-KR-ACP-KS-AT-ACP-TE)

ken15 41682-42869 73.9 395 FAD-dependent monooxygenase

ken16 42937-61329 74.1 6130 typel PKS loading module +
modules 1-3 (CL-X-ACP-KS-AT-DH-
KR-ACP-KS-AT-DH-KR-ACP-KS-AT-
KR-ACP)

ken17 61490-62833 714 447 lipase

ken18 62863-63318 72.6 151 hypothetical protein with weak
homology to an endiyne-binding
protein

ken19 63315-64868 73.2 517 FAD-dependent oxidoreductase

ken20 64876-65466 77.3 196 integral membrane protein

ken21 66387-65944 73.2 147 transcriptional regulator

Abbreviations: PKS, polyketide synthase; KS, ketosynthase; AT, acyltrans-
ferase; DH, dehydratase; ER, enoylreductase; KR, ketoreductase; ACP, acyl
carrier protein; TE, thioesterase; CL, CoA-ligase; X, domain of unknown
function that is possibly involved in quinone formation.

DHPA-CoA formation. The a-carbon of 3,5-DHPA-CoA is subse-
quently oxidized by DpgC (Ken4 homologue), which also acts
as thioesterase to release 3,5-dihydroxyglyoxylate (3,5-DHPGO)
as the free acid.”?3*3% Due to the high similarity of the ken2-4
and ken7 gene products to DpgA-D, 3,5-DHPGO is also as-
sumed to be an intermediate in kendomycin starter unit bio-
synthesis; however, the 3,5-DHPG pathway contains an addi-
tional transaminase (HpgT) that is missing in the kendomycin
pathway. HpgT is required for the final conversion of 3,5-
DHPGO to 3,5-DHPG (see Scheme 1). In contrast, two other
genes (ken5 and ken6) are grouped together with the 3,5-
DHPGO biosynthetic genes within the kendomycin pathway.
The encoded proteins show similarity to benzoylformate decar-
boxylases (Ken5) and benzaldehyde dehydrogenases (Ken6)
from Pseudomonas strains. Both enzymes are involved in the
mandelate degradation pathway, which enables pseudomo-
nads to use mandelate as a sole carbon source.**¥ In four
reaction steps the compound (R)-mandelate is converted into
benzoic acid (see Scheme 1), which can subsequently be me-
tabolized through the (-ketoadipate pathway and the tricar-
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boxylic acid cycle. The well-characterized benzoylformate de-
carboxylase (MdIC) from Pseudomonas putida ATCC 12633 is a
thiamine-diphosphate-dependent enzyme, which catalyzes the
nonoxidative conversion of benzoylformate into benzaldehyde
and carbon dioxide.***¢' The subsequent oxidation of the al-
dyhyde group by the NAD-dependent benzaldehyde dehydro-
genase (MdID) leads to the formation of benzoic acid.*? In
analogy to these reaction steps, we propose that the MdIC ho-
mologue Ken5 transforms 3,5-DHPGO into 3,5-dihydroxyben-
zaldehyde (3,5-DHBAL), which is subsequently oxidized by the
MdID homologue Ken6 to the corresponding acid (3,5-dihy-
droxybenzoic acid, 3,5-DHBA; see Scheme 1). Because two ad-
ditional biosynthetic genes (ken9 and ken10) are located down-
stream of ken7, we assume that the starter unit is further modi-
fied before entering the type | PKS assembly process. Ken9 har-
bors the conserved motif of SAM-dependent methyl transferas-
es and is most likely responsible for the C-methylation of 3,5-
DHBA in the para position. The resulting 3,5-dihydroxy-4-
methyl-benzoic acid (3,5-DH-4-MBA) might then be further
modified by Ken10. Analysis of its protein sequence revealed a
single repeat of a B-propeller fold that is typical for quinopro-
teins.®” This enzyme family uses PQQ"® as a prosthetic group
and is involved in diverse reactions (oxidations, hydroxylations,
transaminations, decarboxylations, or hydrations).®*? Based on
this, we assume that Ken10 hydroxylates 3,5-DH-4-MBA in
both (chemically equivalent) ortho-positions to give rise to a
fully substituted benzoic acid derivative (2,3,5,6-tetrahydroxy-4-
methyl-benzoic acid, 2,3,5,6-TH-4-MBA; see Scheme 1), which
after activation by the corresponding CoA ligase in Ken16 is
loaded as starter unit onto the type | PKS complex.

Heterologous expression of starter unit biosynthetic genes

Based on the in silico analysis of the kendomycin biosynthetic
gene cluster, we compiled a possible pathway for the genera-
tion of the unusual typel PKS-derived starter unit (see
Scheme 1). Herein, 3,5-DHBA was assumed to be one of the
central intermediates and Ken2-7 are suggested to be in-
volved in its production. To gain biochemical evidence for the
proposed function of these enzymes and to confirm the struc-
ture of the starter unit precursor, we aimed to heterologously
express the corresponding set of genes. For this, a 14.5 kb
fragment from cosmid F3 that harbors the complete ken1-7
operon (and additional sequence of the 5" end of ken12) was
subcloned into the integrative E. coli/Streptomyces shuttle
vector pSET152. The resulting plasmid pKen18 was subse-
quently introduced into two different streptomycetes, S. liv-
idans TK24 and S. coelicolor A3(2), to generate the mutants
S. lividans::pKen18 and S. coelicolor:pKen18. Mutant strains
that harbor the empty expression vector (S. lividans::pSET152
and S. coelicolor::pSET152) were generated in parallel. After
growing the recombinant strains in 50 mL cultures, the cells
were extracted, and the extracts were analyzed for the pres-
ence of 3,5-DHBA by high-performance liquid chromatogra-
phy-mass spectrometry (HPLC-MS). The obtained data were
compared to an authentic 3,5-DHBA reference substance (see
Figure 3). As expected, no 3,5-DHBA is produced from the
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Scheme 1. Biosynthesis of the kendomycin starter unit compared to 3,5-DHPG biosynthesis in A. mediterranei® and the mandelate degradation pathway

from P. putida.*>*¥ The first two steps from the type Ill PKS-initiated kendomycin starter unit biosynthesis are identical to the 3,5-DHPG assembly process and
the involved proteins from both pathways (Ken2-4,7/DpgA-D) show a high degree of similarity to each other. The produced 3,5-DHPGO, which is further
transaminated in the 3,5-DHPG pathway is degraded to 3,5-DHBA by Ken5 and Ken6, which perform similar reactions as their homologues (MdIC and MdID)
from the mandelate degradation pathway. Two additional modification steps (catalyzed by Ken9 and Ken10) are most likely conducted to generate the puta-
tive, fully substituted aromatic starter unit (2,3,5,6-TH-4-MBA), which is loaded onto the type | PKS complex.

mutant strains that harbor the empty expression vector. By
using HPLC-MS analysis, 3,5-DHBA could be clearly detected in
S. coelicolor::pKen18 (production vyield: ~30 ugL™"), but not in
S. lividans::pKen18. The lack of 3,5-DHBA production in the
S. lividans mutant might be explained by the fact that the het-
erologous and native promotor of the kenl-7 operon is not
functional in this host strain. Indeed, the kendomycin-producer
strain S. violaceoruber is genetically more closely related to
S. coelicolor than to S. lividans (D. Hopwood, personal commu-
nication). Therefore, it seems likely that the native promotor
structures of the ken genes are more effective in S. coelicolor
than in S. lividans, which is consistent with our results. The suc-
cessful heterologous expression of the ken1-7 operon in S. coe-
licolor strongly suggests however, that the encoded enzymes
are responsible for the formation of 3,5-DHBA (although back-
ground activity of host enzymes cannot be excluded) and pro-
vides further evidence that this product is an intermediate in
kendomycin starter unit biosynthesis. As mentioned above, the
role of DpgA-D in the biosynthesis of 3,5-DHPGO was already
intensively analyzed in previous studies.’**3*3*1 As these pro-
teins are highly similar to Ken2-4 and Ken7, the detection of
3,5-DHBA after heterologous expression of the complete ken1-
7 operon strongly suggests that the additionally expressed
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proteins Ken5 and Ken6 are able to convert 3,5-DHPGO into
3,5-DHBA, which confirms their proposed functions as 3,5-
DHPGO decarboxylase (Ken5) and 3,5-DHBAL dehydrogenase
(Ken6). Attempts to detect the fully substituted benzoic acid
derivative 2,3,5,6-TH-4-MBA after heterologous expression of
the complete set of starter unit biosynthetic genes with or
without the putative transcriptional regulator (ken71-7, 9-10 or
ken1-7, 9-11) failed so far (SCW and RM, unpublished). We
speculate that the final yield of the product might be below
the detection limit and/or that the cofactors required for Ken9
and Ken10 activity (SAM and PQQ) are not provided in suffi-
cient amounts by the host strains. Further experiments to clari-
fy this question (for example, exchange of the native promo-
tors against strong promotors that are functional in the hosts
and metabolic engineering of the host strains) are currently
underway. However, there might also be the possibility that
Ken9 and/or Ken10 act at a later stage during kendomycin as-
sembly instead of modifying the aromatic starter unit directly.

Kendomycin type | PKS assembly line

The kendomycin type | PKS complex consists of four multifunc-
tional enzymes (Ken12-14 and Ken16) that are encoded on
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Figure 3. Phenotypic analysis of the S. coelicolor host strain that expresses the kendomy-
cin starter unit biosynthetic genes in comparison to the S. coelicolor strain that harbors
the empty pSET152 expression vector. HPLC diagrams of extracts from S. coelicolor::
pSET152 A) and S. coelicolor::pKen18 B), which were analyzed for the production of 3,5-
DHBA, in comparison to 3,5-DHBA authentic reference substance C) The chromatograms
show the obtained profiles after selective extraction of negative ions within a mass
range of 153.54/—0.5. 3,5-DHBA (marked with an asterisk) could only be detected in
the host strain that expresses the kendomycin genes (B), but not in the strain with the
empty expression vector (A).
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extender units (six methylmalonyl-CoA and two ma-
lonyl-CoA molecules), which was deduced from pre-
vious feeding studies.”! Based on the results from
the in silico AT domain specificity analysis and the
presence of different sets of reductive domains
within the modules, the assembly line can be as-
signed as follows: Ken16 (loading module and mod-
ules 1-3), Ken12 (modules 4-5), Ken13 (module 6)
and Ken14 (modules 7-8 +TE; see Scheme 2). For-
mation of the kendomycin polyketide core is initiat-
ed by activation and covalent binding of the type lll
PKS-derived starter unit, which is most likely the
fully substituted benzoic acid derivative 2,3,5,6-TH-4-
MBA (as discussed above). The generation of such
unusual starter units and their recruitment by bacte-
rial PKS enzymes was recently reviewed."” In con-
trast to the standard starter units acetyl-CoA or pro-
pionyl-CoA, these precursors generally represent
more complex structures, which are—in most
cases—not provided by housekeeping enzymes of
the producer strain, but by a specific set of genes
(as discussed above for kendomycin starter unit for-
mation). Among the PKS starter units that are
known to date, a number of different benzoic acid
derivatives have been identified: benzoate, amino-
benzoates, and aminohydroxybenzoates, just to
name a few. Interestingly, dihydroxybenzoic acid is
speculated to act as starter in quinolidomicin A1 bio-

one putative operon that is comprised of ken12-ken16 and  synthesis.*” The free acid group of these precursors has to be
harbors one additional gene (keni5) that encodes a FAD-de- activated before loading onto the PKS complex, which can be
pendent monooxygenase. The presence of eight elongation  accomplished by a CoA ligase (CL) domain located within the
modules in total corresponds with the incorporation of eight loading module of the assembly line. The ken PKS-loading

module 1 module 3 module 5 module 7

load _ module 2 - module 4

{0}
[
OH
i OH OH
winOH

HO ~ HO ~

kendomycin post PKS ?

module 6 module 8

®®® ErEs) @®® @@®
OONOOONGIOOMONOOMOOODO

0

Scheme 2. Kendomycin type | PKS biosynthesis. The type | PKS assembly line consists of four multifunctional proteins (Ken12-14 and Ken16). The DH domain
from module 2 is most likely inactive. The fully substituted benzoic acid derivative 2,3,5,6-TH-4-MBA (which is provided by the type Il PKS pathway; see
Scheme 1) is assumed to be loaded as a starter unit after activation as a CoA ester. Currently, it is not clear whether the starter unit is oxidized to the corre-
sponding benzoquinone derivative by the X domain of the loading module, or if this oxidation happens later during the biosynthesis.
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module harbors such a CL domain to select and activate the
benzoic acid derivative as a starter unit, which is then trans-
ferred and covalently bound to the ACP domain. Interestingly,
a third domain of unknown function (X), which shows similari-
ty to KR domains, is inserted between the CL and the ACP
domain of the loading module. Sequence analysis reveals that
the X domain harbors the conserved sequence motif of the
short-chain dehydrogenases/reductases protein family (which
is consistent with the observed similarity to KR domains). Most
of the members of this family are known to be NAD or NADP-
dependent oxidoreductases and possess at least 2 domains
(see Interpro entry IPR002198). The first of these binds the
coenzyme (often NAD) and the second domain interacts with
the substrate. Little sequence similarity was found in the coen-
zyme-binding domain, although there is a large degree of
structural similarity. The conserved NADPH-binding site that is
described for KR domains™” could not be identified in the X
domain. However, this does not exclude the presence of an-
other NAD(P)-binding site or a binding site for an alternative
cofactor. Thus, the X domain might be the oxidoreductase/de-
hydrogenase that is involved in quinone formation after load-
ing the aromatic starter unit onto the PKS complex. This specu-
lation is further supported by the observation that the X
domain is also present in the PKS-loading modules of the ben-
zoquinone ansamycins geldanamycin®® and herbimycin,*
whereas it is absent in loading modules from assembly lines
that activate similar aromatic starter units but that produce
“non-quinone” compounds (for example, ansamitocin,*? or
soraphen™). In current biosynthetic models for geldanamycin
and herbimycin, however, the X domain is assumed to be re-
dundant because the starter moiety is speculated to be oxi-
dized after macrolide formation.”” Whether the X domain is a
novel PKS-domain-type with oxidoreductase/dehydrogenase
activity or just an inactive KR domain remains to be elucidated.

The starter unit (or the corresponding benzoquinone deriva-
tive) is then further processed by the eight elongation mod-
ules, which contain different sets of domains to (partially)
reduce the 3-keto group of the elongated polyketide chains
(see Scheme 2). Based on the sequence analysis, all reductive
domains (with the exception of the DH domain from
module 2) seem to be functional. This DH domain does not
contain the conserved histidine (H) or the conserved glycine
(G) residue from the consensus motif that was identified by
Donadio et al. (HxxxGxxxxP).*®" Although single mutations can
be found in the DH core regions from other modules as well
(DH1 lacks the conserved glycine and DH6 lacks the conserved
proline) these domains are assumed to be functional because
similar substitutions in modules Nid3, Rif10, Mtal, and Mta2
from the niddamycin, rifamycin, and myxothiazol PKS do not
lead to a loss of the DH activity.*"**® In contrast to the DH
domains, none of the annotated KR or ER domains show any
mutations in the highly conserved core regions. The identified
diagnostic residues for A-type reduction in KR3 and for B-type
reduction in all other KR domains®®~? correlates well with the
stereochemistry of the C7 hydroxyl group, the pyran ring
oxygen (derived from the C9 hydroxyl group), as well as the E
configuration of the C13/C14 double bond in the kendomycin
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structure. After seven elongation steps the last extender unit
(malonyl-CoA) is incorporated by module 8, which harbors a C-
terminal TE domain. In silico analysis of this domain has shown
high similarity to macrocycle-forming TEs such as the DEBS TE,
whose crystal structure was recently solved by Stroud and col-
leagues.“>*% Its overall tertiary architecture belongs to the o/f-
hydrolase family. The TE has an unusual substrate channel that
passes through the entire protein and its active site (Asp169-
His259-Ser142) is located in the middle of the channel. The cat-
alytic triad together with most of the conserved residues from
secondary structural features (which are assumed to form the
active site, to line the channel and to be important for the cor-
rect fold) could be identified in the kendomycin TE. Its high
similarity to macrocycle-forming TE domains was surprising, as
the release of the polyketide chain as a macrolactone is not
consistent with the carbocyclic ansa framework of kendomy-
cin. However, a few variations from the postulated TE consen-
sus were detected in the Ken-TE (Figure S1) and further evalua-
tion is necessary to determine if these minor differences lead
to an altered release mechanism (for example, hydrolysis
under formation of the free acid instead of macrolactoniza-
tion), or even to the inactivity of the domain. Alternatively,
conventional macrocyclization occurs, and subsequently the
resulting lactone is reopened, which could, for example, be
catalyzed by the putative lipase encoded by keni7.

Formation of the kendomycin ansa framework

To form the unique macrocyclic scaffold of kendomycin, the
fully elongated polyketide chain that is bound to module 8
needs to undergo two major modifications: pyran ring forma-
tion between C5 and C9, which can also occur during the
assembly process or after the macrocyclization step, as well as
cyclization via C—C bond formation between C20 and the
ortho-position of the aromatic starter moiety. A putative path-
way and reaction mechanism for these transformations was
postulated previously,™ and is shown in Scheme 3 with minor
modifications (which result from the analysis of the reductive
domains in the type | PKS assembly line described herein). For-
mation of the pyran ring might be initiated by attack of C9 hy-
droxyl group to C5, as previous feeding studies revealed that
the oxygen originates from a propionate extender unit.'"¥ A
couple of different biosynthetic mechanisms for the generation
of pyran rings or similar heterocycles have already been dis-
cussed in the literature (for example, jerangolid/ambruticin,®"
kirromycin®? or aureothin®® biosynthesis). Based on our cur-
rent data however, it is hardly possible to propose a likely sce-
nario for kendomycin biosynthesis. The supposed benzoqui-
none structure of the oxidized starter unit (which might be
generated by the X domain from the loading module or later
on by another dehydrogenase activity, for example, Ken19)
would facilitate the ring closure by an aldol condensation with
the “carboxy terminus” of the polyketide chain. The loss of C1
from the last incorporated malonate unit (most likely through
carbon dioxide elimination) during cyclization was unambigu-
ously proven by previous labeling studies." Further elimina-
tion of water from the cyclization product (which might occur
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Scheme 3. Formation of the unique macrocyclic scaffold of kendomycin. The
polyketide chain that is generated from the type | PKS assembly line (see
Scheme 2) needs to undergo further modifications to form the kendomycin
quinone methide chromophore (see text). A mechanism for these modifica-
tions was proposed previously by Bode and Zeeck™ and is shown here with
minor modifications. a) pyran ring formation, b) macrocyclization and c) de-
hydration and hemiacetal formation.

spontaneously) and hemiacetal formation between the hy-
droxy group at C1 and the carbonyl group at C19 would finally
lead to the unique quinone methide chromophore of kendo-
mycin (see Scheme 3). In addition to the genes for the starter
unit biosynthesis (ken2-9), typel| PKS assembly (ken12-14,
ken16) and regulation (ken10, ken21), six additional genes
(ken1, ken15 and ken17-20) could be identified within the ken-
domycin gene cluster region. Ken20 shows similarity to inte-
gral membrane proteins from S. coelicolor A3(2) and S. eryth-
raea NRRL 2338 and has probably no biosynthetic function in
kendomycin assembly. The gene product of kenl shows high
homology to type Il thioesterases. These enzymes are often as-
sociated with type | PKS or nonribosomal peptide synthetase
(NRPS) megasynthetases and are assumed to serve an editing
function, and for example, remove aberrantly loaded sub-
strates from the assembly line.”** Interestingly, the protein
that is encoded by ken18 shows poor similarity to MdpA from
Actinomadura madurae, which was recently characterized as a
new type of endiyne apo protein.®” These proteins are as-
sumed to be required to protect and transport the highly
labile endiyne chromophore, which acts as the cytotoxic com-
ponent by reacting with DNA, and leading to strand cleav-
age.®* Based on its similarity to MdpA, it can be speculated
that Ken18 forms a complex with kendomycin, or more likely
with a biosynthetic precursor during/after the post-PKS modifi-
cations. The remaining three genes (ken15, ken17 and ken19)
encode a putative FAD-dependent monooxygenase (Ken15), a
putative lipase (Ken17), as well as a putative FAD-dependent
oxidoreductase (Ken19), and might be involved in the modifi-
cation of the kendomycin polyketide chain. In particular,
Ken19, which harbors a berberine bridge enzyme (BBE)-like
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domain in addition to the FAD-binding domain, is a promising
candidate for the catalysis of the macrocyclization process.
This domain is found in the berberine bridge enzymes and
berberine bridge-like enzymes, which are involved in the bio-
synthesis of numerous isoquinoline alkaloids.”” They catalyze
the transformation of the N-methyl group of (S)-reticuline into
the C8 berberine bridge carbon of (S)-scoulerine (and conse-
quently the formation of a C—C bond). The same domain ar-
rangement could be detected in SpnJ from Saccharopolyspora
spinosa®® and EncM from Streptomyces maritimus,*® for in-
stance. Although Ken19 shows only weak overall sequence
similarity to EncM (30% identity, 40% homology), it should be
mentioned that this enzyme (in which only a FAD and a BBE
domain could be detected) exhibits a remarkable set of catalyt-
ic properties. EncM is involved in enterocin biosynthesis and
not only catalyzes a Favorskii-like oxidative rearrangement, but
also must facilitate two aldol condensations as well as two het-
erocycle-forming reactions.® SpnJ shows higher sequence ho-
mology to Ken19 (48 % identity and 60% homology) and is in-
volved in spinosad biosynthesis, which includes the formation
of three intramolecular carbon-carbon bonds to build the
unusual as-indacene skeleton. Recent studies have shown that
SpnlJ is responsible for the oxidation of a hydroxyl group (C15)
after TE-mediated macrolactone formation;®" this was suggest-
ed earlier by Martin et al. according to evidence from spinosyn
PKS heterologous expression experiments.®? Oxidation is re-
quired for the subsequent cyclizations (possibly through a
Diels—Alder mechanism) and thus the involvement of SpnJ in
the cross-bridging reactions cannot be excluded (although
there is no evidence for this based on the in vitro data). Inter-
estingly, the spinosad biosynthetic gene cluster also encodes a
putative lipase (SpnM), which is assumed to play a role in the
polyketide bridging reactions.”® Although Ken17 belongs to
another class of lipases (platelet-activating factor acetylhydro-
lase, or PAF-AH, a subfamily of phospholipases A2), it might be
involved in the polyketide bridging reactions as well, and
might thus be essential for the formation of the unique macro-
cyclic scaffold of kendomycin. However, the precise functions
of the putative kendomycin-modifying enzymes (Ken15, Ken17
and Ken19) are difficult to predict by in silico analysis alone,
because the biochemical mechanism(s) of pyran ring formation
and especially the unique macrocyclization are not yet under-
stood. In addition, similar types of reactions have not been
well studied in other secondary metabolite-producing microor-
ganisms, which makes the assignment of putative functions
through the study of sequence similarities difficult or even im-
possible. Furthermore, it can not be excluded that additional
genes involved in the kendomycin biosynthesis are encoded in
the flanking regions of the sequenced ken cluster or are locat-
ed somewhere else in the chromosome.

Clearly, future experimental studies are required to gain
deeper insights into the mechanisms and enzyme activities
that are involved in the biosynthesis of the unique macrocyclic
scaffold of kendomycin. Because the natural producer is very
difficult to mutagenize and no protocols for markerless gene
deletions in the kendomycin producer could be established to
date (SCW, RM, unpublished), a heterologous expression sys-
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tem for the entire biosynthetic gene cluster is currently being
developed in our group.

Genes involved in regulation and resistance

Two genes that are possibly involved in regulation could be
identified in the ken biosynthetic gene cluster. The ken11 gene
product shows homology to putative transcriptional regulators
of the HxIR family, which harbor a characteristic HxIR-type HTH
domain (see Interpro entry IPR002577). The domain is named
after HxIR, a DNA-binding protein that acts as a positive regu-
lator of the formaldehyde-inducible hxIAB operon in Bacillus
subtilis.®® At the opposite end of the gene cluster is located
ken21, which encodes a putative transcriptional regulator that
belongs to the MarR family. MarR-type regulators contain a
DNA-binding, winged helix-turn-helix (WHTH) domain (MarR-
type HTH domain) and are named after E. coli MarR, a repress-
or of the mar operon. The Mar proteins are involved in multi-
ple antibiotic resistance and represent a nonspecific resistance
system.®" A large number of compounds induce transcription
of the mar operon. This is thought to be due to the binding of
the compounds to MarR, which leads to a loss of DNA-binding
activity. With MarR repression lost, transcription of the operon
proceeds. Based on this, the putative MarR-type regulatory
protein Ken21 could control antibiotic (and kendomycin) resist-
ance in the producer strain S. violaceoruber.

Conclusion

Kendomycin is a structurally unique polyketide with an impres-
sive biological activity profile. Its novel molecular architecture
represents an attractive lead structure for further development
in cancer chemotherapy. Furthermore, the compound might
also serve as a useful tool to study novel aspects of protea-
some-mediated cell biology.” However, kendomycin has a
complex structure and thus its synthesis by standard synthetic
routes is highly laborious. The identification of the kendomycin
biosynthetic machinery represents an important step towards
the improvement of the production yields and the generation
of novel derivatives. Future development of a heterologous ex-
pression system for the entire biosynthetic gene cluster will be
crucial to engineer the pathway and to gain deeper insights
into the formation of the unique type lll/type | PKS derived
macrocyclic scaffold.

Experimental Section

Bacterial strains and general methods: E. coli strains were cul-
tured in Luria Broth (LB) at 37°C. Streptomyces strains S. violeor-
uber (strain 3844-33Q)®" S, lividans TK24"* as well as . coelicolor
A3(2)® and their descendants were grown in tryptic soy broth
(TSB) medium or mannitol soya (MS) medium®’ at 30°C. The
antibiotics apramycin sulfate (60 ugmL™"), kanamycin sulfate
(60 pgmL ™), ampicillin (100 pgmL™), chloramphenicol
(25 pgmL™"), and zeocin (25 pgmL~") were added where appropri-
ate. pBluescript Il SK+ or pBC SK+ (Stratagene, La Jolla, CA, USA)
and pCR-XL-TOPO (Invitrogen, Carlsbad, CA, USA) were used as
routine vectors for subcloning. The Streptomyces knock-out vector
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pKC1132%" was used for the gene inactivation experiment, and the
E. coli/Streptomyces shuttle vector pSET152"" was used for the ex-
pression studies in streptomycetes. Plasmids that were generated
in this study are summarized in Table S1. DNA isolation, plasmid
preparation, restriction digestions, gel electrophoresis, and ligation
reactions were carried out according to standard methods.”*®

Construction and screening of a cosmid library: Genomic DNA
was isolated from S. violaceoruber (strain 3844-33C) by using an es-
tablished protocol.®” The DNA was partially digested with Sau3A
by using a serial dilution method, and ligated in BamHI-hydrolysed
SuperCos-1 (Stratagene). Ligations were packaged by using the
Gigapack Ill Gold Packaging Extract (Stratagene) and transfected
into E. coli SURE (Stratagene) according to the manufacturer’s pro-
tocol. 2300 colonies were picked in 96-well microtiter plates and
cultivated in LB medium that was amended with ampicillin
(50 pgmL™") at 37°C over night. Duplicates of the clones were
transferred onto nylon membranes (Roche Molecular Biochemicals,
Mannheim, Germany) as described in the DIG systems user guide
for filter hybridization. For the screening of the cosmid library with
homologous probes, degenerate oligonucleotides (EAKSC 5'-MGI-
GARGCIYTIGCIATGGAYCCICARCARMG-3" and LCK5NC 5'-GGRT-
CNCCIARYTGIGTICCIGTICCRTGIGC-3') and Tag DNA polymerase
(GIBCO BRL, Eggenstein) were used to amplify ketosynthase (KS)
fragments of approximately 750 bp in size from genomic DNA of
S. violaceoruber strain 3844-33C. PCR conditions were as follows:
initial denaturation 5 min at 97°C; denaturation 30 s at 97°C; an-
nealing 30 s at 55°C; extension 50 s at 72°C; 30 cycles; addition of
5% dimethylsulfoxide to the PCR mixture. The generated product
was labeled with 50 uCi a-*P-dCTP (Hartmann Analytik, Braunsch-
weig, Germany) and used for hybridization experiments in a buffer
that contained 50% formamide at 42°C with stringent washes at
68°C. For the detection, Fuji imaging plates and a phosphoimager
were used. From approximately 2300 cosmid clones, 96 gave
strong signals. Cosmid DNA from all 96 clones was isolated and
electroporated into E. coli XL1-Blue MRF’ (Stratagene) according to
standard protocols.®® After reisolation from E. coli XL1-Blue MRF’,
the cosmid DNA was hydrolyzed with EcoRl/BamHI. Southern anal-
ysis was performed by using a heterologous probe based on the
dpgA, dpgB, dpgC and dpgD genes from the balhimycin pathway of
Amycolatopsis mediterranei.*® The probe was generated by EcoRl/
Clal restriction of pVP5,%? gel purification of the 0.96 and 2.95 kb
fragments by using the Nucleospin Extract Kit (Macherey—-Nagel,
Diiren, Germany), and labeling of the fragments with 50 uCi o-**P-
dCTP (Hartmann, Braunschweig, Germany). From the 96 cosmids,
five gave strong signals after hybridization with the dpgA-dpgB-
dpgC-dpgD probe (cosmid A7, C7, E12, F3, and H4). DNA from
these five cosmids was isolated by using the Nucleospin Plasmid
Kit (Macherey-Nagel, Duren, Germany), submitted for end se-
quencing, and the data were analyzed by BLAST (http://
www.ncbi.nlm.nih.gov/BLAST/). Cosmid H4 was completely se-
quenced (GATC Biotech, Konstanz, Germany). To detect cosmids
that overlapped with the T3 end of cosmid H4, the sublibrary that
contained the 96 KS cosmids (see above) was hybridized with a
probe homologous to the T3 end of cosmid H4. The probe was
generated by PCR by using the oligonucleotides H4,T3.3 (5'-CTG
TTC GCG CCA GGT CAC-3') and H4,T3.4 (5'-GTC CGC GAC GGC TGG
TAC-3') and HotStarTag DNA polymerase (Qiagen, Hilden, Germa-
ny); PCR conditions were as follows: initial denaturation and activa-
tion of the DNA polymerase 15 min at 95°C; denaturation 20 s at
94°C; annealing 30s at 57°C; extension 40s at 72°C; 32 cycles.
The 456 bp PCR product was gel purified by using the Nucleospin
Extract Kit (Macherey-Nagel). For the hybridization experiment the
DIG High Prime DNA labeling and detection Kit (Boehringer, Mann-
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heim, Germany) was used. Strong signals could be detected for
the cosmids B9, D11, F3, F10, and G2. DNA from these cosmids
was isolated by using the Nucleospin Plasmid Kit (Macherey-
Nagel) and submitted for end sequencing. Fragments upstream
and downstream to the cosmid H4 insert were subcloned for se-
quencing (pKen14, pKen15, pKen22, pKen24, pKen26; see Figure 1
and Table S1). Sequencing was performed after in vitro transposon
mutagenesis by using GPS-1 (NEB, Beverly, USA) according to the
manufacturer’s protocol and/or by primer walking. The complete
nucleotide sequence of the kendomycin biosynthetic gene cluster
was assembled by using the Lasergene software package (DNAS-
TAR Inc.). Sequence analysis was performed by using Frame-
Plot 2.3.2 (http://www.nih.go.jp/~jun/cgi-bin/frameplot.pl), BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/), Pfam 5.5 (http://www.mrc-
Imb.cam.ac.uk/genomes/madanm/pres/pfam1.htm and the PKS/
NRPS Analysis Web-server (http://www.tigr.org/jravel/nrps/). The
nucleotide sequence that is reported here is available under acces-
sion number AM992 894 (EMBL database).

Inactivation of the kendomycin biosynthetic gene cluster: After
sequencing of cosmid H4, two oligonucleotides (Ken14: 5'-GCC
ACC CCC GGA GTC TTC-3' and Ken15: 5'-CAC AGC AGC CGG AAC
CAC-3) were designed and used to amplify a PKS fragment from
ken12. The amplified fragment (1.25 kp) was cloned into pCR2.1-
TOPO (Invitrogen) to give in plasmid pKen19. After EcoRl restriction
the corresponding fragment was ligated into the knock-out vector
pKC1132, which was introduced into S. violaceoruber strain 3844-
33C by conjugation according to the procedure that was described
in ref. [67], but by using fresh mycelium instead of spores. The in-
troduced plasmids were integrated into the genome by homolo-
gous recombination; this led to the gene disruption mutant S. vio-
laceoruber::pKen41. The integration of the plasmid was verified by
genomic Southern blot analysis by using a fragment from the apra-
mycin gene as a probe (data not shown). For phenotypic analysis,
the mutant strain as well as S. violaceoruber wild-type were culti-
vated in 50 mL TSB liquid medium that contained 2% XAD for 4
days at 30°C. The cells together with the XAD were harvested by
centrifugation and extracted with acetone. To compare the spec-
trum of secondary metabolites that were produced by the mutant
with that of the wild-type strain, concentrated MeOH extracts were
analyzed by HPLC-MS (conditions see below).

Heterologous expression of the kenl-7 operon in Streptomyces
strains: A 14.5 kb EcoRI fragment was subcloned into the E. coli/
Streptomyces shuttle vector pSET152? that featured an oriT RK2
for conjugation, the apramycin-resistance gene aac(3)IV for selec-
tion and the ®C31-derived attachment site (attP ®C31) and inte-
grase (int ®C31) for site-specific integration into the streptomycete
chromosome. The resulting plasmid pKen18, which harbored the
genes ken1-7 (and the 5" end of ken12) as well as the empty ex-
pression vector pSET152 was transferred into S. lividans TK24 and
S. coelicolor A3(2) by conjugation by using an established proto-
col®” The obtained conjugants were selected and cultivated on
MS medium® that had been amended with apramycin
(60 pgmL™"). Successful integration of the expression construct
into the Streptomyces chromosome was analyzed by PCR by using
the oligonucleotides apra_for (5'-GTGCAATACGAATGGCGAAA-3')
and apra_rev (5-TCAGCCAATCGACTGGCGAG-3') to amplify a
777 bp fragment from the apramycin-resistance gene. HotStarTaq
DNA polymerase (Qiagen) was used, and the PCR conditions were
as follows: initial denaturation and activation of the DNA poly-
merase 15 min at 95°C; denaturation 20 s at 94 °C; annealing 30 s
at 56°C; extension 60 s at 72°C; 32 cycles. After cultivation of the
mutant strains for 4 days at 30°C, the mycelium was separated by
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centrifugation and extracted with acetone. The extract was evapo-
rated, redissolved in methanol, and analyzed for the production of
3,5-dihydroxybenzoic acid.

HPLC-MS analysis of the extracts: High-performance liquid chro-
matography-mass spectrometry (HPLC-MS) was used to analyze
the mutant extracts in comparison to an extract from the wild-type
(or the mutant that harbored the empty expression vector) that
was grown under the same conditions. An Agilent 1100 series sol-
vent delivery system that was coupled to Bruker HCTplus ion trap
mass spectrometer was used. Chromatographic separation was car-
ried out on an RP column Nucleodur C18 (125 by 2 mm, 3 um par-
ticle size; Macherey and Nagel) that was equipped with a precol-
umn C18 (8x3 mm, 5um). For the analysis of the kendomycin
knock-out mutant (S. violaceoruber::pKen41) the mobile phase gra-
dient (solvent A: H,0+ 0.1 % formic acid and solvent B: acetonitrile
+0.1% formic acid) was linear from 5% B at 2 min to 95% B at
32 min, followed by 4min with 95% B at a flow rate of
0.4 mLmin~". Diode-array detection was carried out at 200-600 nm
and mass detection was performed in the positive and negative-
ionization mode within a range of 100-1100 amu. For the analysis
of the host strains that contained the kendomycin starter unit bio-
synthetic genes (S. coelicolor:pKen18 and S. lividans:pKen18), the
mobile-phase gradient (solvent A: water + 0.1 % formic acid and
solvent B: acetonitrile +0.1% formic acid) was linear from 5% B at
2 min to 10% B at 5min and from 10% B at 5 min to 95% B at
9 min, followed by 1 min with 95% B at flow rate of 0.4 mLmin~".
Diode-array detection was carried out at 254 nm, and mass detec-
tion was done in negative-ionization mode. 3,5-Dihydroxybenzoic
acid was identified by comparison to the retention time and the
MS? pattern of an authentic reference standard (m/z 153 [M—H]";
MS*: m/z 109 [M—H-CO,]"). Quantification was carried out in
manual MS? mode. lons of m/z 153 [M—H]~ were collected and
subjected to fragmentation. Peak integration of the characteristic
fragment ions m/z 109 was carried out by using the Bruker Quant-
Analysis v1.6 software package. A calibration curve was established
from serial dilutions of 3,5-dihydroxy benzoic acid down to
1pugmL".
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Inhibition of Dicing of Guanosine-Rich shRNAs by
Quadruplex-Binding Compounds

Anja Henn,® Astrid Joachimi,” Diana P. N. Goncalves,”™ David Monchaud,
Marie-Paule Teulade-Fichou,' Jeremy K. M. Sanders,” and Jérg S. Hartig*®

RNA interference is triggered by small hairpin precursors that are
processed by the endonuclease dicer to yield active species such
as siRNAs and miRNAs. To regulate the RNAi-mediated suppres-
sion of gene expression, we imagined a strategy that relies on
the sequence-specific inhibition of shRNA precursor processing by
immediate RNA-small molecule interactions. Here, we present a
first step in this direction by augmenting shRNAs with guanosine-
rich sequences that are prone to fold into four-stranded struc-
tures. The addition of small molecules that selectively bind to
such quadruplex sequences should allow for the specific inhibi-
tion of dicing of shRNAs that contain suitable G-rich elements. In
an attempt to find compounds that protect against dicer proc-

Introduction

One of the most interesting tasks of modern chemical biology
is the quest for compounds that enable the external regulation
of key processes in cells. The recently discovered functional
RNAs represent valuable targets for such interventions. RNA in-
terference (RNAIi) describes a phenomenon that is common to
higher organisms; small double-stranded RNAs act as triggers
that ultimately result in the suppression of gene expression
by several related mechanisms.? Within the RNAi pathway,
genetically encoded microRNA (miRNA) precursors are tran-
scribed as pri-miRNAs and processed by Drosha to yield pre-
miRNAs.®! These precursors are composed of short hairpin
RNAs (shRNAs), which are then exported to the cytoplasm
where they are further processed by the endonuclease dicer to
yield ~21 nt double-stranded miRNAs or siRNAs (short interfer-
ing RNAs)."® The short RNAs are subsequently assembled into
the RNA-induced silencing complex (RISC).” Ultimately, only
one strand remains in the complex, which then serves as a
guide to hybridize to a complementary target transcript.®! Sup-
pression of gene expression can take place by related mecha-
nisms such as Argonaute-mediated cleavage of the target RNA
or suppression of translation upon binding of the guided RISC
to the 3’-untranslated region of the target mRNA.®) Chromatin
remodelling can also be guided through the RNAi pathway."”
Externally applied siRNAs enter the RISC complex immediately
and hence allow the control of gene expression through the
addition of synthetic RNAs."" In recent years, species consist-
ing of small hairpin precursors (shRNAs) have been applied
that often display advantages compared to siRNAs consisting
of two short 21 nt RNAs. These shRNAs are processed by dicer
as well, and often display higher knockdown activities com-
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essing, we have examined the effects of quadruplex-binding com-
pounds on the dicer processing of shRNAs containing G-quadru-
plexes. Although a variety of small molecules that are known to
bind to quadruplexes inhibited in vitro dicing of shRNAs, only
two substance classes, namely certain porphyrazines and bis-
quinolinium compounds, showed selective inhibition of G-rich
shRNAs compared to control sequences lacking guanine-rich ele-
ments. The G-rich shRNAs displayed a potent knockdown of gene
expression in mammalian cell culture, but the effect was not
influenced by addition of the respective quadruplex-binding com-
pounds.

pared to siRNA sequences.? In addition to achieving potent
and reliable knockdown of gene expression by using the RNAi
pathway, it would be very helpful to gain external temporal
control over the knockdown activity of these RNA species. For
example, the development of tools that allow us to directly
switch on or off the knockdown activity of such interfering
RNAs by immediate interaction of a shRNA-specific compound
would be a major advancement.

Compounds that bind selectively to naturally occurring RNA
motifs are highly desirable. Recently, compounds that bind
specifically to certain hairpin structures have been intro-
duced."*™ After screening peptide libraries, Davies and
Arenz™ identified a compound that was able to achieve con-
trol over dicer processing of shRNAs. In addition, naturally oc-
curring, functional RNAs have been engineered to fulfil novel
tasks."®'” RNAs represent ideal tools to implement synthetic
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functions in cells because modular design strategies and pro-
grammable structure-function relationships can often be ap-
plied. For instance, several examples of artificial switches of
gene expression have been constructed by implementing
small molecule-dependent RNA modules in mRNAs."® Switch-
ing of nucleic acid structure and function is often made possi-
ble by augmenting the respective RNA with sequence modules
that can be addressed by small molecules. Aptamer sequences
are ideally suited for such purposes.'” To achieve small mole-
cule-regulated control of gene expression, Smolke and co-
workers developed antisense constructs that can be triggered
through an aptamer-small molecule interaction.”™ For the in
cis-regulation of gene expression, aptamers as well as apta-
zymes have been incorporated into mRNAs; this results in
switchable elements for small molecule-dependent gene ex-
pression.?"?? With respect to RNA interference, one example is
known in which attachment of an aptamer to a shRNA resulted
in small molecule-dependent regulation of RNA interference.”®

In addition to using aptamers as addressable domains in
functional RNAs, we are interested in exploring the possibility
of using four-stranded, guanosine-rich sequences for control-
ling nucleic acid functions. Such G-quadruplexes could be well
suited as regulatory domains in nucleic acids because induc-
tion of a four-stranded structure results in substantial rear-
rangement of the respective nucleic acid. In addition, several
compound classes have been described that interact with and
stabilize quadruplexes; this opens the possibility of inducing
structural rearrangements that could be exploited for control-
ling nucleic acid functions.?*?? We have successfully demon-
strated the potential of quadruplexes as regulatory elements
by using them to modulate the activity of a hammerhead ribo-
zyme.” In a second study, we have shown that the binding af-
finity of aptamers based on quadruplex structures can be con-
trolled by quadruplex-binding ligands.”® Moreover, modulation
of gene expression was realized upon insertion of G-quadru-
plexes into mRNAs.”? Here, we present a novel strategy for
controlling the dicer-mediated processing of shRNAs by using
quadruplex-selective ligands.

To establish a modular approach that would enable regula-
tion of nucleic acid functions through a general mechanism,
we investigated whether quadruplex-small molecule interac-
tions are suitable switching devices. G-rich, four-stranded se-
quences can adopt a variety of topologies.’” The formation of
quadruplex structures is suspected to play important roles in
the regulation of genetic mechanisms. Most prominently, G-
rich DNA repeats that are prone to fold into quadruplexes are
not only found in the telomeric regions of higher organisms,
but are also abundant in certain promoter regions.®'>¥Al-
though RNA quadruplexes have not yet been studied in much
detail, there are some reports that hint at roles in the regula-
tion of gene expression as well as RNA processing such as
splicing.”**>3% Significant advances in the field of selective rec-
ognition of quadruplexes have been made in recent years. Sev-
eral compounds have been described that seem to act by rec-
ognition or induction of quadruplexes in cells. For example, a
variety of compounds display antitumour activities by interact-
ing with telomeres as well as G-rich promoter elements.?’-*4
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With respect to interfering with quadruplex functions inside
cells, the quest for compounds that discriminate between
quadruplex, duplex, and single-stranded nucleic acids is espe-
cially important, and several examples have already been re-
ported.”**! It is even possible to use compounds to discrimi-
nate between the different naturally occurring quadruplex
structures.** With respect to the mechanism of action of
such compounds, several possibilities such as stabilization of a
quadruplex, induction, as well as chaperoning of the quadru-
plex fold need to be considered.””

Results and Discussion
Screening for dicer inhibition

To find shRNAs that can be controlled by small molecule inter-
actions, we searched for shRNA sequences that are correctly
processed by dicer, but allow the inhibition of dicing upon ad-
dition of a suitable compound, see Figure 1A. We constructed
shRNAs containing G-rich stretches that could, in principle,
facilitate formation of quadruplex structures, see shRNA 5 in
Figure 1B. To identify specific interactions, we also tested a
second shRNA that lacks the G-rich stretches, see sequence
shRNA 2 in Figure 1B. In order to lower the hybridization ener-
gies, mutations of the passenger strand were introduced; this
led to mismatched sequences. We anticipated that upon addi-
tion of the quadruplex-interacting compounds, it would be
easier to interfere with the duplex fold, which is required for
correct processing. The tested shRNA sequences were diced to
the appropriate siRNAs; for an example of a dicing reaction
see Figure 2A. From both shRNA 2 as well as shRNA 5, 21-
22 nt siRNAs are generated, even though the precursor
shRNAs have different lengths. The dicer product appears as a
double band. Because the shRNAs were internally labelled
during transcription, it is likely that the two major bands corre-
spond to both strands of the mature siRNA. Having established
that the designed shRNAs are correctly processed by dicer, we
next tested a variety of small molecules that are known to
bind to quadruplexes for their ability to interfere with the
dicing process.

To screen for small molecules that inhibit the dicing reaction,
compounds were tested in varying concentrations in combina-
tion with both shRNAs. Positive hits were identified by in-
creased amounts of unprocessed precursor shRNA in combina-
tion with a reduction of the correctly diced ~21-22 nt siRNA.
Particularly, specificity of interference with dicing was checked
by comparing the compound's effects towards the G-rich
shRNA (shRNA 5) with the respective control shRNA (shRNA 2).
A variety of compounds were screened for their ability to inter-
fere with shRNA dicing: PIPER (N,N'-bis[2-(1-piperidino)ethyl]-
3,4,9,10-perylenetetracarboxylic diimide, a perylene deriva-
tive),*¥  2,6-bis[3-(N-piperidino)propionamido]anthracene-9,10-
dione,*>*% 3 6-bis(3-piperidinopropionamido)acridine,®*? cat-
ionic porphyrins such as TMPyP4>3~¢ and mesoporphyrins.®*>7
Most of the investigated compounds that are known to bind
to quadruplex sequences potently inhibited dicer-mediated
processing of the shRNAs (nm to low um concentrations, data
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Figure 1. A) Principle of small molecule-regulated dicing of shRNAs. shRNAs are processed by dicer to yield active, small interfering RNAs. Upon addition
of suitable nucleic acid ligands, shRNA dicing is inhibited, which results in enhanced gene expression. B) shRNA constructs that were used in this study.
C) Quadruplex-specific compounds that were used in this study (bisquinolinium compounds Phen-DC3 and Phen-DC6 as well as porphyrazines TmPyPz

and TmPyPzZn).

not shown). This result could be expected because all of the
tested compounds are known to bind to nucleic acids, and
hence, have the potential to interfere with the dicing process.
Nevertheless, in most cases dicing of the control sequences
that lack G-rich stretches was inhibited to the same extent.
This result hints at a rather unspecific binding mechanism that
does not discriminate between G-rich and control sequences.

To selectively interfere with shRNA processing of G-rich se-
quences, we next tested certain compound classes that have
been described recently to display selectivity towards quadru-
plex nucleic acids. Indeed, we were able to identify com-
pounds, namely certain bisquinolinium compounds™ and por-
phyrazines*” that were able to sequence-specifically inhibit
dicing of a G-rich shRNA, while still allowing processing of the
the control shRNA to occur. Specific inhibition of dicing de-
pends on the respective design of the shRNA. Here, we focus
on the sequence shRNA 5 and the corresponding control
shRNA 2, shown in Figure 1B, which resulted in the highest
selectivity of inhibition of dicing.

In vitro characterization of compounds that interfere with
shRNA dicing

To compare the effectiveness of dicer processing of both
shRNA 5 and shRNA 2 to yield the mature siRNAs, dicer cleav-
age kinetics were carried out at varying enzyme concentra-
tions. As can be seen in Figure S2 in the Supporting Informa-
tion, both RNAs are processed effectively, although shRNA 2
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seems to be cleaved slightly more efficiently. The difference
could originate from the less-preferential design of shRNA 5. In
addition to the 3’-overhang it contains a 5’-overhang, which
could interfere with dicer recognition the shRNA. To better
compare the compounds’ effects on the dicing reaction, in the
following experiments the dicer concentration was increased
accordingly in reactions that contain shRNA 5 compared to
shRNA 2. The effects of the identified porphyrazines and bis-
quinolinium compounds on the dicing reaction was then char-
acterized by determining the initial rates of the dicer cleavage
reaction in the presence of varying compound concentrations.

As can be seen in Figure 3, the bisquinolinium compound
Phen-DC3 as well as the Zn-complexed cationic porphyrin
TMPyPzZn showed the ability to specifically inhibit the proc-
essing of G-rich over control shRNAs. The metal-free porphyra-
zine exhibits a reduced capability of discrimination between
shRNA5 and 2. The second bisquinoline that was tested
(Phen-DC6) did not differentiate under these conditions. It
must be noted that we have now characterized the effects of
the compounds by measuring dicer cleavage rates instead of
using end-point determinations of dicing reactions as was
used before. In this respect, the observed selectivity of some
of the tested compounds towards the G-rich sequence is very
promising. For example, the compound with the highest selec-
tivity for shRNA 5, Phen-DC3, shows complete inhibition of the
cleavage reaction at 7.5 um whereas cleavage of shRNA 2 is
almost unaffected. To evaluate whether the selectivity that was
observed in the in vitro dicing reactions results from differen-

ChemBioChem 2008, 9, 2722 -2729
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Figure 2. In vitro dicing of A) shRNAs 2 and B) shRNA 5. Internally labelled shRNAs were processed by dicer, yield-
ing ~21 to 22 nt siRNAs. The products appear as a double band because both the passenger and guide strand

are visualised by the internal-labelling procedure.

ces in binding affinity of the respective compounds to the
shRNAs, we carried out surface plasmon resonance studies. As
shown in Table 1, the observed dissociation constants indeed
reflect the behavior in the enzymatic studies; The discriminat-
ing compounds Phen-DC3 and TMPyPzZn show much higher
affinity towards the G-rich shRNA 5 compared to the control
shRNA 2. The less specific inhibition of dicing by Phen-DC6
and TMPyPz is in accordance with a smaller difference in bind-
ing affinity. Strikingly, the bisquinolinium compound, Phen-
DC3, that showed high discrimination in the enzymatic reac-
tions also displayed strong selectivity in the binding experi-
ments (see Figure S2 in the Supporting Information).

To investigate the structural basis of the differential recogni-
tion of the two shRNAs by the compounds, we carried out in-
line probing experiments. In-line probing is based on the spon-
taneous cleavage reaction of the phosphodiester bond by in-
line attack of the 2’-OH group and vyields information on the
structure and flexibility of the respective RNA sequences. For
the two shRNAs, cleavage sites are mainly found in the loop
regions, which is in accordance with the higher flexibility of
these sites (see Figure 4). Upon addition of compounds, the

ChemBioChem 2008, 9, 2722 -2729
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flexibility of the respective RNA
conformation.

As shown in Figure 4, addi-
tion of the quadruplex-interac-
tive compounds did not signifi-
cantly change the cleavage pat-
tern of shRNA 2; this indicates
that the compounds did not
change the conformation of the
shRNA. In contrast, shRNA 5 ex-
hibited decreased cleavage of
the loop sequences, especially
in the presence of TmPyPzZn.
This finding is in accordance
with the hypothesis that the
compounds preferentially bind
to G-rich sequences. The prob-
ing experiments demonstrate
that the flexibility of the loop
structure of shRNA5 is selec-
tively reduced upon compound
binding. These results encour-
aged us to test whether we
could interfere with the dicing
process in cell culture to selec-
tively target RNAi-mediated
knockdown of the G-rich shRNA
by using the identified com-
pound classes.

- - e
-

Effects of shRNAs and compounds in human cell culture

To characterize the effects of the designed shRNAs in combina-
tion with the identified compounds, we first tested the knock-
down efficiency of the shRNAs in mammalian cell culture. For
this purpose, the shRNAs were co-transfected into HEK cells to-
gether with constructs carrying firefly and renilla reporter
genes. Both shRNAs target the same sequence of the firefly lu-
ciferase; renilla luciferase expression was used as an internal
control. Both shRNAs showed very potent and specific knock-
down of firefly luciferase expression, see Figure 5. With both
shRNAs, knockdown to less than 10% of residual expression
was observed by using concentrations as low as 0.1 pmol of
shRNA in 500 pL of cell culture medium (0.2 nm). We observed,
however, a slightly reduced activity of shRNA 5 compared to
siRNA 2 at even lower concentrations. This result could origi-
nate from the reduced in vitro dicing efficiency that was ob-
served with shRNA 5. Next, we tested various compound con-
centrations with 0.1 pmol (0.2 nm) of added shRNA. The com-
pounds were added two hours after the shRNA transfection
procedure because simultaneous addition of transfection re-
agent and compounds showed toxic effects. Unfortunately,
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Figure 3. Small molecule-regulated dicing of shRNAs. Dicer processing kinetics in dependence to quadruplex-binding compounds. Data points represent
initial cleavage rates. A) Phen-DC3; B) Phen-DC6; C) TMPyPz; D) TMPyPzZn; closed circles: shRNA 2; open circles: shRNA 5.

Table 1. Dissociation constants (Ky) in nm determined by surface plasmon
resonance. For sensorgrams and fitting of dissociation constants see the
Supporting Information.

Phen-DC3 Phen-DC6 TMPyPz TMPyPzZn
shRNA 2 -l 450 80 310
shRNA 5 290 330 23 46

[a] No binding detected.

none of the compounds were able to reverse the knockdown
effect. At higher concentrations, some of the compounds re-
sulted in unspecific reduction of gene expression, which was
observed by both decreased firefly and renilla luciferase ex-
pression (data not shown). This behavior might result of gener-
al, unspecificity, although the compounds did not display
strong toxicity at these concentrations as determined by using
a standard MTT assay (data not shown).
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Conclusions

We have used quadruplex-specific compounds in combination
with G-rich sequences attached to shRNAs to selectively con-
trol dicer-mediated shRNA cleavage. In the dicing reactions
with purified enzyme and shRNAs, some of the tested com-
pounds show promising discrimination between G-rich and
control sequences. Although more dicer was used in the
shRNA 5 dicing reactions, Phen-DC3 and TMPyPzZn were still
able to selectively interfere with dicing of shRNA 5; much
more pronounced dicing was observed with shRNA 2 at the
same compound concentrations. Surface plasmon resonance
studies demonstrated that the compounds indeed show in-
creased binding affinity towards the G-rich sequence com-
pared to the control shRNA. By using in-line probing we were
able to demonstrate that the quadruplex-binding compounds
selectively interfere with the G-rich loop of shRNA 5; however,
we were not able to prove the formation of a quadruplex
structure. One could speculate that compound binding to the
G-rich shRNA induces an alternate structure such as a four-
stranded quadruplex, which would prevent dicer from recog-
nizing the RNA as substrate. It seems that the conformations

ChemBioChem 2008, 9, 2722 -2729
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of the ribose and glycosidic bond generally force
RNA quadruplexes into parallel topologies.”® Never-
theless, formation of a potential structure that is
composed of a quadruplex with one strand of the
shRNA residing in a loop that traverses the grooves
of the quadruplex is unlikely because more dramatic
changes of the probing data could be expected. Cir-
cular dichroism spectroscopy is not suited to clarify
the structure of the compound-bound shRNA be-
cause both A-form RNA duplexes as well as parallel-
oriented quadruplexes show very similar CD spectra
with a strong maximum around 265 nm. More elab-
orate structural elucidation is necessary to address
the exact mechanism of action.

When introduced into cells, shRNA 5 efficiently
B) Phen-DC3 TmPyPzZn knocks down gene expression, although slightly less
L . efficiently than shRNA 2. The slightly reduced effects
of the tested shRNAs in the cell culture experiments
are in accordance with the observed in vitro dicing
activity of shRNA 5 compared to shRNA 2 and could
originate from the less-favorable design of the G-
rich shRNA 5. Because dicer recognizes the two-nu-
cleotide overhang at the 3’-end,* the additional
five nucleotides at the 5-end of shRNA 5 might in-
terfere with dicer recognition and hence provide a
possible explanation for both the slightly reduced in
vitro dicing efficiency as well as the slightly de-
creased in vivo knockdown of shRNA 5. Upon addi-
tion of the compounds that were identified in the in
vitro dicing reactions, we were not able to detect re-
versal of the shRNA-mediated knockdown of gene
expression. Possible explanations for this observa-
tion could be that the compounds are not efficiently
= uptaken or that they bind unspecifically to other nu-
cleic acids. Because the specificity of the compounds
- needs to be very high to discriminate between the
quadruplex-forming shRNAs and the vast excess of
cellular nucleic acids, even more selective ligands
might be needed to specifically address G-rich se-
— 10 quences inside cells. Nevertheless, G-quadruplex-in-
= teracting compounds have been used before to
interfere with nucleic acid functions within cells.
L For example, TMPyP4 has been shown to interact
u with telomeres as well as G-rich promoter ele-
k. ments.*4%%¢" The potential problem of compounds
that lack high specificity towards quadruplexes
versus duplexes could be addressed by testing more
specific compounds. As has been recently shown by
Balasubramanian and co-workers, certain classes of
triarylpyridines are able to discriminate even be-
tween different naturally occurring quadruplex se-

Figure 4. In-line probing of shRNAs in complex with quadruplex-binding compounds. quences.["5'46] With these promising advances of
A) Representatlon of the cIeavag.e .5|tes of shRNA? and ﬁhRNA 5. Arrows represent‘cleav— chemists working in the field of quadruplex-recog-
age sites. Black arrow: Cleavage is induced upon increasing compound concentrations,
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near future.
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Figure 5. Effects of siRNA 2 and siRNA 5 in human cell culture. The indicated
amount of siRNA was co-transfected with two plasmids that harbour firefly
and renilla luciferase reporter genes in a total volume of 500 uL medium
(shRNA 2: dark gray; shRNA 5: light gray), and the luciferase activity was de-
termined. The ratio of firefly/renilla activity is shown. Both shRNAs display
potent knockdown of gene expression although shRNA 2 is slightly more
active.

Experimental Section

shRNA transcription: DNA sequences that contained a T7 promot-
er sequence and encoded shRNAs were amplified by PCR. After
precipitation with EtOH, the whole PCR product was used for an in
vitro transcription reaction. a->?P-ATP was used for internal label-
ling of the RNA. The transcription reaction was treated with
DNAse |, and the RNA was purified by preparative PAGE.

Synthesis of quadruplex-binding compounds Phen-DC and
TMPyPz: Phen-DC3 and Phen-DC6 as well as the porphyrazines
TMPyPz and TMPyPzZn were prepared as described previously.“*"

In vitro dicing reactions: For the cleavage reaction of the shRNAs
into siRNAs, we used the Recombinant Human Dicer Enzyme Kit
from peqlab (Erlangen, Germany). Reactions contained the internal-
ly labelled RNA (1 pg) in 1x Dicer Reaction Buffer (20 uL), which
consisted of ATP (1 mm) and MgCl, (2,5 mm). Compounds (2 pL) of
in different concentrations and 0.0125 U dicer (when dsRNA 2 was
used) or 0.0188 U dicer (when dsRNA 5 was used) were incubated;
this corresponded to approximately a 25-fold excess of substrate.
The reactions were incubated at 37°C. After 2 min, 5 min, 10 min,
30 min and 60 min aliquots (2 uL) were sampled, and the reactions
were stopped by adding PAGE loading buffer (4 uL). The samples
were analyzed by 10% denaturing PAGE and autoradiography. For
the determination of initial dicer cleavage kinetics, the initial, linear
phase of the reaction was fitted.

Surface plasmon resonance studies: The studies were carried out
by using a Biacore T100 instrument (Uppsala, Sweden). For the
determination of dissociation constants, each biotinylated shRNA
(1000 RU) was immobilized on the surface of a streptavidin-derivat-
ized sensor chip. The binding experiments were carried out by
injecting various concentrations of the respective compounds.
Dicing buffer was used as running as well as sample solution. The
Ky values were determined by using the 1:1 binding model by fit-
ting association and dissociation rates by using the Biacore T100
evaluation software.

In-line probing studies: Traces of 5'-*?P-labelled shRNAs were incu-
bated in dicer buffer (pH 8.5) for three days at 25°C that contained
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varying amounts of compounds. The samples were analyzed by
10% denaturing PAGE and autoradiography.

Human cell culture and dual luciferase assay: HEK 293 cells were
resuspended in DMEM + GlutaMAX—| medium (GIBCO® Invitrogen)
supplemented with 10% FBS and 1% penicillin/streptomycin
(Sigma-Aldrich), seeded in 24-well plates with a final density of
50000 cells per well, and incubated at 37°C and 5% CO.. Transfec-
tion of shRNAs and reporter plasmids were performed by using
Lipofectamine™ 2000 (Invitrogen). Cells were transfected with of
pGL3 (firefly luciferase reporter construct, 125 ng per well) and pRL
(renilla luciferase control plasmid, 1.25 ng per well, Promega Dual
Luciferase Assay) and varying amounts of shRNAs. 2 h after trans-
fection, the compounds were added and cells were incubated for
another 24 h at 37°C and 5% CO,. Gene expression was deter-
mined by using the Dual-Luciferase Reporter Assay System (Prom-
ega). The growth medium was removed, and the wells were
washed by adding a sufficient volume of 1x PBS. 1x Passive lysis
buffer (1x PLB; 100 pL) was added, and the culture plate was
placed on an orbital shaker with a shaking rate of 450 rpm for
20 min at room temperature. Luciferase activity was determined
according to the supplier’s protocol by using cell lysate (30 uL) and
an infinite M200 reader (Tecan, Mannedorf, Switzerland).
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Plasmodium Telomeric Sequences: Structure, Stability and
Quadruplex Targeting by Small Compounds
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The increasing resistance of Plasmodium falciparum to the most
commonly used antimalarial drugs makes it necessary to identify
new therapeutic targets. The telomeres of the parasite could con-
stitute an attractive target. They are composed of repetitions of a
degenerate motif (*GGGTTYA®, where Y is T or C), different from
the human one (°GGGTTA?). In this report we investigate the pos-
sibility of targeting Plasmodium telomeres with G-quadruplex
ligands. Through solution hybridisation assays we provide evi-
dence of the existence of a telomeric 3' G-overhang in P.falci-

Introduction

Telomeres are specialised nucleoprotein complexes that cap
and protect the extremities of eukaryote chromosomes. In
most eukaryotes, the telomeric DNA strand running from 5’ to
3’ consists of tandem repeats of a short motif that bears con-
secutive guanines."? This strand extends beyond the comple-
mentary strand and results in a single-stranded, G-rich 3’ over-
hang. Telomeric 3’ G-overhangs have been detected in a varie-
ty of organisms, including ciliates,>* vertebrates,*” yeasts®™
and plants,”” and appear to be a conserved feature of eukary-
otic telomeres."”

The inability of DNA polymerases to replicate linear chromo-
somes completely results in telomere shortening at each DNA
replication. Telomere erosion can be compensated by a telo-
merase—a specialised reverse transcriptase, first identified in
ciliates,"" capable of adding telomeric repeats to the 3’ ends
of telomeres. In humans, the 150-250 nucleotide-long 3’ G-
overhang®” is involved in the formation of a capping struc-
ture.l'? Its sequence (GGGTTA® repeats) makes it prone to
folding into stable G-quadruplexes (Figure 1) under physiologi-
cal conditions."” G-quadruplex stabilisation was shown to in-
hibit telomerase elongation in vitro,"™ and G-quadruplex-sta-
bilising ligands were therefore initially considered as potential
telomerase inhibitors."” Besides affecting telomere length, G-
quadruplex ligands were also shown to induce short-term
responses in human cells as a result of their ability to disrupt
telomere structure (for a recent review, see ref. [16]). So far, G-
quadruplex ligands have been investigated as potential inhibi-
tors of cancer cell proliferation. Here, we investigate the possi-
bility of targeting Plasmodium falciparum telomeres with G-
quadruplex ligands as a potential strategy to interfere with
human protozoan parasite infections.
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parum genomic DNA. Through UV spectroscopy studies we dem-
onstrate that stable G-quadruplex structures are formed at phys-
iological temperature by sequences composed of the degenerate
Plasmodium telomeric motif. Through a FRET melting assay we
show stabilisation of Plasmodium telomeric G-quadruplexes by a
variety of ligands. Many of the tested ligands display strong
quadruplex versus duplex selectivity, but show little discrimina-
tion between human and Plasmodium telomeric quadruplexes.

P. falciparum is the protozoan parasite that causes the most
severe form of human malaria. The parasite, which is transmit-
ted by the bite of an infected Anopheles female mosquito,
enters the bloodstream and invades hepatocytes. In hepato-
cytes it reproduces asexually and produces thousands of mero-
zoites from a single parasite. Hepatocytic merozoites are re-
leased into the bloodstream and initiate the 48 h asexual intra-
erythrocytic cycle, in which several mitotic divisions occur, and
produce 16-32 new merozoites. At the end of a cycle, the in-
fected red blood cell bursts, and the released parasites invade
other blood cells. P. falciparum resistance to the most com-
monly used antimalarial drugs makes it necessary to identify
new therapeutic targets and drugs."”’ The 23 Mb haploid nu-
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Figure 1. A) G-quadruplexes are four-stranded structures based on the for-
mation and stacking of quartets of coplanar guanines or G-quartets. These
structures are stabilised by several cations, in particular K* and Na*. B), C),
and D) Schematic representations of resolved structures of the human telo-
meric sequence, as examples of intramolecular folding: B) antiparallel folding
based on the NMR structure in Na*,"**’ C) parallel folding based on the X-ray
structure in K*,** and D) hybrid-type folding based on the NMR structure in

K+ 444 (3 second hybrid-type quadruplex, not shown, had been resolved in
K\ [57,58]).

clear genome of P. falciparum, which is organised into 14 chro-
mosomes, is extremely AT rich (>80%)."® Its telomeres have a
1.3 kb mean length™ and are composed of a degenerate
motif, with *GGGTTYA® (where Y is T or C) being the most
abundant (/2 80%).”” This repeat appears to be common to all
Plasmodium species.?" P. falciparum telomeres also appear to
play a role in the regulation of subtelomeric gene families that
encode important virulence factors.”>?® Telomerase activity
has been detected during the P. falciparum erythrocytic stage
and in gametocytes,”®*¥ and we have detected telomerase ac-
tivity in other Plasmodium species (the rodent parasites P. yoelii
yoelii and P. berghei; P.A., D.D., unpublished results). The puta-
tive genes for the catalytic subunit of telomerase and its RNA
component were recently identified.’*

In order to investigate the possibility of targeting Plasmodi-
um telomeres with G-quadruplex ligands, we addressed the
following questions:

1) Do P. falciparum telomeres end with a 3’ G-overhang?

2) Can the degenerate motif of the Plasmodium telomeric G-
strand fold into stable G-quadruplex structures?

3) Is it possible to stabilise these structures with small synthet-
ic or natural compounds?

4) Finally, can a ligand discriminate between quadruplexes at
the telomeres of the parasite and quadruplexes at the telo-
meres of its human host?

To answer these questions, we first carried out solution hy-
bridisation assays in order to detect telomeric 3" G-overhang in
P. falciparum genomic DNA. We then undertook a UV spectro-
scopic investigation of the eight possible sequences consisting
of 3.5 repetitions of the Plasmodium degenerate telomeric

ChemBioChem 2008, 9, 2730-2739
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motif *GGGTTYA® (sequences Pf1 to Pf8 reported in Table 1).
Using a competitive FRET melting assay, we then studied the
interaction of several known G-quadruplex ligands with the

Table 1. Oligonucleotide sequences and stability.

Oligonucleotide sequences T [°C AH° AG° (37°C)
[kcalmol™"]  [kcalmol™"]
NaCl KCl NaCl® NaCl®@
Pfl  “GsTTTAG,TTTAG,TTTAG,® 58 65 —59 -36
Pf2  “GsTTTAG,TTTAG,TTCAG;® 54 63 —50 —25
Pf3  °GsTTTAG,TTCAG,TTTAG;® 55 64 —53 -28
Pf4  °*G,TTTAG,TTCAG,TTCAG,® 54 63 —50 -25
Pf5  “GsTTCAG,TTTAG,TTTAG;> 54 64 —55 -29
Pf6  “GsTTCAG,TTTAG,TTCAG;® 55 63 —55 -28
Pf7  °G;TTCAG,TTCAG,TTTAG,® 55 64 —55 -29
Pf8  ®G,TTCAG,TTCAG,TTCAG;* 52 62 —48 -22
21G  *G;TTAG,TTAGSTTAG,;* 59 67 54 -3.7

T (£1°C) and AH° values (£ 10%) were determined by analysis of melt-
ing transitions (at 295 nm) of oligonucleotides (3 pum) in a cacodylic acid
buffer (10 mm, pH 7.2, adjusted with LiOH) containing NaCl or KCI
(100 mm). In LiCl (100 mm), the T,, values were around 27°C; 21G is the
human telomeric sequence. [a] AH® values were determined by linearly
fitting (R>0.998) a van't Hoff representation of the equilibrium constants
determined by a two-state model, with the assumption of low- and high-
temperature linear baseline corrections; AG® values were extrapolated at
37°C. If the uncertainty in AH° determination (due to low- and high-tem-
perature baseline determination) is taken into account, the differences
between the Pf2-Pf7 thermodynamic parameters cannot be considered
significant. The AH° and AG® values (37°C) in KCl were around (—63+5)
and (—4.9+0.6) kcalmol ™, respectively; they are not listed, because they
are affected by a greater degree of uncertainty than in NaCl, due to a
greater uncertainty in high-temperature baseline determination and to
AG° extrapolation at a temperature (37°C) far below the range of tem-
peratures at which melting transitions occur.

Plasmodium telomeric sequences. Different families of com-
pounds—quinacridine derivatives,”*® neomycin-capped mac-
rocyclic compounds,” bisquinolinium compounds,®*” a cop-
per-terpyridine complex®” and an ethidium derivative (Fig-
ure 2)—were tested.®’** Four well studied G-quadruplex li-
gands—the cationic porphyrin TMPyP4,%¥ the perylene deriva-
tive PIPER, the trisubstituted acridine BRACO-195%%"! and the
natural compound telomestatin  (Figure 2)—were also
tested. %3

Results
Evidence for a 3’ G-overhang at P. falciparum telomeres

In order to determine whether the P. falciparum telomeres end
with a 3’ G-overhang, solution hybridisation assays under non-
denaturing conditions were carried out on the FCB1 P falci-
parum strain (schizont stage).

In a first assay, genomic DNA was incubated at 37°C or 50°C
with a radiolabelled probe complementary either to the telo-
meric G-rich strand (*C-probe: d(TGAACCQ);, *PO, at the 5'-
end) or to the telomeric C-rich strand (*G-probe: d(GGGTTTA),,
32pQ, at the 5’ end). After migration in an agarose gel, radioac-
tivity detection revealed that in relation to the *G-probe, the
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Figure 2. Formulae of the tested compounds. MMQs are mono-meta-quinacridine derivatives,””* NCQ, NCPhen and NCAs are macrocyclic compounds com-

posed of an aromatic unit (quinacridine, phenanthroline or acridine) capped with a neomycin moiety,
quinolinium compounds with phenanthroline or bipyridine central units, respectively.

*C-probe strongly hybridised to the genomic DNA (Figure 3 A).
The strong difference in C- and G-probe hybridisation signals
could be ascribed neither to G-probe intermolecular assembly
(Figure S1 in the Supporting Information) nor to folding of
Plasmodium telomeric C-strand into i-motifs (using TDS and
UV-melting experiments we verified that the sequence d-
(CCCTAAA);CCC, which mimics the Plasmodium telomeric C-
strand did not fold into an i-motif at the pH of the hybridisa-
tion experiments; data not shown).

In telomere restriction fragments (TRF) assays, genomic DNA
was digested by four enzymes that do not cut Plasmodium te-
lomeric sequences.™ A Southern blot of the digested genomic
DNA with the telomeric *C-probe (denaturing TRF assay) re-
vealed a strong hybridisation signal to fragments of about 1-
1.6 kb and also to longer fragments (approximately 3 kb; Fig-
ure 3B, right). This was consistent with what had been ob-
served in other P falciparum strains: 1.3 kb is the reported
mean length of several P.falciparum strains, and a two-peak
hybridisation pattern was previously observed in another
strain." A similar hybridisation pattern was observed in a
native TRF assay upon incubation of the digested DNA with
the *C-probe. Unlike the *C-probe, the *G-probe did not hy-
bridise to telomeric fragments in the native TRF assay (Fig-
ure 3B, centre). These TRF assays support the existence of a G-
overhang at P. falciparum telomeres.
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[29]

and Phen-DCs and BiPy-DCs are crescent-shaped bis-
30]

Finally, in a telomeric-oligonucleotide ligation assay (T-
OLA),“ genomic DNA (treated or untreated with exonucleas-
es) was incubated with the *C-probe. Consecutively hybridised
probes were then ligated. The *C-probe hybridised to genomic
DNA under nondenaturing conditions (Figure 3C, 3P native
gel), and long concatenated *C-probes (up to =200 nucleo-
tides) were detected in a denaturing gel (Figure 3C, 3P de-
naturing gel). Treatment of genomic DNA with exonucleases
before incubation with the *C-probe verified that the detected
signals arose from hybridisation to a 3’ overhang. Indeed,
when genomic DNA was treated with exonuclease I, which de-
grades single-stranded DNA in the 3’ to 5’ direction, the hy-
bridisation signals were strongly reduced; when treated with
T7 exonuclease, which removes nucleotides from 5 ends in
double-stranded DNA, the hybridisation signals were strongly
amplified (Figure 3C, 3?P native and denaturing gels). Similar
hybridisation patterns were obtained with genomic DNA from
parasites at the ring stage—a parasite stage in which DNA
does not undergo replication (data not shown); this indicates
that the observed hybridisation patterns were not due to the
presence of incomplete strand synthesis at chromosome ends.

Taken together, the solution hybridisation assays strongly
support the existence of a telomeric 3’ G-overhang in P. falci-
parum genomic DNA. The oligonucleotide ligation assay does
not provide direct information about the length distribution of

ChemBioChem 2008, 9, 2730-2739
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Figure 3. Solution hybridisation assays under nondenaturing conditions. A) Agarose gels of P. falciparum genomic
DNA incubated with *G-probe (d(GGGTTTA),, radiolabelled at 5" end) or *C-probe (d(TGAACCC),, radiolabelled at
5’ end) at 37 or 50°C. Top panels: gels imaged by using *?P radioactivity to detect probe hybridisation; lower
panels: gels imaged by using ethidium bromide (EtBr) fluorescence as DNA loading control. B) Native and dena-
turing TRF assays. Left and central panels: agarose gel of P. falciparum telomere restriction fragments incubated
with the *G- or *C-probe at 37 °C, imaged by using *’P radioactivity to detect probe hybridisation (central panel)
and by ethidium fluorescence as DNA loading control (left panel). Right panel: Southern blot of telomere restric-
tion fragments with the *C-probe. C) T-OLA; native gel: agarose gel of samples of P. falciparum genomic DNA
after incubation with the *C-probe and ligation of consecutively hybridised probes, imaged by using *?P radioac-
tivity and ethidium fluorescence. Denaturing gel: 5% denaturing polyacrylamide gel of the same samples, imaged
by using *P radioactivity to detect ligated *C-probes. The assay was performed with genomic DNA either untreat-
ed (lane 1) or treated with T7 exonuclease or exonuclease | (lanes 2 and 3, respectively).

this overhang; nevertheless, it allowed the presence of relative-
ly long overhangs that are capable, in principle, of folding into
intramolecular G-quadruplexes, to be revealed.

G-quadruplex folding and stability of Plasmodium telomeric
sequences

Having demonstrated the presence of a telomeric 3’ G-over-
hang at P, falciparum telomeres, we then investigated whether
sequences mimicking this overhang form quadruplex struc-
tures. We undertook a UV spectroscopic investigation of the
eight possible sequences that mimic 3.5 repetitions of the Plas-
modium degenerate telomeric motif *GGGTTYA®, where Y is T
or C (sequences Pfl1 to Pf8, Table 1). These oligonucleotides
each bear four runs of consecutive guanines, which is the mini-
mum number required for the formation of an intramolecular
G-quadruplex.

Thermal difference spectra: The thermal difference spectrum
(TDS) of a nucleic acid in solution is defined as the difference
between the absorbance spectrum at high temperature (un-
folded form) and that at low temperature (folded form). The
global shape of a TDS provides information about the struc-
ture adopted by a nucleic acid sequence.*"” The TDS signatures
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of the eight Plasmodium telo-
meric sequences (Pf1 to Pf8)
o were characteristic of G-quadru-
E plex structures, with two positive
peaks at around 240 and
270 nm, and a negative peak at
295 nm (Figure 4). The thermal
difference spectra in NaCl (Fig-
ure 4A) differed slightly from
those in KCI (Figure 4B) in the
ratio between the peak at
240 nm and the peak at 273 nm
(0.644+0.09 and 0.93+0.07, re-
spectively). These differences in
NaCl and KCI TDS profiles have
been observed for many other
G-quadruplex-forming  sequen-
CeS.[41’42]

Circular dichroism spectra: CD
spectra were recorded at 20°C.
For all the studied sequences,
the equilibria at this temperature
were strongly shifted towards
the folded forms, as shown by
the thermal melting profiles (Fig-
ure 4C and D). The eight Pf se-
quences displayed different CD
spectra in sodium and in potassi-
um. In NaCl, the spectra each ex-
hibited two positive bands near
245 and 295 nm and a negative
band near 265 nm (Figure 4E). In
KCl, the spectra each exhibited a
positive band at 290 nm and a
shoulder at lower wavelength (Figure 4F). These spectra were
similar to those of the human telomeric sequence 21G. Two
conclusions can be drawn from these CD signatures. 1) Consis-
tent with the TDS spectra, the CD signatures displayed by the
eight Pf sequences are characteristic of G-quadruplex struc-
tures, both in NaCl and in KCL¥**¥ 2) The difference between
the NaCl and KCI signatures suggests a different folding topol-
ogy™ or a different equilibrium between multiple possible
conformations according to the nature of the monocation
present in solution.

UV melting experiments: Under our experimental conditions,
the melting profiles (recorded at 245, 260, 273 and 295 nm)
were reversible and presented single melting transitions both
in sodium and in potassium (only Pf1, Pf8 and 21G transitions
are shown in Figure 4C and D; all transitions are available in
Figure S2). Melting temperature values were graphically deter-
mined™ and are reported in Table 1. In the presence of a
given monocation, the eight Plasmodium telomeric sequences
displayed similar thermal stabilities: the mean values of their
T., values in LiCl, NaCl and KCl were 27 (+1)°C, 55 (+2)°C and
64 (+£1)°C, respectively (Table 1). This dependence of stability
on the nature of the monocation is characteristic of G-quadru-
plex structures and is a further argument, along with the TDS

probe C

e

—
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Figure 4. Spectroscopic analysis of the Pf sequences. Normalised thermal difference spectra of the eight Plasmodium telomeric sequences Pf1-Pf8 (-+) and of
the human telomeric sequence 21G (—) in A) NaCl and B) KCI. Oligonucleotide folded fraction as a function of temperature in C) NaCl and D) KCI for Pf1
(2), Pf8 (0) and 21G (o). The folded fractions were deduced from melting curves recorded at 295 nm, with the assumption of low- and high-temperature
linear baseline corrections. Circular dichroism spectra of the eight Plasmodium telomeric sequences Pf1-Pf8 () and of the human telomeric sequence 21G
(—) in E) NaCl and F) KCI at 20°C. All the measurements were carried out with 3 um oligonucleotide in a cacodylic acid buffer (10 mm, pH 7.2, adjusted with
LiOH) containing NaCl or KCI (100 mwm). A colour Figure reporting TDS, CD spectra and all melting profiles is available in Figure S2.

and CD signatures, in support of the formation of G-quadru-
plex structures by the eight Plasmodium telomeric sequences.
The NaCl and KClI melting profiles and CD spectra did not
change upon a tenfold increase in oligonucleotide concentra-
tion (30 um, data not shown); this indicates intramolecular
folding in this range of concentrations. The mean values of the
T values of the eight Pf sequences were 4 and 3°C lower in
sodium and potassium, respectively, than those of the telomer-
ic human sequence 21G. The sequence Pf1, which bears all
TTTA loops, appeared to be the most stable with a T, value
that approached the T,, of the human sequence 21G, whereas
the sequence Pf8, which bears all TTCA loops, was the least
stable. A van't Hoff representation® of the melting curves,
analysed by a two-state model, could be linearly fitted (with
linear regression coefficients >0.998). In NaCl, the Gibbs free
energy (AG°) extrapolated at 37 °C varied from —3.6 kcalmol™
for Pf1 to —2.2 kcalmol™' for Pf8. The other Pf sequences
(from Pf2 to Pf7) were characterized by AG® values at 37°C be-
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tween —2.5 and —2.9 kcalmol™ (Table 1). In KCl, the AH°
values of the Pf and 21G sequences were around (—63+
5) kcalmol™', whereas the AG° values extrapolated at 37°C
were around (—4.9 +0.6) kcalmol ™.

These experiments demonstrate that stable quadruplexes
were formed at physiological temperatures by sequences con-
taining the degenerate Plasmodium telomeric motif.

Interaction of known G-quadruplex ligands with Plasmodium
telomeric G-quadruplexes and competition with duplex
DNA

Having established that the Plasmodium G-rich telomeric se-
quences are prone to quadruplex formation, we next investi-
gated whether these quadruplexes were recognised by G-
quadruplex ligands known to interact with the human telomer-
ic quadruplex. Using a FRET melting assay,” we studied the
interaction of several known G-quadruplex ligands (Figure 2)

ChemBioChem 2008, 9, 2730-2739
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Figure 5. Examples of FRET melting experiments. A) FPf1T alone (®); FPf1T in the presence of NCA1 (0); FPf1T in the presence of NCA1 and of the duplex
competitor ds26 (4). B) FPf8T alone (@); FPf8T in the presence of MMQ10 (0); FPf8T in the presence of MMQ10 and ds26 (4). The experiments were per-
formed with double-labelled oligonucleotide (0.2 pum), ligand (1 um) and ds26 (3 um), in a cacodylic acid buffer (10 mm, pH 7.2, adjusted with LiOH) containing

NacCl (100 mwm).

with the Plasmodium telomeric sequences and compared the
results with those obtained with the human telomeric se-
quence. Three double-labelled oligonucleotides (FPf1T, FPf8T
and F21GT) were used; they corresponded to the Plasmodium
Pf1 (all TTTA loops) and Pf8 (all TTCA loops) sequences and to
the human 21G sequence coupled to a 6-carboxyfluorescein
(FAM) and to a carboxytetramethylrhodamine (TAMRA). Upon
G-quadruplex unfolding, the distance between the donor FAM
and the acceptor TAMRA increased, which led to a decrease in
FRET efficiency and, as a consequence, to an increase in FAM
emission. Monitoring of the FAM emission as a function of
temperature allows determination of the temperature of half-
dissociation (T:,) as described in the Experimental Section. Fig-
ure 5A and B shows two examples of FRET melting experi-
ments with FPf1T and FPf8T, respectively. The difference be-
tween the T, temperatures in the absence and in the presence
of a given compound (AT:,) provides a measure of the quadru-
plex thermal stabilisation induced by the compound (Figure 5).
The quadruplex versus duplex selectivity of a compound was
then investigated by addition of a duplex competitor
(Figure 5; ds26). For each compound, the selectivity (S) was de-
fined as the ratio between the AT, values in the presence and
in the absence of duplex competitor: S=AT:, (4+ds26)/AT: -
(—ds26). For a given G-quadruplex and a given duplex compet-
itor, S reflects the preferential binding of a compound to the
quadruplex (S—1) or to the duplex (S—0). FRET melting ex-
periments were carried out in the presence of both sodium
and potassium (all data in NaCl and KCl are available in Fig-
ure S3). Here, we have chosen to report only the data in NaCl,
since biphasic melting curves were observed in KCl in the pres-
ence of some ligands (as already reported™”). For these li-
gands, AT:, values in KCI have to be considered with more
caution. Quadruplex-ligand interaction can depend on quadru-
plex structure; we verified that the CD spectra of the three
double-labelled quadruplexes FPf1T, FPf8T and F21GT were
similar to those of Pf1, Pf8 and 21G, both in NaCl and in KCl;
this suggests that their folding topologies were not altered by
the two fluorescent reporters (data not shown).
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Within the uncertainty of the experimental data, each com-
pound stabilised the three telomeric quadruplexes to roughly
the same extent, at the chosen concentration of 1 um. This is
easily seen by plotting the AT, values induced on FPf1T or
FPf8T versus the AT:, induced on F21GT (Figure 6A and B): all
experimental points were close to the straight line (slope of
about one) and, for the majority of compounds, the distance
from this straight line was within the standard deviations (not
shown). For all the tested compounds, the quadruplex versus
duplex selectivity values obtained for the Plasmodium telomer-
ic sequences were similar to those obtained for the human
one (at 10 um duplex competitor; Figure 6 C). For all the three
telomeric quadruplexes, the two bisquinolinium compounds
Phen-DC3 and Phen-DC6 induced the strongest thermal stabili-
sation, followed by telomestatin, the porphyrin TMPyP4 and
the quinacridine derivative MMQ10 (AT, >20°C). TMPyP4 and
MMQ10 displayed poor selectivity (S~0 and $=0.2, respec-
tively), whereas Phen-DC3, Phen-DC6 and telomestatin were
among the most selective compounds (5=/0.8). Despite a
lower thermal stabilisation capability, other compounds—the
two bisquinolinium compounds BiPy-DC3 and BiPy-DC6 (S
~0.8), the two neomycin-capped acridines NCA1 and NCA2 (S
~0.7) and the copper-terpyridine complex Cu-ttpy (S~1)—
displayed strong selectivity. The stabilisation and selectivity
profiles we obtained for the human telomeric sequence F21GT
were consistent with those reported in the literature.?-"

Most of the ligands induced stronger quadruplex stabilisa-
tion (AT:,) in KCl than in NaCl, and displayed stronger quadru-
plex versus duplex selectivity (Figure S3). Nevertheless, both in
KCl and in NaCl, all the tested compounds displayed, within
the limits of experimental error, the same stabilisation and se-
lectivity profiles towards the three telomeric sequences.

From these data we conclude that Plasmodium telomeric
quadruplexes are recognized by a variety of ligands and that
many ligands exhibit a strong selectivity for quadruplex struc-
tures relative to a duplex structure, but show little discrimina-
tion between the human and Plasmodium sequences, either in
NaCl or in KCl.

2735

www.chembiochem.org



www.chembiochem.org



J.-L. Mergny, P. Alberti et al.

357 35 7 5 o / tion signals on P, falciparum ge-
<t £ 4
A) $8 B) gg"g’ 8~ nomic DNA that strongly sup-
T 30 g Fg T . eF's g ported the existence of such an
8 m 8L . g £ o
O 25 g gg s e Q o5 w ® -// overhang. Long hybridisation
= ] & 5T 2 ¢ = E A products were detected in a te-
= o] * . g £ = ] 882 5 L . A
T 1 e g_‘-’ 20 88/ % lomeric-oligonucleotide ligation
w . w gé% i assay; this suggests the presence
w157 § i « 157 5 TZgy , )
= & [ = £ e 22 » of long 3’ G-overhangs. An in-
~ o o ~ % o) w
< 10 = < 40 iR o depth investigation of the
/gg 5Ty length distribution and dynamics
] / z
5 57 rd =2 3 of P.falciparum telomeric over-
0 : ——— : . : 3 0 '_/ —— OT e hangs was beyond the scope of
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 this study and is currently in
progress.
AT, (F21GT)/°C —> AT, (F21GT)/°C —>
12 ) TS L We then investigated the
14 structure and the stability of the
' eight sequences Pf1-Pf8, which
1.2 ] .
] C) correspond to all the possible
T """"""" ‘ sequences formed by about four
0.8 ] -, .
@ repetitions of the Plasmodium
0.6 degenerate  telomeric  motif
04 1 SYGGGTTYA?, using UV spectros-
0.2 1 copy. Three lines of experimental
01 g evidence showed the formation
BLiE2:t86822233:538888G¢s
a > w o & o g g g &S % £ 3 a3 aa = of G-quadruplex structures by all
S = o Q ] E = = § z =z c 5 5§ & & 3 the eight sequences: 1) the pro-
c F T E < £ £ @ @ files of their thermal difference
Q

Figure 6. A), B) Thermal stabilisation (AT:,) induced by the different compounds on the Plasmodium telomeric
quadruplexes FPf1T and FPf8T versus AT, induced on the human telomeric quadruplex F21GT (for clarity of repre-
sentation, the error bars are reported only in the Supporting Information). C) Quadruplex versus duplex selectivity
(S, the ratio between AT, in the presence and absence of duplex competitor ds26: S=AT: (+ds26)/AT:,(—ds26))
for F21GT (o), FPf1T (=) and FPf8T (m). The experiments were carried out with doubly labelled oligonucleotide

(0.2 um), ligand (1 um) and ds26 (10 um), in a cacodylic acid buffer (10 mm, pH 7.2, adjusted with LiOH) containing
NaCl (100 mm). Under these experimental conditions, the T, values of FPf1T, FPf8T and F21GT alone were 43.8,
44.7 and 49.7°C (£ 1°C), respectively; the duplex competitor ds26 had a T,, value of around 70°C and did not

affect the melting transitions of the three quadruplexes.

Discussion

Telomere protection and maintenance are essential for the pro-
liferation of eukaryotic cells. Thus, use of drugs that impair te-
lomeric functions in rapidly proliferating protozoan parasites
might be a potential strategy to stop progress of the infection.
In principle, stabilisation of G-quadruplex structures at telo-
meres might alter the telomere nucleoprotein structure by sev-
eral mechanisms of action: by impairing correct processing of
the 3’ G-overhang, by impairing refolding of telomeres in a
capping structure, by perturbing interaction with telomere-as-
sociated proteins, or by interfering with telomere replication.
Very little is known about telomere regulation in P. falciparum;
its extremely AT-rich genome makes telomeres a very attractive
target for G-quadruplex ligands. The aim of this study was to
investigate the possibility of targeting P. falciparum telomeres
with G-quadruplex ligands.

To this end, we first investigated the existence of a 3’ G-over-
hang at P falciparum telomeres. In solution hybridisation
assays under nondenaturing conditions, we detected hybridisa-
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spectra, 2) their CD signatures,
and 3) the dependence of their
melting temperatures upon the
nature of the monocation pres-
ent in the solution (T,,(K")>
T.(Na®)>T.(Li"). All the Pf G-
quadruplexes were stable at
physiological temperature
(37°C), both in sodium and po-
tassium solutions. Pf1 (all TTTA
loops) appeared to be the most
stable, whereas Pf8 (all TTCA loops) was the least stable. The
T., values of the Pf sequences were on average a few degrees
lower than those of the human telomeric sequence 21G (TTA
loops). The same trend was found when thermodynamic stabil-
ity was analysed by a van't Hoff analysis. A decrease in stability
with increasing loop length was reported for similar sequences
bearing T, loops.*® The similarity of Pf and 21G CD signatures
in the presence of a given monocation (sodium or potassium)
makes it tempting to speculate that all the eight Pf sequences
fold into structures similar to those resolved for the human te-
lomeric sequence (antiparallel folding in NaCl and hybrid-type
folding in KCl). Nevertheless, speculations about folding topol-
ogy drawn from CD signatures must be considered with cau-
tion. The only relevant conclusion that can be drawn from Pf
CD spectra is the following: as in the case of the human telo-
meric sequence 21G, the eight Pf sequences displayed differ-
ent CD signatures in NaCl and KCl; this indicates different fold-
ing topologies or equilibria among multiple possible confor-
mations according to the nature of the monocation present in
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solution. Preliminary NMR spectroscopy studies on the Pf1
sequence revealed the presence of two major G-quadruplex
structures in the presence of KClI (Anh Tuan Phan, personal
communication). In nondenaturing PAGE experiments in
sodium or potassium, the Pf sequences migrated as single
bands with the same mobility, which was slightly slower than
that of the 21G sequence (Figure S4). Hence, for a given mono-
cation, no dramatic structural differences between the eight Pf
sequences could be detected.”

We then used a competitive FRET melting assay to study the
interactions of several known G-quadruplex ligands with the
Plasmodium telomeric sequences. All the tested compounds
displayed roughly the same stabilisation and quadruplex
versus duplex selectivity profiles for the two Plasmodium telo-
meric sequences (FPf1T and FPf8T) and the human one
(F21GT), both in sodium and in potassium. The stabilisation
and selectivity profiles we obtained suggest that each of the
tested compounds has roughly the same affinity for each of
the three different quadruplexes. This means that the com-
pounds we tested could not discriminate between Plasmodium
and human telomeric quadruplexes, despite the differences in
loop length and loop sequences. This result is not unexpected,
since all the tested ligands present aromatic surfaces suitable
for m—m interactions with a G-quartet surface; probably they
stabilise G-quadruplex structures by stacking onto the terminal
G-quartet(s). For an antimalarial approach based on targeting
P. falciparum telomeres, discrimination between G-quadruplex-
es at parasite telomeres and G-quadruplexes at the telomeres
of its human host should, in principle, reduce toxicity. Discrimi-
nation could be achievable through ligands that strongly inter-
act with the “variable” structural features of G-quadruplexes, in
particular with loops. High-resolution structural studies of the
Pf sequences should be helpful for rational design of ligands
capable of discriminating between the Plasmodium and the
human telomeric G-quadruplexes. Nevertheless, ligand discrim-
ination between human and Plasmodium telomeric quadru-
plexes (target selectivity) cannot be assumed, a priori, as a nec-
essary condition for a therapeutic strategy. Very little is known
about telomere regulation in P. falciparum; response or time-
response to telomere perturbation might be different in para-
site and in human cells. For this reason, ligands that do not
display target selectivity, such as those reported in this study,
should not be discarded a priori. We are currently investigating
whether these compounds selectively inhibit parasite growth
and interact with parasite telomeres in P. falciparum blood cul-
tures.

Experimental Section

Oligonucleotides and compounds: All oligonucleotides and their
fluorescent conjugates were purchased from Eurogentec (Seraing,
Belgium), dissolved in doubly distilled water (at a concentration of
about 300 um), stored at —20°C and used without further purifica-
tion. Concentrations were determined by UV absorption with use
of extinction coefficients determined from the nearest-neighbour
model."”
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The cationic porphyrin TMPyP4 (counterion pCH;(C¢H,)SO;7) and
the perylene derivative PIPER were purchased from Calbiochem.
The trisubstituted acridine BRACO-19 and the ethidium derivative
317050 (WO 0212194) were a kind gift from P. Mailliet (Sanofi-
Aventis). Telomestatin was a kind gift from K. Shin-ya (University of
Tokyo). The syntheses of bisquinolinium derivatives (Phen-DC3,
Phen-DC6, Bipy-DC3 and Bipy-DC6 with counterion CF;SO;7), neo-
mycin-capped macrocycles (NCA1, NCA2, NCQ and NCphen), cop-
per(ll) terpyridine Cu-ttpy and metaquinacridines (MMQ1, MMQ3
and MMQ10) were described previously.”’" Telomestatin was dis-
solved (at 1 mm concentration) in DMSO/MeOH (1:1). TMPyP4 and
the neomycin-capped derivatives were dissolved (at 2 mm and
1 mwm, respectively) in doubly distilled water. PIPER was dissolved
(2 mm) in acetic acid (10%). All the other compounds were dis-
solved at 2 mm in DMSO; all compounds were stored at —20°C.
Further dilutions were made in doubly distilled water.

P. falciparum cultures and parasite preparations: P falciparum
(FCB1 strain) was maintained in vitro in human erythrocytes in
RPMI 1640 medium supplemented by heat-inactivated human
serum (8%, v/v) at 37°C under CO, (3%), O, (6%) and N, (91%).5"
Synchronized cultures were obtained by a sequential combination
of the gelatin flotation method®™ and sorbitol treatment.®* Briefly,
mature schizont-infected red blood cells were isolated and concen-
trated (to 60-80% parasitaemia) by use of Plasmion® (Fresenius
Kabi). The schizonts were then put back in culture and diluted with
fresh erythrocytes (to 10% parasitaemia). After 6 h, the reinvasion
was stopped by lysis of the remaining schizont with sorbitol (5%,
w/v, in doubly distilled water). Such a procedure yields parasite cul-
tures synchronised in a 6 h window. For DNA preparation, infected
red blood cells were washed twice in cold PBS and incubated for
5 min, on ice, in cold saponine in PBS (0.2%, w/v) in order to lyse
the infected erythrocyte membrane without disrupting the parasite
plasma membrane. Free parasites were then washed three times in
cold PBS and stored at —80°C until use.

P. falciparum genomic DNA extraction and exonuclease treat-
ments: Parasites (10° from erythrocytic cultures of the FCB1 strain)
were diluted (100 pL in 1 mL, 10 vol) in an extraction solution con-
taining Tris-HCl (10 mm, pH 8), EDTA (100 mm), SDS (0.5%) and
RNase A (20 pgmL™"; Sigma). Before use, RNase A was heated at
95°C for 15 min to inactivate DNases. After being stirred for 1 h at
37°C, an additional quantity of RNase A (20 ugmL™") was added,
and digestion was continued for 1 h at 37 °C. Proteins and RNase A
were then digested with proteinase K (100 ugmL™"; Invitrogen) for
2.5h at 50°C. DNA was purified by phenol/chloroform extraction
and precipitated by addition of ammonium acetate (0.2 vol, 7.5 m)
and absolute ethanol (2.5 vol). The pellet was washed with ethanol
(70%), air-dried and dissolved in TE buffer overnight at 4°C. After
determination of the DNA concentration by UV absorbance at
260 nm, aliquots of the genomic DNA solution were stored at
—20°C.

T7 Exonuclease (7.5 units, NEB) digestion of genomic DNA (4.5 pug)
was carried out for 90 s at 25°C in Tris acetate (20 mm, pH 7.9), po-
tassium acetate (50 mm), magnesium acetate (10 mm) and dithio-
threitol (1 mm; total volume: 50 pL). Exonuclease | (30 units, NEB)
digestion of genomic DNA (4.5 ug) was carried out for 30 min at
37°C in glycine/KOH (67 mm, pH 9.5), MgCl, (6.7 mm) and [-mer-
captoethanol (10 mm; total volume: 50 pL). The reactions were
stopped by addition of EDTA (25 mm). The exonuclease-treated
DNA samples were precipitated with ethanol, dissolved in doubly
distilled water (10 pL) and incubated for 30 min at 37°C before use
for the T-OLA.
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Hybridisation assay with undigested DNA: The C-probe (d-
(TGAACCCQ);) and G-probe (d(GGGTTTA);) (20 pmol) were 5'-radio-
labelled with [y*?PJATP (80 uC) and T4 polynucleotide kinase
(10 units, NEB) in a T4 polynucleotide kinase reaction buffer (NEB)
for 40 min at 37°C (total volume: 30 pL) and purified on a Spin 6
column (Bio-Rad). The choice of probes bearing only three telo-
meric repeats was made to avoid folding of the G-probe into an in-
tramolecular G-quadruplex; such folding could impair hybridisation
to the target DNA. The C- and G-probe sequences were designed
in order to minimise destabilisation upon hybridisation to the
degenerate sequence of Plasmodium telomeres (@ G-T mismatch
should be less destabilising than an A-C mismatch).

Genomic DNA (3 pg) was incubated, overnight, at 37°C or 50°C
with radiolabelled G- or C-probe (0.6 pmol) in Tris-HCI (10 mm,
pH 7.9), NaCl (50 mm), MgCl, (10 mm) and dithiothreitol (1 mwm;
total volume: 20 plL). The samples were then loaded on a agarose
gel (0.8%) in TBE buffer (1x) containing ethidium bromide. After
migration in TBE buffer (1x), ethidium-stained DNA was analysed
by UV transillumination at 254 nm. The gel was then vacuum-dried
and exposed to a Phosphorimager screen, and scanned with a
Typhoon 9410 instrument (GE Healthcare).

TRF assays: Telomere restriction fragment (TRF) assay was carried
out as previously reported,"® with minor modifications. Briefly, ge-
nomic DNA (3 pg) was digested, overnight, at 37°C with a cocktail
of four restriction enzymes (5 units of each): Alul, Rsal, Ddel and
Mboll (NEB). The reaction was carried out in Tris-HCl (10 mm,
pH 7.9), NaCl (50 mm), MgCl, (10 mm) and dithiothreitol (1 mwm;
total volume: 30 pL). For the denaturing TRF assay, the digested
sample was loaded on an agarose gel (0.8%) in TBE buffer (1x).
After electrophoresis in TBE buffer (1x), analysis was performed by
Southern blotting with the radiolabelled C-probe by using stan-
dard protocols. In a native TRF assay, the radiolabelled G- or C-
probe (0.6 pmol) was added during the overnight digestion at
37°C. The samples were then loaded on an agarose gel (0.8%) in
TBE buffer (1x) containing ethidium bromide. After migration in
TBE buffer (1x), ethidium fluorescence and radioactivity were
imaged as described above. Radiolabelled and unlabelled 1 kb plus
DNA ladders (Invitrogen) were loaded on the gels as size markers
for radioactive and ethidium fluorescence detection, respectively.

T-OLA: Telomeric-oligonucleotide ligation assay (T-OLA) was car-
ried out as previously described.*” The C-probe (20 pmol) was
5’ radiolabelled with [y*?PJATP (80 uCi) and T4 polynucleotde kinase
(10 units, NEB) in a T4 polynucleotide kinase reaction buffer (NEB)
for 40 min at 37 °C (total volume: 20 pL). To ensure complete phos-
phorylation, an additional phosphorylation step was then carried
out by addition of ATP (1 uL 0.1 M) and T4 polynucleotide kinase
(1 uL, 10U pL™', NEB) for 10 min at 37°C. The radiolabelled probe
was purified on a Spin 6 column (Bio-Rad).

Genomic DNA (3 ng) either treated or untreated with exonuclease |
or T7 exonuclease was incubated, overnight, at 50°C with the ra-
diolabelled probe (0.6 pmol) in Tris-HCl (20 mm, pH 7.6), potassium
acetate (25 mm), magnesium acetate (10 mm), dithiothreitol
(10 mm), nicotinamide adenine dinucleotide (1 mm) and Triton X-
100 (0.1%; total volume: 20 pL). The hybridisation step was fol-
lowed by a ligation step (5 h) at 50°C in the presence of Tag DNA
ligase (20 units, NEB). Samples were then precipitated by addition
of NaCl (80 pL, 0.625m) and absolute ethanol (200 pL) and centri-
fuged for 15 min at 14000 g. Pellets were washed once with etha-
nol (70%), air-dried and incubated in doubly distilled water (10 uL)
for 30 min at 50°C. Samples (2 uL) were loaded on an agarose gel
(0.8%) in TBE buffer (0.5x) containing ethidium bromide. After mi-
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gration, ethidium fluorescence and radioactivity were imaged as
described above. The ligated probes (7 uL of samples) were sepa-
rated in a denaturing polyacrylamide gel (acrylamide/bisacrylamide
19:1 5%, in TBE 1Xx and urea 7 m).

UV measurements: UV absorbance spectra and melting curves
were acquired by using a Kontron Uvikon 940 spectrophotometer.
In the UV melting experiments the temperature was varied with a
circulating water bath from 90°C to 2°C and from 2°C to 90°C at
a rate of 0.2°Cmin~". Evaporation at high temperatures was re-
duced by a layer of mineral oil, and condensation at low tempera-
tures was minimised by use of a dry air flow in the sample com-
partment. Thermal difference spectra (TDS) were obtained by sub-
tracting the absorbance spectrum at 2°C from the one at 90°C;
the spectrum at 2°C was recorded after annealing of the sample
from 90 to 2°C at a rate of 0.2°Cmin~".

CD spectra were recorded by using a Jasco J-810 spectropolarime-
ter at 20°C, after annealing from 90°C at a rate of 1°Cmin~". Two
spectra were accumulated at a scan speed of 200 nmmin~', and
the contributions of the buffer and quartz cell were subtracted.

All experiments (melting, TDS and CD) were carried out at 3 um or
30 um oligonucleotide concentration in a cacodylic acid buffer
(10 mm, pH 7.2, adjusted with LiOH) containing KCl or NaCl or LiCl
(100 mm), in 1T cm or 0.2 cm pathlength cells.

FRET melting experiments: FRET melting experiments were car-
ried out as described previously™>* with double-labelled oligonu-
cleotides: the Plasmodium sequences FPf1T (FAM-"(GGGTTTA),-
GGG*-TAMRA] and FPf8T (FAM-°(GGGTTCA),GGG*-TAMRA) and the
human sequence F21GT (FAM-*(GGGTTA);GGG*-TAMRA). The FAM
emissions at 516 nm of double-labelled telomeric sequences in the
absence and presence of a single compound were recorded as a
function of temperature by using a Stratagene MX3000P thermal
block in 96-well microplates. To investigate the quadruplex versus
duplex selectivity of each compound, a 26-base self-complemen-
tary competitor (ds26, *CAATCGGATCGAATTCGATCCGATTG®) was
added. The temperature was varied from 25°C to 95°C (the tem-
perature range of the MX3000P thermal block) at a rate of
1°Cmin~". The FAM emission versus temperature plots were nor-
malised between 0 and 1, and the temperature of half-dissociation
(T:,) that corresponded to an emission value of 0.5 was deter-
mined."” The (quasicomplete folding of the labelled telomeric se-
quences at 25°C, under our experimental conditions, was verified
by performing FRET melting experiments between 0°C and 80°C
on a SPEX Fluorolog (data not shown). All the experiments were
carried out in duplicate with oligonucleotide (0.2 um), compound
(1 um) and increasing concentrations of ds26 (0, 3 and 10 pum), in a
cacodylic acid buffer (10 mm, pH 7.2, adjusted with LiOH) contain-
ing NaCl (100 mm) or KCI (10 mm) + LiCl (90 mm) in a total volume
of 25 L. For each compound, two or three independent experi-
ments were performed.
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A Polylinker Approach to Reductive Loop Swaps in
Modular Polyketide Synthases

Laurenz Kellenberger,” lan S. Galloway,” Guido Sauter,” Giinter B6hm,"” UIf Hanefeld,"
Jesus Cortés,”™ James Staunton,” and Peter F. Leadlay*™

Multiple versions of the DEBS 1-TE gene, which encodes a trun-
cated bimodular polyketide synthase (PKS) derived from the
erythromycin-producing PKS, were created by replacing the DNA
encoding the ketoreductase (KR) domain in the second extension
module by either of two synthetic oligonucleotide linkers. This
made available a total of nine unique restriction sites for engi-
neering. The DNA for donor “reductive loops,” which are sets of
contiguous domains comprising either KR or KR and dehydratase
(DH), or KR, DH and enoylreductase (ER) domains, was cloned
from selected modules of five natural PKS multienzymes and
spliced into module 2 of DEBS 1-TE using alternative polylinker
sites. The resulting hybrid PKSs were tested for triketide produc-
tion in vivo. Most of the hybrid multienzymes were active, vindi-
cating the treatment of the reductive loop as a single structural

Introduction

Modular type | polyketide synthases (PKSs), for example the 6-
deoxyerythronolide B synthase (DEBS) responsible for synthesis
of the aglycone core of the macrolide antibiotic erythromycin
A, are giant, multifunctional enzymes that catalyse the biosyn-
thesis of structurally complex and clinically important polyke-
tide products." Polyketide chain formation closely resembles
fatty acid biosynthesis, in which a starter unit and successive
extender units derived from the CoA esters of simple carboxyl-
ic acids are condensed together to create a chain. As in fatty
acid chain formation, the intermediates are not released into
solution. In contrast to fatty acid synthases (FASs),” modular
PKSs utilise a wider variety of starter and extender units, and
the p-keto functionality created after each condensation step
is not necessarily fully reduced before the next cycle of chain
extension, leading to a far greater chemical and stereochemical
diversity in the products.

The sequencing of the genes for DEBS (and for many other
such PKSs) has revealed that each cycle of chain extension is
catalyzed by a different set or “module” of active sites. A typi-
cal module contains a ketosynthase (KS) domain that catalyses
the formation of a carbon-carbon bond. The acyltransferase
(AT) domain recruits the chain extension unit, normally from
either malonyl-CoA or methylmalonyl-CoA. The acyl carrier pro-
tein (ACP) cooperates in the carbon-carbon bond formation to
form a [-ketoester. Depending on the module, there may be
additional activities present: a [-ketoacyl reductase (KR)
domain catalyses reduction of the initially formed f-ketoester
to a P-hydroxyester; a dehydratase (DH) domain dehydrates
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unit, but yields were dependent on the restriction sites used. Fur-
ther, different donor reductive loops worked optimally with differ-
ent splice sites. For those reductive loops comprising DH, ER and
KR domains, premature TE-catalysed release of partially reduced
intermediates was sometimes seen, which provided further in-
sight into the overall stereochemistry of reduction in those mod-
ules. Analysis of loops containing KR only, which should generate
stereocentres at both C-2 and C-3, revealed that the 3-hydroxy
configuration (but not the 2-methyl configuration) could be al-
tered by appropriate choice of a donor loop. The successful
swapping of reductive loops provides an interesting parallel to a
recently suggested pathway for the natural evolution of modular
PKSs by recombination.

the p-hydroxyester; and an enoyl reductase (ER) domain re-
duces the double bond. This set of contiguous domains, which
modifies the oxidation state of a freshly introduced extension
unit, is referred to here as a “reductive loop”, and defined as
the part of each module that lies between the C terminus of
the AT domain and the N terminus of the ACP domain
(Figure 1). Initially identified by limited proteolysis experiments
on purified DEBS proteins,®® recent studies” ' have confirmed
that this entire region adopts a specific tertiary and quaternary
structure. Intriguingly, recent analysis of recombinational
events implicated in the natural evolution of modular PKSs has
highlighted the termini of reductive loops as hotspots for such
recombination.

Success in engineering changes in the oxidation level of a
polyketide product initially came through deletion of portions
of the reductive loops of DEBS.""™'? Similarly, the replacement
of the DEBS KR2 domain by the inactive KR3 domain led suc-
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Figure 1. Domain and module organisation of A) the erythromycin PKS multienzyme and of B) the derived triketide synthase DEBS 1-TE. Within each of the
three subunits (DEBS 1, DEBS 2 and DEBS 3) and in DEBS 1-TE, different enzymatic domains are denoted by circles. KS, ketosynthase; AT, acyltransferase; KR,
ketoreductase; DH, dehydratase; ER, enoylreductase; ACP, acyl carrier protein; TE, thioesterase/cyclase. The italicised KR domain in DEBS module 3 is inactive.

cessfully to a keto-product.”™ The introduction of domain
swapping as a method to create productive hybrid polyketide
synthases between different natural PKSs"*' has prompted
many subsequent attempts to swap reductive enzymes, with
encouraging but mixed results; in some cases the predicted
change in oxidation level was seen,®'® but in other cases one
or more of the heterologous enzymes failed to function, lead-
ing either to a product with higher oxidation level than pre-
dicted, or no product at all."”"** Many of these swaps used the
same points in the sequence at which to splice the incoming
domains. Attempts to generate comprehensive libraries of
polyketides through loop swapping at a single set of splice
points have also fallen short, with some products obtained in
only trace amounts.”” Improvements in reductive loop swap-
ping would therefore be of considerable practical significance
for engineered biosynthesis of high-value, complex poly-
ketides.

Another central issue in the mechanism of polyketide chain
growth on the PKS is that the methyl centres at C-2 and the
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hydroxy centres at C-3 generated in many newly added chain
extension units can both have either a R or S configuration. As
early as 1965, position-specific configurational homologies
were noted among natural macrolide polyketides and codified
as the empirical Celmer’s rules.”? Understanding how this ste-
reochemical outcome is controlled is important for attempts to
manipulate PKS catalysis to create novel polyketide products.
In vitro studies with an engineered and purified bimodular
PKS, DEBS 1-TE, have already revealed the crucial elements of
the molecular basis of this control, and hence of Celmer’s
rules. DEBS 1-TE (Figure 1) was created by relocating the chain-
terminating thioesterase from DEBS 3 to the C terminus of
bimodular DEBS 1 to promote chain release at the triketide
stage giving a d-lactone.”

Although the two methyl-bearing centres in this product
have opposite configurations, work with DEBS 1-TE has shown
that the acyltransferase (AT) domain does not determine the
stereochemical outcome of chain extension. The AT domains
of DEBS bind only (2S)-methylmalonyl-CoA in vitro and not the
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2R-isomer.” Only the (25) isomer is used as a substrate by
DEBS 1-TE.” There is an additional obligatory epimerisation
step in module 1, after condensation, to produce the substrate
for ketoreduction.”*?? The stereochemical outcome therefore
essentially depends on the interplay between the properties of
individual KS and KR domains. In any chimaeric extension
module that generates a methyl centre at C-2 and a hydroxy
centre at C-3, if the product of condensation is exactly that ste-
reoisomer of the 2-methyl-3-ketoacyl thioester intermediate
which matches the normal preference of the incoming KR,
then the heterologous KR often imposes the stereochemical
course of its normal reaction on the new substrate."® However,
other evidence suggests that the competition between alter-
native pathways for ketoreduction is finely balanced and can
be perturbed. For example, this can occur if a KR within a chi-
maeric extension module is presented only with a single ste-
reoisomer of the 2-methyl-3-ketoacyl thioester intermediate
against which it is inactive.®” Conversely the KR in its new con-
text may be given access to both 2-methyl stereoisomers,
which allows the intrinsic KR selectivity to dictate the outcome
at both C-2 and C-3 stereocentres.”

We present here the results of introducing synthetic oligo-
nucleotide polylinkers into the DNA encoding DEBS 1-TE in
place of the KR, domain, and their use in splicing heterologous
“reductive loops” to obtain hybrid PKSs that synthesise trike-
tide lactones differing in oxidation level or (where the C-3 hy-
droxyl is retained) in C-3 alcohol and C-2 methyl stereochemis-
try. Our findings shed further light on the substrate specificity
and stereochemical course of catalysis in module 2 of DEBS
and in the other extension modules whose reductive loops

load module 1
I

P. Leadlay et al.

have been assayed. More generally, the results show that
worthwhile optimisation of hybrid modular PKSs can be ach-
ieved by trying alternative donor “reductive loops,” as well as
alternative splice sites within such polylinkers.

Results and Discussion

Replacement of the reductive loop in module 2 of DEBS1-TE
by a short polypeptide linker

The reductive loop™™ of module 2 of DEBS1-TE comprises a
functional KR domain and a large domain proposed to act
either as a structural subdomain of the KR” or to contribute to
stabilisation of the PKS homodimer® (Figure 2). The idea of
treating reductive loops from PKS extension modules as inte-
gral units in constructing hybrid PKSs was suggested both by
detailed comparisons among published modular PKS sequen-
ces and by the results of limited proteolysis of purified DEBS
proteins,>®3" showing that these pieces of the structure were
often released early and intact. Subsequent work (see below)
has amply vindicated this choice. In order to replace the DNA
encoding this region by a polylinker, a version of the DEBS 1-
TE gene was first engineered in which the reductive loop
region was flanked by a unique 5’ Avrll restriction site and by
a unique 3’ Hpal site, as described in the Experimental Section.
Plasmid pJLK07, a pCJR24-derived® plasmid housing this engi-
neered gene, was then cut with Avrll and Hpal, and its back-
bone was ligated to a 122 bp Avrll-Hpal dsDNA fragment,
which was created by annealing together a pair of synthetic
oligonucleotides. These were designed to conserve the amino

off-load
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Figure 2. Design of a polylinker to replace the reductive loop (including the KR domain) of extension module 2 of DEBS1-TE. The alignment of modules from
typical PKS extension modules shows the sequence flanking each reductive loop (C-terminal of the AT domain and N-terminal of the ACP domain). The oligo-
nucleotide polylinker included the unique restriction sites Avrll, Bglll, SnaBlI, Pstl, Spel, Nsil, Bsu36l, Nhel and Hpal, and the peptide linker sequence encoded
by this polylinker is included in the alignment, which was created using ClustalW and Boxshade. Because the Nhel and Hpal sites overlap, two versions of the
polylinker were created, with either Hpal or Nhel at this position. The arrows labeled T2 indicate the extent of the reductive loop in ery (DEBS) module 1, as

shown by previous limited proteolysis experiments.”
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acid sequences flanking the excised domains while introducing
further unique restriction sites into the coding DNA (Figure 2).
The resulting DEBS 1-TE gene, housed in plasmid pJLK114, con-
tained a polylinker with unique sites for eight restriction en-
zymes. Some can be found in “linker” regions of low sequence
similarity between different PKS modules, and others are in
highly conserved regions within the AT domains of different
PKS modules (Figure 2). A second version of the polylinker was
obtained by replacing the unique Bsu36l-Xbal DNA fragment
in pJLK114 with an identical fragment containing a unique
Nhel site in place of the Hpal site, which created plasmid
pJLK117 (Experimental Section). By using a total of five restric-
tion sites 5’ and four sites 3’ of any inserted “reductive loop”
DNA, a wide choice of splice sites could be tried. The amino
acid sequence of the peptide encoded by the polylinker is also
given in Figure 2, showing that the incorporation of multiple
restriction sites introduces only minimal changes to the amino
acid sequence.

Production of triketide lactones of altered oxidation state
by reductive loop insertion into the polylinker region of the
engineered DEBS1-TE gene

Cloned DNA encoding the reductive loop regions of module 2
of DEBS (KR, control), module 10 of the rapamycin-producing
PKS (RAPS, DH-KR) and module 13 of RAPS (DH-ER-KR) was
spliced into the polylinker region of either pJLK114 or pJLK117,
using different splice sites. The resulting plasmids were inte-
grated into Saccharopolyspora erythraea JC2, a strain in which
essentially all the erythromycin PKS genes have been delet-
ed.” The resulting recombinants were grown on agar-based
media as described in the Experimental Section. Their triketide
products were extracted and analysed by GC-MS and electro-
spray mass spectrometry, and compared to authentic samples
of each stereoisomer obtained by standard synthetic routes.=>
Figure 3 illustrates the GC separation of four such standard tri-

5a
100 17.19
4a
90 OH 16_,71a QH
o) - 7.0 o
% 70 | :a © ?H [ ° © OH
F ‘
© 50 ‘ o’ o ‘\ 07 o
Q 1a 5a
= 40
o
& 30
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10 J\J
[0 R o o L ALAL L B o |
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Figure 3. GC-MS separation and identification of chiral triketide lactones. An
equimolar mixture of synthetic standard samples®~** of each of the four
diastereoisomeric 3,5-dihydroxy-2,4-dimethyl-n-heptanoic acid d-lactones
1a, 3a, 4a and 5a was separated by GC and components were identified
by mass spectrometry, as detailed in the Experimental Section and in the
Supporting Information (Figure S1).
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ketides. In all of these experiments, triketides were obtained in
which either a propionate (a forms) or an acetate (b forms)
had been used as starter unit. The molar ratio of the a to b
forms in the products was between 2:1 and 4:1, which is in
agreement with the results of previous studies.”® The results
of fermentation of the recombinant strains are summarised in
Tables 1 and 2.

The DEBS 1-TE bearing the DEBS KR, domain on a Spel-Nsil
fragment (pJLK25) produced the expected triketide lactones
1a and 1b in unoptimised total yields (80-100 mgL™"; Table 2)
comparable to those (~100 mgL™") obtained from the parent
DEBS 1-TE multienzyme under the same conditions; this shows
that the four amino acid changes in the linker region flanking
KR, (Figure 2) do not dramatically alter enzyme activity. The
plasmids pJLK114 and pJLK117 containing no reductive loop
were also used to transform S. erythraea, and the products of
fermentation of the recombinant strains were in each case the
3-ketolactones 2a and 2b (Table 1), in significant though re-
duced yield (8-13 mgL™"). These results confirm previous indi-
cations that substantial™ or total®"** deletion of a KR domain
within a modular PKS does not inactivate polyketide chain syn-
thesis, and are consistent with the proposal that KR domains
do not contribute to the dimeric core in PKS multien-
zymes.” %8 Fermentation of recombinant S. erythraea (pJLK29),
housing a DEBS 1-TE variant in which the reductive loop of
module 10 of RAPS (KR and DH domains) had been inserted in
the linker gave as predicted the open chain triketides 6a and
6b (analysed as their methyl esters). This is consistent with re-
sults reported previously,?**3” in which the normal intermedi-
ate in PKS-catalysed reduction is the trans- (or Z-) isomer of
the 2-enoyl thioester. In contrast, when a similar donor loop
from RAPS module 4 (pJCR4; KR, DH and ER domains) was in-
serted between the Avrll and Hpal sites, only trace amounts of
6a and 6b were seen, accompanied by traces of ketolactones
2a and 2b (Table 1). Similarly, fermentation of S.erythraea
(pJLK28), which contained a DEBS 1-TE incorporating the re-
ductive loop of module 13 of RAPS (KR, DH and ER domains)
as a Bglll-Nsil fragment, produced only the predicted fully re-
duced lactones 7a and 7b, which is again consistent with re-
sults of previously published work."®'”?" |n contrast, when the
same donor reductive loop was introduced into DEBS1-TE as
an Avrll-Hpal fragment in S. erythraea (pJLK27), the major prod-
ucts of a typical fermentation were not only 7a and 7b
(40 mgL)™", but also the 3-ketolactones 2a and 2b (approxi-
mately 12mgL™") and hydroxylactones 3a and 3b (about
3 mgL™). Introduction of RAPS module 1 reductive loop (KR,
DH and ER domains) as a Bglll-Nhel fragment (pJCR1) gave
similar levels of 7a and 7b and of 2a and 2b, but no hydroxy-
lactones (Table 1). Introduction of the reductive loop from ery
(DEBS) module 4 (KR, DH and ER domains) as a Bglll-Bsu36l
fragment gave the isomers 8a and 8b (Table 1) with C-2 con-
figurations altered from those observed in 7a and 7b; this is
expected based on their function in the native context. In the
hybrid DEBS 1-TE constructs, reduction of ACP-bound triketide
thioesters competes directly with TE-catalysed hydrolysis or
cyclisation, and thus production of incompletely reduced tri-
ketides is a sensitive measure of less-efficient catalysis by the
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Donor loop Normal function

Table 1. Changes in oxidation state as a consequence of reductive loop exchanges in module 2 of DEBS 1-TE.

Major products Minor products

Polylinker Avrll-Hpal (pJLK114)

Polylinker Avrll-Nhel (pJLK117)

RAPS mod10 Bglll-Nhel (pJLK29)

‘_LLL/\(COSR
%/YCOSR

RAPS mod4 Avrll-Hpal (pJCR4)

RAPS mod1 Bglll-Nhel (pJCR1) S

COSR
RAPS mod13 Avrll-Hpal (pJLK27) ‘1’1

COSR
RAPS mod13 Bglll-Nsil (pJLK28) e

COSR

o

DEBS mod4 Bglil-Bsu36! (pJLK41) e

COSR

0
R‘*““"fc‘;(o

2a,2b (13 mgL™")
2a,2b (@ mglL™)

m/COOH
R SOH
6a,6b (72mglL™")

2a, 2b (traces)

64, 6b (traces)

b [I
R S0 SN0

7a,7b (40 mgL™")

2a, 2b (traces)
2a,2b (8 mglL™)

OH

m,,

7a,7b (41 mgL™)

R N0 N0
3a,3b(3mgL™
+2a,2b (12mglL™)

7a,7b (>30mgL™)

i, [l‘\\\\
R N0 N0

8a,8b (5mglL™)

2a, 2b (traces)
+3a, 3b (traces)

reducing enzymes. These results taken together serve to show
that choice of splice sites, though usually dictated by conve-
nience to avoid sites also present in the donor DNA, may alter
protein-protein interactions in a way that reduces the effective-
ness of reduction. It will always therefore be prudent to test
two or more sets of splice sites.

The (2R,3R) configuration of the triketide lactones 3a and
3b, which are recovered as byproducts in some of these ex-
periments, reveals the likely stereochemical course of ketore-
duction by the KR in module 4 of DEBS and in module 13 of
RAPS, both of which are normally obscured. The finding of the
(2R,3R) isomer in each case is in full accordance with predic-
tions for the direction of ketoreduction based on the presence
of distinctive KR active site sequence motifs.*** It also implies
that the subsequent DH-catalysed dehydration proceeds as a
syn elimination, exactly as for fatty acid synthase.”” This agrees
with and extends previous findings on the likely course of re-
duction in the comparable module 2 of the pikromycin-pro-
ducing PKS.#"
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Production of triketide lactones of altered hydroxyl configu-
ration at C-3 by reductive loop insertion into the polylinker
region of the engineered DEBS1-TE gene

Reductive loops containing only an active KR domain were
cloned into the polylinker site in the modified DEBS 1-TE gene.
These donors were selected to include reductive loops from
extension modules, which in their native PKS context provide
various stereochemical outcomes at the 3-hydroxy- and (where
this substituent was present) 2-methyl positions of the product
acyl thioester (Table 2). For example, the reductive loop of
DEBS module 5, which in its native context gives a (2R,3S) con-
figuration in the alcohol product, was cloned into Avrll-Hpal
sites (in S. erythraea JC2, pJCE5), and the fermentation of the
resulting strain gave comparable yield and identical products
to the control derived from DEBS module 2. This outcome
makes a telling contrast to the results of previous in vivo
work,®? in which KS; was replaced by the DEBS loading
module and KS, in DEBS 3. The products of that hybrid multi-
enzyme included not only the normal products of DEBS3, but
also an aberrant triketide lactone. Unambiguous determination
of the stereochemistry at all chiral centres suggested that the

ChemBioChem 2008, 9, 2740 - 2749
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Table 2. Changes in configuration as a consequence of reductive loop exchanges in DEBS 1-TE.

Donor loop Normal function Major product Minor products
OH oH
DEBS mod2 Spel-Nsil (pJLK25) * [I
COSR R N N0
1a, 1b (100 mgL)™'
QH
DEBS mod5 Avrll-Hpal (pJCES5) 5 : 1a,1b (100 mgL)™’
COSR
OH O
DEBS mod1 Avrll-Hpal (pJCE1) w o none "“[{%:1:
COSR RV S0 S0
2a, 2b (traces)
oH OH OH
AVES mod1 Bglll-Nhel (pJLK30) w | '
COSR R S0 o R N0 o
3a,3b(25mgL™") 4a, 4b (traces)
OH
AVES mod1 Pstl-Bsu36l (pGMS2) Y 3a,3b (17 mgL™") 2a,2b (55mglL™")
COSR
+4a, 4b (traces)
OH
TYLS mod1 Bglll-Nhel (pJLK35) 2 3a,3b (150 mgL™) 2a,2b (12mgL™)
COSR
+4a, 4b (traces)
OH
RIFS mod8 SnaBI-Nhel (pJCR8) w 3a,3b (31 mgL™") 2a,2b (19 mgL™")
COSR
OH
AVES mod2 Bglll-Nhel (pJLK31) o 3a,3b (30 mgL™) 43, 4b (traces)
COSR
OH o
RIFS mod7 SnaBl-Nhel (pJCR?) . 2a,2b (27 mgL ™) ”[f]:
COSR R\\“““ 0 o)

5a, 5b (traces)

presence of KS, had induced epimerisation of the initially
formed 2R isomer to the (25) stereoisomer of the 2-methyl-3-
oxopentanoyl-ACP intermediate, leading to “incorrect” process-
ing not only in module 5 but also in module 6.°” In the pres-
ent case, bringing KR into a chimaeric module with KS, did
not lead to any loss of stereospecificity or stereoselectivity;
this supports a model for catalysis'**?”>% in which DEBS KS, dif-
fers from KS, in that it cannot catalyse the epimerisation of the
(2R)-2-methyl-3-ketopentanoyl-ACP intermediate, or cannot do
so fast enough to compete with ketoreduction. This experi-
ment also shows that the ACP-tethered diketide is reduced
with full fidelity by KRs, even though previous in vitro studies
have shown that recombinant purified KRs reduces the (un-
tethered) racemic substrate (2RS)-2-methyl-3-oxopentanoic
acid N-acetylcysteamine thioester to give three stereoisomeric
products. Of these, only 25% is the expected (2R,3S) isomer.

ChemBioChem 2008, 9, 2740 - 2749
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The remaining balance corresponds to 70% of the (25,35)
isomer (altered at the methyl group) and 5% of the (2R,35)
isomer (altered at both centres).*? The present data confirm
the crucial importance of tethering to ACP for the stereocon-
trol of ketoreduction in modular PKS enzymes.">*¥

The tyl module 1 reductive loop from the PKS (TYLS) for the
16-membered macrolide tylosin of Streptomyces fradiae™® gov-
erns, in its native context, the production of the (2R,3R) isomer
of 2-methyl-3-oxopentanoic thioester (Table 2). This loop was
introduced as a Bglll-Nhel fragment (Experimental Section).
Fermentation of the corresponding recombinant strain S. eryth-
raea (pJLK35) gave almost exclusively and in excellent yield
the triketide lactones 3a and 3b, with (2R,3R) configuration as
predicted (Table 2). The same compounds were produced from
insertion of the reductive loop from module 1 of the PKS
(AVES) for the anthelminthic avermectin.*®*! Insertion of this
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loop into the same Bglll-Nhel sites (pJLK30) also gave specific
production of 3a and 3 b, albeit at lower levels, while insertion
of the AVES module 1 loop into Pstl-Bsu36l (pGMS2) splice
sites gave the same products accompanied by low yields of ke-
tolactones 2a and 2b (Table 2). Introduction of the reductive
loop from module 8 of the rifamycin-producing PKS (RIFS),*®
into SnaBI-Nhel sites (pJCR8) gave comparable results. Interest-
ingly, although AVES module 2 KR does not normally reduce a
ketothioester bearing a 2-methyl substituent, insertion of the
loop from this module as a Bglll-Nhel fragment (pJLK31) also
gave reasonable yields of 3a and 3b. The only hybrid in the
present study (not shown in Table 2) that gave no product at
all was one in which the same AVES module 2 reductive loop
was introduced as a SnaBI-Bsu36l fragment (pGMS4).

Several of the hybrid DEBS1-TE fermentations that produced
the (2R,3R)-triketide lactones as major products gave traces of
the diastereoisomeric (25,3R) compounds 4a and 4b (Table 2).
At face value, this means that a very small amount of the epi-
merised (25)-2-methyl-3-oxopentanoic acid thioester intermedi-
ate is produced in these chimaeric modules. A possible explan-
ation is that in these chimaeric modules chemical epimerisa-
tion occurs to a small extent because of imperfect sequestra-
tion of the intermediate. In sharp contrast, however, were the
results from introduction of two other reductive loops from
DEBS module 1 and from RIFS module 7."® Each of these con-
tains a KR domain that is expected to be capable of efficient
reduction of the epimerized (25) isomer of the 2-methyl-3-oxo-
pentanoic acid thioester intermediate. In fact, introduction of
the loop from DEBS module 1 at Avrll-Hpal sites (pJCE1; sites
used successfully for both DEBS module 2 and DEBS module 5)
gave a chimaeric multienzyme whose products were traces
only of the ketolactones 2a and 2b (Table 2), with none of the
expected hydroxylactones 4a and 4b.

If the expected diastereoisomeric alcohol had been formed,
it would have been released from the multienzyme, since the
DEBS thioesterase (TE) does not discriminate significantly in
rates of hydrolysis of diastereomeric thioester substrates differ-
ing in configuration at C-2 and/or C-3."? This result can be
explained (Scheme 1) if the KR, domain is confronted in the
chimaeric module 2 by the unepimerised (25)-2-methyl-3-oxo-
pentanoic acid thioester intermediate, which it is unable to
reduce directly; this is in agreement with our previous in vitro
experiments with purified recombinant KR, enzyme.*?

Recent speculation based on modelling of substrates into an
unliganded X-ray crystal structure of the tylosin KR1 domain
has led to the proposal® that KR, is itself capable of being an
active agent of epimerization, a possibility raised independent-
ly by other authors based on bioinformatic analysis.*” The
present results do not support this hypothesis. Independently,
others have recently shown that recombinant KR, does not
reduce or epimerise (2R)-2-methyl-3-oxopentanoyl-ACP acid
generated by recombinant KS;-AT;.®" Conceivably, KR, is inac-
tive in the chimaeric module for reasons connected for exam-
ple with specific unfavourable protein-protein interactions.
However, when the RIFS module 8 loop was introduced at
SnaBl-Nhel sites (which worked well for RIFS module 7) a sig-
nificant amount (27 mgL™") of the ketolactones 3a and 3 b, to-
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Scheme 1. Analysis of the stereochemistry of ketoreduction and the role of
epimerisation. Lactones 1a and 3 a are derived from the (2R)-2-methyl-3-ke-
toacyl-ACP intermediate generated in DEBS1-TE module 2 through reduction
on opposite faces of the 3-keto group. Lactones 4a and 5a are the hypo-
thetical products from hybrid DEBS1-TE containing either DEBS KR, or RIFS
KR; in the reductive loop of module 2 based on the activity of these reduc-
tive enzymes in their native context, but are not expected to form owing to
the absence of catalysed epimerisation activity in DEBS module 2,254

gether with, again, only traces of the (25,35)-hydroxylactones
5a and 5b were produced. This would have been expected if
the RIFS module 8 KR had behaved as it does in its native con-
text (Scheme 1). Again, it would appear that the incoming KR
is presented with an epimer of the ketoacyl-ACP substrate
which it can neither reduce directly, nor epimerise to an
isomer that it could then reduce.

Conclusions

The systematic variation allowed by the polylinker approach
for swapping reductive loops in modular PKSs has shown both
the robustness of the domain-swap technology for creating
functional hybrid PKSs, and also some of its limitations. Encour-
agingly, it has proved possible to find a combination of donor
loop and splice sites that allow most of the desired products
to be obtained in reasonable or even very good yield. The ob-
vious exceptions were certain products altered in their config-
uration at C-2 (methyl) and C-3 (hydroxy), but even here it has
been possible to rationalise the pattern of products obtained
on the basis of what is already known about the molecular
basis of Celmer’s rules—that the stereochemical outcome of
polyketide chain extension on modular PKSs depends crucially
on the dynamic interplay between KS and KR domains. Further
work is still needed, however, to locate the seat of the epimeri-
sation activity within epimerising modules, and it may even be
that such activity normally demands collaboration of both KS
and KR partners within an intact PKS module, whether as spec-
tators or active agents. Meanwhile, the polylinker approach
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has shown the importance from a synthetic viewpoint of
trying more than one example of a desired hybrid. The results
found here illustrate clearly that a different choice of splice
sites, and/or use of a different donor reductive loop, can very
significantly affect the yield of the desired novel polyketide. No
single donor and no single pair of splice sites were found to
be reliably optimal to effect a given alteration. This more prag-
matic approach has recently been independently adopted with
success in piecing together whole PKS modules that were
created from synthetic DNA for better expression in E. coli.*?
As the price of synthetic genes drops and the number of se-
quenced natural PKS modules grows, such flexible strategies
will become increasingly appealing.

Reductive loop swapping may owe its success at least in
part to fundamental features of PKS structure and evolution.
Dittmann and colleagues" have recently conducted a
thoughtful analysis of the reconstructed evolutionary relation-
ships of different domain types within the modular PKSs of
Streptomyces avermitilis. Their phylogenetic analysis suggests
that the majority of modules in the various PKSs of this organ-
ism have been altered over time by recombination within and
between PKS-containing biosynthetic gene clusters. In particu-
lar, it appears that this “natural reprogramming”"® is never ob-
served for KS domains, but only for AT, KR and DH-KR replace-
ments. The hotspots for natural PKS recombination that they
highlight in their analysis include precisely those regions (re-
spectively C-terminal of the AT domain, and N-terminal of the
ACP domain) that are common to all modules and that we
have used in the present study as the preferred splice points
for reductive loop swapping. Other recent evidence also sup-
ports the view that tactics adopted in the laboratory over the
last few years to engineer modular PKS are fully precedented
in natural recombination, including AT domain swaps® and
whole-module deletions.””

Experimental Section

General methods: Saccharopolyspora erythraea JC2 (AeryA) NCIMB
40802 and its cultivation have been previously described.?3?
Standard procedures for DNA isolation and manipulation were per-
formed as described previously.*>*® Isolation of DNA fragments
from agarose gel and purification of PCR products was carried out
using the Nucleo-Spin 2-in-1 Extract kit (Macherey—-Nagel, Diren,
Germany). Standard PCR reactions were performed with Pfu poly-
merase (Stratagene); reactions were performed on a programma-
ble RoboCycler Gradient 96 (Stratagene). Synthetic oligonucleo-
tides were purchased from VH Bio (Gateshead, UK), and automated
DNA sequencing was carried out with double-stranded templates
by using an automated ABI Prism 3700 DNA analyser (Applied Bio-
systems). Protoplast transformation of S.erythraea with plasmid
DNA has been previously described.®?

Construction of expression constructs for DEBS1-TE containing a
polypeptide linker in place of the KR, domain: Plasmid pJLK114
is a plasmid based on pCJR24°? that contains a truncated erythro-
mycin PKS (DEBS) gene comprising the loading module, the first
and second extension modules and the chain-terminating thioes-
terase, except that the DNA segment encoding the KR domain
from module 2 has been substituted by a synthetic Avrll-Hpal oli-
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gonucleotide linker containing unique recognition sites for six
other restriction enzymes (Figure 1C). It was constructed through
several intermediate plasmids as detailed in the Supporting Infor-
mation. A second version of this expression plasmid for DEBS1-TE,
containing an Nhel site in place of the Hpal site, was also con-
structed, as detailed in the Supporting Information.

Construction of DEBS1-TE expression plasmids containing al-
tered reductive loops: Each targeted set of reductive domains
(“reductive loops”) was amplified from cosmid templates using ap-
propriate pairs of synthetic mutagenic oligonucleotide primers to
introduce flanking restriction sites, allowing direct cloning into
either plasmid pJLK114 or pJLK117. Four different reductive loops
were selected from the erythromycin PKS (DEBS): KR, as a Spel-Nsil
fragment, KR, as an Avrll-Hpal fragment, DH,-ER,-KR, as a Bglll-
Bsu36l fragment, and KR as an Avrll-Hpal fragment. Four reductive
loops were selected from the rapamycin PKS: DH,-ER,-KR, as a
Bglll-Nhel fragment, DH,-KR, as an Avrll-Hpal fragment, DH,,-KR;,
as a Bglll-Nhel fragment, and DH,;-ER,3-KR,; as an Avrll-Hpal frag-
ment. From the avermectin PKS, KR, was amplified both as a Bglll-
Nhel fragment and as a SnaBI-Bsu36l fragment. The KR, of the tylo-
sin PKS was amplified as a Bglll-Nhel fragment. From the rifamycin
PKS, KR, and KRg were each amplified as a SnaBI-Nhel fragment. All
inserts were checked by DNA sequencing.

Plasmid pJLK25 is a pJLK114-based plasmid in which a DNA frag-
ment encoding the reductive loop of the second module of the
erythromycin PKS (the KR, domain) was amplified using oligonucle-
otides oLK25F and oLK25R (Table S1) and cloned into pUC18,
before being ligated into the multiple cloning site at Spel and Nsil
sites.

Analysis of triketide fermentation products: Extraction of triketi-
des from lawns of recombinant S. erythraea grown on SM3 or TWM
agar plates was done by the “lactonex” procedure: a 1 cm? piece
of mycelium and agar was cut out, chopped into pieces, and trans-
ferred into a 2 mL Eppendorf tube. Ethyl acetate (1.2 mL) and
formic acid (20 pul) were added to each tube with mixing. The
tubes were incubated at 50°C for 15 min, and then vortexed for
30 min. The mixture was centrifuged for 1 min and the supernatant
removed carefully and placed in a fresh 1.5 mL Eppendorf tube.
After evaporation to dryness under reduced pressure, the residue
was dissolved in 50 pL of ethyl acetate, centrifuged for 1 min and
the supernatant was transferred to a GC-MS vial for analysis. For
cultures grown for 6 days in SM3 liquid medium, 1 mL of clarified
supernatant was extracted first with of ethyl acetate (0.9 mL), and
then again with ethyl acetate (0.5 mL), and the combined organic
extracts were evaporated under reduced pressure.

For analysis of 2-enoic acid triketides, dried samples were dissolved
in of acetone (600 puL) and treated with diazomethane (generated
from Diazald, Aldrich) until the yellow colour persisted. The Eppen-
dorf tubes were then initially left in a fume cupboard to allow
evaporation, and then briefly dried in a speedvac. The samples
were then dissolved in ethyl acetate (50 pL) for analysis by GC-MS.
GC-MS analysis was carried out on a Thermo Finnigan GCQ instru-
ment in Cl mode on a Phenomenex AB-5 column (30 mx25 mm x
25 um) with the following temperature gradient: 40°C for 2 min;
10°Cmin~" to 250°C; 25°Cmin' to 300°C.

Supernatants were spiked with one or more synthetic standard tri-
ketide lactones both to confirm the assignment of peaks to partic-
ular diastereoisomers (as exemplified in Figures 4 and 5). The yields
given in Tables 1 and 2 represent unoptimised total amounts (a
plus b forms) of each triketide, from individual experiments after
growth on SM3 agar plates, unless detailed otherwise. Yields were
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A) estimated by admixture of supernatants with known amounts of
9 100 synthetic reference triketide lactones and measurement of relative
g 80 peak areas after GC separation. Experiments were repeated 2-3
g times, with estimated yields ranging 10-30% either side of the
e values quoted in Tables 1 and 2.
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