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Split-Ubiquitin and the Split-Protein Sensors: Chessman

for the Endgame

Judith Muller®™ and Nils Johnsson*™

Introduction

The understanding of cellular biology requires a complete,
quantitative, and dynamic description of the protein interac-
tions inside the cell. Most of the known interactions were dis-
covered very recently through the use of high-throughput
techniques. Hence knowledge about the majority of these in-
teractions hardly exceeds an awareness of their pure existence.
The reasons for the difficulty in overcoming this lack of knowl-
edge quickly are partly technical. Citing yeast as a representa-
tive example, the majority of the known physical connections
between its proteins were derived from co-precipitation stud-
ies and two hybrid screens.? Both methods investigate pro-
teins in a non-native environment, a condition that makes the
straightforward integration of these data into the cellular
framework difficult. As a consequence, much weight is now
put on identifying and characterizing the interactions of pro-
teins in their natural environments.®*

Casually referred to as “the endgame of protein biochem-
istry” this endeavor is driven by the development of new and
the refinement of existing technologies.”’ Split-ubiquitin (split-
Ub) is the founding member of a class of analytical tools
named split-protein sensors (alternatively referred to as protein
fragment complementation assay, PCA) that, based on a
common principle, allows measurement of protein interactions
and other features of proteins in living cells.® Over the years,
the application of this common principle to different sensor
proteins gave rise to a rich spectrum of new techniques that
diverge in their experimental output and their applicability to
different cell types or subcellular structures.”'® By focusing on
split-Ub we will introduce the properties of these systems and
their latest applications.

General Properties

The underlying principle of all split-protein sensors is simple
and based on a feature already discovered during the early
work in protein chemistry: many proteins can be artificially
split into two halves that retain their ability to refold into the
conformation of the uncut protein."® However, the step from
two self-assembling fragments of a protein to a split-protein
sensor requires two qualities of the assembly process. First, the
refolded protein must display an easily measurable property
that neither of the two halves possesses on its own. Secondly,
only high concentrations of the two halves should induce a
significant reassembly to the native-like protein. Expressing the
split-protein fragments (SPFs) as fusions to two interacting pro-
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teins will mimic a dramatic increase in cellular concentration of
the SPFs forcing them to refold into the native-like protein
(Figure 1A). The induced reassembly of the SPFs thus reflects
the interaction or more generally the colocalization of the two
coupled proteins within one protein complex.”

The performance of a split-protein sensor depends on three
critical parameters of the SPFs: their cellular concentrations
(c.en), their effective or local concentration (c.4) in the complex,
and their residual affinity to each other (as measured by the
dissociation constant Kys). Values of ¢, and c. that allow rea-
sonable distinctions between interacting and noninteracting
proteins can be estimated for each split-protein sensor by the
Kyspe Of its SPFs. When ¢ is below 0.1 Ky and ¢ is above
10Kyspp the fraction of the reassembled SPFs goes from less
than 0.1 to more than 0.9 in the complex—a difference that
should unambiguously separate interacting from noninteract-
ing proteins (Figure 1B). The ¢, value of proteins can be mea-
sured and are generally in the range of 10-500 nm.”” However,
no experimental data exist neither are the c values of SPFs in
a given protein complex easily available. The values of c.¢ will
depend on individual properties of the protein complex includ-
ing its stability and, perhaps even more critically, how the SPFs
are aligned in relation to each other. A point of reference can
be extrapolated from the thermodynamic data obtained on
pairs of proteins that were artificially connected by short
spacer peptides.”” In these configurations, the c values of
the connected proteins could vary between 0.01 mm and 10 m.
To illustrate the significance of the Ky value for the type of
interactions that can be monitored by the corresponding SPFs,
the following example is given: Assuming that the binding
partners have a ¢, value of 500 nm and increase the c. of the
coupled SPFs to 0.3 mm, all SPFs with Ky values between 5
and 30 pm will be appropriate to monitor these interactions.
Accordingly, SPFs with a Ky of 1 mm will already leave 75%
of the complex-associated SPFs unassembled and SPFs with a
Kyspr Of 0.5 uM (a value close to the Ky for the fragments of
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Figure 1. Split-protein sensors. A) The unfolded fragments (SPFy and SPF.) of
a split-sensor protein (SP) are artificially linked to the proteins X1 and X2.
The binding of X1 to X2 forces the SPFs into close proximity (1). Once the
effective concentration of the SPFs exceeds the Ky of their spontaneous
reassembly the formation of the native-like SP occurs predominantly (2). The
SP regains its enzymatic activity and signals the reassembly of SPFy and
SPF¢ and thus, indirectly, the binding of X1 to X2 (Path 1-2). Path 4-3 in this
scheme is negligible as long as the cellular concentrations of the SPFs are
well below the Ky of their reassembly reaction. B) The reassembly of the
SPFs to their native-like split-sensor protein follows the thermodynamics of
a bimolecular reaction. As a first approximation suitable SPFs should, under
cellular conditions, reassemble the SP to less than 10% whereas in the X1/
X2 complex more than 90% of the SPFs should form the SP. Accordingly the
cellular concentrations of the SPFs should be less than '/, of their Kyepr and
the effective concentration in the X1/X2 complex more than 10Ky Split-
protein sensors displaying different Ky values will each posses their own
corridor of suitable cellular and effective concentrations.

the protease barnase) will drive the unaided association of a
significant 50% of the SPFs into the reassembled quasinative
state.”” Whereas the former will miss many of the protein in-
teractions that occur, the latter will provide an intolerably high
background of false positives.
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This simple thermodynamic consideration applies to split
sensors whose fragments are able to dissociate from each
other. However, the reassociation of fragments of the green
fluorescent protein (GFP) was shown to occur irreversibly, the
once reassembled GFP thus serving as an interaction trap that
inhibits not only the dissociation of its SPFs but also the dis-
assembly of the linked proteins.® For these members of the
split-protein sensor family a kinetic consideration of the reas-
sembly reaction might be more appropriate. If one again as-
sumes for the SPFs a ¢, value of 500 nm and a c value of
0.3 mwm, the assembly of the two SPFs when brought together
in the complex will be accelerated by a factor of 360000. Al-
though very comforting this number is not too meaningful for
most split-protein sensors, as the kinetics of their reassembly
cannot be easily measured. Exceptions include the split-Ub
sensor where a conventional pulse chase experiment allows
the formation of the SPF assembly to be followed by an irre-
versible change in the molecular weight of the reporter. The
rate of reassociation can also be determined for those interac-
tions whose formation can be induced by external stimuli. For
example, Michnick and colleagues developed an improved
split-luciferase assay that made it possible to record the assem-
bly and the disassembly of the regulatory and the catalytic
subunits of protein kinase A after the addition of interaction
interfering drugs. The split-luciferase emanates a luminescent
signal that could be recorded within seconds after the stimuli
were given.”

Split-protein sensors that signal their reassembly by growth/
nongrowth of the transformed host cells introduce a further
parameter that influences their applicability. To ensure survival
they have to provide the cell with a certain minimal amount of
the reassembled split-protein sensor. Only above this concen-
tration can the growth of the cells be supported by the recon-
stituted split-sensor protein and the interactions measured.
This concentration thus sets a further limitation on the choice
of a suitable split-protein sensor. For example, a threshold
concentration for the survival of the cells below 0.1 Ky Of the
SPF assembly reaction bears the potential for a high back-
ground of false positives and thus the value should be signifi-
cantly higher than this.

The cellular space is structured into microcompartments and
many proteins are organized at membranes. If both SPFs are
membrane associated their movements are restricted to a
common surface and their orientation to each other is already
favorable for the reassembly. Thus the effective concentration
of proteins in these compartments is on average probably
higher than the 10-500 nm estimated for the cytosolic pro-
teins.?? Therefore measuring interactions of membrane pro-
teins or freely diffusing, cytosolic proteins most likely require
split-protein sensors displaying different K values.?”

Split-ubiquitin (split-Ub)

Ubiquitin is genetically divided between amino acids 34 and
35 of the 76 residue protein making ubiquitin not only the first
but also the smallest split-protein sensor (split-Ub).”! The asso-
ciation constant of the reversible binding of the N-terminal

ChemBioChem 2008, 9, 2029 - 2038
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SPF (N,,) to the C-terminal SPF (C,,) is 1.4x10° at pH 7.0.%%
With an estimated cellular Ky value of 7 um, and according
to the consideration given above, split-Ub should be able to
monitor the interaction of pairs of proteins whose cellular con-
centration is below 700 nm and which, through forming a
complex with each other, increase the local concentration of
the coupled SPF,, to more than 0.07 mM. The molecular read-
out for the reassembly of the SPF, into the quasinative Ub is
the recognition and cleavage by the ubiquitin specific protease
(UBPs)."”! UBPs cleave any attached reporter protein from the
C terminus of the folded ubiquitin but leave the singular C.-
fusions intact (Figure 2).2°

Early experiments with SPF, attached to membrane pro-
teins of the endoplasmic reticulum revealed that the Kje
value of the wild-type ubiquitin is too low to be used as a
sensor for this type of protein interaction.”” Proteins known
not to interact but to only colocalize in this compartment al-
ready gave a strong interaction signal. Obviously the effective
concentration of the expressed fusion proteins was greater
than the still tolerated 700 nm. To be able to adjust the split-

X1] X2
=

Figure 2. Split-ubiquitin. A) The SPFs of the split-ubiquitin sensor (N, and C,) upon reas-
sembly reconstitute a native-like ubiquitin (Ub) that is recognized by the ubiquitin-specif-
ic proteases. A reporter protein attached to the C terminus of C, is cleaved. Depending
on the nature of the reporter, its release can be visualized by different methodologies.

FOAr

R-Ura3p |

Ura*

Ub system to the inherently higher local concentrations of pro-
teins in membranes and other subcompartments of the cell,
single and double amino acid mutations were introduced into
Ny By replacing the lle13 of N, with an Ala (N,,) a N /Cy
combination was created that was first used to successfully
map interactions among members of the ER translocation ma-
chinery of the yeast Saccharomyces cerevisiae.*® Although the
affinity of N, to C,, was not experimentally tested, the type of
replacement allows a rough estimate of its effect on the affini-
ty to C,,.*” Reducing the lle side chain by three methyl groups
should create a cavity in the folded ubiquitin that destabilizes
the structure by 2.5-5 kcalmol™. As the reassembly of the
SPF,, leads to a very native-like Ub structure, the stability of
the SPF -heterodimer should be affected by this mutation to
a similar degree.” A decrease in 3 kcalmol™' increases the
Kyspe value of the corresponding SPF,, to approximately 1 mm.
Accordingly, N, can still sense the contact between proteins
whose ¢, values are around 100 pum. The strategy of introduc-
ing cavity-creating mutations into the N, was continued to
create 16 further N, mutants with different affinities to C,. It
is likely that this collection contains a suitable N,
variant to study almost any type of protein interac-
tion encountered in the cell.”

Reporter) Monitoring the Interaction

The split-Ub system offers more than one readout
option. Any protein that changes a measurable quali-
ty after its release from C,, can be used as a reporter
for the system. Three basic properties of a reporter
are currently exploited; its subcellular localization,
stability, or molecular weight (Figure 2).

Molecular weight

The most direct readout for measuring the interac-
tion between a protein X1 coupled to N, and a pro-
tein X2 coupled to C,, is the change in molecular
weight of the X2-C,-R fusion. This change occurs
upon reassembly with N,-X1 through proteolysis at
the Cterminus of C,, and is accompanied by the
appearance of the cleaved R R should be a small
monomeric non-host protein. Antibodies directed
against R will monitor the N,,-X1/X2-C,-R reassocia-
tion after cell extraction, denaturing electrophoresis,
and immunoblotting. Simultaneous detection of the
cleaved and uncleaved fraction of the C, fusion
allows quantification of the extent of N,,/C,, reasso-
ciation.”*® The sensitivity and the temporal resolu-
tion of the technique can be improved by pulse

B) The most universal reporter for the split-ubiquitin assay is R-Ura’p. Cleavage from C,,
exposes the N-terminal arginine (R) that according to the N-end rule initiates the destruc-
tion of Ura®p. Cells that express a pair of interacting N,,- and C,, fusion proteins are
uracil auxotroph and 5-FOA resistant. The presence of the interaction is recorded by

the growth of the cells on 5-FOA containing medium. C) The same R-Ura’p reporter can
signal an acquired absence of a certain protein interaction. Expression of Y1 competes
with X2 for the binding to X1. Consequently less R-Ura’p is cleaved from X2-C,,-R-Ura’p
and the cells will grow on medium lacking uracil.
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chase experiments. Measuring the kinetics of the re-
porter cleavage can unravel subtle changes in the
association rate of protein X1 and X2 induced by cel-
lular signals or other changes in the environment of
the proteins. One minute is the highest temporal res-
olution that can be routinely achieved by pulse chase
experiments with the split-Ub system.®
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Subcellular localization

To use subcellular localization as a readout requires
that the change in cellular localization of the reporter
upon cleavage from the C,, is coupled to a robust
signal. An artificial transcription factor (PLV, a fusion
of Protein A, LexA, and VP16) as a split-Ub reporter
provided one attractive solution. Upon reassociation
of N, and C, PLV is cleaved off and diffuses into the
nucleus to activate transcription from promoters con-
taining the matching lexA sites. In manipulated yeast
strains expressing HIS3 under control of PLV, interac-

ER lumen

Ura*

tions between N, and C,, coupled fusion proteins L&¥isdl
will enable the yeast cells to grow on medium lack-
ing histidine.”” As most membrane proteins are ex- ERTomen

cluded from the nucleus this readout is especially
suited for X2-C,,-PLV fusions where X2 is a constitu-
tive membrane protein. To apply this variation of the
split-Ub system to cytosolic proteins the C,, modified
partner has to be artificially linked to the mem-
brane—at the cost of depriving it of its natural habi-
tat and artificially raising its effective concentration.””

The transcription of the His3p enzyme is a strong
amplifier of the primary signal, the cleavage of PLV
from the membrane attached C,,. To suppress signals
arising from random encounters between the N.-

Cytosol

and C,,-coupled fusion proteins in the same mem-
brane, the N, mutant is exclusively used in this con-
figuration of the assay.”'* N, carries an lle/Gly re-
placement in position 13 of N,,.® Although applica-
ble to all eukaryotic cells, the PLV reporter was so far
only been used in yeast cells.

A different reporter configuration was devised to
measure the interaction between transporter and
substrate during protein translocation across the
membrane of the endoplasmic reticulum (ER)
(Figure 3). Here X2 in the X2-C,,-R construct is a pro-
tein that guides the fusion across the membrane of
the ER whereas R is the enzyme Ura’p. Ura’p is instru-
mental in the synthesis of uracil and its presence is
required in the cytosol. As an integral part of the X2-C,,-Ura’p
construct, however, Ura’p translocates into the lumen of the
ER rendering the yeast cells phenotypically Ura™. A N,-fusion
that binds to X2-C,-Ura’p before its passage through the
membrane is completed will initiate the cleavage of Ura’p.
Consequently the cleaved Ura’p accumulates in the cytosol
and the cell becomes uracil prototrophic.*® Although applied
only for protein translocation across the membrane of the ER,
the Ura®p reporter should be equally suitable for the study of
other protein import systems.

Degradation

The third reporter configuration makes use of the newly ex-
posed amino terminus of the reporter after its release from
Cu- According to the N-end rule pathway of protein degrada-
tion, the identity of this residue determines the half-life of the
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Figure 3. Counting the flow of translocation substrates through the pores of the endo-
plasmic reticulum (ER). A) N, is linked to the cytosolic face of a translocation pore (red)
whereas C,,-Ura®p is coupled behind the signal sequence of an ER translocation sub-
strate (blue). The short-lived binding of the signal sequence to the red translocation
pore increases the effective concentration between N, and C,. Ura’p is released into
the cytosol after N,,/C,, reassembly has occurred. The resulting accumulation of the
Ura®p activity in the cytosol enables the growth of the cells on medium lacking uracil.
B) C,,-Ura®p is coupled behind a different signal sequence (dark blue) that translocates
via the yellow translocation pore across the membrane of the ER. As this pore is not
modified by the addition of N, the C,-R-Ura’p moiety escapes unhindered into the
lumen of the ER. The cells are phenotypically ura™. Repeating the experiment with cells
harboring a N, modified yellow translocation pore proves that the two signal sequences
pass via different pores across the ER membrane.

reporter protein. To construct a universal reporter for detecting
interactions of membrane bound and cytosolic proteins as well
as transcription factors and DNA modifying enzymes, an argi-
nine residue followed by a short peptide including acceptor ly-
sines for ubiquitylation was inserted at the C,,-Ura’p junction.
After cleavage from C,, the arginine (R) becomes the N-termi-
nal amino acid of Ura’p (R-Ura’p) and, as a destabilizing resi-
due according to the N-end-rule, will induce the rapid destruc-
tion of R-Ura®p.*” The R-Ura’p reporter harbors the option to
positively select for the presence or the absence of an interac-
tion (Figure 2CQ). In cells expressing an interacting pair of N/
C,» fusions, the R-Ura’p moiety is rapidly degraded resulting in
uracil auxotrophy. The switch from uracil auxotrophy to uracil
prototrophy was used to screen for fragments of the yeast
membrane protein Sec®p that interfere with the interaction
between its full-length version and its binding partner in the
membrane of the ER, Sec®p.2¥ A positive selection for interact-
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ing proteins can be achieved by introducing 5-fluoro-orotic
acid (5-FOA) into the media. 5-FOA is converted to the toxic
compound 5-fluoro-uracil (5-FU) by Ura’p. As the interaction of
the N,/C,, coupled proteins leads to the rapid degradation of
the R-Ura’p, growth of the transformed yeast on 5-FOA is indi-
cative of cells harboring interacting proteins.*3”

Different reporter proteins can be used in place of Ura’p in
this assay. In one example R-GFP was used to measure protein
interactions by the disappearance of a fluorescent X2-C-R-
GFP fusion through coexpression of an interacting N,-
fusion.®”!

The choice between numerous reporters not only provides
alternative modes of observation but also permits measure-
ment of different aspects of the reassembly reaction and ad-
justment of the sensitivity and kinetics of the assay to the re-
quirements of the interaction under observation. For example,
the transcriptional activation of a growth marker strongly am-
plifies the primary signal. In contrast it is the uncleaved X2-C,-
R-Ura’p that poisons the cell by converting 5-FOA to 5-FU, and
a rather complete conversion of all C,-R-Ura®p fusion proteins
into the cut- and subsequently degraded R-Ura®p moiety is re-
quired to render the cell unsusceptible to 5-FOA. This property
of the R-Ura’p reporter reduces the noise of the system that
can be caused by the spontaneous reassembly of the SPF,.
The same property will also eliminate false interaction signals
that might arise by the irregular cleavage in the sequence of
the C,, by proteases that recognize stretches of unfolded poly-
peptides. Here the reporter will be released independently of
whether or not the N,,/C,, reassociation has occurred. The li-
berated, and now stable, R-Ura®p will then mask otherwise oc-
curring interactions by keeping the cell 5-FOA sensitive. Provid-
ed that this is a rare event, the amount of R-Ura®p will not suf-
fice to poison the cells, and the extra cleavage in the sequence
of the C,, goes unnoticed. Both outcomes are preferable to a
similar release of a transcription factor as a reporter for the
split-Ub system. Here the inherent amplification might transfer
the irregular cleavage more easily into a false positive interac-
tion signal.

The feature of multiple readouts is shared by the split-TEV
and split-intein systems.®*% In the split-TEV system the interac-
tion-induced reconstitution of the TEV protease will cleave any
reporter protein containing a TEV recognition site. In the split-
intein system the reconstituted intein will splice its N- and C-
terminally attached peptides into a new protein. As the N- and
C-terminal extensions can be freely chosen, nearly any suitable
activity can be reconstituted.

Applications

Besides monitoring a particular protein interaction, the split-Ub
system can also be used to analyze other aspects of protein
function in the cell. By concentrating on these applications,
this review aims to highlight the versatility of this and other
split proteins systems.
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Counting the Passage of Signal Sequences
through the Different Pores in the Membrane
of the ER

The proteins of the secretory system are synthesized in the
cytosol and subsequently transferred across the membrane of
the endoplasmic reticulum (ER) into the lumen of this compart-
ment. For this purpose the enzymes of the targeting and trans-
location machinery bind to short continuous stretches at the
N terminus of the protein substrates, the so-called signal se-
quences. As these interactions are very short lived and mem-
brane bound, their detection poses a special experimental
challenge. By linking N, to the cytosolic N terminus of the
transporter and C,, to a signal sequence, the interaction be-
tween transporter and substrate could be measured for the
first time in vivo.®? As a result of the transient nature of the
interaction, wild-type N, providing the highest known affinity
to C,, had to be used.®® The interactions were reported either
by a molecular weight readout or by an increase in cytosolic
Ura’p activity (Figure 3).

For not fully understood reasons the individual signal se-
quences that guide proteins into the lumen of the ER show
differences in length, in the degree of hydrophobicity, in the
distance to the N terminus of the protein, and in the charge
distribution at their N- and C-terminal ends. In addition, yeast
harbors three channels of different molecular composition to
transfer signal sequence-bearing proteins across the mem-
brane of the ER. Genetic experiments and the in vitro reconsti-
tution of protein translocation allowed prediction of the pre-
ferred channel for certain signal sequences.”” To validate these
predictions and to measure the individual route of a signal se-
quence under in vivo conditions, N, was coupled to compo-
nents of the different tranlocation channels and C, was at-
tached to the C termini of diverse signal sequences. This con-
figuration permitted experimental determination of the specif-
icity of the three channel systems towards individual signal se-
quences for the first time in vivo.*" The derived interaction
profiles of the different signal sequences showed a clear pref-
erence of hydrophobic signal sequences for the trimeric
Sec61p channel and the alternative Ssh1p channel whereas
the less hydrophobic signal sequences translocate primarily via
the heptameric Sec-complex.*"

Monitoring transient interaction during protein maturation is
not an exclusive property of split-Ub. The short lived interac-
tion between a chaperone and its cargo was captured and vi-
sualized by split-GFP in the ER- and Golgi compartment of
mammalian cells.*? In addition, the transport of proteins from
the cytosol into the nucleus of cells could be monitored by
split-intein using renilla luciferase as the reporter.””

Altered Protein Conformations

The spatial positions of the SPFs in a given protein complex
will significantly influence the efficiency of their reassociation.
SPFs that reside on opposite sides of a protein complex will
assemble less efficiently than those that are attached on the
same side. This steric sensitivity of all split-protein sensors per-
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mits measurements of conformational effects or subunit ar-
rangements in protein complexes and also permits probing
conformational alterations in a single protein 2444

Linking N, to the N and C, to the C terminus of a protein
renders the spatial distance between the natural N and the
C terminus, together with the rigidity of the structure, the
dominant parameters determining the rate of the N /C,, reas-
sociation of the fusion protein. Changes in the conformation
of the protein that will alter this distance will also alter the rate
of N,/C,, reassembly (Figure 4).”¥ Once coupled to a sensitive
reporter the change in the intermolecular distance between
the N- and C-terminal end can be used to measure conforma-
tional alterations in vivo. To compensate for the high effective
concentrations of the SPF, that are connected covalently by a
polypeptide, mutants of N, with strongly reduced affinities to
C,, are generally employed for these studies. Such mutants
were obtained by simultaneously reducing the side chains of
the lle in position 3 and 13 of the N,.*"

Quantification of the cleaved and uncleaved reporter makes
the molecular weight of the reporter construct the most relia-
ble readout to measure these conformational alterations with
the split-Ub system. Examples of its use include the detection
of conformational change of the gamma-subunit of the trimer-
ic G protein after binding to the B-subunit, the detection of a
conformational alteration in an allele of the yeast protein
Sec®p, and the classification of mutations in the DNA binding
domain of the tumor suppressor p53.12847:481

Although the reassociation between N, and C, is reversi-
ble, the irreversible cut at the C terminus of C,, makes it im-
possible to continuously monitor fluctuations in the structure
of the investigated protein. Only by using the molecular
weight readout and consecutive pulse chase experiments can
conformational alterations be studied over time; however, with
the caveat that different cells are sampled at each time point.
In contrast the reversibility of the fragment association of the
split-luciferase from Gaussia allows the “online” monitoring of

Figure 4. Split-ubiquitin as a sensor of protein conformations. N, and C,-reporter are at-
tached to the N and C terminus of a protein X2. Upon binding to X1 the conformation of
X2 is dramatically altered, shortening the distance between N, and C,,. The enhanced

cleavage of the reporter R reflects the conformational alteration of X2.
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protein interactions. The same important feature might also
surface in other members of the split-protein family."” As
some of them were already applied to measure conformations
of proteins, the continuous recording of the structural state of
a protein may become possible as well #+*”

Quantification

The unique architectures of protein complexes preclude a
strict correlation between the binding strength of the investi-
gated complex and the intensity of the signal generated by
split-Ub or other split-protein sensors. Straightforward inter-
pretations of the quantitative differences in the split-protein
assays seem therefore justified only for the analysis of structur-
ally very similar complexes.*®>* Even a direct comparison be-
tween the full-length protein and its fragments or domains
with respect to binding a common partner is not trivial. It re-
quires that the distances between the SPFs are very similar in
the different complexes. This is probably not true in most in-
stances. To measure the relative strength of fragments of the
yeast protein Sec®p to its binding partner Sec®p in the mem-
brane of the ER, a split-Ub based competition assay was de-
vised.®® Here N, was fused to the N terminus of Sec®p and
the C,,-R-Ura’p module to the C terminus of Sec®*p. Fragments
or mutants of the unmodified Se®’p were then overexpressed
in the same cell and their effects on Sec®p induced N,,/C,, re-
associations were measured by the improved growth of yeast
cells on medium lacking uracil (Figure 2C). As the N, and C,
were attached to the full-length proteins and not to their com-
peting fragments the distance between N,, and C,, remained
constant, and thus the number of surviving cells permitted
quantification of the relative binding strengths of the different
Sec®p mutants to Sec®p. After a variety of fragments had
been tested, two stretches of Sec®p each contributing to the
binding strength of the full-length Sec®* were identified and
semiquantitatively compared.®

In another example, the conformations of mutants
containing residue exchanges in the DNA binding
domain of p53 were analyzed with the split-Ub assay
in vivo. Thermodynamic in vitro measurements of the
mutants’ effect on the stability of the protein were
compared to the signal of the split-Ub assay. It could
be shown that the extent of the intramolecular N,-
p53-C,, reassembly depended on the type of p53
mutation and indeed roughly correlated with the
mutations’ quantitative effect on the thermal stability
of the protein.®

Detecting the Binding of Proteins to
Nonprotein Targets

Originally implemented to measure protein—protein
interactions recent variations on the split-protein sen-
sors shifted the focus towards the interaction of pro-
teins with their nonprotein targets. Small synthetic
molecules play an increasing role in manipulating the
function of proteins in living cells. Identifying the
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protein targets of compounds that interfere with certain as-
pects of cell physiology is laborious and would still benefit
from new approaches. Besides the classical techniques based
on affinity chromatography, small-molecule three-hybrid sys-
tems are increasingly used for these purposes.®¥ The latter ap-
proach makes use of the transcription factor-based yeast two-
hybrid system where the DNA binding domain and the tran-
scription activating domain of a transcriptional activator are
separately linked to a protein with a known affinity to a small
compound X and the potential target protein. The compound
of interest Y is then supplied as part of a synthetic hybrid that
additionally contains compound X. The hybrid thus serves as a
chemical inducer of the dimerization (CID) of the artificial tran-
scription activator domain and the DNA binding domain. The
reconstitution of the functional transcriptional activator leads
to the synthesis of a reporter gene.

Dirnberger etal. reported on a variation of this scheme
using split-Ub as the reporter of the CID event.”™ In a proof of
principle study, N, was fused to dihydrofolate reductase
(DHFR) and the C,,-R-Ura’p module was coupled to the rat glu-
ticocorticoid receptor (GR). Accordingly, the hybrid CIP consist-
ed of methotrexate as the ligand for DHFR coupled to dexame-
tasone as the ligand for GR. Supplying the growth media with
this CID allowed the yeast cells co-expressing the correspond-
ing split-Ub fusion proteins to grow on media containing 5-
FOA as a positive indicator of the binding of dexamethasone
to GR®” The advantage of the split-Ub system over the two-
hybrid approach is its flexibility with regard to the type of pro-
teins that can be tested against small-molecule interactions
including membrane-associated receptors or channels. This ex-
panded applicability is of considerable interest as many of the
potential targets for synthetic compound screens are residents
of this compartment. Other split-protein sensors were also
shown to be suitable for similar purposes.!'s>®

The interactions of two DNA binding proteins with their
target DNA were monitored by the split-GFP system. Here, two
zinc-finger DNA-binding proteins were each linked to the N-
and C-terminal SPFg, respectively. Fluorescence of the reas-
sembled GFP was only detected when DNA that contained the
zinc finger recognition sites located in close proximity and
with an optimal spacing to each other was provided in the
reaction.®” Although the initial studies were exclusively per-
formed in vitro, possible in vivo applications include the docu-
mentation of genomic DNA rearrangements and the shielding
of DNA by chromatin components or methylation.

Synthetic Biology

To build devices that equip the cell with new functions or
serve as detectors for certain intracellular processes, synthetic
biology is in demand of robust building blocks that can be
used to assemble molecular “machines” or circuits in the living
cell. Although not intended at the time of its invention, the
split-Ub system can serve as such a module. Muir and his col-
leagues assembled a gadget to rapidly induce or eliminate the
presence of a protein in cultured mammalian cells by the ex-
ternal application of a small molecule compound.®® Their con-
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cept makes use of a short-lived protein or polypeptide stretch
(Deg) that is fused to the N terminus of the FK506 binding
domain of Tor1 (FRB), followed by C,, and finally the protein
of interest Z1 (Deg-FRB-C,-Z1; Figure 5). As a result of the N-
terminally positioned degron, the disappearance of the fusion

y i
A)
_— | FRB X, .
( FKBP L &
@ -
B)[ %
Rapamycin
Z1
s S,
KFKBPiFRB
N

Figure 5. The SURF technology (split-ubiquitin rescue of protein function) as
an example for split-Ub based synthetic biology. N,,-FKBP was coexpressed
with a FRB-C,,-Z1 fusion protein that at its N terminus bears a degradation
signal (Deg). Z1 can be any protein. A) The degron initiates the rapid degra-
dation of the C,, fusion in the cell. B) Upon addition of rapamycin a ternary
complex of FKBP, FRP, and rapamycin is formed that brings N, and C;, in
close proximity. After N,/C,, reassembly has occurred Z1 is cleaved from
the C,.. As a consequence, the administration of rapamycin induces the ra-
pid appearance of Z1 in the cytosol of the cells.

protein is rapid, rendering the cell devoid of Z1. A fusion of
the maltose binding protein (MBP) to a N, mutant of lower af-
finity to C,, (N,,) and the FK506 binding protein resulting in
MBP-N,,-FKB is coexpressed with Deg-FRB-C,-Z1. In this case,
the amount of Deg-FRB-C,,-Z1 remains low as the affinity of
N, to C, is too low to capture a significant amount of C,,
before degradation. This situation is changed upon addition of
rapamycin: Rapamycin binds to FKB, which in turn binds to
FRP. This brings N, in close proximity to C,, and Z1 is cleaved
from the reassembled Ub. Z1 is thereby decoupled from the
degron and its half-life and other biochemical characteristics
are solely determined by its native properties. Thus, the appeal
of this method lies in the rapid generation of the native, un-
modified Z1 through the addition of a small molecule com-
pound. The amount of Z1 can be sensitively adjusted by vary-
ing the concentration of rapamycin or ascomycin, an antago-
nist of rapamycin.*®

Other split-protein sensors bear a similar potential for novel
and unexpected applications. Split-intein is based on the inter-
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action-induced reassembly of the N- and C-terminal
halves of intein. The N-terminal extension of the N-
terminal intein fragment and the C-terminal exten-
sion of the C-terminal intein fragment are spliced
into a novel protein and consequently liberated form
the reassociated intein enzyme. This reaction was ex-
ploited to fuse otherwise inactive fragments of GFP,
luciferase, or a transcriptional activator to generate
either autofluorescence, luminescence, or gene ex-
pression as powerful signals to follow protein interac-
tions in cells of living animals.""'>*) Similar to the
spit-Ub system the intrinsic flexibility of the reconsti-
tuted activity permits creation of new pathways in
the cell®™ In one example a small molecule CID
drove the reassociation of the separated intein
halves. The ensuing ligation freed a kinase from its
inhibitory peptide.® Comparable to split-Ub and
split-intein, split-TEV, a system based on the interac-
tion-induced reassembly of the TEV protease, offers
the option of freely selecting the reporter activity
and thus harbors a similar potential yet to be exploit-
ed by synthetic biologists.”

A glance into the future of possible and much
more sophisticated applications of split-protein sen-
sors was provided by A. Varshavsky in a recent
paper.®? This theoretical work suggests the design of
two fusion constructs each consisting of a linear array of three
complementary SPFs and a sequence-specific DNA binding
protein. Once the two DNA binding proteins happen to find a
stretch of DNA that harbors both recognition sites in close
proximity, the three split proteins refold into their native-like
states. The reassembly of split-Ub and a split-Ub-like protein
(two of the three complementary fragments) leads to the re-
lease of the terminally positioned split-restriction enzyme (the
third split sensor) from the DNA-bound protein complex
(Figure 6). As a consequence the activated restriction enzyme
is then able to cleave a rare restriction site(s) engineered into
the DNA molecule to be eliminated. In the context of the
paper, the design of two such fusion modules is proposed to
distinguish between cells that do or do not contain two homo-
zygous DNA deletions. Cells containing the deletion are de-
stroyed whereas the cells still harboring the respective DNA
are spared. The final aim of this deletion-specific targeting
strategy is the killing of cancer cells that acquired two homo-
zygous deletions in their genome.®” More generally, the use of
different split-protein sensors in a linear fusion makes a combi-
natorial design of new nodes in regulatory networks plausible.

Systematic Interaction Studies and N,-Library
Screening

With a few exceptions, the split-Ub system is predominantly
used in yeast cells.*®%3 Reporter readouts that allow identifica-
tion of interacting proteins by the growth of the transformed
yeast cells do not only enable library screens but also the sys-
tematic and simultaneous testing of a great number of poten-
tial interaction partners. As yeast can be easily transformed
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Figure 6. Targeting the absence. Two arrays of three covalently linked SPFs are expressed
in the cell from a single plasmid. Both bind to two closely spaced DNA sequences via
the attached DNA-binding proteins A and B. The three complementary SPFs are forced
into close proximity and assemble into a linear array of the three corresponding split
proteins. The first sensor is an ubiquitin-like protein (green, Ubl), the second sensor is
ubiquitin (red, Ub), and the third a DNA restriction enzyme (ochre, R). The proteases that
are specific for the reassembled Ub or Ubl cleave at the C terminus of C, and C, re-
spectively to release the reassembled R. R can leave the DNA to destroy the plasmid that
contains restriction sites specific for R and that are responsible for the expression of the
SPF fusion proteins as well as a toxin. Consequently cells whose genomes contain these
Z1 and Z2 binding sites are spared from the action of the toxin whereas cells missing
those sites will neither reassemble nor release the restriction enzyme and are therefore
killed by the plasmid expressed toxin.

with high efficiency, co-transformation of the N, and C- car-
rying expression plasmids is one option. Alternatively, mating
of yeast strains each carrying either a N,,- or a C,, fusion con-
struct will result in diploid a/alpha cells that coexpress the two
fusions. As the mating of many different yeast cells can be per-
formed in parallel and even semiautomatically this is the pre-
ferred option for systematically testing a C,, fusion protein
against an array of different N,-fusion proteins. In one recent
example Fields and colleagues investigated approximately 700
yeast membrane proteins for interactions among each other.®
The readout was based on the localization of the artificial tran-
scription factor PLV. To suppress the unspecific generation of
the cleaved transcription factor the N,, mutant of N, was
fused to the C terminus of the proteins of interest. A machine
learning algorithm was applied to help in separating true posi-
tives from potential false positives. The study thus comple-
mented the genome-wide two hybrid screen performed in
part by the same laboratory to compensate for the weakness
of this method in measuring the interaction of membrane-
bound proteins.™ As is true for any genome-wide interaction
study, only the number and the quality of the follow up stud-
ies that are initiated by this work can document the value of
the reported interactions.

More focused split-Ub based interaction studies were per-
formed with smaller sets of proteins, including the enzymes of
the ergosterol synthesis pathway, membrane proteins of the
peroxisome, channel proteins of Arabidopsis thaliana, the pro-
teins of the endosome in yeast, or nuclear proteins of yeast
involved in transcription.'®>-?

Transforming yeast cells expressing an X2-C-reporter with
a genomic or cDNA library harboring DNA fragments that were
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randomly fused to N, allows identification of novel interaction
partners of X2. This approach still has the advantage that com-
pletely unexpected interactions can be identified and even
complex genomes can be screened for which systematic ap-
proaches are not feasible. Furthermore, libraries very often
contain fragments of proteins that differ in their interaction be-
haviors from their native counterparts. These interactions will
be missed in the systematic approaches that are generally
based on the analysis of full-length proteins. The two reporters
of the split-Ub system that enable a selection for the presence
of interacting pairs of N, and C,, fusions, R-Ura’p and PLV, are
now increasingly used for these purposes. Protocols for choos-
ing the optimal conditions and adjustments that improve their
robustness were recently published.”®’" The classes of pro-
teins that were successfully screened for new interaction part-
ners with the help of the split-Ub system include transcription
factors, small molecule transporters, ER-resident membrane
proteins, protein kinases, and receptors of the serpentine and
El’b fam”y.[31'33'35'37'70'72]

Outlook

As the demands for sensitivity, reliability, and speed are con-
stantly growing, the development of new methods for detect-
ing, quantifying, and manipulating protein interactions in
living cells can be expected to continue.” Among the many
methods now available split-protein sensors have proved to be
a fruitful concept. Two lines of progress are foreseeable: 1) In-
troducing reporter proteins with better or novel features in
systems such as split-Ub, split-intein, or split-TEV and 2) The
generation of completely new split-protein sensors from pro-
teins that add novel or improved qualities to the already exist-
ing set of SPFs. To quantify the effective concentrations be-
tween two proteins in the cell, it is desirable to have more
split-protein sensors whose K s values are known and that,
like split-Ub or split-intein, allow differentiation between the
free and the assembled SPFs.

Fulfilling these requests is getting less demanding as the
design of a new split-protein sensor no longer requires intu-
ition or structural knowledge about the protein. Recently the
initial trial-and-error strategy has increasingly been replaced by
the systematic or random generation of pairs of fragments of a
protein and the testing for their interaction induced reassocia-
tion."*"®”3 Promising candidate proteins for split-protein sen-
sors can also be subjected to an evolutionary strategy that will
eventually yield fragments with the desired properties."” The
many examples of new split-protein sensors that consequently
emerged from these studies seem to predict that almost any
protein with novel and interesting properties can indeed be
converted into a novel split-protein sensor.
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Signal Transducers and Activators of Transcription as
Targets for Small Organic Molecules

Thorsten Berg*®

Signal transducers and activators of transcription (STATs) are a
family of transcription factors that are of central importance for
cellular signaling and have therefore emerged as attractive
target proteins for cell-permeable small molecules. This review

Introduction A)

Signal transducers and activators of transcription H.N

(STATs) are a family of transcription factors that
transduce signals from the cell surface to the nu-
cleus.™ The seven STAT family members identified )
to date display the following common features:
1) an amino-terminal (N) domain involved in pro-
tein—protein interactions, including those that lead
to the association of two DNA-bound STAT dimers
to form tetramers; 2) a coiled-coil-domain that medi-
ates additional interactions with other proteins; 3) a
DNA binding domain; 4)a linker domain; 5)a Src
homology 2 (SH2) domain for binding of STATs to
activated receptors and for dimerization; and 6) a
transactivation domain at the Cterminus. All STATs
contain a conserved tyrosine (Y) between the SH2
domain and the transactivation domain, and, with
the exception of STAT2, are known to contain a
serine (S) phosphorylation site within the transacti-
vation domain (Figure 1A).

STATs bind to activated cytokine receptors or
growth factor receptors via their SH2 domains (Fig-
ure 1B). Upon ligand-induced receptor dimerization,
receptor-associated Janus kinases (JAKs) phosphory-
late the cytoplasmic tail of cytokine receptors to
create binding sites for the SH2 domain of STATs. Re-
ceptor-bound STATs are subsequently phosphorylat-
ed at the conserved tyrosine residue C-terminal of
the SH2 domain by JAKs or other cytoplasmic tyro-
sine kinases. Growth factor receptors with intrinsic
tyrosine kinase activity can also phosphorylate STATs
directly. In addition, STATs can be phosphorylated by
activated Src or Abl in the absence of ligand-in- o
duced receptor signaling. Tyrosine phosphorylation
of STATs induces their dimerization by reciprocal
phosphotyrosine-SH2 domain interactions; STAT dimers subse-
quently translocate to the nucleus, where they regulate gene
expression upon binding to specific DNA sequences. Thus, the
intracellular localization of STATs depends on their activation
state, which is why STATs are often referred to as “latent cyto-
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outlines the basic concept of STAT signaling, the relevance of indi-
vidual members of the STAT family for cellular signaling and
human disease, and generally applicable approaches taken to
the identification of small-molecule inhibitors of STATs.
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Figure 1. Overview on STATs. A) General structure of STAT proteins. B) Simplified model
of signal transduction via STATs. Color codes used for the STAT protein domains are as in
A), except that the N domain, the coiled coil domain, and the transactivation domain are
omitted for clarity. In part adapted from ref. [79], with permission. Copyright 2006, Else-
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plasmic” transcription factors. At least in the case of STATIT,
STAT3, and STAT4, full transcriptional potential requires phos-
phorylation of the conserved serine residue in the transactiva-
tion domain.®¥ Furthermore, pairwise association of STAT
dimers bound to adjacent sites on DNA via their amino-termi-
nal domains increases STAT DNA binding™ and thereby allows
for more efficient transcription from certain promoters.”®”!

All of the seven STAT proteins known to date are thought to
be associated with human disease. STAT1 and STAT2 were re-
ported as DNA binding factors induced by cellular stimulation
with interferons (IFNs).®'% STAT1 mediates responses to type |
and type Il IFNs and thus is essential for fighting viral and bac-
terial infections.""™"* Similarly, STAT2 is also involved in the bio-
logical response to typel IFNs. Since aberrant IFN-mediated
signaling leads to inflammatory diseases, STAT1 and STAT2 are
putative targets for therapeutic intervention in inflammatory
disorders.? In addition, STAT1 has been assigned antiprolifera-
tive properties and is thought to act as a tumor suppressor."”
The elevated levels of STAT1 phosphorylation found in tumors
are thought to be a cellular defense mechanism against onco-
genic transformation mediated by constitutively activated
STAT3, which is found in a broad spectrum of human tumors
and cancer cell lines."™ As inhibition of signaling via STAT3 in
these cells by a dominant negative mutant,"®'” antisense ap-
proaches,"® decoy oligonucleotides,2" siRNAs,*>?* peptide
aptamers,”?? and G-quartet oligonucleotides””?® has been
demonstrated to suppress tumor growth and to induce apop-
tosis in cancer cells, STAT3 is regarded as a strong candidate
target for cancer therapy®3% (see ref.[36] for a concomitant
review on STAT3 inhibitors published in our sister journal
ChemMedChem). In contrast to STAT1, STAT3 can exert both
pro- and anti-inflammatory functions.">*” STAT4 mediates
responses to proinflammatory cytokines which initiate and sta-
bilize T helper (Th) lymphocytes class 1-mediated cytokine pro-
duction.>*#3% |nhibition of STAT4 signaling with antisense oli-
gonucleotides was shown to suppress the development of col-

OH

E804 (1) Resveratrol (2)

H,CO l x = l OCHj
HO OH
Curcumin (5)

Magnolol (6)

Scheme 1. Examples of indirect inhibitors of STATs.
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lagen-induced arthritis in a mouse model, and STAT4 is thus
considered to be a potential target for treating chronic arthri-
tis.”” Similar to STAT3, the STAT5 isoforms STAT5a and STAT5b
(93% identity at the protein level) are overactive in several
kinds of human tumors, including leukemias, breast cancer,
uterine cancer, prostate cancer, and squamous cell carcinoma
of the head and neck (SCCHN)."® Inhibition of signaling via
STAT5, especially STAT5b, has been shown to inhibit tumor
growth and to induce apoptosis of tumor cells.*'* Finally,
STAT6 mediates signaling by IL-4 and IL-13 and thereby as-
sumes a crucial role in asthma pathogenesis.**

Approaches towards the Inhibition of STATs

Small-molecule inhibitors with isoform selectivity for a single
STAT could be valuable tools to clarify the complex biological
activities of STAT family members in genetically unmodified
systems. Inhibitors of STAT signaling can be categorized into
agents which act via a direct or via an indirect mode.* Indi-
rect small-molecule inhibitors of STATs, which are also referred
to as STAT signaling inhibitors, do not interact with the STAT(s),
but modulate the activity of a biomolecule that in turn has a
regulatory function for the STAT(s) of interest. In contrast,
direct inhibitors of STATs physically interact with them and
thereby interfere with their ability to regulate transcription.

Indirect Inhibitors of STAT Signaling

This group includes inhibitors of the enzymatic activities of
those tyrosine kinases which activate STATs on the conserved
tyrosine residue between the SH2 domain and the transactiva-
tion domain. The alkylated indirubin oxime E804 (1; Scheme 1)
was shown to inhibit STAT3 signaling in breast cancer cells by
inhibiting upstream kinase activity, presumably that of c-Src."®
Indirubin itself is a constituent of a Chinese herbal prescription
used for treatment of chronic myelogenous leukemia®’ and a

Withacnistin (4)

NH Cl NH O
HO
| > |

Roscovitine (7) AS1517499 (8)
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known inhibitor of cyclin-dependent kinases.*® A similar mech-

anism of action was suggested for the natural product Resver-
atrol (2). Other compounds inhibit STAT3 phosphorylation by
unknown or speculative mechanisms. Cucurbitacin | (JSI-124;
3)®% and other cucurbitacin family members®" were shown to
inhibit signaling via STAT3. The identity of the STAT3 signaling
inhibitor NSC 135075, which is part of the National Cancer
Institute (NCI) library, had originally been reported to the re-
searchers as cucurbitacin Q" but was only recently corrected
by the NCI to withacnistin (4).°# Curcumin (5), another indirect
natural product inhibitor of STAT3 signaling,®® has also been
identified as an inhibitor of numerous additional signaling
pathways.®¥ Similarly, magnolol (6) was shown to inhibit sig-
naling via STAT3,*™ but also via NF-KB.®**"! Roscovitine (7), an
inhibitor of cyclin-dependent kinases, was found to inhibit
STAT5 phosphorylation.”? High-throughput screening of chem-
ical libraries in a STAT6 reporter assay and subsequent chemi-
cal development led to the discovery of a series of substituted
aminopyrimidine-5-carboxamides as STAT6 signaling inhibitors.
The most potent compound dubbed AS1517499 (8) inhibited
IL-4 dependent transcription, which is mediated by STAT6, and
selectively inhibited IL-4-induced Th2 differentiation of mouse
spleen T cells in the low nanomolar concentration range.*
Based on the published data, it cannot be excluded that 8
inhibits STAT6 directly; however, data indicating a direct inter-
action between 8 and STAT6 were not provided.

These examples illustrate that indirect inhibitors of STATs can
effectively inhibit STAT activation and exert potent biological
effects.”™ However, targeting an upstream regulatory molecule
is generally an unsatisfactory means by which to investigate
the precise function of a signaling molecule, as cross-talk be-
tween signaling pathways is common. Thus, indirect inhibitors
of STAT signaling are usually not suited as molecular research
tools to clarify the relevance of a given STAT protein for a bio-
logical process.

Direct Inhibitors of STATs

Direct inhibitors with selectivity for a STAT isoform can general-
ly be categorized into three groups according to their mecha-
nisms of action: inhibitors of the function of the STAT DNA
binding domain, of the STAT SH2 domain, and of the STAT
amino-terminal domain.

Inhibition of STATs by Blocking of their DNA
Binding Domains

To date, this approach has only been applied to the inhibition
of STAT3. As an example for this approach, the natural product
galiellalactone (9, Scheme 2), originally reported as a weak in-
hibitor of the de novo synthesis of a-amylases, proteases, and
phosphatases in embryoless halves of wheat seeds,® was also
found to inhibit interleukin (IL)-6-mediated STAT3 signaling.®”
The absolute configuration of the natural product was only re-
cently determined by chemical synthesis.*®® As galiellalactone
inhibited DNA binding of activated STAT3 without affecting
STAT3 tyrosine phosphorylation, the compound was assumed
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Scheme 2. Inhibitors of STAT3 DNA binding.

to bind to the DNA binding domain of dimeric STAT3, possibly
by covalently modifying a cysteine residue in the STAT3 DNA
binding domain. The platinum complex 1S3 295 (NSC 295558;
10) was shown to block DNA binding of STAT3 by binding to
the protein, and to inhibit STAT3 functions in tumor cells har-
boring constitutive STAT3 activation, thereby inducing cell-
cycle arrest and apoptosis.®”

Inhibition of STATs by Blocking of their SH2
Domains

Since the SH2 domain is required for both tyrosine-phosphory-
lation and dimerization of STATs, an effective approach which
would allow for targeting of only a single STAT is the inhibition
of the function of its SH2 domain.* This should not only in-
hibit STAT activation, but also prevent dimerization of any STAT
molecules which escape inhibition of activation (Figure 1B).

Peptide-Based Inhibitors of STAT SH2 Domains

The feasibility of inhibiting activation of members of the STAT
family with a ligand for their SH2 domains was demonstrated
for STAT3% and STAT6."” A cell-permeable fusion peptide
comprising the sequence GASSGEEGpYKPFQDLC derived from
the interleukin (IL)-4 receptor was shown to inhibit IL-4-depen-
dent STAT6 phosphorylation and STAT6-dependent transcrip-
tion.”” Data generated by the application of a cell-permeable
fusion peptide comprising the STAT6-derived sequence
GRGpYVSTT, which was known to bind to the STAT6 SH2
domain, in mouse models suggested the inhibition of the
STAT6 SH2 domain as a therapeutic approach for the treatment
of allergic rhinitis and asthma.”"

The vast majority of studies targeting a STAT SH2 domain
have been performed on STAT3. A fusion peptide between the
hexapeptide PpYLKTK (the motif which mediates STAT3 dimeri-
zation) and a membrane translocating sequence was shown to
inhibit STAT3 tyrosine phosphorylation, STAT3-dependent gene
transcription, and oncogenic transformation.”® The tripeptide
motif A/PpYL (11, Scheme 3) was shown to be sufficient for in-
hibition of STAT3 dimerization in vitro, and served as the start-
ing point for the design of peptide mimetics with reduced
peptidic character. Initially, this led to the generation of the
peptide mimetic ISS 610 (12), which was shown to inhibit DNA
binding of activated STAT3 with seven- to eightfold preference
over STAT1, and to display STAT3-dependent effects in tissue
culture.”” Both the cell-permeable fusion peptide comprising
the PpYLKTK motif and ISS 610 require their use at high con-
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centrations in tissue culture (500-1000 um), probably
due to their peptidic nature and the presence of a
phosphotyrosine residue, which is likely to negative-
ly affect cellular uptake and to render the com-

pounds susceptible to phosphatases. Analysis of L

binding between 155610 and the STAT3 SH2 R
domain” as suggested by computational modeling
led to the design of the oxazole-based peptide mim-
etic S31-M2001 (13), which is probably the STAT3
SH2 domain-directed peptide mimetic with the least
peptidic character described so far’ The com-
pound has only a single remaining peptide bond,
but still retains the side chain of the central phos-
photyrosine. Nevertheless, S3I-M2001 displayed
strong STAT3-dependent activity in cellular assays at
30-100 pum, which is a significant improvement over
previous peptide-based ligands to the STAT3 SH2
domain. S3I-M2001 disrupted tyrosine phosphorylat-
ed STAT3, and inhibited STAT3-mediated gene tran-
scription, malignant transformation, survival, and mi-
gration. Moreover, the compound was shown to in-
hibit proliferation of a breast cancer cell line harbor-
ing constitutive STAT3 activation in a mouse xeno-
graft model. Interestingly, introduction of a m-
methoxyaniline group at the carboxy terminus of 1SS
610 was shown to inverse the specificity of the pep-
tide mimetic for STAT3 over STAT1; the resulting
compound 155840 (14) displayed a 20-fold prefer-
ence for disruption of activated STAT1 dimers over
STAT3 and is currently the STAT SH2 domain-directed
agent with the strongest preference for STAT1 over
STAT3."®

Nonpeptidic Inhibitors of STAT SH2
Domains

The availability of the crystal structure of DNA
bound, tyrosine phosphorylated STAT3"® permitted
two independent studies which applied virtual
screening of chemical databases for the identification
of nonpeptidic inhibitors of the STAT3 SH2
domain.”®”” Screening of chemical databases identi-
fied candidate compounds with an increased likeli-
hood of binding to the STAT3 SH2 domain. Molecules which
could be docked in the STAT3 SH2 domain were subsequently
tested in actual biochemical assays. The first compound discov-
ered by this route, STA-21 (NSC 628869; 15; Scheme 4), was
shown to inhibit DNA-binding of prephosphorylated STAT3,
and to display STAT3-dependent cellular effects.”® Recently,
the STA-21 derivative 16 with similar activity was reported,
which is more amenable to structural modification.”® Further-
more, the compound S3I-201 (NSC 74859; 17) was modeled
into the STAT3 SH2 domain and was shown to inhibit STAT3 di-
merization. The compound inhibited STAT3-mediated gene ex-
pression, induced apoptosis in cells with constitutively activat-
ed STAT3, and inhibited tumor growth in a mouse xenograft
model.
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Scheme 4. Non-peptidic inhibitors of STAT SH2 domains.

The feasibility of identifying small-molecule inhibitors of the
STAT3 SH2 domain by biochemical screening was demonstrat-
ed by the identification and characterization of Stattic (18)."”
This compound was discovered in an in vitro assay based on
fluorescence polarization which analyzes the effect of test
compounds on the function of the STAT3 SH2 domain.®” Stat-
tic was found to inhibit the function of the SH2 domain of
both unphosphorylated and phosphorylated STAT3, and to dis-
play a preference for STAT3 over the family members STAT1
and STAT5b in vitro. Furthermore, Stattic was shown to inhibit
nuclear translocation of STAT3 with good selectivity over STAT1
in a hepatocellular carcinoma cell line, and selectively in-
creased the apoptotic rate of breast cancer cell lines harboring
constitutive STAT3 activity.
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The application of this screening approach to STAT5b al-
lowed for the discovery of the first reported inhibitors of the
function of the STAT5 SH2 domain. Chromone-based acyl hy-
drazone 19 and similar compounds were shown to selectively
inhibit the function of the STAT5b SH2 domain in a fluores-
cence polarization assay.®" Importantly for chemical biology
studies, the compounds allowed for the inhibition of IFN-a
mediated activation of STAT5 with good selectivity over the ac-
tivation of STAT3 and STAT1.®? The chromone ring system,
which is found in numerous biologically active natural prod-
ucts, was demonstrated to be important for the compounds’
inhibitory activities.

The tricyclic heptaketide TMC-264 (20) from the fungus
Phoma sp. TC 1674 was found in a screen of microbial ex-
tracts.®® TMC-264 was shown to inhibit IL-4-induced gene tran-
scription, which is mediated by STAT6, with good selectivity
over IFN-y-induced gene transcription, which is mediated by
STAT1.2Y Mechanistic analysis revealed that TMC-264 blocked
tyrosine phosphorylation of STAT6 with good selectivity over
tyrosine phosphorylation of STAT1 and STAT5. Furthermore, the
compound inhibited DNA binding of phosphorylated STATS6,
but not of phosphorylated STAT1. This activity profile is consis-
tent with a model by which TMC-264 selectively inhibits the
function of the STAT6 SH2 domain, even though the original
publication®™ does not explicitly propose this mechanism of
action.

Inhibitors of STAT N Domains

Even though it has been known for a number of years that
pairwise association of phosphorylated STAT dimers bound to
adjacent DNA sites via their amino-terminal (N) domains can
increase their transcriptional potential,’®” the concept of tar-
geting the N domain of a STAT family member has only very
recently been explored. The STAT N domains consist of eight
helices, and are highly conserved amongst STAT family mem-
bers.® A peptide comprising helix two of the STAT4 N domain
was found to cause significant structural changes to the full-
length STAT4 N domain.®® Based on the STAT4-derived peptide
sequence used in the NMR experiments, a small library of cor-
responding STAT3-derived peptides comprising helix two of
the STAT3 N domain and peptide sequences which confer cell
permeability was synthesized. Amongst others, a peptide com-
prising the motif LDTRYLEQLHKLY fused to penetratin was
shown to bind to full-length STAT3 with good selectivity over
STAT1 in cells, and to induce apoptotic death of cancer cell
lines in a STAT3-dependent manner. These data provide proof
of principle that targeting the STAT N domain is a valid ap-
proach by which to interfere with STAT activity.

Outlook

The central role of members of the STAT transcription factor
family in disease-related processes makes them highly desira-
ble targets for the development of cell-permeable functional
modulators of their activities. The knowledge of the function
and structure of STATs gained in recent years has allowed the
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initiation of small-molecule discovery programs aimed at iden-
tifying potent and specific inhibitors of STAT functions. Such
cell-permeable inhibitors will be helpful in clarifying the role of
these central regulators of key biological processes, in confirm-
ing or disproving the relevance of a given STAT in disease
models, and should have the potential to stimulate medicinal
chemistry efforts aimed at finding small molecules with suffi-
cient potencies to serve as drugs for human use. The impres-
sive achievements related to the discovery of effective and se-
lective agents targeting members of the STAT family demon-
strate the potential of interdisciplinary research, integrating
synthetic organic chemistry, biochemistry, and cell biology.
Contrary to the common perception that transcription factors
are not amenable to functional modulation by cell-permeable
molecules, STATs, like other transcription factors, are emerging
as targets for small organic molecules.®’-*?
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Enhanced Glycosylation with Mutants of Endohexosaminidase A (Endo A)

Christoph D. Heidecke,” Zhenlian Ling,” Neil C. Bruce,” James W. B. Moir,” Thomas B. Parsons,” and

Antony J. Fairbanks*®

Glycosylation of proteins is the most diverse form of post-
translational modification, and can play a key role in protein
folding,™ and can also crucially affect important protein prop-
erties.”® However, since the biosynthesis of glycans is not
under direct genetic control, glycoproteins are produced intra-
cellularly as heterogeneous mixtures of glycoforms, in which
different oligosaccharide structures are linked to the same pep-
tide chain. Access to pure single glycoforms of glycoproteins
has now become a major scientific objective” since it is not
only a prerequisite for more precise biological investigations
into the different effects glycans have on protein properties,
but also an important commercial goal in the field of glycopro-
tein therapeutics, which are currently marketed as heterogene-
ous mixtures of glycoforms.

Access to single glycoforms of glycoproteins can be ach-
ieved by total synthesis of both glycan and polypeptide com-
ponents, and some outstanding achievements in this area
have recently been published.®® However, such synthesis ap-
proaches are particularly arduous and do not realistically repre-
sent a practical approach that could be applied to widespread
and large-scale glycoprotein production. Alternative ap-
proaches based on bioengineering of cell lines in order to opti-
mise production of glycoproteins that bear particular oligosac-
charide structures have also been reported"®'" and are being
exploited commercially, though such approaches have no
guarantee of complete glycan homogeneity.

An alternative method for achieving homogeneous protein
glycosylation involves the use of enzymatic catalysis,"? and
one particular class of enzyme that displays considerable syn-
thesis potential in this respect comprises the endohexosamini-
dases."® Endohexosaminidases are a class of enzyme that spe-
cifically cleave the chitobiose core [GIcNAcf(1-4)GIcNAc] of N-
linked glycans between the two N-acetyl glucosamine residues,
and since they cleave this linkage they can also be used to se-
lectively synthesise it. Two members of this class that have
been demonstrated to display useful synthesis glycosylation ac-
tivity are Endo M from Mucor hiemalis"*"'” and Endo A from Ar-
throbacter protophormiae.'®'® However, since these enzyme-
catalysed reactions are reversible, competitive product hydroly-
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sis can greatly reduce synthesis efficiency, particularly when
transglycosylations are undertaken with unactivated donors.

Seminal work in the field by Shoda and co-workers demon-
strated that carbohydrate oxazolines are useful activated glyco-
syl donors for these enzymes, presumably because they mimic
the putative oxazolinium ions, which are proposed intermedi-
ates in the enzyme-catalysed hydrolysis reaction.”® Subse-
quently, extensive work from the group of Wang has detailed
the efficient synthesis of a series of glycopeptides by transgly-
cosylation with Endo A;?'?* they have also recently reported
the synthesis of single glycoforms of ribonuclease B by using
this approach.?!

In order to circumvent the problem of competitive product
hydrolysis previous work has focussed on the attempted devel-
opment of irreversible glycosylation reactions with structurally
modified oxazolines as glycosyl donors; the synthesis products
of these reactions are generally not hydrolysed by the endo-
hexosaminidase used to promote their synthesis;*** the en-
zymes therefore act as glycoligases. However, another poten-
tial way to circumvent this problem is to either use specifically
mutated enzymes or glycosynthases—as developed by With-
ers® and Planas®”—which are not capable of product hydrol-
ysis.

The term “glycosynthase” was first applied by Withers to re-
taining glycosidases in which the nucleophilic of the two cata-
lytic acid residues in the enzyme active site had been replaced
by site-directed mutagenesis with a nonparticipating residue,
for example, by alanine. The use of an activated glycosyl
donor, such as a glycosyl fluoride, allows this mutant enzyme
to promote a synthesis reaction, but the mutant enzyme is not
capable of hydrolysing the product glycosidic linkage as the
key nucleophilic residue was absent.

Endo A is a member of family 85 of the glycohydrolases
(GH85). These enzymes, though they are retaining glycosidas-
es, are thought to catalyse hydrolysis by a neighbouring-
group-participation mechanism in which the carbonyl oxygen
of the 2-acetamide of the second GIcNAc residue is the actual
nucleophile, rather than an enzyme-bound aspartate or gluta-
mate. These enzymes, therefore, do not possess a nucleophilic
residue at the active site, and as such it is not possible to en-
visage the production of a glycosynthase along the lines of the
accepted Withers and Planas precedents. However, Wang et al.
have very recently reported®" the production of a series of
mutants of Endo M—another family 85 endohexosaminidase—
which they screened for hydrolytic and transglycosylation ac-
tivity. In particular they identified an N175A mutant of Endo M
in which Asn175—a conserved residue in the GH85 family—
was replaced by alanine; this mutant displayed glycosynthase
activity by using oxazolines as glycosyl donors. Since this
N175A mutant displayed only marginal hydrolysis activity it
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was concluded that Asn175 plays a key role in promoting oxa-
zolinium ion intermediate formation during the hydrolytic
mechanism, though not by acting as the proton donor (identi-
fied for Endo M as Glu177).

Work detailed in this paper, which was performed concur-
rently with the complimentary approach of Wang et al., was
concerned with the development of glycosynthase mutants of
Endo A. Previous studies on Endo A revealed that Trp216 was
key for the transglycosylation activity,"? and very recently it
has been proposed® that Glu173 is the catalytic residue that
acts as a general acid to protonate the glycosidic oxygen
during the hydrolytic step, and as a general base to deproto-
nate the incoming hydrolytic water. Replacement of Glu173
with glycine, aspartate and glutamine resulted in either ex-
tremely significant or complete loss of hydrolytic activity,*?
whilst replacement with alanine produced a hydrolytically in-
active mutant, the activity of which could be rescued by the
addition of azide or formate.®® However, we reasoned that
mutants of Endo A that lack the general acid Glu173 might still
be able to process activated glycosyl donors, and in particular
an oxazoline could still serve as a transition-state mimic and
allow a synthesis reaction to occur. In the first step of the hy-
drolytic mechanism Glu173 acts as the general acid responsible
for protonation of the outgoing [-glycosidic oxygen; this re-
sults in the formation of an intermediate oxazolinium ion
(Scheme 1A). In the second step, Glu173 acts as a general base

A) E173

Pros
&ﬁ/

AcNH

! OH b

Man \=N

and deprotonates the incoming water molecule. Without a
proton donor residue at position 173 all hydrolytic activity
should be curtailed since glycosidic bonds cannot be broken
without prior protonation of the anomeric oxygen atom. How-
ever, an oxazoline might still be able to enter into the mecha-
nistic pathway and could still be glycosylated by an incoming
alcohol (or hydrolysed by incoming water) in the second step.
Such a mutant enzyme would therefore be a glycosynthase—
all hydrolytic activity is curtailed, but an activated oxazoline
donor would still be processed.

It was decided to produce two mutants of Endo A in which
Glu173 had been replaced by alternative amino acids; these
were chosen to be glutamine, a substitution which in fact had
already previously been made and which had resulted in total
loss of hydrolytic activity,*? and histidine. These choices were
made on the basis of the following rationale. Glutamine is a
nonacidic residue and, therefore, should be incapable of pro-
moting the hydrolytic reaction; the caveat being that it would
also not be able to act as a general base and facilitate the syn-
thesis reaction by aiding deprotonation of the incoming nucle-
ophile. However, it could still act as a hydrogen-bond acceptor
and facilitate nucleophilic attack on the oxazoline (Scheme 1B).
Alternatively, histidine could either act as a general acid or a
general base, depending on its protonation state. The pK, of
histidine is ~6.0 as compared to ~4.1 for the side chain acid of
glutamic acid; the hope, therefore, was that a histidine residue

Hydrolysis
product

E173Q

&/ Hydrolysis
‘&/ /&/NHAsn —*— roduct

AcNH

E173H
S
HN%
+
\=N
N
(&/ " ) i
Hydrolysis
o ‘&/O& NHAsn product?

Scheme 1. Catalytic mechanisms of family 85 endohexosaminidases. A) Hydrolytic mechanism of WT Endo A; B) putative synthesis mechanism of mutant
E173Q with an oxazoline donor; C) putative synthesis/hydrolytic mechanism of mutant E173H with an oxazoline donor.
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at position 173 would perhaps still act as a general base and
facilitate the synthesis reaction, but that its lower pK, could
mean a reduction in its ability to act as a general acid, with an
accompanying reduction in the hydrolytic capability of the
enzyme (Scheme 1Q).

Two mutants of Endo A, E173Q and E173H, in which Glu173
was exchanged for glutamine and histidine, respectively, were
produced by site-directed mutagenesis, and the proteins were
over-expressed in E. coli and then purified. The three oxazo-
lines 1-3 were accessed as glycosyl donors as previously de-
scribed,”®? and these were then used together with glycosyl
amino acid 4 (Scheme 2) in a series of enzyme-catalysed
reactions with wild-type (WT) Endo A, and the two mutants
E173H and E173Q.

Reaction progress in all cases was carefully monitored by
HPLC. Figure 1 details time-course studies of the yield of glyco-
sylated product formed for each of the three donors catalysed
by each of the three enzymes. In terms of kinetics, all reactions
catalysed by WT Endo A were faster than those catalysed by
the two mutant enzymes. For WT Endo A the maximum prod-
uct formation was reached after less than 30 min with all
donors investigated, and there was little difference between
the rates of reactions with the different donors (Figure 1A, D
and G). Reactions catalysed by the E173H mutant were much
more substrate dependent. With the (1-3)-linked trisaccharide
donor 1, maximum product formation was achieved only after
18 h (Figure 1B), whilst with the (1-6)-linked trisaccharide
donor 2 it was achieved after 4 h (Figure 1E). The reaction
with the tetrasaccharide donor 3 was the fastest, and maxi-
mum yield was achieved after about 2.5 h (Figure 1H). Glycosy-
lations catalysed by the E173Q mutant were even slower, and
reaction times of about 20 h were required in order to reach
the maximum yield with all of the donors investigated (Fig-
ure 1C, Fand ).

The dependence of the rate of reaction on the donor struc-
ture, which was particularly observed with the E173H mutant,

probably reflects the importance of the different parts of the
oxazoline donor for binding to the enzyme active site. For ex-
ample, the presence of an a-mannose residue at position six
of the central mannose (donor 2) led to a much faster enzy-
matic reaction than with an a-mannose residue solely at posi-
tion three (donor 1), whilst the tetrasaccharide donor 3, which
possesses a-mannose residues at both positions, reacted much
faster than the trisaccharides. This relative ranking of the im-
portance of the presence of mannose residues at branch
points also correlated with the rates of product hydrolysis.
Wild-type Endo A hydrolysed all of the products 5, 6 and 7 at
a significant rate, and reproduced acceptor 4 and released the
donor as the free reducing sugar. However, the rate of hydroly-
sis increased in the order 5<6 <7 (Figures 1A, D and G)—an
order that corresponded with the relative rates of glycosylation
of the donors 1 <2 <3 observed with mutant E173H. This rank
order was also reflected in the maximum yields obtained for
product formation (5<6<7) for glycosylations catalysed by
both of the mutant enzymes (Table 1).

Figure 1 also clearly shows that the two mutations did
indeed suppress the ability of the enzyme to hydrolyse the
products. Replacement of Glu173 by histidine resulted in a
mutant that still retained some hydrolytic activity (Figures 1B,
E and H), but for these substrates this was considerably re-
duced compared to that of WT Endo A (Figures 1A, D and G).
Indeed an assay with ribonuclease B (RNase B) as the substrate
revealed the hydrolytic activity of the E173H mutant to be ap-
proximately 20% that of WT Endo A. Replacement of Glu173
by glutamine completely abolished product hydrolysis (Fig-
ures 1C, F and 1), and no hydrolytic activity was observed to-
wards RNase B; this confirms the previous report of Fujita and
Takegawa.®? However, this E173Q mutant had also been found
not to have any transglycosylation activity when chitobiose-
Asn linked oligosaccharides were used as donors.*? The find-
ings here, therefore, once again underline the usefulness and
higher activity of glycosyl oxazolines as donors in enzymatic
glycosylations catalysed by en-
dohexosaminidases. The E173Q
mutant, previously considered
to be inactive for transglycosy-
lation, was in fact capable of
processing these oxazolines effi-
ciently although the overall effi-
ciency of the process was sub-
strate dependent (Table 1). With
the (1-3)-linked trisaccharide
donor 1, the maximum obtaina-
ble yield of product 5 was a
very modest 17 %, but with the
(1-6)-linked trisaccharide donor

HO'%gE:tib//oHo 0 HO e .
o} /&/H 2 the synthesis efficiency im-

Scheme 2. Oxazoline donors 1-3 used for glycosylation of GIcNAcAsn amino acid acceptor 4 with WT Endo A and

mutants E173H and E173Q.
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proved, and product 6 could be
obtained in 66% vyield. More-
over with the tetrasaccharide
donor 3, synthesis efficiency
improved once more and 82%
yield of product 7 could be ob-
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Figure 1. Time correlations of product yield for glycosylations of acceptor 4 with donors: A-C) 1, D-F) 2 and G-I) 3 by using WT Endo A, mutant E173H and

mutant E173Q.

tained in an irreversible reaction. Even better yields were ach-
ieved by using the E173H mutant, though again synthesis effi-
ciency was substrate dependent. Whilst the yield of 5 obtained
with the (1-3)-linked trisaccharide donor 1 was only 51%, use
of the (1-6)-linked trisaccharide donor 2 produced 6 in 71%
yield, in an essentially irreversible process (Figure 1E). Most im-
pressively use of the E173H mutant with tetrasaccharide donor
3 gave the pentasaccharide product 7 in quantitative yield,
and with a dramatically reduced rate of subsequent hydrolysis
as compared to WT Endo A. The time-course plot of the reac-
tion (Figure 2) shows that the yield of product remained practi-
cally constant over a period of 6 h; this illustrates that as long
as there was oxazoline donor left in solution, product forma-
tion proceeded and was much faster than hydrolysis—only
when all of the donor was exhausted did the yield decrease.
This finding also indicates that the ratio of donor to acceptor
used, which in these investigations was 3:1 (donor/acceptor),
could probably be reduced significantly without product yield
being reduced; thus the overall efficiency of the process could
be improved.

It should be borne in mind that the maximum yields that
can be achieved with any of these enzymatic reactions are de-
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pendent on the relative rates of three processes: one synthesis
and two hydrolytic. These are the rate of glycosylation, which
forms the desired product, the rate of enzyme catalysed prod-
uct hydrolysis and the rate of direct hydrolysis of the oxazoline
donor, either by water alone® or catalysed by the enzyme.
Suppression of product hydrolysis alone is therefore not suffi-
cient to guarantee a good product yield, as can be seen from
some of the present examples. For example, during glycosyla-
tion of donors 1 and 2 catalysed by the E173H mutant it is ap-
parent that after a certain period of time product formation
ceased (Figures 1B and E); this presumably indicates that no
oxazoline remains in solution, and was rather hydrolysed in-
stead of being transferred onto the acceptor. The improved
synthesis efficiency observed by using larger oxazoline donors
might indicate that the relative rate of glycosylation versus
direct oxazoline hydrolysis becomes more favourable as more
extended oxazoline donors are used. Under normal circum-
stances product hydrolysis is also faster with more extended
oligosaccharides, and so the overall efficiency of the synthesis
processes becomes limited by product hydrolysis. However,
because product hydrolysis is totally suppressed with mutant
enzymes, such as E173Q, and to a lesser extent with E173H,

ChemBioChem 2008, 9, 2045 -2051
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Table 1. Glycosylation of 4 with donors 1-3 catalysed by WT Endo A and mutants E173H and E173Q.

Oxazoline Product Maximum yield [%]*
donor
WT E173H E173Q
HO OH  Ho
o HO HO N CO,Me
1 oH AcNH o 1T 96 | 511 17 —
0 (0] NHCbz
OH
on ©H 5
OH
HO
HO O
HO
o on HO
2 HO 0 O/&/So o 76 1 7y 66 —
HO HO HO N Cco,Me
AcNH AcNH \ﬂ/\l/
O  NHCbz
6
OH
HO
HO O
HO
0 HO
3 Hoﬁ/oﬂgo O H 88l 991 82 —
0 HO HO N CO,Me
on  AcNH AcNH
o oH O  NHCbz
OH 7

to product hydrolysis.

[a] Yields determined by integration of acceptor and product peaks; —: yield stayed constant; : yield decreased after reaching the stated maximum due

A)
T 80
yield ! % 40
0 T T T 1
0 60 120 180
t/min —
B)
T 80
40
yield ! %
0 - T T 1
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t/min —

C)
T 80
yield /% 40
0

T 1

0 60 120 180
t/mn —

Figure 2. Time-course studies of the extent of glycosylation of dRNase B
with oxazoline 3 catalysed by WT Endo A (o) and the E173H mutant (A) at
different substrate concentrations. Reactions were carried out in potassium
phosphate buffer (50 mm, pH 6.5) at 37 °C with oxazoline 3 in a 20-fold
excess over dRNase B; Endo A and dRNase B were at concentrations of:

A) 18 um and 0.46 mwm, B) 50 um and 1.3 mm and C) 35 um and 1.8 mm,
respectively.
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the reaction profile and overall synthesis efficiency improves,
and is especially good for the largest oxazoline donor that has
so far been investigated.

Attention then turned to the potential application of these
enzymes for protein glycosylation. Ribonuclease B (RNase B)
was recently remodelled by Wang and co-workers by using WT
Endo A, and in this respect would serve as a good system
for comparison of the ability of mutant and wild-type enzymes
to effect glycoprotein remodelling. The studies detailed above
indicated that of the oxazoline donors available tetrasaccharide
3 was the most useful. Furthermore, they also indicated that
kinetically the E173H mutant was the more efficient of the two
mutants so far produced.

Commercially available bovine RNase B was first enzymatical-
ly trimmed back by treatment with Endo H to produce dRNase
B—a single protein glycoform that bears a GIcNAc residue at
the sole N-linked glycosylation site. Glycoform dRNase B was
then used as a substrate for glycosylation with tetrasaccharide
oxazoline 3 by using both WT Endo A and the E173H mutant
(Scheme 3).

In both cases the enzyme was able to effect production of a
single glycoform product, Man;GIcNAc,RNase B, which was
characterised by mass spectrometry (Figure 3; calculated mass
of the Man;GIcNAc, glycoprotein 14575; found 14575). The
progress of the reaction was monitored in both cases, and at
three different concentrations of the dRNase B substrate
(Figure 2).

Both enzymes efficiently catalysed the formation of the
Man;GIcNAc, glycoform of RNase B; the maximum vyields
obtained were 72 and 84% with WT Endo A and the E173H
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Scheme 3. Enzymatic remodelling of a mixture of RNase B glycoforms to a
single Man;GIcNAc, glycoform by using WT Endo A and the E173H mutant.

mutant, respectively. The time-course study revealed that WT
Endo A effected transglycosylation of dRNase B more rapidly
than the E173H mutant. However, WT Endo A catalysed hydrol-
ysis of the product glycoprotein, whereas the E173H mutant
did not. Therefore, after a certain time period, which was de-
pendent on the concentrations of substrates used, the E173H
mutant became the more efficient catalyst, and ultimately al-
lowed formation of the glycoprotein product in a higher yield.

Some comparative comments between these studies and
the recently reported approach of Wang et al.®" are appropri-
ate at this point. Firstly, comparison of the activity of their
Endo M N175A mutant and our Endo A mutants indicates that
the kinetics of transglycosylation are reduced in all of these
mutant enzymes with respect to the WT enzymes. In this study
the largest donor we investigated was the Man;GIcNAc-oxazo-
line, which was the smallest donor investigated by Wang et al.
with their N175A mutant, and, therefore, represents the only
case in which direct comparison is currently possible. In their
report the N175A mutant gave approximately 25% yield of a
glycosylated glycopeptide product after 60 min, but the maxi-
mum yield obtained in this case with more extended reaction
times was not given. With more extended donors their N175A
mutant gave yields of glycosylated product in the 50-80%
range, and in particular a Man,GIcNAc, glycopeptide—a prod-
uct that previously could only be accessed in ~10% yield with
WT Endo A—was synthesised in 72% vyield by using 15%
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Figure 3. ESI-MS spectra of dRNase B before and after treatment with oxazo-
line. A) dRNase B; charges for each peak indicate that the protein molecular
mass is 13885 Da (expected size 13885 Da). B) Product after treatment of
dRNase B with oxazoline 3 in the presence of Endo A E173H. Charged spe-
cies due to glycosylated RNase B are marked with asterisks and indicate a
protein with a molecular mass of 14575 Da (expected size 14575 Da).
Charged species without asterisks are due to dRNase B.

DMSO as cosolvent, though the time required for complete
reaction was not quoted. In comparison, with Man;GIcNAc-ox-
azoline 3 the Endo A E173H and E173Q mutants gave product
7 in 99 and 82% yields, respectively (maximum obtainable
yields, Table 1), though notably the E173H mutant was capable
of slowly hydrolysing product 7. In terms of comparative kinet-
ics, after 60 min product 7 was formed in 91 % vyield with the
E173H Endo A mutant, and in 15% yield by the E173Q Endo A
mutant (c.f., ~25% yield after 60 min in an analogous reaction
with the N175A Endo M mutant).

It is particularly noteworthy that in their studies on Endo M,
Wang et al. reported®" that an E177A mutant, in which the key
Endo M proton donor residue Glu177 was replaced by alanine,
was not capable of promoting transglycosylation even when
sugar oxazolines were used as donors. The studies reported
here, albeit on Endo A, seem to imply that alanine is not a
good choice as the replacement residue; this validates the H-
bond acceptor rationale presented in Scheme 1. Indeed it will
be interesting to investigate in the future whether the E177H
and E177Q mutants of Endo M display glycosynthase activity
with oxazolines as donors. The identification of the Endo M
N175A glycosynthase mutant by Wang et al.®" and the useful
synthesis activity that they have demonstrated, taken together
with this research, clearly indicates that there is much scope
for further optimisation of glycosynthase activity in the future.
Moreover, the report from Wang et al. of the increased trans-
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glycosylation activity of both a Y217F mutant of Endo M and a
Y205F mutant of Endo A hints at the potential future advan-
tages of constructing double mutants of both Endo A (e.g.,
E173H, Y205F) and Endo M (e.g., E177H, Y217F).

In conclusion it has been demonstrated that replacement of
the key catalytic residue Glu173 of Endo A allowed production
of mutant enzymes for which hydrolytic activity had been
either totally suppressed or significantly reduced, but which
still possessed the ability to process oxazolines as donors; this
allowed the transglycosylation of substrates with GIcNAc resi-
dues. The judicious choice of replacement residues as those
that are capable of acting as H-bonding acceptors was vindi-
cated as key to the success of the endeavour by the subse-
quent report of an inactive E177A Endo M mutant. The poten-
tial advantage of reduced hydrolytic activity was demonstrated
in the production of a single glycoform of RNase B in a more
efficient manner than was possible with WT Endo A. Such
mutant enzymes might prove to be very useful as glycosyn-
thases for the construction of glycopeptides and biologically
important glycoproteins that bear large oligosaccharide struc-
tures when competitive product hydrolysis by wild-type en-
zymes becomes the limiting factor in terms of achievable
synthesis efficiency.
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8-pCPT-2'-O-Me-cAMP-AM: An Improved Epac-Selective cAMP Analogue

Marjolein J. Vliem,” Bas Ponsioen,”™ Frank Schwede,’ Willem-Jan Pannekoek, Jurgen Ried|,®?

Matthijs R. H. Kooistra,™ Kees Jalink,” Hans-Gottfried Genieser, Johannes L. Bos,* and Holger Rehmann*

Cyclic adenosine monophosphate (cAMP) is a common second
messenger involved in the regulation of many different cellular
processes through the activation of protein kinase A (PKA), ex-
change protein directly activated by cAMP (Epac) and cyclic-
nucleotide-regulated ion channels” Adenylyl cyclases are
responsible for catalysing the formation of cAMP from ATP.
Levels of cAMP can be raised in cells in response to a large va-
riety of extracellular stimuli, which act via receptors coupled to
heterotrimeric G proteins, which stimulate the activity of ade-
nylyl cyclase. In addition, cCAMP levels are controlled by phos-
phodiesterases (PDE), which catalyse the degradation of cAMP
to AMP. In cells, cAMP levels can be artificially elevated by for-
skolin, which activates adenylyl cyclase directly. Furthermore,
cAMP levels can be raised by inhibiting PDEs. These ap-
proaches are commonly used in tissue culture experiments,
but, by generating cAMP, they do not discriminate between
the various target proteins that are activated. Alternatively,
membrane-permeable cAMP analogues, which selectively inter-
act with particular receptor proteins, can be applied. For exam-
ple, signalling pathways activated by Epac and PKA can be
distinguished by using 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP,
respectively.””

Epac is a guanine nucleotide exchange factor for the small
G protein Rap. Rap cycles between a signalling-inactive GDP-
bound state and a signalling-active GTP-bound state. cAMP-ac-
tivated Epac catalyses the exchange of Rap-bound GDP for
GTP. Epac and Rap function in a number of different cellular
processes including insulin secretion, inhibition of cell scatter-
ing, neurotransmitter release and cAMP-induced barrier func-
tion in endothelial cells.”

Even though 8-pCPT-2-O-Me-cAMP has become a widely
used tool in Epac-related research, its biological application is
limited by its low membrane permeability, caused by the nega-
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[a]

tively charged phosphate. However, the negatively charged
singly bonded oxygen on the phosphate group can be
masked by labile esters. Such a precursor is expected to enter
the cell efficiently, where the ester is hydrolysed either directly
by water or by cellular esterases to liberate the active com-
pound.”

We therefore synthesised 8-pCPT-2"-O-Me-cAMP-AM from 8-
pCPT-2"-O-Me-cAMP, whereby acetoxymethyl bromide was
used as a donor for the AM group. The product that was ob-
tained had a purity exceeding 97 % and consisted of a mixture
of the equatorial and the axial isomers of the ester (Figure S1
in the Supporting Information, Scheme 1). Even though the
isomers could be resolved by repetitive analytical HPLC runs,
efficient separation on a preparative scale was not possible.
Orange peel acetylesterase and esterase from porcine liver
cleaved the equatorial isomer about five times more efficiently
than the axial isomer within minutes (data not shown). The
pharmacokinetics of both isomers are thus expected to be sim-
ilar, justifying the application of a mixture of both isomers to
cells. In any case, the isomeric ratio of an individual synthesis
can be easily quality controlled by *'P NMR (Figure S1).

To compare the efficiency of 8-pCPT-2"-O-Me-cAMP-AM and
8-pCPT-2'-O-Me-cAMP in activating Epacl in vivo, an Epacl-
based fluorescence resonance energy transfer (FRET) probe
was used. In this assay, activation of Epac1 by the binding of
cAMP to the Epac1-FRET probe is measured as a reduction in
the FRET signal.”! A431 cells transfected with the FRET probe
were stimulated with 8-pCPT-2-O-Me-cAMP-AM or 8-pCPT-2'-
O-Me-cAMP (Figure 1). Stimulation of cells with 100 um 8-
pCPT-2"-O-Me-cAMP resulted in a decrease of the FRET signal
that was approximately one order of magnitude slower than
the decrease obtained upon stimulation with 1 um 8-pCPT-2"-
O-Me-cAMP-AM. Furthermore, activation of Epac1 following
stimulation with 100 um 8-pCPT-2-O-Me-cAMP could be fur-
ther enhanced by the addition of forskolin, whereas 1 um 8-
pCPT-2'-O-Me-cAMP-AM induced maximal activity of Epacl
under the given conditions. The activation of Epac by 8-pCPT-
2'-0-Me-cAMP-AM occurs within one minute after application.
This is comparable with the kinetics of forskolin-induced Epac
activation, and thus 8-pCPT-2'-O-Me-cAMP-AM mimics the “nat-
ural” response time of the signalling pathway.

The activity of endogenous Epac can be monitored by isolat-
ing selectively Rap-GTP from cell lysates. Primary human umbil-
ical vein endothelial cells (HUVEC) were stimulated with differ-
ent concentrations of 8-pCPT-2"-O-Me-cAMP and 8-pCPT-2"-O-
Me-cAMP-AM (Figure 2 A). Partial activation of Rap was induced
by 10 um 8-pCPT-2'-O-Me-cAMP, and full activation of the
G protein was stimulated by 100 pm 8-pCPT-2"-O-Me-cAMP. In
contrast, treatment of the cells with just 0.1 um 8-pCPT-2"-O-
Me-cAMP-AM was sufficient to induce full Rap activation.

ChemBioChem 2008, 9, 2052 - 2054
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Scheme 1. Synthesis and application of 8-pCPT-2"-O-Me-cAMP-AM. A) 8-pCPT-2"-O-Me-cAMP is converted into 8-pCPT-2"-O-Me-cAMP-AM with acetoxymethyl
bromide as a donor of the acetoxymethyl group in the presence of N,N-diisopropylethylamine in N,N-dimethylformamide. A mixture of the equatorial (B) and
axial (C) isomers of the ester is obtained. D) 8-pCPT-2'-O-Me-cAMP-AM is cleaved by esterases to 8-pCPT-2'-O-Me-cAMP and the by-products formaldehyde
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Figure 1. Epac1 activation in A431 cells. A431 cells were transfected with the
Epac1-FRET probe and stimulated with 100 pm 8-pCPT-2"-O-Me-cAMP (007)
or 1 um 8-pCPT-2"-O-Me-cAMP-AM (007-AM) followed by 25 pm forskolin
(FK) or stimulated by 25 pm forskolin followed by 1 pm 8-pCPT-2"-O-Me-
cAMP-AM. The FRET signal was monitored over time and plotted as normal-
ised change in FRET (AF); the traces are representatives of ten independent
experiments.

To determine if 8-pCPT-2-O-Me-cAMP-AM could efficiently
stimulate Rap-dependent processes, biological assays were car-
ried out. In HUVECs, Rap induces a tightening of cell-cell junc-
tions that can be measured as an increase in the electrical re-
sistance of a cell layer grown on an electrode. 8-pCPT-2'-O-Me-
cAMP-AM induced junction tightening at much lower concen-
trations than 8-pCPT-2'-O-Me-cAMP (Figure 2B). Similarly, 8-
pCPT-2"-O-Me-cAMP-AM induced adhesion of Jurkat-Epacl
cells to fibronectin more efficiently than 8-pCPT-2"-O-Me-cAMP
(Figure 2Q).

Thus, 8-pCPT-2"-O-Me-cAMP-AM induces Epac1 and Rap1 ac-
tivation at concentrations that are two to three orders of mag-
nitudes lower than those required of the parent compound. In
HUVECs, sustained Rap1 activation was observed after applica-
tion of only 0.01 um 8-pCPT-2'-O-Me-cAMP-AM (Figure 2 A).
This concentration is far below the ACs, of 8-pCPT-2'-O-Me-
cAMP for Epac1, which was determined to be 1.8 um in vitro.”
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This indicates that 8-pCPT-2-O-Me-cAMP accumulates in the
cell after the cleavage reaction, which is in accordance with re-
sults from other cyclic nucleotide AM esters.” Indeed, 8-pCPT-
2'-0-Me-cAMP-AM seems to enter cells much more quickly
than 8-pCPT-2'-O-Me-cAMP, as shown by the more rapid activa-
tion of the Epac1-FRET probe by 8-pCPT-2'-O-Me-cAMP-AM in
comparison to 8-pCPT-2"-O-Me-cAMP (Figure 1).

The biological selectivity of 8-pCPT-2-O-Me-cAMP is proba-
bly its greatest benefit for biological research. However, the
application of 8-pCPT-2'-O-Me-cAMP-AM causes an accumula-
tion of 8-pCPT-2'-0O-Me-cAMP in cells. To exclude the possibility
that a putative high intracellular concentration of 8-pCPT-2'-O-
Me-cAMP caused side effects, 8-pCPT-2-O-Me-cAMP-AM was
applied to cells expressing a PKA-based FRET probe (Fig-
ure 3A). Upon application of 1 um 8-pCPT-2"-O-Me-cAMP-AM,
no change in the PKA-FRET signal was observed. In addition,
the phosphorylation status of a PKA substrate, vasodilator-
stimulated phosphoprotein (VASP), was monitored as a biologi-
cal measure of the activity of the enzyme. Whereas a clear
band shift of VASP is observed after stimulation with forskolin,
no effect is observed with 1 um 8-pCPT-2'-O-Me-cAMP-AM (Fig-
ure 3B).

To summarise, we have described the synthesis of 8-pCPT-2'-
O-Me-cAMP-AM, a precursor that selectively activates Epac and
is more efficiently delivered into cells than its parent com-
pound. 8-pCPT-2"-O-Me-cAMP-AM works with high efficiency
under biological conditions by stimulating Epac and by activat-
ing Rap1-dependent processes, as demonstrated in two model
systems. We found that 8-pCPT-2'-O-Me-cAMP-AM is stable for
at least two hours in aqueous solution, but in general less
stable in sera containing esterases. In addition, it is possible
that toxic side effects might be caused by the by-products of
the esterase reaction. However, related prodrugs, such as piv-
ampicillin or Hepsera™, both of which release a carboxylic acid
and formaldehyde, or Enalapril™ or acetylsalicylic acid, both of
which release acetic acid, are in clinical use arguing for the
general safety of AM-ester-based precursors.”! 8-pCPT-2'-O-Me-
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Figure 2. 8-pCPT-2"-O-Me-cAMP-AM acts efficiently on cells. A) HUVECs were
stimulated with different concentrations of 8-pCPT-2"-O-Me-cAMP (007) or 8-
pCPT-2'-O-Me-cAMP-AM (007-AM), and the levels of Rap1-GTP were mea-
sured. B) HUVECs grown on an electrode were stimulated with different con-
centrations of 8-pCPT-2"-O-Me-cAMP or 8-pCPT-2'-O-Me-cAMP-AM as indicat-
ed. The change in transendothelial electrical resistance (AR) was measured
in real time. C) Jurkat-Epac1 cells were stimulated with different concentra-
tions of 8-pCPT-2"-O-Me-cAMP or 8-pCPT-2'-O-Me-cAMP-AM and seeded on
fibronectin coated plates. Adhesion (Ad) was measured after 15 min.

cAMP-AM is thus expected to become a powerful tool in Epac-
and PKA-related research.
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100 pm 3-isobutyl-1-methylxanthine (IBMX). The FRET signal was monitored
over time and is plotted here as normalised change in FRET (AF). The trace
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phorylation of VASP was monitored by a phosphorylation-induced mobility
shift after the indicated time points. The band marked by asterisk corre-
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Two Lysine Residues are Responsible for the Enzymatic Activities of Indole

Prenyltransferases from Fungi

Edyta Stec,” Nicola Steffan,” Anika Kremer,” Huixi Zou,™® Xiaodong Zheng,™ and Shu-Ming Li*®

Recently, we identified a new family of aromatic prenyltransfer-
ases from fungi by molecular cloning and subsequent bio-
chemical investigation. These enzymes catalyse the transfer
reactions of prenyl moieties like dimethylallyl diphosphate
(DMAPP) onto different positions of the indole rings of diverse
secondary metabolites. For example, FgaPT1 and FgaPT2 from
Aspergillus fumigatus are involved in the biosynthesis of fumi-
gaclavine C and catalyse the prenylation of fumigaclavine A at
position C2 and the prenylation of L-tryptophan at position C4
of the indole ring, respectively."? Therefore, FgaPT2 functions
as a 4-dimethylallyltryptophan synthase. A second dimethylal-
lyltryptophan synthase (DMATS) from the same fungus, 7-
DMATS, catalyses the prenylation of L-tryptophan at position
C7 of the indole ring.”! From a biosynthetic gene cluster of fu-
mitremorgin B in A. fumigatus, FtmPT1 was proven to catalyse
the prenylation of cyclo-L-Trp-L-Pro (brevianamide F) at posi-
tion C2 of the indole ring.”™ An additional prenyltransferase
from A. fumigatus, CdpNPT, was found to catalyse the prenyla-
tion of tryptophan-containing cyclic dipeptides at position N1
of the indole rings.”’ From Aspergillus nidulans, a gene cluster
for the biosynthesis of terrequinone A was identified by ge-
nomic mining,” and TdiB in this cluster was reported to be
responsible for two prenylation steps.”®

All of the indole prenyltransferases from fungi, including the
previously reported dimethylallyltryptophan synthase DmaW
from Claviceps purpurea,”'® show remarkable sequence simi-
larities to each other at the amino acid level (see Table S1 in
the Supporting Information). However, they do not show sig-
nificant sequence similarities either to trans-prenyltransferases
in the biosynthesis of terpenoids"” or to membrane-bound ar-
omatic prenyltransferases>' or soluble ABBA prenyltransfer-
ases from bacteria."*"”" The enzymatic reactions catalysed by
indole prenyltransferases from fungi are independent of the
presence of divalent metal ions, although calcium ions have
been found to enhance the activities of some enzymes.!"*7'8
This behaviour is in contrast to those of trans-prenyltransferas-
es and of membrane-bound aromatic prenyltransferases.!''>'
In these prenyltransferases, DMAPP or other prenyl diphos-
phates are bound by Mg?" through (D/N)DXXD motifs,"> "%
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which are absent in the fungal aromatic prenyltransferases''
47.18201 and ABBA prenyltransferases from bacteria."”

In contrast to the prenyltransferases that contain (D/N)DXXD
motifs!""*192" and the ABBA prenyltransferases from bacte-
ria,'” no data are available on protein structures or substrate
binding sites for the indole prenyltransferases from fungi.
Based on the fact that all of the indole prenyltransferases from
the above-mentioned fungi show similar biochemical proper-
ties and accept only DMAPP but not other prenyl diphos-
phates,"7'® it is plausible that the binding sites for DMAPP
are identical or at least similar in these prenyltransferases.

Sequence comparison of seven prenyltransferases from
fungi, which were verified experimentally by molecular cloning
and biochemical characterisation, revealed that these enzymes
share sequence identities between 20 and 55% at the amino
acid level (Table S1). By alignment of the amino acid sequences
of these prenyltransferases, highly conserved regions could not
be detected (data not shown). However, two motifs containing
three conserved basic amino acids could be identified
(Figure 1), that is, K186, R262 and K264 for DmaW-Cp from C.
purpurea; K211, R281 and K283 for FgaPT1; K187, R257 and
K259 for FgaPT2; K201, R292 and K294 for FtmPT1; K239, R311
and K313 for 7-DMATS; and K219, R284 and K286 for
CdpNPT—all from A. fumigatus—as well as K165, R236 and
K238 for TdiB from A. nidulans. The two conserved lysine resi-
dues in motifs | and Il are separated by 66 to 92 amino acids.
In motif Il, the arginine and the second lysine residue are sepa-
rated from each other only by one single amino acid. In addi-
tion, an aspartate residue that is eight amino acids away from
the mentioned arginine was also found in motif Il (Figure 1).

Structural analysis of the ABBA prenyltransferase NphB,
which requires Mg”* for its enzymatic activity, revealed that
D62 is involved in the binding of prenyl diphosphate through
Mg?*™."® Structural analysis additionally showed that basic
amino acids, such as lysine and arginine, are also involved in
the binding of phosphate residues in NphB,"® as initially pro-
posed for prenyl diphosphate binding in a farnesyl diphos-
phate (FPP) synthase. Site-directed mutagenesis experiments
indicated that two nearby arginine residues in the FPP syn-
thase are important for catalysis.”® In the Mg?*-independent
prenyltransferases CloQ and Fgn26 from the same protein
family of NphB, basic amino acids are very likely directly in-
volved in the binding of prenyl diphosphates, as suggested by
modelling studies."” Based on these results, it can be speculat-
ed that basic amino acids in motifs | and Il of the indole pre-
nyltransferases from the mentioned-above fungi could also be
involved in the direct binding of DMAPP, and, therefore, are
essential for enzymatic activity.

To investigate the importance of these amino acid residues
for the enzymatic activities of fungal indole prenyltransferases,
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Motif I Motif IT actions of the prenyltransferases
DmaW-Cp 185 LRKVYLYPHLKSIATGV 200 252 SCDLVDPSKSRIKIYL 267 are independent of divalent
metal ions, it is plausible that
FgaPT2 186 LKTYIYPALKAVVTGK 201 247 SCDLTSPAKSRIKIYL 262 . . .
the acidic amino acids, such as
FgaPT1 210 LKSYFMPAIRSAITGV 225 271 SYDAVDACKARIKIYT 286 the conserved aspartate residue
FtmPT1 200 VKAYFYPQPKSAVTGR 215 282 STDLVEPGKSRVKFYA 297 in motifll (Figure 1), are not di-
7-DMATS 238 TRAYFFPILMSLKTGQ 253 301 SVDCVNEADSRIKIYV 316 rectly involved in the binding of
prenyl diphosphate. This aspar-
CdpNPT 218 AKEYFFPGIKCAATGQ 233 274 CCDLVDPAHTRFRVYI 289 . .
tate residue was mutated to his-
TdiB 164 LKFYIPSVRKALATGQ 179 226 CLDPRTHKNARVKCYL 241 tidine as a negative control
(Table 1).

Figure 1. Conserved amino acid residues in indole prenyltransferases from fungi. DmaW-Cp: 4-dimethylallyltrypto-
phan synthase from Claviceps purpurea (accession no.: Q6X2E0); FgaPT2: 4-dimethylallyltryptophan synthase from
A. fumigatus (AAX08549); FgaPT1: fumigaclavine A prenyltransferase from A. fumigatus (XP_756136); FtmPT1: bre-
vianamide F prenyltransferase from A. fumigatus (AAX56314); 7-DMATS: 7-dimethylallyltryptophan synthase from
A. fumigatus (ABS89001); CdpNPT: cyclic dipeptide N-prenyltransferase from A. fumigatus (ABR14712); TdiB: dide-

methylasterriquinone D prenyltransferase from A. nidulans (ABU51603).

we chose FgaPT2, FtmPT1 and 7-DMATS for site-directed muta-
genesis experiments (see the Supporting Information). Primers
for PCR amplification are listed in Table 1 and the template
plasmids were described previously.?** The resulting plas-
mids pES1 to pES12 (Table 1) from mutagenesis experiments
were isolated and subjected to DNA sequencing, which con-
firmed the desired mutations in the respective constructs.
Overproduction of the recombinant proteins was carried out in
E. coli according to the conditions that were used for the ex-
pression of wild-type proteins in our previous studies.®*?!

In these experiments, lysine residues were mutated to gluta-
mate and arginine to glycine; this resulted in the mutant pro-
teins listed in Table 1. Based on the fact that the enzymatic re-

With the exception of the
negative control for FgaPT2,
FgaPT2_D249H, all mutant pro-
teins could be overproduced as
His-tagged fusion proteins with
yields that were comparable to
those of the corresponding wild-type proteins (Table S2),
which were in the range of 2 to 5 mg purified protein per litre
bacterial culture. Under the conditions used in this study, ex-
pression of pES4, which was constructed for overproduction of
FgaPT2_D249H, was not detected. All of the overproduced
proteins could be purified to homogeneity by Ni-NTA affinity
chromatography as judged by SDS-PAGE analysis (Figure 2).
The molecular mass of His;—FgaPT2 and its derivatives was
found to be 57 kDa, which corresponds very well to that re-
ported previously (Figure 2).”¥ The expected molecular mass
of Hiss—FtmPT1™ and Hiss~7-DMATS as well as their derivatives
could also be found at the expected size of 50 kDa (Figure 2).

Table 1. Primers used for site-directed mutagenesis.

Primer®® Sequence (5'—3) Mutation Construct/protein
DNA AA"!

FgaPT2_K187fw ATGGCCGCTTTGCACTTGAGACGTACATATACCCG A559—G K187 —E pES1/FgaPT2_K187E

FgaPT2_K187rev CGGGTATATGTACGTCTCAAGTGCAAAGCGGCCAT T821—C K187 —E

FgaPT2_R257fw CAGTCCTGCCAAGTCGGGAATCAAGATCTACCTGC A769 -G R257—G pES2/FgaPT2_R257G

FgaPT2_R257rev GCAGGTAGATCTTGATTCCCGACTTGGCAGGACTG T612—C R257—-G

FgaPT2_K259fw TGCCAAGTCGAGAATCGAGATCTACCTGCTGGAGC A775—-G K259 —E pES3/FgaPT2_K259E

FgaPT2_K259rev GCTCCAGCAGGTAGATCTCGATTCTCGACTTGGCA T606 —C K259 —E

FgaPT2_D249fw GCCTAGTGTCCTGTCATCTGACCAGTCCTGCCAAG G745—C D249—H pES4/FgaPT2_D249H

FgaPT2_D249rew CTTGGCAGGACTGGTCAGATGACAGGACACTAGGC C636—G D249—H

FtmPT1_K201fw GGGACCGTCCTGGTCGAGGCGTATTTCTACC A601—G K201—E pES5/FtmPT1_K201E

FtmPT1_K201rev GGTAGAAATACGCCTCGACCAGGACGGTCCC T795—C K201—E

FtmPT1_R292fw GAACCCGGCAAATCGGGGGTGAAGTTCTACGC C874—G R292 -G pES6/FtmPT1_R292G

FtmPT1_R292rev GCGTAGAACTTCACCCCCGATTTGCCGGGTTC G522—C R292—G

FtmPT1_K294fw CGGCAAATCGCGGGTGGAGTTCTACGCCAGCGAG A880—G K294 —E pES7/FtmPT1_K294E

FtmPT1_K294rev CTCGCTGGCGTAGAACTCCACCCGCGATTTGCCG T516—C K294 —E

FtmPT1_D284fw CATTTCCTGTCCACCCACCTCGTCGAACCCGGC G850—C D284 —H pES8/FtmPT1_D284H

FtmPT1_D284rev GCCGGGTTCGACGAGGTGGGTGGACAGGAAATG C546 -G D284 —H

7-DMATS_K239fw CGGGTCGTGTCACCACAGAGGCGTACTTTTTCCCG A715—G K239—E pES9/7-DMATS_K239E

7-DMATS_K239rev CGGGAAAAAGTACGCCTCTGTGGTGACACGACCCG T705—C K239—E

7-DMATS_R311fw TGAACGAGGCAGACTCTGGGATCAAGATATACGTG C931—G R311—-G pES10/7-DMATS_R311G

7-DMATS_R311rev CACGTATATCTTGATCCCAGAGTCTGCCTCGTTCA G481—C R311—G

7-DMATS_K313fw GGCAGACTCTCGGATCGAGATATACGTGCGGATGC A937—G K313 —E pES11/7-DMATS_K313E

7-DMATS_K313rev GCATCCGCACGTATATCTCGATCCGAGAGTCTGCC T983 —C K313—E

7-DMATS_D303fw GAGATGATCAGCGTCCATTGCGTGAACGAGGCAGAC G907—C D303 —H pES12/7-DMATS_D303H

7-DMATS_D303rev GTCTGCCTCGTTCACGCAATGGACGCTGATCATCTC C513—-G D303 —H

The mutations in the primer sequences are highlighted as underlined, bold letters; [a] fw: forward primer; rev: reverse primer; [b] AA: amino acid.
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Figure 2. SDS-PAGE of the purified proteins; the gels (12%, w/v) were stained with Coomassie brilliant blue R-250; A) FgaPT2 and its mutant derivatives;

B) FtmPT1 and its mutant derivatives; C) 7-DMATS and its mutant derivatives.

Enzymatic activities of the mutant proteins were determined
by HPLC analysis after incubation with their respective sub-
strates (see the Supporting Information). Recombinant en-
zymes without mutations were used as positive controls. Both
FgaPT2 and 7-DMATS, as well as their mutant derivatives, were
assayed by using L-tryptophan and DMAPP as substrates as de-
scribed previously.®?¥ The assays for FtmPT1 and its mutant
proteins were carried out by using brevianamide F and DMAPP
as substrates as described previously.™ Results of the activities
of mutant and wild-type enzymes are summarised in Figure 3
and Table 2.

HPLC analysis (Figure 3) showed that product formation
could be clearly detected in the incubation mixtures of all
three wild-type enzymes, with conversion rates of 21.19% for
FgaPT2, 10.62% for FtmPT1 and 9.85% for 7-DMATS (Table 1).
In contrast, product was not detected in the incubation mix-
tures with proteins that had been mutated at the lysine resi-
due in motif ll, that is, with FgaPT2_K259E, FtmPT1_K294E or
7-DMATS_K313E. These results suggest that the lysine residue
at this locus is essential for the enzymatic activity of these pre-
nyltransferases and is probably involved in the binding of
DMAPP. Product formation was not observed in the incubation
mixtures of FtmPT1 and 7-DMATS derivatives that had been
mutated at the conserved lysine residue in motif |, that is,
FtmPT1_K201E and 7-DMATS_K239E. Only the corresponding
derivative of FgaPT2, that is, FgaPT2_K187E, showed low enzy-
matic activity (2.8% of that of wild-type FgaPT2). This demon-
strates the importance of this lysine residue, which was even
essential for enzymatic activities of FtmPT1 and 7-DMATS.

These results are consistent with the suggestion from the
modelling studies that basic amino acids, for example, L54 in
CloQ and R46 in Fqn26, could be involved in prenyl diphos-
phate binding by ABBA prenyltransferases from bacteria.'”!
From our results, it could be speculated that these two lysine
residues in fungal prenyltransferases are directly bound to the
phosphate residues of DMAPP, and carbocation-mediated elec-
trophile capture could be involved as proposed for the trans-
prenyltransferase FPP synthase.”? Mutation of the arginine res-
idue in motif Il had less of an effect on the enzymatic activities
of FtmPT1 and 7-DMATS. Relative activities of 48.2 and 36.7%
were found for FtmPT1_R292G and 7-DMATS_R311G, respec-
tively, compared to the wild-type enzymes. This residue is un-
likely to be involved in DMAPP binding by FtmPT1 and 7-
DMATS. In contrast, mutation of the corresponding residue in
FgaPT2 had more of an effect on the enzymatic activity. Only
4.7% of the enzymatic activity of FgaPT2 was found for
FgaPT2_R257G; this indicates a possible role for the arginine
during catalysis by FgaPT2. As expected, mutation at the as-
partate residue had less of an effect on the enzymatic activity.
The mutated proteins FtmPT1_D284H and 7-DMATS_D303H
showed 33.0 and 42.5% relative activities compared to those
of FtmPT1 and 7-DMATS, respectively. These results indicate
that the conserved arginine and aspartate are very likely not
involved in prenyl diphosphate binding by FtmPT1 and 7-
DMATS. A weak binding by R257 in FgaPT2 is plausible.

In summary, we provide evidence for the first time that two
lysine residues are important for enzymatic activities of the
indole prenyltransferases from fungi and are very likely in-

Table 2. Prenyltransferase activities of purified proteins.
FgaPT2 and Conversion Relative FtmPT1 and Conversion Relative 7-DMATS and Conversion Relative
derivatives rate [%] activity [%] derivatives rate [%] activity [%] derivatives rate [%] activity [%]
FgaPT2 21.19+2.18 100+10.3 FtmPT1 10.62+1.03 100+9.7 7-DMATS 9.85+1.23 100+£12.5
FgaPT2_K187E 0.6 2.8 FtmPT1_K201E <0.05 <0.6 7-DMATS_K239E <0.03 <03
FgaPT2_R257G 1.00+0.21 474+1.0 FtmPT1_R292G 5.124+0.36 48.2+34 7-DMATS_R311G 3.61+0.22 36.7+23
FgaPT2_K259E <0.04 <0.2 FtmPT1_K294E <0.05 <0.6 7-DMATS_K313E <0.03 <0.3
FtmPT1_D284H 3.50+0.29 33.0+28 7-DMATS_D303H 4.19+£0.30 425+3.0
For quantification two independent experiments were carried out. [a] Product formation was detected only in one of the incubation mixtures.
ChemBioChem 2008, 9, 2055 - 2058 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2057
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Figure 3. HPLC analysis of reaction mixtures with A) FgaPT2 and its mutant derivatives after incubation at 30°C for 60 min, B) FtmPT1 and its mutant deriva-
tives after incubation at 37 °C for 45 min and C) 7-DMATS and its mutant derivatives after incubation at 37 °C for 45 min; detection was carried out at 277 nm.

volved, either directly or indirectly, in prenyl diphosphate bind-
ing. Mutation of the conserved residues, arginine and aspar-
tate, resulted in only a slight decrease in enzymatic activities;
this indicates that they are not directly involved in catalysis.
Structural analysis, for example, by crystallisation experiments,
could provide support for our results and additional informa-
tion on substrate binding sites of the indole prenyltransferases
from fungi.
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FtmPT2, an N-Prenyltransferase from Aspergillus fumigatus, Catalyses the
Last Step in the Biosynthesis of Fumitremorgin B

Alexander Grundmann,” Tatyana Kuznetsova,” Shamil Sh. Afiyatullov,” and Shu-Ming Li*®

Fumitremorgin B (Scheme 1) is
produced by a number of
fungal strains, including Asper-
gillus fumigatus," Neosartorya
fischeri,™  Aspergillus  caespito-
sus,® Penicillium piscarium' and
Penicillium verruculosum.® Some
of these strains produce also re-
lated compounds, such as ver-
ruculogen or fumitremorgin A,
which carries an additional O-
prenyl moiety (Scheme 1).l'=3¢9
Fumitremorgins and verruculo-
gen are structurally prenylated
diketopiperazine derivatives,
which are derived from a cyclic
dipeptide that consists of L-tryp-
tophan and L-proline™™ These
compounds are mycotoxins and
pose a problem for the food in-
dustry. However, some of their
biosynthetic precursors show in-
teresting biological and pharma-
cological activities. For example,
tryprostatin A and B (Scheme 2)
are potent inhibitors of micro-
tubules” and fumitremorgin C
(Scheme 2) is an inhibitor of the
breast cancer resistant protein
in some tumour cell lines and
can reverse multidrug resistance
of tumours.""'? Therefore, in-
vestigation of the biosynthesis
of these compounds would also
provide information for new strategies of drug discovery and
development programs, which could be achieved by molecular
biological and biochemical approaches.

From the genome sequence of A. fumigatus Af293, a puta-
tive biosynthetic gene cluster has been identified on chromo-
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Scheme 1. Chemical structures of fumitremorgins A and B and verruculogen; the proton numbering for fumitre-
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Scheme 2. Putative biosynthetic pathway of fumitremorgin B.

some 8 by using a bioinformatic approach.™ This cluster con-
tains a putative nonribosomal peptide synthetase gene
(AFUA_8G00170), two putative prenyltransferase genes (AFUA_
8G00210 and AFUA_8G00250), which show significant se-
quence similarity to the dimethylallyltryptophan synthase
DmaW from Claviceps purpurea™ and three genes that
encode cytochrome P450 enzymes.'® This gene cluster was
proposed to be responsible for the biosynthesis of fumitremor-
gins, and the two putative prenyltransferase genes were
termed ftmPT1 (AFUA_8G00210) and ftmPT2 (AFUA_
8G00250)."¥ This gene cluster is not expressed in A. fumigatus
Af293, and, therefore, accumulation of fumitremorgin B or its
precursors could not be identified in this strain." However,
heterologous over-expression of AFUA_8G00170 (ftmPS =ftmA)
in A. fumigatus and A. nidulans resulted in formation of brevi-
anamide F—a cyclic dipeptide of tryptophan and proline—in
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the ectopic integration mutants;"> this demonstrates that
FtmPS catalyses the condensation of the two amino acids
(Scheme 2). After heterologous expression of ftmPT1 in E. coli,
the overproduced Hisc—FtmPT1 was characterised biochemi-
cally. The FtmPT1 protein was shown to catalyse the second
step in the biosynthesis of fumitremorgins, that is, the prenyla-
tion of brevianamide F at position C2 of the indole ring; this
results in formation of tryprostatin B (Scheme 2)."¥ The results
obtained for FtmPS and FtmPT1 proved that the identified
gene cluster is indeed responsible for the biosynthesis of fumi-
tremorgins.

In this cluster, the second putative prenyltransferase gene
ftmPT2 was separated from ftmPT1 by a DNA segment of 7 kb.
Analysis by using FGENESH (see the Supporting Information)
and by comparing the sequence with those of known prenyl-
transferases revealed that ffmPT2 probably consists of two
exons that are 1179 and 105 bp long, and are interrupted by
an intron of 65bp. The gene spans base pairs 750209 to
751557 of GenBank entry AAHF01000014.1. The deduced gene
product of ftmPT2 (EAL85141) comprises 427 amino acids and
has a calculated molecular mass of 48.5 kDa; it is similar to
other known indole prenyltransferases, such as FtmPT1, Fga-
PT1, FgaPT2, 7-DMATS and CdpNPT from A. fumigatus.''*'¢% In
addition, FtmPT2 also shows significant sequence similarity to
these enzymes. For example, by using the program BLAST 2
SEQUENCES (Supporting Information), FtmPT2 was found to
share an identity of 30% with FtmPT1,"®¥ 26% with FgaPT1,l'”
37% with FgaPT2,l'® 28% with CdpNPT"®%" and 29% with 7-
DMATS."

The FtmPT2 protein could be involved in the conversion of
12,13-dihydroxyfumitremorgin C to fumitremorgin B, that is,
prenylation at position N1 of the indole ring. However, it is
also possible that this enzyme is involved in the transfer of the
O-prenyl moiety in fumitremorgin A, or it could catalyse two
different prenyl transfer reactions, that is, the N- and O-preny-
lation in the biosynthesis of fumitremorgin A, as observed for
TdiB in the biosynthesis of terrequinone in A. nidulans.*" To
prove the function of FtmPT2, we decided to amplify and
clone the gene from A. fumigatus, and overproduce and char-
acterise the gene product biochemically.

By analogy with successful expression of other prenyltrans-
ferase genes,'*"7%22 we initially tried the expression of
ftmPT2 in E. coli. For this purpose, the coding region of ftmPT2
was PCR amplified by using the ¢cDNA of A. fumigatus strain
B5233 as template, which is available in phagemid form and
isolated from a cDNA library obtained from Stratagene. The
PCR product was cloned—by way of using the cloning vector
PGEM-T—into the expression vector pQE70 for E. coli, to give
the construct pAGO019. Sequencing of pAG019 confirmed the
predicted gene structure and revealed neither a mutation nor
a frame shift. However, gene expression could not be achieved
under various conditions, including with different E. coli strains,
IPTG concentrations, culture media and induction tempera-
tures (data not shown). Therefore, we decided to carry out
gene expression in Saccharomyces cerevisiae, which was suc-
cessfully used for expression of fgaPT2."® For this purpose,
ftmPT2 was PCR amplified again by using pAG019 as template
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and cloned into pYES2/NTC by using pGEM-T Easy, and the ex-
pression construct pAG028 was obtained (see the Supporting
Information).

Soluble proteins were obtained from transformants of S. cer-
evisiae that harboured pAG028 after overnight induction with
raffinose (1%, w/v) and galactose (2%, w/v) at 30°C. By using
Ni-NTA agarose, His¢—FtmPT2 was purified to homogeneity as
judged by SDS-PAGE (Figure 1). The observed molecular mass
was 50.1 kDa and corresponded very well to the calculated
mass of 49.3 kDa for Hisc—FtmPT2. A protein yield of 2 mg of
pure, N-terminal Hiss-tagged FtmPT2 per litre culture could be
obtained.

1 2 3 4

¥

97.0 we—

66.0 - ‘g’
e

45.0
30.0 M- =
—

20.1 .
—_ E 3

Figure 1. Purification of FtmPT2 as a Hiss-tagged fusion protein after gene
expression. The SDS polyacrylamide gel (12%, w/v) was stained with Coo-
massie brilliant blue R-250. Lane 1: molecular mass standard; lane 2: soluble
protein before induction; lane 3: soluble protein after induction; lane 4: pu-
rified His;—FtmPT2.

As mentioned above, FtmPT2 was expected to catalyse
either the N- or O-prenylation, or both reactions in the biosyn-
thesis of fumitremorgins. To prove this, the purified Hiss—
FtmPT2 was incubated with 12,13-dihydroxyfumitremorgin C in
the presence of Ca’" and dimethylallyl diphosphate (DMAPP).
HPLC analysis showed that a product peak at 14.7 min could
be detected only in the reaction mixture with active recombi-
nant enzyme after incubation for 120 min at 37°C, but not in
the mixture with heat-denatured Hisc—FtmPT2 (Figure 2). Prod-
uct formation was strictly dependent on the presence of
DMAPP and 12,13-dihydroxyfumitremorgin C (data not shown).
Dependence of product formation on the amount of protein
was found up to 50 pg per 100 pl assay with the reaction time
of up to 90 min at 37°C.

For structural elucidation, the enzymatic product was subse-
quently isolated on a preparative scale after incubation with
1.6 um purified enzyme for 36 h, and subjected to NMR spec-
troscopy and MS analysis. Comparison of the 'H NMR spectros-
copy data of the isolated product (Table 1) with those of the
substrate revealed the presence of signals for a regular di-
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Figure 2. HPLC chromatograms of enzyme assays with recombinant Hisc—-FtmPT2 by using: A-C) 12,13-dihydroxyfumitremorgin C, D) fumitremorgin C, E) try-
prostatin B and F) brevianamide F as substrates. The reaction mixtures were incubated at 37 °C for 45 min or 120 min. Protein inactivation for the incubation
in chromatogram C) was carried out by boiling the protein at 100 °C for 20 min. Detection was carried out by using a photo diode array detector and illustrat-

ed at 277 nm.

methylallyl moiety at 4.54 (H-21), 5.04, (H-22), 1.85 (3H-24) and
1.70 ppm (3H-25); this indicates that the moiety is attached to
either an N or O atom rather than to a C atom."'® The NMR
spectroscopy data of the isolated compound correspond well
to those of fumitremorgin B described by Kodato et al.”®
Therefore, the enzymatic product of FtmPT2 could be unequiv-
ocally identified as fumitremorgin B, which was also confirmed
by detection of the [M—1]" ion at m/z 478.4 in negative ESI-
MS spectrum. These results suggest that FtmPT2 catalysed the
prenylation of 12,13-dihydroxyfumitremorgin C at position N1
of the indole moiety (Figure 2). Therefore, FtmPT2 functions as
an N-prenyltransferase, but not as an O-prenyltransferase, that

ChemBioChem 2008, 9, 2059 - 2063
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could be involved in the biosynthesis of fumitremorgin A. The
reaction catalysed by FtmPT2 represents the last step in the
biosynthesis of fumitremorgin B. In the biosynthetic gene clus-
ter of fumitremorgins from A. fumigatus, only two prenyltrans-
ferase genes—the previously reported brevianamide F prenyl-
transferase gene ftmPT1 (Scheme 2) and ftmPT2 described in
this study—have been found by sequence analysis."¥ The re-
sults obtained for FtmPT1 and FtmPT2 indicate that fumitre-
morgin B or a derivative thereof, for example, verruculogen,
but not fumitremorgin A, is very likely the end product of this
cluster. This seems to be in contrast to the observation that
fumitremorgin A is also detected in different A.fumigatus
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Table 1. 'H NMR spectroscopy data for fumitremorgin B. The spectrum
was taken by using an Avance DRX 500 (Bruker) spectrometer in CDCl,.
Chemical shifts (0) are given in ppm and coupling constants in Hz.
Assignments of the signals were also confirmed by H,H-COSY; for num-
bering of the protons see Scheme 1.
Proton  Kodato et al.”®! Enzymatic product of FtmPT2
3 5.97 (d-like, J=10.1, TH) 5.97 (dd, J,=10.0, J,=0.8)
6 446 (dd, J,=7.0, ,=95, 1H)  4.45 (dd, J,=10.0, J,=7.0)
7 246 (m, 1H) 2.48 (m)

1.8-2.2 (m, 3H) 2.10 (m)
8 1.8-2.2 (m, 3H) 2.10 (m)

1.98 (m)

9 3.64 (dd, J;=49, J,=85,2H)  3.64 (dd, J,=9.0, J,=4.5)
OH-12 4.0 (s, exchangeable) 3.99 (s)
OH-13 4.70 (d, J=2.7, exchangeable) 470 (d, J/=2.6)
13 577 (d, J=27,1H) 577 (dd, J,=2.6, J,=0.8)
16 7.85(d, J=8.5, TH) 7.85(d, J=8.7)
17 6.80 (dd, J,=2.4, J,=85,1H)  6.80 (dd, J,=8.7, J,=2.3)
19 6.70 (d, J=24, 1H) 6.70 (d, J=2.3)
21 4.54 (d-like, J/=5.8, 2H) 4.54 (m)
22 5.04 (t-like) 5.04 (td, J,=6.4, J,=1.0)
24 1.85 (s, 3H) 1.85(d, J=1.0)
25 1.70 (s, 3H) 1.70 (d, J=1.0)
26 4.70 (d-like, J=10.1, 1H) 4.71 (dm, J=10.0)
28 1.99 (s, 3H) 199 (d, J=1.2)
29 1.63 (s, 3H) 1.63(d, J=1.2)
30 3.85 (s) 3.84 (s)

strains.* However, it cannot be excluded that additional
genes that encode a prenyltransferase and modification en-
zymes for the conversion of fumitremorgin B to fumitremor-
gin A, are located elsewhere in the genome.

The FtmPT2 protein was found to be specific for DMAPP as
prenyl donor. Product formation was only observed with
DMAPP, but not with geranyl diphosphate under the condi-
tions that we used. FtmPT2 also showed a relatively high spe-
cificity towards its aromatic substrate. Fumitremorgin C was ac-
cepted by FtmPT2 with a relative activity of 10% that of 12,13-
dihydroxyfumitremorgin C. The prenylation product of fumitre-
morgin C was identified by positive ESI-MS. Other biosynthetic
precursors, such as brevianamide F, tryprostatin A or B, were
not accepted by FtmPT2. The enzymatic reaction catalysed by
FtmPT2 appears to be extremely regiospecific since a second
product was not detected with 12,13-dihydroxyfumitremor-
gin C in the presence of DMAPP even under extended incuba-
tion conditions (data not shown).

An important parameter for prenyltransferases is the de-
pendence of their reactions on metal ions, especially on the
presence of Mg*" or Ca?*.l*161819.2527) Tharefore, the enzymat-
ic activity of FtmPT2 was assayed with 12,13-dihydroxyfumitre-
morgin C and DMAPP in the presence of different metal ions
at a final concentration of 5 mM. An incubation mixture with-
out additives was used as control. Our results showed that
product formation is independent of the presence of metal
ions. Even in the presence of EDTA—a chelating agent for di-
valent metal ions—loss of enzyme activity was not detected.
These results are in contrast to all of the known trans-prenyl-
transferases” and membrane-bound aromatic prenyltransfer-
ases.””? After addition of Ca®*, no significant enhancement
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of enzyme activity could be observed with FtmPT2 in compari-
son to the sample without additives. This feature differs from
those of FgaPT2,l"® FtmPT1,"® CdpNPT!"®2% and 7-DMATS, but
is similar to that of FgaPT1."” This indicates that enhancement
of enzyme activity by Ca’" is not conserved among the indole
prenyltransferases.

The FtmPT2 enzyme is active as a homodimer and the reac-
tion apparently followed Michaelis—-Menten kinetics. The K,
values were determined from Lineweaver-Burk plots to be
96 um  for 12,13-dihydroxyfumitremorgin C and 186 pm for
DMAPP; the turnover number was determined to be 0.03 s
These values are comparable to those of other indole prenyl-
transferases, for example, FtmPT1"® and 7-DMATS.!"?!

In summary, the present study showed that FtmPT2 cataly-
ses the regiospecific prenylation of 12,13-dihydroxyfumitremor-
gin C at position N1 of the indole ring in the presence of
DMAPP, and therefore represents an enzyme involved in the
last reaction step in the biosynthesis of fumitremorgin B in
A. fumigatus.
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Chemoenzymatic Total Synthesis of the Antiproliferative Polyketide (+)-(R)-

Aureothin

Martina Werneburg™ and Christian Hertweck *® ®!

Aureothin (1) is a densely functionalized polyketide metabolite
of Streptomyces thioluteus that efficiently stalls proliferation of
various tumor cells.”"! The unusual nitroaryl and tetrahydrofuryl-
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pyrone moieties are shared by a number of related Streptomy-
ces natural products, such as the HIV protease inhibitor neo-
aureothin (spectinabilin, 2), and the immunosuppressant
SNF 4435C (3) and its diastereomer SNF 4435D.®! The latter
pair are derived from 2 by a unique photoinduced rearrange-
ment cascade, which eventually yields the lower homologue
orinocin (4) and mesitylene by “polyene splicing”.” The natural
(Streptomyces) and semisynthetic derivatives N-acetyl aureotha-
mine (5)* and aureonitrile (6)* proved to be potent anti-Heli-
cobacter and antiproliferative agents, respectively.

The structures and bioactivities of 1 and 3 have triggered
great interest in their total synthesis.”” However, the prepara-
tion of the chiral furyl segment proved to be most challenging
due to facile racemization, and as of yet no enantioselective
total synthesis of (+)-(R)-1 has been reported.

We started the synthesis of the polyketide backbone with a
modified Julia olefination of the known aldehyde 7" with the
1-phenyl-1H-tetrazol-5-yl sulfone (PT-sulfone) 8a (Scheme 1,
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Supporting Information)."™ Compound 8a was in turn pre-

pared by Williams-type thioetherification of ethyl-4-bromopen-
tanoate with 1-phenyl-1H-tetrazole-5-thiol and oxidation of the
resulting sulfide to the corresponding sulfone with
ammonium molybdate tetrahydrate in H,0,.¥ At-
tempts to synthesize 8a by nucleophilic substitution
of 5-ethylsulfonyl-1-phenyl-1H-tetrazole with ethyl 3-
bromopropionoate were not satisfactory, probably
due to the less reactive methylene group in the a-
position of the sulfone. The best results for the modi-
fied Julia olefination with 8a were obtained with
DME as solvent and KHMDS as base, yielding 9 in
moderate yield (48%) and E/Z ratio (73:27). Yields
were raised to 60% (E/Z=63:37) with the tert-butyl
derivative 8 b (TBT-sulfone). Ethyl ester 9 was reduced
to aldehyde 10 by treatment with DIBAH, prior to
chain extension in analogy with the synthesis of cyer-
cene A and the placidenes."™ Compound 10 was
then first subjected to an aldol reaction with the di-
anion of methyl 2-methyl-3-oxopentanoate (11). Sub-
sequent oxidation of the (-hydroxy alcohol 12 with
DMP afforded diketoester 13, which was cyclized to a-pyrone
14 with the aid of DBU. Finally, methyl fluorosulfonate was
used to methylate the prototropic ambident nucleophile 14
regioselectively at the y-position.™

As an alternative to chemical methylation we also employed
the S-adenosyl methione (SAM) dependent regiospecific
pyrone methyltransferase Aurl. To test its potential for trans-
forming the unnatural substrate 14, Aurl was heterologously
produced in S. lividans and S. albus host strains by use of the
expression plasmid pHJ95. Pyrone 14 (1.3 umol in DMSO) was
administered to cultures of these strains, and the course of the
biotransformation was monitored by LC-MS analysis of the
crude extracts. We observed the formation of the desired v-
pyrone 15 together with an uncharacterized side product in
the broth of S.albus/pHJ95 (Supporting Information). While
this approach is generally viable, we continued the synthesis
with the chemically methylated pyrone because of the higher
yields.

We next employed vinyl iodide 15 for a Pd(PPh;),-catalyzed
Stille coupling for completion of the polyketide backbone.
lodine/tin exchange provided a stannane that was immediately
coupled with 1-iodo-4-nitrobenzene, yielding isomerically pure
deoxyaureothin (16, 82%; Figure 1).

Compound 16 represents the last intermediate in the aureo-
thin pathway. The final biosynthetic steps are catalyzed by the
unique bifunctional cytochrome P450 monooxygenase AurH.
To circumvent challenges in electron transport and cofactor re-
generation we performed the biotransformation in a whole-
cell system. AurH was heterologously produced in S. livid-
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Scheme 1. Synthetic route to vinyl iodide 15. a) KHMDS, DME, —60 °C, 48 %, E/Z 73:27; b) DIBAH, toluene, —78°C, 88%; c) NaH, nBuLi, THF, 0°C, 55%; d) DMP,
CH,Cl,, 0°C to RT; 46 %; e) DBU, benzene, 80°C, 62 %; f) either biotransformation by Aurl (Ade =adenosyl) or treatment with MeOSO,F, CH,Cl,, 0°C to RT, 80%.

AurH

and 15 as substrates for AurH. Compounds 13 and
14 either were not or were only partially converted,
possibly because of the lacking O-methylated pyrone
moiety. In sharp contrast, the transformation of 15
gave a major product with the expected mass (M:
402) of the heterocyclic compound, so the iodine
moiety seems to be bioisosteric with the nitroaryl
group of deoxyaureothin. Interestingly, during the
early stage of the biotransformation another peak
occurred, decreasing over time. HR-MS data pointed
towards a monohydroxylated intermediate, most
likely the 7-OH derivative (Figure 1).

A larger scale biotransformation of 15 with S. liv-
idans ZX1/pHJ110 was carried out in order to provide
enough material for a full structure elucidation and
further synthetic steps. The crude extract was sub-
jected to silica gel column chromatography, and final
purification by semipreparative HPLC yielded pure 17

(31%). NMR, HR-MS, and IR data unequivocally corro-
borated the structure of 17 (Figure 1). Future in vitro
work will be directed towards improving the current-
ly mediocre yields, which are likely due to microbial
degradation. However, having enantiomerically pure
vinyl iodide 17 to hand, we probed it for the Stille
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Figure 1. A) Synthesis of 1 from vinyl iodide 15. a) Stille coupling; Sn,Me,, Pd(PPh;),,
then 1-iodo-4-nitrobenzene, Cul, Pd,dba,, THF, reflux, (85%). B) HPLC profile: in vivo
biotransformation of vinyl iodide 15 with AurH (32-75%); a) reference 15, b) after 1 d,

¢) after 3 d. C) CD spectra of semisynthetic 1 (top) and of reference (+)-(R)-1 from S. thio-

luteus (bottom).

ans ZX1 by use of the expression plasmid pHJ110.'%" HPLC
analysis documented the complete transformation of 15 into
enantiomerically pure 17 (Figure 1).

This reaction in itself completes the first chemoenzymatic
and biomimetic synthesis of 1. However, we also sought to
modify the route to make it more flexible for aureothin ana-
logues, testing earlier synthetic intermediates such as 13, 14,
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coupling. After iodine/tin exchange the intermediary
stannane was readily coupled with 1-iodo-4-nitroben-
zene as shown for 16 and in the previous racemic
syntheses of 1 and 4.°79 For the determination of
the absolute configuration we compared the CD
spectra of the chemoenzymatically synthesized prod-
uct with an authentic sample of (+)-(R)-1 (Figure 1).
The identity of both spectra clearly indicated that the
two samples share the same stereochemistry.

The synthesis of therapeutics by taking advantage of syner-
gism of synthetic and enzymatic transformations is an emerg-
ing field." Here we report the first asymmetric synthesis of
the antiproliferative agent (+)-(R)-aureothin by a chemoenzy-
matic approach. The polyketide backbone was assembled in a
modular fashion by chemical synthesis and tailored enzymati-

2065

www.chembiochem.org



www.chembiochem.org



BIO

cally by the regioselective pyrone methyl transferase Aurl and
the bifunctional cytochrome P450 monooxygenase AurH,
which is capable of installing two C—O bridges. Besides deoxy-
aureothin we also succeeded in introducing the oxa heterocy-
cle into a bioisosteric vinyl iodide by asymmetric enzymatic
oxygenation. The resulting synthetic building block was suc-
cessfully employed for a Stille coupling yielding (+)-(R)-1, as
confirmed by CD spectroscopy. Although cytochrome P450
enzymes have been used extensively in biotransformations, to
the best of our knowledge these results represent the first ex-
ample of the use of an asymmetric cytochrome P450-mediated
furan heterocyclization in synthesis. Our modular approach
should provide the basis for the synthesis of various analogues
of the aureothin family of polyketides.
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Ultrasensitive Detection of DNA by PNA and Nanoparticle-Enhanced

Surface Plasmon Resonance Imaging

Roberta D’Agata,”” Roberto Corradini,” Giuseppe Grasso,” Rosangela Marchelli,

Recently, DNA sensing by advanced technologies™ has
become an important issue in various fields of life sciences for
both applicative and research purposes.”® The real-time PCR
(polymerase chain reaction) is the method of choice for quanti-
tative analysis, although end-point PCR amplification followed
by fluorescence detection of labeled DNA is extensively used.
Massive miniaturized parallel analysis using DNA microarray
technology can be envisaged,” with DNA probes immobilized
on surfaces. Since PCR involves time-consuming thermal cycles
and is subject to severe contamination problems, however, a
major challenge for rapid and reliable DNA analysis appears to
be the development of rapid and multiplexed methods that
1) do not rely on PCR, and 2) are based on label-free detection
systems.

SPR imaging (SPR™ has recently emerged as an extremely
versatile method for detecting interactions of biomolecules in
a microarray format.®® It uses optical detectors for spatial
monitoring of localized differences in the reflectivity of the in-
cident light (A%R)—which can be seen as brighter or darker
regions in the SPR image—from an array of biomolecules
linked to chemically modified gold surfaces. Label-free and
real-time analyses can be carried out with high throughput
and low sample consumption by coupling microfluidic devices
with the SPRI apparatus.”'”

However, the use of SPRI for genomic assays is limited by
reduced sensitivity in the detection of hybridized DNA or RNA
samples, so a number of different strategies directed towards
amplifying SPRI response to DNA and RNA hybridization have
recently been investigated,"'? in particular with use of colloi-
dal gold nanoparticles (AuNps).'*™*! On the other hand, an-
other issue that deserves attention is the sequence specificity,
in particular when single-nucleotide polymorphisms (SNPs) or
point mutations are concerned."*'®

Peptide nucleic acids"® (PNAs) have been shown to be able
to improve both selectivity and sensitivity in targeting comple-
mentary DNA and RNA sequences.”®?” PNAs are DNA mimics
in which the negatively phosphate deoxyribose backbone is
replaced by a neutral N-(2-aminoethyl)glycine linkage. On ac-

[a] Dr. R. D'Agata, Dr. G. Grasso, Prof. G. Spoto
Dipartimento di Scienze Chimiche, Universita di Catania
Viale Andrea Doria 6, 95125, Catania (Italy)
Fax: (+39) 095-580138
E-mail: gspoto@unict.it
[b] Prof. R. Corradini, Prof. R. Marchelli
Dipartimento di Chimica Organica ed Industriale, Universita di Parma
Vile G. P. Usberti 17/a, 43100, Parma (Italy)
[c] Prof. G. Spoto
Istituto Biostrutture e Bioimmagini, CNR
Viale A. Doria 6, Catania (Italy)
Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

ChemBioChem 2008, 9, 2067 — 2070

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

bl and Giuseppe Spoto *@ ¢
count of their outstanding properties, PNAs have been pro-
posed as valuable alternatives to oligonucleotide probes.*?%!

Surface plasmon optical detection of PNA:DNA and
PNA:RNA hybridization has already been demonstrated,®*%"!
and the lack of sensitivity for unamplified DNA or RNA detec-
tion has been overcome either by coupling of spectral SPR
with electrochemically based techniques (detection limit
10 pm)® or by use of a fluorescence-based SPR technique
known as surface plasmon fluorescence spectroscopy (detec-
tion limit 200 pm).2>

Here we report on the possibility of using PNA probes for
the ultrasensitive nanoparticle-enhanced SPRI detection of
DNA sequences down to 1 fm, while maintaining a very high
selectivity in the recognition of single-nucleotide mismatches,
through the use of microchannel devices. The experiments
were carried out with a 15-mer PNA sequence (PNA 1, Figure 2,
below) specifically designed to identify Roundup Ready (RR)
genetically modified soybean, which had been tested by PNA
microarray technology previously.”!

Figure 1 shows a representative SPR difference image ob-
tained after the spatially controlled immobilization of PNA 1

—— 500 ym

Figure 1. SPR difference image showing immobilization of PNA 1 probe

(0.1 um in PBS). A Y-shaped microfluidic network was used for the experi-
ment. The brighter areas identify the regions where the PNA immobilization
occurred.

on a gold surface previously functionalized with dithiobis(N-
succinimidylpropionate) (DTPS). Brighter regions within the Y-
shaped microchannels define the areas where PNA 1 is immo-
bilized (PNA 1 solution 0.1 pm in PBS; surface coverage of 3x
10" moleculescm™), whereas darker regions in the microchan-
nel areas were obtained by mPEG-NH, immobilization.

The DNA sequences used (36 mers) each contained a varia-
ble tract at the 3’ terminal part—variously constituting the full
match (DNA-FM) 15-mer target sequence, a singly mutated
specimen (DNA-MIS-A,T,C), or an unrelated control sequence
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AuNP-Target sequence DNA-12mer

5 ’-GCAGCTTATCGT—3’C6~Biolin‘

3-TTTGGGAATTAGGGT---TTTTTTTTT---CGTCGAATAGCA-5’

PNA-Target

PNA 1 5-AAACCCTTAATCCCA-3

T9 spacer
Full-match sequence
DNA-FM

Mismatch sequences

X=AT.C 3-TTTGGXAATTAGGGT---TTTTTTTTT---CGTCGAATAGCA-5"
DNA-MIS-X

Control sequence

DNA-CTR 3'-CGCATTGTGCCTCAC---TTTTTTTTT---CGTCGAATAGCA-5"

No spacer sequence
DNA-NS

Spacer primer sequence 3. TTTGGGAATTAGGGT---TAAGGTTAA-—-CGTCGAATAGCA-5’

DNA-SP

Variable region

Figure 2. Sequences and acronyms for the oligonucleotides used in this work.

(DNA-CTR)—followed by a T, spacer and then by an oppor-
tunely designed oligonucleotide 5'-tail (as target for the nano-
particle-linked DNA) (see Figure 2). The SPRI response after the
direct hybridization of the 15-mer part of the DNA-FM target
(1 um in PBS) complementary to the immobilized PNA 1 is
shown in Figure 3A, where the change in percent reflectivity
(A%R) over time caused by the target adsorption is reported.

A)
0.8-
0.6-
0.4 B)

A%R
0.2 I I I
0.0+ c)
Ty PEG
0.2 AN
0 250 500 750 1000
tls

Figure 3. Change in percent reflectivity (A%R) over time obtained for the
interaction between the surface-immobilized PNA 1 probe and A) DNA-FM
(1 pm) target, B) DNA-CTR (1 pum) control sequence. C) The change in percent
reflectivity over time obtained when the DNA-FM (1 pum) was put in contact
with a mPEG-modified surface is also shown.

The direct target hybridization at a 1 um concentration result-
ed in a A%R value that was low (/0.7 %), but higher than that
obtained with the control sequence (DNA-CTR; Figure 3B),
which was comparable to that obtained when the target
(DNA-FM) was put in contact with a mPEG-modified surface
(Figure 3C). This direct detection scheme, however, failed to
detect target DNA at sub-micromolar concentrations.

AuNps were used to achieve ultrasensitive detection of the
target hybridization by following the sandwich strategy de-
scribed in Scheme 1. A DNA-FM solution (concentration rang-
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ing from 1 um to 1 fm, 150 pL,
flow rate 5 uLmin~") was inject-
ed into the microchannel con-
taining the immobilized com-
plementary PNA 1. AuNps con-
jugated to a 12-mer oligonu-
cleotide complementary to the
final tract of the target DNA,
not involved in the hybridiza-
tion with the PNA 1 probe,
were used to produce a detect-
able signal. The specificity of
the DNA-FM adsorption was
checked by comparing the
nanoparticle-enhanced SPRI re-
sponse with those obtained

DNA 12-mer

DNA-FM

U

J

PNA 1

NN I

Scheme 1. Pictorial description of the strategy used for the ultrasensitive
nanoparticle-enhanced SPRI detection of the target DNA sequence.

when singly mismatched sequences (DNA-MIS-A, T, C) or the
unrelated sequence (DNA-CTR) were allowed to interact with
the surface-immobilized PNA 1. Figure 4 shows the SPRI re-
sponses obtained when 1 fm of target DNA-FM or mismatched
or unrelated DNA solutions (1 fm) were used for the experi-
ments. The A%R caused by the nanoparticle-enhanced SPRI
detection of the DNA-FM hybridization (average SPRI response
A%R=2.14, SD=0.2, replicate measurements n=>5) is different
(t-test, P=0.99) from those generated after the adsorption of
the single mismatch carrying sequences (DNA-MIS-T, DNA-MIS-
A, DNA-MIS-C; average A%R, SD=0.29+0.04, n=5), as well as
from those obtained with a DNA-CTR solution (1 fm), a DNA-
FM solution (1 fm) adsorbed on an mPEG surface, and with no
DNA adsorbed on the PNA 1 probe. Such results are visualized
in Figure 4, which shows a representative SPR difference image
of the parallel detection of the 1 fm sequence adsorption to
PNA 1 and mPEG surfaces.

In order to demonstrate that similar results are also obtained
in the absence of the T,-spacer, experiments were also carried
out with a target with no spacer (DNA-NS; see Figure 2) or
with a different spacer (DNA-SP). The results obtained for
50 fm solutions are shown in Figure 5.

ChemBioChem 2008, 9, 2067 — 2070



www.chembiochem.org



2541 mPEG F) ]

= DNA-FM 1fm A)
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2.0 'DNA-CTR 1fm B)
DNA-MIS-A 1fm D)

1.54 DNA-MIS-T 1fm E)

A%R
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tls

0 400 800

Figure 4. 1) Time-dependent SPRI curves obtained after the adsorption of
DNA 12-mer-AuNps on: A) DNA-FM (1 fm) hybridized to the surface-immobi-
lized PNA 1 probe, B) DNA-CTR (1 fm), C) DNA-MIS-C (1 fm), D) DNA-MIS-A

(1 fm), and E) DNA-MIS-T (1 fm) adsorbed on surface immobilized PNA 1.

F) DNA-FM (1 fm) adsorbed on a mPEG-modified gold surface, and G) PNA 1
probe surface with no DNA. The latter curve was obtained from a separate
experiment. Il) Representative SPR difference image showing the parallel de-
tection of the SPRI responses described above.

5 A),B)

C)
3-
A%R 2
1-

D)
0_

0 500 1000 1500 2000 2500

tis

Figure 5. Time-dependent SPRI curves showing the nanoparticle-enhanced
SPRI detection of A) DNA-SP, B) DNA-FM, and C) DNA-NS hybridization to
the PNA 1. D) The nanoparticle-enhanced SPRI response obtained in the ab-
sence of DNA is also shown. The concentrations of the target solutions used
for this experiment were 50 fm.

The experiments described demonstrate that the combina-
tion of the ultrasensitive nanoparticle-based SPRI biosensing
with the high affinity and selectivity of the PNA allows the de-
tection of DNA at a 1 fm concentration with use of only 150
zeptomoles of the target molecules and still presenting single-
nucleotide mismatch recognition. This limit of detection is far
below that previously obtained by us by microarray technolo-
gy with the same PNA probe (1 nm, 50 fmol), for detecting RR-
soy.?

To the best of our knowledge, this is the first example of
ultrasensitive SPRI detection of hybridization between PNA

ChemBioChem 2008, 9, 2067 — 2070
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probes and DNA targets. In fact, a 200 pm limit was recently
reported for detection of PNA hybridization of single-stranded
DNA by surface plasmon enhanced fluorescence spectrosco-
py,> whereas a 10 fm sensitivity for the detection of single-
stranded DNA by an oligonucleotide probe by use of a surface
plasmon biosensor based on nanoparticle-enhanced diffraction
gratings has been demonstrated.” Discrimination of a com-
pletely different sequence (16 bases) was reported in the latter
work as a test for specificity, whereas the method here report-
ed mismatches involving single bases.

The responses (A%R) caused by the nanoparticle-enhanced
SPRI detection (Scheme 1) of A) match and B) mismatch se-
quences as a function of concentration are reported in Fig-
ure 6. Maxima of the SPRI A%R values were obtained at 1 nm

16
A) 1 nM
1 2 9 ]
A% Rmatch 1 UM
a [ ]
411 fm = f
-
4
; B) )
A% Rivismaten . -
21 .
== 0
O b e ey ey ey T ey T
1fm
A% Rmatch 81 { 5OIfM
—_— [ ]
A% Rmismatch -
n
41 . - ] 1 um
C) .

1 pm

1106 1x10-"  1x10-12 1x10-10 1x10%  1x10-
Conc./m

Figure 6. A%R values obtained after nanoparticle-enhanced SPRI detection
(see Scheme 1) of differently concentrated A) match and B) mismatch se-
quence solutions. The A%Rismach Values are the products of averaging of
the DNA-MIS-C, DNA-MIS-A, and DNA-MIS-T SPRI responses. C) The ratios be-
tween A%R i aNd A%R ismarch @S @ function of logarithmic concentrations
of the sequences used are also shown. The error bars show the standard de-
viations of the mean responses (n=>5).

concentrations both of the match (Figure 6A) and of the mis-
match (Figure 6B) sequences, although the latter show a much
lower response, as a consequence of an optimal target surface
density that reduces steric hindrance and favors the specific
adsorption of the DNA 12 mer-AuNps to the complementary
portion of the DNA. From the A%R. ../ A%Rmismatcn ratio be-
tween the nanoparticle-enhanced SPRI responses (Figure 6C),
an average value of 3.6 (CV=19.5%) was obtained in the
1 um-1 pM concentration range, while a gradual increase in
the ratio values is observed in the 500 fm-1 fm range. In par-
ticular, the higher average value is calculated for the 1 fm
concentration (A%R.ch/ A%Rmismatch = 7-4; SD=1.2; n=5). This
increase can be attributed to the higher dissociation constants
of the mismatched sequences,® the responses of which drop
to the background level under 1 pm concentration; therefore,
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with this approach, which allows DNA to be detected in very
diluted samples, an increase in the mismatch recognition is
obtained in connection with the decreased detection limits.

The DNA concentrations measured by this method are in a
range suitable for detecting DNA samples without amplifica-
tion, which, in combination with microfluidics and miniaturized
devices, could lead to the development of efficient tools for
rapid, very specific and direct detection of DNA.

Experimental Section

The PNA oligomer (PNA 1: H-LL-AAACCCTTAATCCCA-NH,, L: 2-(2-
aminoethoxy)ethoxyacetyl spacer, T,,=64.6°C) was synthesized as
described elsewhere®® (HPLC-MS characterization is reported in the
Supporting Information). The sequences of the oligonucleotides
(Thermo Fisher Scientific, Inc.) and their acronyms used in this
work are shown in Figure 2. All hybridization experiments were car-
ried out in phosphate-buffered saline (PBS, 10 mm) solutions at
pH 7.4, with NaCl (137 mm), KClI (2.7 mm) at 25 °C. The SPRI appara-
tus (GWC Technologies, USA) was the same as reported else-
where.®" Details about the microfluidic devices fabrication and
AuNps synthesis and functionalization are reported as Supporting
Information.
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Click Chemistry as an Efficient Method for Preparing a Sensitive DNA Probe

for Photochemical Ligation

Takehiro Ami and Kenzo Fujimoto*®
Genetic science entered a new stage with the progress of the
genome project. As new genes are rapidly being identified, ex-
amination of their functions is becoming more important, es-
pecially in the field of biology, where the focus is shifting from
individual genes and proteins to the interactions between the
enormous numbers of proteins and their involvement in vari-
ous life phenomena. Technology that cuts and ties DNA and
DNA enzymes such as DNA ligase is essential to this research.
Although enzymatic ligation methods have advantages, there
are many limitations. For example, enzyme-linked assays need
to include a careful selection of the most suitable
conditions, including temperature, pH, and salt con-
centration, because of the use of enzymes and the
fact that ligases have low activities for RNAs." Fur-
thermore, although very short probes have the high-
est sequence specificity, ligase enzymes are ineffi-
cient with short oligonucleotides.”’ For a alternative
to enzymatic ligation methods, we have reported a
highly efficient and reversible template-directed
DNA photoligation procedure.”! Template-directed  B)
photoligation with 5-carboxyvinyl-2’-deoxyuridine
(“U)® can be used for detecting DNA or RNA se-
quences with high sensitivity. However, in photoliga-
tion with YU, a long photoirradiation time at
366 nm is required to complete photoligation. To
overcome the limitation of photoligation with U,
we now report a new photosensitive probe that
takes advantage of the electronic structural changes
associated with the formation of triazole rings” in
the Cu'-catalyzed version of the azide-alkyne cyclo-
addition reaction™ (“click” reaction'®) discovered by
the groups of Meldal”™ and Sharpless.® In the field
of nucleic acid chemistry, Cu'-catalyzed azide-alkyne
cycloaddition has been used for labeling oligonucle-
otides with a range of moieties, such as fluorescein,
for example,”' for coupling oligonucleotides to
monolayers,” and for templated strand ligation.”"
As an example, we report an efficient procedure for
preparing DNA probes for quick SNP typing through
photochemical ligation.

The nucleoside phosphoramidite of 5-ethynylvinyl-2'-deoxy-
uridine (®'U) was prepared, and this monomer was incorporat-
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ed into an ODN by standard automated DNA synthesis proto-
cols. After deprotection and purification of the oligomer, an
ODN containing ®U—5-d(®UGCGTG)-3', or ODN (*"U)—was
characterized by MALDI-TOF-MS.

Four azides were purchased or synthesized by a method re-
ported in the literature,*? and Huisgen cycloadditions between
the ODN(®"U) and the azides were carried out. After purifica-
tion of the products, photoresponsive ODNs (Scheme 1) were
characterized by MALDI-TOF-MS (see the Supporting Informa-
tion).

o] N=N o]
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AN AN
N/&O -N3 N™ "0
HO HO
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i t
OpGCGTG sodlum ascorba’e OpGCGTG
ODN (EYU)
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HO N° "0
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Scheme 1. A) Synthesis of photoresponsive ODNSs. B) Structures of photoresponsive
nucleosides U, 8™U, PU, "™y, and "VU.

We next determined the feasibility of photoligation of these
triazole-ring-containing ODNs and ODN(C) in the presence of
ODN (6G) (Scheme 2). ODN ("U) and ODN(C) were irradiated

ODN(C) ODN (X) ODN (C-X)

5' 3 5 3 5' 3
TGTGCC  XGCGTG 366 nm TaTGeC XGCGTG
ACACGG----ACGCAC ~—— = ACACGG--ACGCAC

3 ODN(6G) 2 8 5

Scheme 2. Schematic illustration of photoligation of photoresponsive ODNs
and ODN (C) in the presence of ODN (6G).

WWILEY

) InterScience*

2071





BIO

at 366 nm at 0°C in the presence of template ODN (6G). HPLC
analysis of a mixture of ODN (VU) and ODN (C) photoirradiated
with template ODN (6G) indicated clean and efficient formation
of ligated ODN(C—""U) and the concomitant disappearance of
ODN("™U) and ODN(C) (Figure 1). MALDI-TOF MS indicated

du
ODN(6G)
ODN(C)
0s

|

30s|

60s

ODN(NVU)

ODN(C-NTVU)

120 s

0 10 20 30 40
tr / min

Figure 1. HPLC analysis of photoligation with ODN (""U) and ODN (C) in the
presence of ODN (6G).

that ODN(C—""U) was a ligated product of ODN("™U) and
ODN(C). The molecular weight of (C—""U) was equal to the
sum of the molecular weights of ODN ("™U) and ODN(C) (see
the Supporting Information). We also determined the feasibility
of photoligation of the photoresponsive ODNs and ODN(C) in
the presence of ODN (6G) (see the Supporting Information).
The times required to reach 50% conversion and the molar
extinction coefficients (366 nm) for photoligation with photo-
responsive ODNs and ODN (C) in the presence of ODN (6G) are
shown in Table 1. The photoligation rates with ODN (*™U) are

Table 1. Times required to reach 50% conversion for photoligation of
photoresponsive ODNs and ODN (C) in the presence of ODN (6G), togeth-
er with molar extinction coefficients (366 nm) of photoresponsive nucleo-
sides.

X Time to reach 50% conversion [s] gat366 nm[mM 'cm]
“u 75 12
By 38 845
V) 33 1008
MPTVY 30 1095
VU 16 1410

more rapid than those with ODN (<YU). This result shows that
the triazole rings, which have electron-donating characters, ef-
fectively accelerate the photoligation. The photoligation rates
with ODN (FU) are more rapid than those with ODN (*™U).
This result is because the phenyl group has stronger electron-
donating properties than the benzyl group. Moreover, the pho-
toligation rates with ODN ("*™U) and ODN ("™U), which have
more strongly electron-donating substituents, were more
rapid. The time needed for photoligation to reach 50% conver-
sion with ODN("™U) was one-fourth of the time with ODN
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www.chembiochem.org

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

(“U). Photoligation on a timescale of seconds becomes possi-
ble with "U (Figure 2).

We also determined the feasibility of photoligation of the tri-
azole-ring-containing ODNs and ODN(T) in the presence of

09 |
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" P L -
S 06} S ,2%7 Lo--" .-
[ 4 2 . PR
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Figure 2. Comparison of photoligation rates with ODN (“'U) (@) or ODN (5™U)
(o), ODN(P™U) (a) or ODN ("*™U) (2), or ODN("™U) (m) and ODN (C) in the
presence of ODN (6G).

ODN (6A). In this case, it was also shown that the photoligation
rates with triazole-ring-containing ODNs are more rapid than
the photoligation rates with ODN('U). The times needed for
photoligation to reach 50% conversion of the triazole-ring-
containing ODNs were shorter than 20 s (see the Supporting
Information).

To show that this new photosensitive ODN probe is suitable
for practical use, we performed a quick single nucleotide poly-
morphism (SNP) typing as an example. We synthesized ODN
(®NU), containing a naphthyl triazole moiety and biotin, first
synthesizing a naphthyl-azide-containing biotin derivative, and
then carrying out a Huisgen cycloaddition between the azide
and ODN ("U). After purification of the products, ODN (®"™U)
was characterized by MALDI-TOF-MS.

We constructed the DNA chip by attaching amino-labeled
ODNs onto an aldehyde-modified glass surface. A glass chip
spotted with target [ODN (WT) or ODN(MUT) and ODN (3"™U),
2 um] was irradiated at 366 nm for 10 min in sodium cacody-
late buffer (50 mm, pH 7.0; Figure 3B). After the chip had been
washed with deionized water at 98°C for 5 min, a phosphate-
buffered saline (PBS) solution of streptavidin-Cy3 conjugate
was added to the surface, and the chip was washed twice in
PBS. Fluorescence signals were detected on a microarray scan-
ner. As shown in Figure 3C and D, we measured strong fluores-
cence signals from the photoligated product in the completely
complementary case, showing a measured rate 10° times
higher than that in the case with a single mismatch in the
target sequence.

In the photochemical mismatch detection, there are two
possible sources of specificity: the ligation reaction itself and
the hybridization selectivity between the target and capture
strands. A conventional way of increasing target selectivity is
to wash the DNA chip with a buffer solution at a suitable tem-
perature, which results in the dehybridization of DNA duplexes

ChemBioChem 2008, 9, 2071 -2074
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Figure 3. A) Structure of ®™VU. B) Strategy for the detection of single nucleo-
tide differences on a DNA chip. C) Fluorescence intensity acquired on a mi-
croarray scanner for the product of photoligation on matched and singly
mismatched target ODNs. D) Fluorescence images.

formed from noncomplementary strands. Mutation detection
by the traditional method shows only hybridization specificity,
so the loss of DNA duplexes of matched sequences, particular-
ly during the washing step employed to remove noncomple-
mentary strands from the DNA chip, together with incomplete
washing out of the mismatched sequences, decreases the se-
lectivity. In contrast, the fluorescence image after use of the
photochemical ligation method showed no loss of the biotin-
tagged probe strand, due to the covalent bonding between
the capture and probe strands. Moreover, mismatched duplex-
es and other components with the potential to harm the fluo-
rescence imaging were eliminated completely by the high
temperatures. Handling of our system is also easier than the
traditional method, because our system can achieve selectivity
without the annoying requirement for thermal stringency
during the photochemical ligation reaction.*® Additionally we
have already tested the generality of the photochemical SNP
typing method with various sequences in our previous
works &3

In summary, we have synthesized a new photosensitive ODN
probe for rapid photoligation through Cu'-catalyzed Huisgen
1,3-dipolar cycloadditions. We have succeeded in performing

ChemBioChem 2008, 9, 2071 -2074
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photoligation on a timescale of seconds. We have also synthe-
sized a photochemical probe for quick SNP typing by Huisgen
cycloaddition. Biotin was incorporated with the photochemical
probe in this report; however, this method can be employed
for various types of labeling, such as spin labeling, which is re-
quired in investigation of the structures and dynamics of pro-
teins® and nucleic acids®>*® by electron paramagnetic reso-
nance,”” and labeling with ferrocene,”™ which is a privileged
label for electrochemical detection of biomolecules.”*3**" This
technique can be applied to upgrade and functionalize the
photoligation probe and thus contribute to the development
of genetic science.

Acknowledgements

This work was supported by a Grant in-Aid for Scientific Research
on Priority Areas by the Ministry of Education, Science, Sports
and Culture of Japan (to K.F.).

Keywords: click chemistry - DNA labeling - DNA - genetic
science - photochemistry

[11 M. Nilsson, G. Barbany, D.-O. Antson, K. Gertow, U. Landegren, Nat. Bio-

technol. 2000, 18, 791-793.

R. Favis, J. P. Day, N. P. Gerry, C. Phelan, S. Narod, F. Barany, Nat. Biotech-

nol. 2000, 18, 561-564.

a) K. Fujimoto, S. Matsuda, N. Takahashi, I. Saito, J. Am. Chem. Soc. 2000,

122, 5646-5647; b) K. Fujimoto, S. Matsuda, M. Hayashi, I. Saito, Tetrahe-

dron Lett. 2000, 41, 7897-7900; c) K. Fujimoto, N. Ogawa, M. Hayashi, S.

Matsuda, |. Saito, Tetrahedron Lett. 2000, 41, 9437-9440; d) Y. Yoshimura,

Y. Noguchi, H. Sato, K. Fujimoto, ChemBioChem 2006, 7, 598-601; e) S.

Ogasawara, K. Fujimoto, Angew. Chem. 2006, 118, 4624-4627; Angew.

Chem. Int. Ed. 2006, 45, 4512-4515.

a) Z. Zhou, C. J. Fahrni, J. Am. Chem. Soc. 2004, 126, 8862-8863; b) K. Si-

vakumar, F. Xie, B. M. Cash, S. Long, H. N. Barnhill, Q. Wang, Org. Lett.

2004, 6, 4603-4606.

[5] a)R. Huisgen, Angew. Chem. 1963, 75, 604-637; Angew. Chem. Int. Ed.
Engl. 1963, 2, 565-598; b) R. Huisgen, G. Szeimies, L. Mobius, Chem. Ber.
1967, 100, 2494-2507.

[6] a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001, 113, 2056-
2075; Angew. Chem. Int. Ed. 2001, 40, 2004-2021; b) V. D. Bock, H. Hiem-
stra, J. H. van Maarseveen, Eur. J. Org. Chem. 2006, 51-68.

[7]1 C.W. Tornge, C. Christensen, M. Meldal, J. Org. Chem. 2002, 67, 3057-
3064.

[8] V.V. Rostovtsev, L. G. Green, V.V. Fokin, K. B. Sharpless, Angew. Chem.
2002, 174, 2708-2711; Angew. Chem. Int. Ed. 2002, 41, 2596-2599.

[9] T.S. Seo, Z. Li, H. Ruparel, J. Ju, J. Org. Chem. 2003, 68, 609-612.

[10] T.S. Seo, X. Bai, D. H. Kim, Q. Meng, S. Shi, H. Ruparel, Z. Li, N. J. Turro, J.
Ju, Proc. Natl. Acad. Sci. USA 2005, 102, 5926-5931.

[11] R.L. Weller, S. R. Rajski, Org. Lett. 2005, 7, 2141-2144.

[12] G. A. Burley, J. Gierlich, M. R. Mofid, H. Nir, S. Tal, Y. Eichen, T. Carell, J.
Am. Chem. Soc. 2006, 128, 1398-1399.

[13] J. Gierlich, G. A. Burley, P. M. E. Gramlich, D. M. Hammond, T. Carell, Org.
Lett. 2006, 8, 3639-3642.

[14] F. Seela, V. R. Sirivolu, Chem. Biodiversity 2006, 3, 509-514.

[15] F. Seela, V.R. Sirivolu, Helv. Chim. Acta 2007, 90, 535-552.

[16] M. Fischler, U. Simon, H. Nir, Y. Eichen, G. A. Burley, J. Gierlich, P. M. E.
Gramlich, T. Carell, Small 2007, 3, 1049-1055.

[17] D. M. Hammond, A. Manetto, J. Gierlich, V. A. Azov, P. M. E. Gramlich,
G. A. Burley, M. Maul, T. Carell, Angew. Chem. 2007, 119, 4262-4265;
Angew. Chem. Int. Ed. 2007, 46, 4184-4187.

[18] I. Géci, V. V. Filichev, E. B. Pedersen, Chem. Eur. J. 2007, 13, 6379-6386.

[19] C. Bouillon, A. Meyer, S. Vidal, A. Jochum, Y. Chevolot, J.-P. Cloarec, J.-P.
Praly, J.-J. Vasseur, F. Morvan, J. Org. Chem. 2006, 71, 4700-4702.

[2

[3

=

2073

www.chembiochem.org



http://dx.doi.org/10.1038/77367

http://dx.doi.org/10.1038/77367

http://dx.doi.org/10.1021/ja993698t

http://dx.doi.org/10.1021/ja993698t

http://dx.doi.org/10.1016/S0040-4039(00)01351-4

http://dx.doi.org/10.1016/S0040-4039(00)01351-4

http://dx.doi.org/10.1016/S0040-4039(00)01575-6

http://dx.doi.org/10.1002/cbic.200500534

http://dx.doi.org/10.1002/ange.200600790

http://dx.doi.org/10.1002/anie.200600790

http://dx.doi.org/10.1002/anie.200600790

http://dx.doi.org/10.1021/ja049684r

http://dx.doi.org/10.1021/ol047955x

http://dx.doi.org/10.1021/ol047955x

http://dx.doi.org/10.1002/ange.19630751304

http://dx.doi.org/10.1002/anie.196305651

http://dx.doi.org/10.1002/anie.196305651

http://dx.doi.org/10.1002/cber.19671000806

http://dx.doi.org/10.1002/cber.19671000806

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5

http://dx.doi.org/10.1002/ejoc.200500483

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1021/jo026615r

http://dx.doi.org/10.1073/pnas.0501965102

http://dx.doi.org/10.1021/ol0504749

http://dx.doi.org/10.1021/ja055517v

http://dx.doi.org/10.1021/ja055517v

http://dx.doi.org/10.1021/ol0610946

http://dx.doi.org/10.1021/ol0610946

http://dx.doi.org/10.1002/cbdv.200690054

http://dx.doi.org/10.1002/hlca.200790055

http://dx.doi.org/10.1002/smll.200600534

http://dx.doi.org/10.1002/ange.200605023

http://dx.doi.org/10.1002/anie.200605023

http://dx.doi.org/10.1021/jo060572n

www.chembiochem.org



[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

2074

BIO

N. K. Devaraj, G. P. Miller, W. Ebina, B. Kakaradoy, J. P. Collman, E. T. Kool,
C. E. D. Chidsey, J. Am. Chem. Soc. 2005, 127, 8600-8601.

R. Kumar, A. El-Sagheer, J. Tumpane, P. Lincoln, L. M. Wilhelmsson, T.
Brown, J. Am. Chem. Soc. 2007, 129, 6859-6864.

K. Barral, A. D. Moorhouse, J. E. Moses, Org. Lett. 2007, 9, 1809-1811.

a) Y. Yoshimura, D. Okamura, M. Ogino, K. Fujimoto, Org. Lett. 2006, 8,
5049-5051; b) T. Ami, G. Ozaki, Y. Yoshimura, K. Fujimoto, Chem. Lett.
2008, 37, 134-135.

W. L. Hubbell, A. Gross, R. Langen, M. A. Lietzow, Curr. Opin. Struct. Biol.
1998, 8, 649-656.

a) S. Nagahara, A. Murakami, K. Makino, Nucleosides Nucleotides 1992,
11, 889-901; b) T.E. Edwards, T. M. Okonogi, B.H. Robinson, S.T. Si-
gurdsson, J. Am. Chem. Soc. 2001, 123, 1527-1528; c)P.Z. Qin, S.E.
Butcher, J. Feigon, W. L. Hubbell, Biochemistry 2001, 40, 6929-6936.

a) A. Spaltenstein, B. H. Robinson, P. B. Hopkins, J. Am. Chem. Soc. 1988,
110, 1299-1301; b) P. L. Fischhaber, A. W. Reese, T. Nguyen, J. J. Kirchner,
E. J. Hustedst, B. H. Robinson, P. B. Hopkins, Nucleosides Nucleotides 1997,
16, 365-377; ¢) P. Z. Qin, K. Hideg, J. Feigon, W. L. Hubbell, Biochemistry
2003, 42, 6772-6783; d) A. Okamoto, T. Inasaki, |. Saito, Bioorg. Med.
Chem. Lett. 2004, 14, 3415-3418; e) O. Schiemann, N. Piton, Y. Mu, G.
Stock, J. W. Engels, T.F. Prisner, J. Am. Chem. Soc. 2004, 126, 5722-5729.
M. Ubbink, J.A.R. Worrall, G.W. Canters, E.J.J. Groenen, M. Huber,
Annu. Rev. Biophys. Biomol. Struct. 2002, 31, 393-422.

[28]
[29]

[30]

31]

D. R. van Staveren, N. Metzler-Nolte, Chem. Rev. 2004, 104, 5931-5985.
a) C. J. Yu, H. Wang, Y.J. Wan, H. Yowanto, J. C. Kim, L. H. Donilon, C. L.
Tao, M. Strong, Y. C. Chong, J. Org. Chem. 2001, 66, 2937-2942; b) C. J.
Yu, Y.J. Wan, H. Yowanto, J. Li, C.L. Tao, M.D. James, C.L. Tan, G.F.
Blackburn, T. J. Meade, J. Am. Chem. Soc. 2001, 7123, 11155-11161.

a) C. J. Yu, H. Yowanto, Y.J. Wan, T. J. Meade, Y. Chong, M. Strong, L. H.
Donilon, J. F. Kayyem, M. Gozin, G. F. Blackburn, J. Am. Chem. Soc. 2000,
122, 6767-6768; b)A.R. Pike, L.C. Ryder, B.R. Horrocks, W. Clegg,
M. R. J. Elsegood, B.A. Connolly, A. Houlton, Chem. Eur. J. 2002, 8,
2891-2899.

a) D. A. Di Giusto, W. A. Wlassoff, S. Geisebrecht, J.J. Gooding, G.C.
King, J. Am. Chem. Soc. 2004, 126, 4120-4121; b) D. A. Di Giusto, W. A.
Wilassoff, S. Geisebrecht, J. J. Gooding, G.C. King, Angew. Chem. 2004,
116, 2869-2872; Angew. Chem. Int. Ed. 2004, 43, 2809-2812; c) W. A.
Wilassoff, G. C. King, Nucleic Acids Res. 2002, 30, e58; d)S.S. W. Yeung,
T. M. H. Lee, I.-M. Hsing, J. Am. Chem. Soc. 2006, 128, 13374-13375; e) F.
Patolsky, Y. Weizmann, 1. Willner, J. Am. Chem. Soc. 2002, 124, 770-772.

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

www.chembiochem.org

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

ChemBioChem 2008, 9, 2071 -2074



http://dx.doi.org/10.1021/ja051462l

http://dx.doi.org/10.1021/ja070273v

http://dx.doi.org/10.1021/ol070527h

http://dx.doi.org/10.1021/ol0619462

http://dx.doi.org/10.1021/ol0619462

http://dx.doi.org/10.1246/cl.2008.134

http://dx.doi.org/10.1246/cl.2008.134

http://dx.doi.org/10.1016/S0959-440X(98)80158-9

http://dx.doi.org/10.1016/S0959-440X(98)80158-9

http://dx.doi.org/10.1080/07328319208021747

http://dx.doi.org/10.1080/07328319208021747

http://dx.doi.org/10.1021/ja005649i

http://dx.doi.org/10.1021/bi010294g

http://dx.doi.org/10.1021/ja00212a053

http://dx.doi.org/10.1021/ja00212a053

http://dx.doi.org/10.1080/07328319708001356

http://dx.doi.org/10.1080/07328319708001356

http://dx.doi.org/10.1021/bi027222p

http://dx.doi.org/10.1021/bi027222p

http://dx.doi.org/10.1016/j.bmcl.2004.04.076

http://dx.doi.org/10.1016/j.bmcl.2004.04.076

http://dx.doi.org/10.1021/ja0393877

http://dx.doi.org/10.1146/annurev.biophys.31.091701.171000

http://dx.doi.org/10.1021/jo001283g

http://dx.doi.org/10.1021/ja010045f

http://dx.doi.org/10.1021/ja994241m

http://dx.doi.org/10.1021/ja994241m

http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C2891::AID-CHEM2891%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3765(20020703)8:13%3C2891::AID-CHEM2891%3E3.0.CO;2-B

http://dx.doi.org/10.1002/ange.200352977

http://dx.doi.org/10.1002/ange.200352977

http://dx.doi.org/10.1002/anie.200352977

http://dx.doi.org/10.1021/ja065733j

http://dx.doi.org/10.1021/ja0119752

www.chembiochem.org




DOI: 10.1002/cbic.200800300

G-Quadruplex Formation Interferes with P1 Helix Formation in the RNA

Component of Telomerase hTERC

Julien Gros, Aurore Guédin, Jean-Louis Mergny, and Laurent Lacroix*

Guanine-rich nucleic acids can adopt unusual structures called
guanine quadruplexes (G4) that are based on stacked guanine
quartets (Figure 1A, bottom right). DNA sequences that are
prone to adopt such structures are found in telomeric repeats,
in several promoters, in ribosomal DNA, and in the immuno-
globulin switch region; these structures appear to be biologi-
cally relevant.! Formation of G4 has been demonstrated in
vivo in ciliate telomeres,” and during G-rich sequence tran-
scription® (G-loop). More recently, G4 formation in RNA se-
quences has been investigated.™”

Telomerase, the nucleoprotein complex that is responsible
for telomere maintenance and homeostasis, is a key compo-
nent of cell proliferation and its reactivation is often associated
with tumorigenesis. Inhibitors of telomerase function,” includ-
ing antisense oligonucleotides that target the telomerase RNA
component” (hTERC) or G-quadruplex ligands that target the
telomeric 3’-overhang substrate for telomerase elongation and
binding,® offer therapeutic promise. The telomerase RNA is
structurally conserved among many organisms, but its primary
sequence and size are not.”? In most vertebrates, the predicted
structures possess a helical domain called the P1 helix that is
located 5’ to the template sequence. This helix is thought to
serve as a template boundary element to limit reverse tran-
scription to the 6-nucleotide template.'” In many mammals, a
5’ tail precedes this helix, but no precise function has been as-
signed to this tail. Analysis of these sequences shows a skewed
base composition with several well-conserved runs of guanines
in this region (Figure 1B). Such G-rich RNA sequences have the
potential to form G quadruplexes that may interfere with
P1 helix formation and its template boundary function (Fig-
ure 1A).

In this work, we demonstrate that RNA fragments with the
sequence of the 41 5-most nucleotides of hTERC form a quad-
ruplex. This G4 formation hinders the formation of a helix that
corresponds to P1. We further demonstrate that this guanine
quadruplex interacts with a specific guanine-quadruplex
ligand, 360A;"" the presence of 360A enhanced inhibition of
P1 helix assembly.

We synthesized an oligoribonucleotide with the sequence of
the first 41 nucleotides of hTERC, 41R (Table 1). We also de-
signed and synthesized the 41m control sequence (changes
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are underlined in Table 1), in which guanine runs have been
disrupted by G-to-A changes. UV absorbance as a function of
temperature offers a convenient method for characterizing
nucleic acids structures. With 41R, we observed a typical coop-
erative reversible transition around 295 nm; the temperature
of mid-transition (T,,) depended upon the nature and the con-
centration of the monovalent cation present in the solution. T,
values ranged from 38°C in 100 mm LiCl to more than 80°C in
100 mm KCl (Figure 2A). Results are presented in detail in
Table 2. The structure that is formed by this sequence was sur-
prisingly stable even in the absence of added potassium and
sodium (T,,=39°C, see Table 2). The addition of as little as
0.1 mm KCI in the absence of any other added monovalent
cation was sufficient to stabilize the structure. The temperature
range in which the transition occurred was independent of the
concentration of oligonucleotide in the 0.5 to 25 um range;
this demonstrates that folding was intramolecular (data not
shown). No transition was observed at 295 nm for the 41m
control. These finding suggest that 41R adopts an intramolecu-
lar G-quadruplex structure."

Thermal difference spectra (TDS) for 41R in Li*, Na* or K*
conditions were also typical of G quadruplexes,"” with a nega-
tive peak around 297 nm and two positives peaks around
274 nm and 242 nm (Figure 2B). Circular dichroism (CD) spec-
tra of 41R had a positive peak at 263 nm and a negative peak
at 240 nm (Figure 2C), as is typical of G4 formation. Although
CD spectra with these characteristics have been attributed to
parallel G quadruplexes in the light of recent publications,™
we prefer to describe these as type | spectra. These spectra are
characteristic of quadruplexes with all stacked quartets with
the same polarity,"® likely to be in the present case with all
guanine glyocosidic bonds in the anti conformation and thus
with parallel strands. CD and TDS spectra for 41m do not cor-
respond to those typical of G quadruplexes (not shown).

Finally, enzymatic probing with RNase T1 confirmed quadru-
plex formation. In the wild-type 41R sequence, several Gs were
protected in buffer that contained K*, but not in buffer that
contained only Li™ as a cation (see Figure S1, left in the Sup-
porting Information). These results confirm the formation of a
cation-dependent folded structure by 41R: In K*, five protect-
ed clusters of G were observed; this suggests either a complex
intramolecular folding or the coexistence of at least two fold-
ings that share three runs of Gs. In contrast, digestion of 41m
showed only a slight protection of the central part of the
sequence (Figure S1, right).

Having demonstrated that the 5’ fragment of hTERC 5’
forms a stable quadruplex, we then investigated whether this
structure could interfere with secondary structure formation.
Some of the guanines that are involved in the intramolecular
quadruplex are base-paired in the P1 helix, thus making these

WWILEY

) InterScience*

2075





CHEMBIOCHEM

A)
-
~
~
-~
-
’ ] %
y ¥ + A zh N,
. [E H =
'l P1b cGU Pla 5 N" N \Nr [
UGCUGGCC UCGCCCCUCCCGGG 3 )=S= H N
o 5 ACCGE | GGUGGGGAGGGUCC Ny 0 5 H
5) >_N\ H N—H
§ H=N H N_(
i H .0 AN
H —

§ </ | N

GGGUUGCGGA N NJ\N’H N Mg,

: ! {

R H
B) Y , .
Homo sapiens —=—==—= (]
Common Tree Shrew ——————
Domestic Rabbit ===== C

Short-tailed Chinchilla =====
Domestic Ferret [s===s==
Raccoon

Cat

Domestic Horse =====—

el
1
=1
afXs o
%ﬂuﬂlﬂ'ﬂ I
eleNeleNeNeNeNeNeNeNe N

oo o0 OO0 00

Armadillo === %
Northern Quoll e———— é.’&g @ .
Asian Elephant 'SQ CUGHUC! d
CONSENSUS ==mmm CNNUON .'3

P1 helix (5' part)

template

Figure 1. A) Schematic representation of a folded hTERC (left) in equilibrium with a partially unfolded one (right). The lower portion of the figure shows the
sequence of the 5" region of hTERC with the P1a and P1b helices and the template region indicated. In this partially unfolded hTERC shown on the right, a G-
quadruplex is formed between the 5’ tail and a region that is part of the P1a helix. A G4 ligand stabilizes this structure (blue ellipse). The lower portion of this
Figure shows a G-quartet. B) Sequence alignment of various mammalian TERCs. The regions 5’ and through the template are represented. The template and
P1-helix regions are noted and arrows indicate conserved runs of Gs. A recent publication suggested that G4 formation occurs within the first 17 nucleo-
tides of hTERC. Li et al. argue for a telomerase inhibitory effect of this G-rich tail that is unrelated to G4 formation.

Table 1. Oligonucleotide sequences.
Name Sequence (5'-3) €
[Lmol"em™]

41R GGGUUGCGGAGGGUGGGCCUGGGAGG- 401300
GGUGGUGGCCAUUUU

41m GAGUUGCGAAGAGUGAGCCUGAGAGA- 423100
AGUGAUGGCCAUUUU

25rP1 UGCUGGCCCGUUCGCCCCUCCCGGG 210900

25rPTm  UGCUGGCCCGUUCGCUUCUCUCGGG 218200

two structures mutually exclusive (Figure 1A). Formation of the
duplex was first tested by using spectroscopic methods
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(Table 2). Under conditions that are unfavorable to quadruplex
formation (100 mm LiCl) no transition was observed at 295 nm
as a function of temperature when 41R was mixed with an
equimolar concentration of the complementary strand 25P1
(Table 1), but a clear duplex transition with a T, of 75°C was
observed at both 240 and 260 nm. Under low K* conditions
(10 mm) but with the same total monovalent cation concentra-
tion, the duplex transition was observed with a comparable T,,
but a transition at 295 nm suggested a coexistence of both
duplex and quadruplex. In 100 mm K*, the T, of the transition
that is assigned to the duplex was slightly decreased (73°C)
and partial quadruplex formation was observed (data not
shown). From these experiments, it is clear that the duplex
was formed at physiological temperature but it was not possi-

ChemBioChem 2008, 9, 2075 -2079
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Figure 2. A) UV melting (and annealing) followed at 297 nm of 41R (2 pm)
in 20 mm lithium cacodylate buffer and 100 mm LiCl (o), 100 mm NaCl (e)
or 100 mm KCI (o). B) Thermal difference spectra and C) Circular dichroism
spectra at 25°C of 41R (2 um) in 20 mm lithium cacodylate buffer and
10 mm LiCl (0), 10 mm NaCl (e) or 10 mm KCI (0). Ae are expressed in

Lmol'em™.

ble to conclude whether quadruplex formation interfered with
this duplex formation. With sequences 41m and 25rP1m, a
slightly less thermostable duplex was formed that had a T,, of
63 °C; this was expected because this duplex had a lower GC
content than that formed by 41R and 25rP1 (58 % vs. 74 %).

ChemBioChem 2008, 9, 2075 -2079
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Table 2. Mid points of absorbance melting transitions of quadruplex and
duplexes formed by wild-type and mutant hTERC sequences.
Oligonucleotide Conditions T, [°C
41R no added cation® 390!
41R 100 mm LiCl 38"
41R 100 mm NaCl 510
41R 0.1 mm KCI 43"
41R 1 mm KCl 541
41R 10 mm KCl 68"
41R 100 mm KCl > 80"
41R 0.1 mm KCl, 99.9 mm LiCl 38.5"
41R 1 mm KCl, 99 mm LiCl 50®!
41R 10 mm KCl, 90 mm LiCl 66"
41R+ 25rP1 100 mm LiCl 75.5
41R+25rP1 10 mm KCl, 90 mwm LiCl 751
41R+25rP1 100 mm KCl 734
41m +25rP1m 100 mm LiCl 63"
41m +25rP1m 10 mm KCl 90 mwm LiCl 63.5
41m+25rP1m 100 mm KCl 62.5"
[a] The buffer contains 18 mm Li*. [b] Quadruplex T, was determined on
the 295 nm melting profiles. [c] Duplex T, was determined on the
240 nm melting profiles, no T, could be determined on the 295 nm melt-
ing profiles.

Gel-shift experiments by using radiolabeled 25rP1 or
25rP1m clearly demonstrated a specific and quasi-stoichiomet-
ric interaction between these oligonucleotides and the corre-
sponding 41-mers under Li* conditions (Figure 3, left). In K*
(KCI' 10 mm/LiCl 90 mm or KCI 100 mm), much higher concen-
trations of 41R (50 and 500 nwm, respectively) were required to
give rise to the band that is assigned to the duplex (Fig-
ure 3A); under these conditions, duplex formation was quasi-
stoichiometric with 41m (Figure 3B). These experiments dem-
onstrate that G4 formation hindered the formation of a duplex
that corresponds to the P1 helix.

The data that were obtained from the above experiments
prompted us to study the effect a quadruplex ligand, the pyri-
dine dicarboxamide 360A (Figure 4A), on duplex formation.
This molecule was previously shown to bind to"” and induce
the formation® of DNA quadruplexes, and we first established
that this molecule recognizes RNA quadruplexes. We character-
ized the direct interaction of 360A with different RNA strands
by using fluorescence quenching of 360A to demonstrate a
very tight binding to the G4-forming sequence 41R, and a
much lower-affinity binding to 41m, 25rP1 and 25rP1m (Fig-
ures 4B and S2). A specific interaction between 360A and 41R
was confirmed by CD titration and FRET melting (see Figures
S3 and S4).

We then analyzed the effect of the ligand on the duplex-
quadruplex competition. For 41R in K*, gel-shift experiments
with increasing concentrations of 360A that were added prior
formation of the duplex demonstrated that this ligand pre-
vented duplex formation with an ICs, of approximately 0.5 um,
whereas no inhibition of duplex formation was observed for
41m and 25rP1m (Figure 4C), or for either system in 100 mm
LiCl (Figure S5). A control experiment showed that there was
no interaction between the ligand and either of the 25-mer-
labeled strands (data not shown).
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Figure 4. A) Formula of 360A. B) Fluorescence titration of 360A (0.4 pum, open circles) with increasing concentrations of 41R (0.1 um, e; 0.2 pum, ©; 0.4 puMm, X).
The fluorescence of the buffer is represented in triangles. Buffer: 20 mm lithium cacodylate, 10 mm KCl, 90 mm LiCl. Excitation: 320 nm (Raman at 359 nm).
Q) Inhibition of P1-helix assembly by 360A. Radiolabeled 25rP1* (left) or 25rP1m* (right) was mixed with an excess of the complementary 41-mer (50 nm of
41R or 41m, respectively) and increasing concentrations of 360A (100 nm to 2 pm) in 50 mm HEPES, 10 mm KCl, 90 mm LiCl. Migration of the 25-mer alone
and of P1 helices are indicated by filled and open triangles, respectively.

We have demonstrated that the sequence of the 5-end of  this competition toward the quadruplex. This is, to our knowl-
hTERC forms a quadruplex and that this structure interferes  edge, one of the first reports of the effects of a RNA quadru-
with P1 helix formation. A known quadruplex ligand shifted plex ligand on a physiologically relevant RNA. Wieland and col-
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leagues demonstrated that a cationic porphyrin could modu-
late the activity of a ribozyme with a G4-prone sequence,
but this ligand has a relatively modest selectivity for quadru-
plexes.”” Because 360A interacted with the G4 structure that
was formed by the telomerase RNA, researchers should use
caution when accessing the effect of G4 ligands on telomeres
or in cellular systems in general.

Our work, as previously suggested by Kumari et al.,””’ shows
that G4 RNA might constitute a relevant therapeutic target for
G4 ligands. The possibility that hTERC forms a quadruplex in
vivo suggests that stabilization of this G4 structure by a small
ligand might change the overall conformation of the full-
length hTERC and prevent formation of the P1 helix. Without
this helix, the telomerase template boundary is not defined,
and function might be impaired."” Complex biochemical ex-
periments will be required to demonstrate a hTERC-mediated
effect of this ligand on telomerase, because a direct assay
must be used to differentiate the effects of the ligand on the
DNA substrate from those on the telomerase RNA.?" Ideally,
by comparing the effects of two quadruplex ligands, one
highly selective either for the telomeric DNA quadruplex, the
other for the hTERC RNA quadruplex would simplify the analy-
sis. Unfortunately, these molecules remain to be discovered, as
all the ligands that we have tested so far bind to both types of
quadruplexes (data not shown). The identification by DCC of a
ligand that presents a modest but encouraging selectivity (2.6
fold) between two DNA quadruplexes and still a low affinity
(K;=9 um) has been recently reported.”? Such an approach
might be suited to identify RNA versus DNA quadruplexes li-
gands.
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Mechanism of Binding of Fluoroquinolones to the
Quinolone Resistance-Determining Region of DNA Gyrase:
Towards an Understanding of the Molecular Basis of

Quinolone Resistance

Sergio Madurga,™® Javier Sanchez-Céspedes,”

Ernest Giralt*® 9

We have studied the bacterial resistance to fluoroquinolones that
arises as a result of mutations in the DNA gyrase target protein.
Although it is known that DNA gyrase is a target of quinolone
antibacterial agents, the molecular details of the quinolone-
gyrase interaction remain unclear. The mode of binding of cipro-
floxacin, levofloxacin, and moxifloxacin to DNA gyrase was ana-
lyzed by means of docking calculations over the surface of the
QRDR of GyrA. The analysis of these binding models allows study
of the resistance mechanism associated with gyrA mutations
more commonly found in E. coli fluoroquinolone-resistant strains

Introduction

Bacterial resistance to antibiotics is the inevitable consequence
of the use of antimicrobial agents. This resistance can be medi-
ated by genes located either on the chromosome or on genet-
ic elements of extraneous origins such as R (resistance) plas-
mids, transposons, and integrons.”’ These elements provide an
efficient mechanism for rapid horizontal and vertical dissemi-
nation of antibiotic resistance determinants among bacterial
species.>™

Quinolones and fluoroquinolones are among the most ex-
tensively used drugs for the treatment of bacterial infections
both in human and veterinary medicine. Such wide use has led
to rapidly increasing bacterial resistance to this kind of antibi-
otics. The therapeutic use of quinolones began in 1962, with
the introduction of nalidixic acid for the treatment of urinary
tract infections in humans.” In the 1970s, fluoridation of the
quinolone molecule at the C-6 position yielded norfloxacin, the
first fluoroquinolone.” Ciprofloxacin, perhaps the most impor-
tant and most widely used fluoroquinolone, was introduced
onto the clinical market in 1987. Since then, structural revisions
of quinolone molecules have provided numerous new agents
for the treatment of a variety of bacterial infections. Older qui-
nolones are active mostly against Gram-negative bacteria,
whereas newer ones have broad spectra of activity including
Gram-positive pathogens and anaerobes.””® However, the
future utility of these drugs is threatened by the increasing
rate of emergence of quinolone-resistant bacteria.”'¥

The emergence of quinolone resistance is accounted for by
several mechanisms."*'® Resistance to fluoroquinolones typi-
cally arises as a result of alterations in the target enzymes
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at the atomic level. Asp87 was found to be critical in the binding
of these fluoroquinolones because it interacts with the positively
charged nitrogens in these bactericidal drugs. The role of the
other most common mutations at amino acid codon Ser83 can
be explained through the contacts that the side chain of this
residue establishes with fluoroquinolone molecules. Finally, our
results strongly suggest that, although Argi121 has never been
found to be associated with fluoroquinolone resistance, this resi-
due makes a pivotal contribution to the binding of the antibiotic
to GyrA and to defining its position in the QRDR of the enzyme.

(DNA gyrase and topoisomerase IV) and changes in drug entry
and efflux. Target alterations most frequently occur in GyrA,
particularly within a short limited region called the “quinolone
resistance-determining region” (QRDR)."” The most common
mutations include Ser83Leu and Asp87Asn of the gyrA gene of
E. coli™® The level of drug resistance varies depending on
the mutations and the bacterial species. Quinolone inhibition
of DNA gyrase occurs through the formation of a stable terna-
ry complex between DNA gyrase, DNA, and the quinolone
molecule that blocks the progression of DNA replication.?"??
DNA gyrase is a target of quinolone antibacterial agents; how-
ever, the molecular details of the quinolone—gyrase interaction
are not clear. Quinolone resistance mutations frequently occur
at residues Ser83 and Asp87 of the GyrA subunit, so it is feasi-
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ble that these residues are involved in drug binding. A binding
model of quinolone action proposed by Maxwell and co-work-
ers®? postulated that both DNA gyrase and DNA are re-
quired to bind quinolones in a stable form. This model is
based mainly on the observation that alterations in DNA
gyrase that confer quinolone resistance reside in the QRDR
(between residues 67 and 106 of GyrA in E. coli and correlate
with reduced binding of quinolones to the resistant mutant
enzyme-DNA complex.

Here we have determined the binding position of quino-
lones to DNA gyrase in order to identify the molecular traits of
their mode of action and to explain further how point muta-
tions contribute to bacterial resistance to fluoroquinolones. Al-
though several docking studies have been done either with
the ATP binding site of the GyrB subunit®®?® or outside the
QRDR region of GyrA,®” this is the first docking study with flu-
oroquinolones binding to the QRDR region of GyrA. Quino-
lones interact with the complex of DNA and DNA gyrase rather
than with the enzyme alone, so it is necessary to modify the
docking procedure in order to examine the effect of DNA on
the binding of fluoroquinolones to DNA gyrase. We chose
three representative fluoroquinolones—ciprofloxacin, levoflox-
acin, and moxifloxacin—to perform this study.
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Results

Fluoroquinolone structures

Ab initio calculations were performed with ciprofloxacin, levo-
floxacin, and moxifloxacin. Optimized structures of ciprofloxa-
cin and levofloxacin molecules had the attached piperazine
ring in the equatorial conformation (Figure 1). This conforma-
tion preference is also observed experimentally for the N-
methylpiperidine molecule.B'4

Ciprofloxacin, levofloxacin, and moxifloxacin can each exist
as three chemical species (cationic, zwitterionic, and anionic)
depending on the pH of the aqueous solution. For ciprofloxa-
cin, the experimentally measured pK,, and pK,, values are 5.9
and 8.2.5% For ofloxacin, which is a racemic mixture of the
active (levofloxacin) and inactive enantiomer, the experimental-
ly measured pK,, and pK,, values are 6.1 and 8.1.5” Thus, at
physiological pH the major contribution is from the zwitterion-
ic state. We therefore used the zwitterionic states of ciprofloxa-
cin, levofloxacin, and moxifloxacin in docking calculations.

Docking procedure

Before docking calculations directed towards a selected target
were performed, it was necessary to define a region of the
target in which the best mode of binding of the ligand would
be searched. In this study, the available information on the res-
idues most relevant to achieving greatest bacterial resistance
to fluoroquinolones (Ser83 and Asp87) was used to select the
region of DNA gyrase in which grid maps were calculated. In
this docking procedure, the potential maps are defined in such
a way that they contain or are very near these two DNA gyrase
residues. From the crystal structure of a related system, which
consists of the ternary complex between a human Top1 con-
struct covalently attached to a DNA duplex with bound topo-
tecan,® information about the relative disposition of the topo-
tecan inhibitor molecule with respect to the DNA strand can
be extracted. In this case, part of the ring plane of the topote-
can molecule is intercalated into the duplex DNA. In addition,
by solving the structure of a DNA duplex with covalently
linked nalidixic acid by NMR and restrained torsion angle mo-
lecular dynamics, Siegmunt etal. found that nalidixic acid
adopts a stacked conformation with nucleotide base pairs.?”
To force a similar orientational effect in the disposition of fluo-
roquinolones with respect to DNA, docking calculations were
performed by a strategy that divides the surface of the DNA

Figure 1. Structures of A) ciprofloxacin, B) levofloxacin, and C) moxifloxacin fluoroquinolones used in docking calculations.
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gyrase into several narrow regions. In this model, four overlap-
ping narrow grids (Figure 2) were designed, to obtain fluoro-
quinolone structures oriented perpendicularly to the expected
direction of the axes of the DNA. Docked structures of fluoro-
quinolones showed an orientation that made it possible to
establish a stacked conformation with base pairs of the DNA
attached to DNA gyrase. These docked fluoroquinolones could
thus participate in a ternary complex with DNA gyrase and

Figure 2. The four boxes (A-D) used in the calculations of docking of fluoro-
quinolones to DNA gyrase. The QRDR of DNA gyrase (from residues 67 to
106) is represented in CPK model. Ser83 and Asp87 are shown in orange
and red, respectively. Non-QRDR DNA gyrase residues are drawn in ribbon
representation.
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DNA. Each box had a width of 7.5A and was displaced by
3.75 A with respect to the adjacent box, so the limit of each
box coincided with the center of the neighboring box. The
boxes were oriented in such a way that the longest dimension
of each box was perpendicular to the expected direction of
the DNA axes.

For each small narrow box (Figure 2), a docking calculation
with ciprofloxacin, levofloxacin, and moxifloxacin was carried
out. Figure 3 shows the best docking solution for each fluoro-
quinolone out of the four boxes. The best solutions for all

Figure 3. The best docked structures for ciprofloxacin (yellow), levofloxacin
(red), and moxifloxacin (cyan) were obtained in Box C. Ser83, Asp87, Arg121,
and Tyr122 are also displayed in ball and stick representation. The two subu-
nits of the DNA gyrase are in blue and grey in ribbon representation.

three molecules were obtained for the same box (box C), with
similar patterns of binding to DNA gyrase. In each of the three
fluoroquinolones the carboxylate group established a salt
bridge with the guanidinium group of Arg121, whereas the
positively charged N atom of the fluoroquinolone interacted
with the carboxylate group of Asp87. For ciprofloxacin and lev-
ofloxacin, the carboxylate moiety also interacted with the
Gly81 backbone HN proton, whereas for moxifloxacin this in-
teraction was established to be at a large distance (4.1 A).

Van der Waals contacts were observed between the Ser83
residue and the three compounds. Distances from the o
carbon of Ser83 to the N1 and C8 atoms of ciprofloxacin, levo-
floxacin, and moxifloxacin structures are shown in Table 1. All
distances were below 6 A, except for the distance to N1 in the
case of moxifloxacin (about 7 A). These values indicate that the
pattern of moxifloxacin binding differs slightly. The docked
structure of this fluoroquinolone was slightly displaced in rela-
tion to the structures of the other two drugs (Figure 3). Conse-
quently, for ciprofloxacin, the cyclopropyl substituent interact-
ed with Ser83, but for moxifloxacin the interaction of the same
substituent with Ser83 was less significant.

With regard to the number of intermolecular atom contacts
for a selected group of fluoroquinolone atoms with DNA
gyrase protein atoms, we identified two patterns of binding
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Table 1. Distances from the a carbon of Ser83 to the N1 [d(Ca-N1)] and
C8 atoms [d(Ca—C8)] of ciprofloxacin, levofloxacin, and moxifloxacin struc-
tures obtained in the oriented models.

d(Ca-N1) [A] d(Ca-C8) [A]
ciprofloxacin 53 5.6
levofloxacin 5.1 5.4
moxifloxacin 6.8 5.6

(Table 2). On the one hand, ciprofloxacin and levofloxacin
showed a greater number of atom contacts for the N1 and C8
substituents of their fluoroquinolone rings than for their C7
substituents. On the other hand, the C7 substituent of moxi-
floxacin established a greater number of atom contacts with
DNA gyrase than the N1 and C8 substituents.

Table 2. The number of intermolecular atom contacts for the group of
N1 and C8 atoms and their substituents and for the group of C7 atom
and their substituents of ciprofloxacin, levofloxacin, and moxifloxacin
with DNA gyrase calculated with the LigPlot®® program.

N1 and C8 c7
ciprofloxacin 14 3
levofloxacin 14 3
moxifloxacin 2 12

Docking of fluoroquinolones to structures taken from
molecular dynamic calculations

To study the stabilities of the binding modes of the three fluo-
roquinolones, new docking calculations with distinct conforma-
tions of the DNA gyrase were performed by use of the four
narrow boxes procedure. Ten structures taken from a 500 ps
molecular dynamics procedure were used as a target. For each
protein conformation, docking calculations were carried out
for each narrow box, and the minimal-energy solution was se-
lected. The greatest number of more stable docking structures
was obtained for box C (Table 3). Consideration of distinct rota-
mer conformations of DNA gyrase thus did not alter the pat-
tern of binding found with the crystal DNA gyrase structure.
The best structures of the three fluoroquinolones were in the
same cavity of DNA gyrase, and the binding modes were very
similar to those obtained with the narrow box procedure using
the crystal structure of DNA gyrase.

Table 3. Distribution of the best docking solutions out of the four
narrow boxes for a total of ten distinct DNA gyrase conformations.

Box A Box B Box C Box D
ciprofloxacin 0 1 9 0
levofloxacin 0 0 7 3
moxifloxacin 0 0 9 1
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Discussion

Using ciprofloxacin, levofloxacin, and moxifloxacin, here we
have applied a docking model in which solutions are restricted
to a determined orientation over the surface of the QRDR of
GyrA. We consider this model suitable for study of this system.

Docking results showed very similar patterns of binding for
ciprofloxacin and for levofloxacin. It is known that mutation at
the amino acid codons for Ser83 and/or Asp87 confers a bacte-
rial resistance mechanism against these two fluoroquinolones.
Our results allow us to explain these experimental observa-
tions, because Asp87 has been found to be critical in the bind-
ing of these drugs. This residue is crucial because it interacts
with the positively charged nitrogen in the fluoroquinolones.
In addition, we have found that Ser83 shows contacts with the
N1 substituents of these two antimicrobial agents. These con-
tacts can explain the resistance to these fluoroquinolones dis-
played when Ser83 is mutated with a residue possessing a side
chain, which can establish steric hindrance.

For moxifloxacin, the interaction with Asp87 is also critical.
However, the Ser83 mutation is tolerated. Our docking results
suggest that this tolerance develops because this drug can
establish better binding to DNA gyrase. The greater separation
between positive and negative atoms in moxifloxacin appears
to favor binding with the negative Asp87 and the positive
Arg121 charge of DNA gyrase. The distances between the car-
boxylate C atoms and the positively charged N atoms of the
fluoroquinolones were 10.6, 10.7, and 11.3 A for ciprofloxacin,
levofloxacin, and moxifloxacin, respectively. In addition, Ser83
showed less contact with moxifloxacin than with ciprofloxacin
and levofloxacin. Thus, mutation of Ser83 with another residue
bearing a larger side chain can produce less steric hindrance
with moxifloxacin than with the other two fluoroquinolones.

Notably, the docking results suggest that the role of Asp87
in the quinolone resistance mechanism is more relevant than
that of Ser83. However, mutation of Ser83 is experimentally
more frequently observed, thereby indicating the contribution
of this mutation to the resistance mechanism. Mutations that
change Ser83 either into leucine or into tryptophan confer
high levels of quinolone resistance (about tenfold increases),
whereas mutations that change Ser83 to alanine result in
lower levels of resistance (about fivefold increases).*” To ex-
plain the effect of each of the experimentally observed Ser83
mutations fully, a study with the ternary complex of quinolone,
DNA, and DNA gyrase would be required.

These data are consistent with previous studies that showed
that a mutation in the amino acid codon Thr86 (equivalent to
Ser83 in E. coli) of gyrA of Campylobacter jejuni produces a
slight increase in the minimum inhibitory concentration of
moxifloxacin but high increases in resistance to ciprofloxacin
and levofloxacin. In addition, our results are in agreement with
previous reports that a double mutation in the amino acid
codons Thr86 and Asp90 (equivalent to Asp87 in E. col) is re-
quired to generate a high level of resistance to moxifloxacin.”*”

For the three fluoroquinolones, Arg121 was another relevant
point of binding. However, this residue has never been found
to be mutated to achieve fluoroquinolone resistance. It is

ChemBioChem 2008, 9, 2081 - 2086
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worth noting that Arg121 is located next to the active-site ty-
rosine. On the basis of these observations, we propose that
this residue contributes to DNA binding or cleavage and that
mutations in the amino acid codon Arg121 may be detrimental
to the activity of the DNA gyrase, and that mutation in this res-
idue could consequently be lethal for the microorganism. This
hypothesis would explain why this possible escape mechanism
suggested by our docking procedures has never been found in
nature.

Conclusions

Our study provides a structural hypothesis for the binding
modes of three representative members of the fluoroquino-
lone antibiotics family to the QRDR of GyrA. Furthermore, anal-
ysis of these binding models allows us to study at the atomic
level the resistance mechanism associated with the gyrA muta-
tions most commonly found in fluoroquinolone-resistant E. coli
strains. Finally, our results strongly suggest that, although
Arg121 has never been found to be associated with fluoroqui-
nolone resistance, this residue plays a key role in the binding
of the antibiotic to GyrA and determines its position in the
QRDR of the enzyme.

Computational Methods

Fluoroquinolone ab initio calculations: At the ab initio level, the
density functional method was used to calculate the structures of
the three fluoroquinolones. The DFT calculations were made by
use of the hybrid exchange-correlation functional B3LYP and the
6-31+G** basis set. The B3LYP method is a good compromise
between reliability and computational cost, as demonstrated by
many examples.*'* The geometries of all systems were optimized
in vacuum by use of the GAMESS™ package. Convergence prob-
lems of the zwitterionic species were found in the ab initio calcula-
tions and can probably be attributed to the instabilities of these
species in the gas phase. To avoid this problem, ab initio gas-
phase optimizations were performed with the cationic forms of the
fluoroquinolones. For docking calculations, the carboxylic proton
was removed in each case, in order to use the zwitterionic form
that is present in solution.

Docking calculations: The calculations were performed with the
software package AutoDock3.05.”” Kollman united-atom partial
charges were assigned to protein and ligand molecules, and
atomic fragmental volumes of the protein atoms were assigned by
use of the Addsol utility of AutoDock3. With the aid of the Auto-
Dock Tools, two box sizes were defined to calculate the potential
grid maps. In one set of calculations, a grid map of 80x100x50
points covering a large region of the DNA gyrase was used. For a
second set of calculations, four narrow grids of 20x 100x 50 points
were defined. In all cases, the 0.375 A grid-point spacing were
used. The potentials grid maps were calculated by use of AutoGrid,
version 3.0. The Autotors utility was used to define the rotatable
bonds in the ligand. Ten dockings were performed with the La-
marckian Genetic Algorithm with use of a population size of 50
individuals with a total of 10® energy evaluations.

Molecular dynamics simulations: Molecular dynamics simulations
of two gyrase subunits were carried out by use of Gromacs™® with
the 43al force field.*” The X-ray crystal structure of DNA gyrase
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(N-terminal portion of E. coli gyrA) was used to prepare the starting
coordinates (1ab4 pdb code). DNA gyrase was neutralized by addi-
tion of 24 sodium ions and was then immersed in a rectangular
box containing 32415 SPC*® water molecules. 1000 energy mini-
mization cycles were done to remove repulsive van der Waals con-
tacts. Equilibration dynamics of the entire system were performed
at 300 K for 50 ps. Following the equilibration procedure, 500 ps
MD simulations were carried out with a periodic boundary condi-
tion in the NPT ensemble at 300 K by use of Berendsen tempera-
ture coupling™® and constant pressure (1 atm) with use of the iso-
tropic Parrinello-Rahman procedure.*® The LINCS algorithm®" was
applied to fix bond lengths. A time step of 2.0 fs and a nonbond-
interaction cut-off radius of 14 A were used. Electrostatic inter-
actions were calculated with the particle-mesh Ewald (PME)
method.®? The trajectory was sampled every 2 ps for analyses.
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A Macrophage Cell Model for Selective Metalloproteinase

Inhibitor Design

Faith E. Jacobsen,” Matthew W. Buczynski,® ® Edward A. Dennis,*" and Seth M. Cohen*®

The desire to inhibit zinc-dependent matrix metalloproteinases
(MMPs) has, over the course of the last 30 years, led to the devel-
opment of a plethora of MMP inhibitors that bind directly to the
active-site metal. With one exception, all of these drugs have
failed in clinical trials, due to many factors, including an appar-
ent lack of specificity for MMPs. To address the question of
whether these inhibitors are selective for MMPs in a biological
setting, a cell-based screening method is presented to compare
the relative activities of zinc, heme iron, and non-heme iron en-
zymes in the presence of these compounds using the RAW264.7
macrophage cell line. We screened nine different zinc-binding
groups (ZBGs), four established MMP inhibitors (MMPis), and two

One of the main targets for metalloenzyme inhibition over the
last 30 years has been matrix metalloproteinases (MMPs).l'™®
MMPs comprise a family of calcium(ll)- and zinc(ll)-dependent
hydrolytic enzymes involved in the maintenance of the extra-
cellular matrix components.”™'? Constitutively active MMPs fa-
cilitate nerve and bone growth, endometrial cycling, wound
healing, and angiogenesis;”® however, MMPs are also associat-
ed with chronic inflammatory diseases, cardiomyopathy, and
cancer metastasis.”""""® Development of potent and selective
MMP inhibitors (MMPis) thus has therapeutic potential in the
treatment of a number of human diseases."™® Presently, the
FDA has only approved one compound that inhibits MMP ac-
tivity: the broad-spectrum inhibitor doxycycline™ (under the
commercial name Periostat) used for the treatment of perio-
dontal disease." However, the mechanism of MMP inhibition
by doxycycline has not been fully elucidated,™ and it is
known also to have numerous interactions with other metal-
loenzymes.'®'® Furthermore, hundreds of other MMPis that
show excellent potency in vitro, only to exhibit several prob-
lematic side-effects in clinical trials, have been developed over
the past 30 years.”'"" A significant number of these effects
have been attributed to a lack of selectivity. In particular, the
hydroxamic acid zinc-binding group (ZBG) that is most often
utilized in MMPis, and other metalloproteinase inhibitors, is
not selective for the zinc(ll) ion over other biologically relevant
metal ions, such as iron.”? To this end, several efforts have
been made to identify more zinc-selective ZBGs.*!

Too often, potential therapeutics are tested in vitro and in
cellular assays against MMPs, only for a lack of efficacy and
side-effects caused by their lack of selectivity to be discovered
in animal models or in clinical trials. A number of studies have
reported screening techniques that identify cross-reactivity be-
tween MMP isoforms;?*%® however, they do not systematically
test whether MMPis can have an effect on non-MMP, off-target
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novel MMP inhibitors developed in our laboratory to determine
their selectivities against five different metalloenzymes. Using this
model, we identified two nitrogen donor compounds—2,2'-dipyri-
dylamine (DPA) and triazacyclononane (TACN)—as the most
selective ZBGs for zinc metalloenzyme inhibitor development. We
also demonstrated that the model could predict known nonspe-
cific interactions of some of the most commonly used MMPis,
and could also give cross-reactivity information for newly devel-
oped MMPis. This work demonstrates the utility of cell-based
assays in both the design and the screening of novel metallo-
enzyme inhibitors.

enzymes. To overcome the limitations of previous in vitro
screening approaches, we present here a robust assay system,
using the macrophage as a model, that can determine the effi-
cacies of inhibitors against MMPs alongside a number of other
relevant metalloenzymes, which serve as markers of cross-reac-
tivity. For these studies we selected the RAW264.7 murine mac-
rophage cell line, which has been used extensively as a model
of inflammation,”*>% has a wealth of publicly accessible infor-
mation available from the LIPID MAPS consortium (http://
www.LipidMaps.org), and, in contrast to human monocyte cell
lines such as U937 and THP-1, does not require differentiation
into adherent macrophages.®**!

Acute inflammation serves as an important component of
the innate immune system defense against bacterial infection
and entails the activity of a number of important metalloen-
zymes (Figure 1). In response to pathogenic stimuli, macro-
phage cells upregulate and release pro-MMPs into the extracel-
lular space. In addition, arachidonic acid (AA) released by acti-
vated macrophage cells is converted into bioactive mediators
by a variety of cyclooxgenase (COX) and lipoxygenase (LO) en-
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Figure 1. Overview of RAW264.7 macrophage activation. KDO (Kdo,-Lipid A)
is recognized by TLR-4 (toll-like receptor 4), resulting in upregulation of COX,
TNF,, iNOS, and pro-MMPs. ATP is recognized by purinergic receptors, in-
cluding P2X,, causing an influx of extracellular Ca’", which results in AA re-
lease and 5-lipoxygenase (5-LO) activation. The outcome is an increase in
LTC, (leukotriene C,) due to 5-LO and PGD, (prostaglandin D,) due to COX.
Metalloenzymes are flagged in dark gray, describing the type of metalloen-
zyme; the specific metabolites measured in this study are shown in paren-
thesis.

zymes.” The proinflammatory cytokine tumor necrosis fac-

tor a (TNF,) is transformed from its upregulated pro-form to its
activated state by TNF, converting enzyme (TACE), also known
as ADAM17.5537 Finally, macrophages upregulate inducible
nitric oxide synthase (iNOS), which produces reactive oxygen
species that kill bacteria.®® Each of the aforementioned pro-
cesses is metal-dependent: COX and iNOS are heme iron en-
zymes, LOs are non-heme iron enzymes, and TACE and MMPs
are zinc-dependent metalloenzymes. The RAW264.7 cell line
can recapitulate each of these hallmarks of acute inflammatory
processes, and provides a relevant model system for examining
the effects of MMPis on each metal-dependent pathway.

By using the RAW264.7 cell line, the metalloenzyme selectivi-
ties of nine different ZBGs have been examined. o-Phenanthro-
line (OP) is a common metal chelator that is known to remove
the catalytic zinc(ll) ion from the MMP active site (Scheme 1).5
3-Hydroxy-2-methyl-4H-pyran-4-one  (maltol),  3-hydroxy-2-
methyl-4H-pyran-4-thione (thiomaltol), 1-hydroxypyridin-2(1H)-
one (1,2-HOPO), and 1-hydroxypyridine-2(1H)-thione (1,2-
HOPTO) are chelators that have demonstrated greater MMP
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inhibition than simple hydroxamates such as acetohydroxamic
acid (AHA).”® Picolinic acid (PA), 2,2'-dipyridylamine (DPA), and
triazacyclononane (TACN) also inhibit MMPs better than AHA
and are expected to be more selective for binding zinc(ll) than
the aforementioned chelating groups (Scheme 1).24

In addition, the RAW264.7 cell line model has been used to
identify off-target interactions of a variety of known MMPis.
For example, GM6001 is a potent inhibitor of MMPs, but has
also been shown to inhibit the zinc(Ill) enzyme TACE."**" Doxy-
cycline and minocycline, which are broad-spectrum MMP in-
hibitors, are also known to blunt the activity of iINOS."? Overall,
six MMPis—including four commercially available MMPis and
two potent MMPis (Scheme 1) developed in our laboratory,™
the interactions of which with other metalloenzymes had not
previously been characterized—were evaluated in the macro-
phage model. The results show that the macrophage cell
model is predictive of the off-target interactions that have
been reported in the literature. The findings presented here
show that a cell-based model can be used to examine the ac-
tivities of compounds on a variety of metalloenzymes simulta-
neously. While we have applied this model towards the design
of selective MMPis, this screening method also provides a
useful tool for determining the specificity of a molecular frag-
ment or complete inhibitor for any of the metalloenzymes
assayed in this model. Thus, the screening method developed
here represents a powerful tool for analysis of the specificities
not only of MMPis, but also of TACE inhibitors, COX inhibitors,
iNOS inhibitors, and 5-lipoxygenase (5-LO) inhibitors, as well as
dual COX and 5-LO inhibitors."”

Results

Cell viability in the presence of ZBGs

Prior to examination of metalloenzyme activity, the toxicities of
the different ZBGs were determined. Cell viabilities were as-
sessed through the release of lactate dehydrogenase (LDH)
from Kdo,-Lipid A (KDO) stimulated macrophage cells in the
presence of each ZBG (100 um) over 24 h. LDH is a stable, cyto-
solic enzyme that is released upon cell death, and the concen-
tration of LDH in the extracellular medium correlates with cell
death. The results are shown in Figure S1 in the Supporting In-
formation and were confirmed visually with Trypan Blue Dye.
RAW264.7 cells proved to be greater than 90% viable in the
presence of all the ZBGs tested except OP, which killed approx-
imately 50% of the cells at 100 um. The results were consistent
with previous toxicity studies on cardiac fibroblasts,"”' which
showed that maltol, thiomaltol, 1,2-HOPO, and 1,2-HOPTO
demonstrated low toxicities at 100 um. The high toxicity of OP
at 100 um makes it difficult to determine whether a decrease
in enzymatic activity (as measured in the assays described
below) is due to inhibition by OP or simply results from an
overall increase in cell death. Because of this complication the
data obtained from OP (vide supra) are not interpreted in
detail.

ChemBioChem 2008, 9, 2087 — 2095
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Scheme 1. Chelators (top) and MMPis (bottom) evaluated in a macrophage-based model of metalloenzyme activity. Diagram depiciting how hydroxamate-

based MMPis (GM6001, NNGH) bind to the MMP active site (right).

Metalloenzyme activity in RAW264.7 cells

Knowing that metal chelators have different thermodynamic
affinities for metal ions in vitro,”” we sought to evaluate the
inhibition of several metalloenzymes by various ZBGs in a bio-
logical setting with a RAW264.7 macrophage cell model. As
shown in Figure 1, two stimulation scenarios, using either ATP
or KDO, were examined in order to probe the activities of dif-
ferent metalloenzymes. Stimulating the P2X, purinergic recep-
tor with ATP generates an influx of extracellular Ca®". Within
minutes, this Ca’" influx transiently activates both the cytosol-
ic phospholipase A, (cPLA,) to release AA from membrane
phospholipids and the non-heme iron enzyme 5-LO to process
AA to form bioactive leukotriene C, (LTC,).*? AA can also be
acted upon by the constitutively expressed heme iron enzyme
COX to make prostaglandin D, (PGD,). Additionally, the bacteri-
al membrane component KDO, a specific lipopolysaccharide,
was used to stimulate the toll-like receptor 4 (TLR-4) on the
macrophages, which induces sustained cPLA, activity over a
24 h period.” Over this period, KDO activates the transcription
factor NF-kB, allowing for the upregulation of COX, iNOS, pro-
TNF,, pro-MMP-9, and pro-MMP-13 (Figure S2, http://www.
LipidMaps.org).“? Pro-TNF,, is cleaved by membrane-associated

ChemBioChem 2008, 9, 2087 — 2095
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TACEB® to the soluble signaling protein TNF,. Through these
two stimulation pathways, the activities of five different metal-
loenzymes in the presence of different ZBGs could be exam-
ined. In the sections below, the activities of different ZBGs
against zinc-dependent enzymes are described, followed by
the results against iron-dependent enzymes.

Inhibition of MMPs by ZBGs: Previous work has shown that
TLR-4-stimulated RAW264.7 cells primarily induce pro-MMP-9
and pro-MMP-13 expression (Figure S2, http://www.LipidMaps.
org).* In this study, cells were stimulated with KDO in the
presence of ZBG (100 pum). As macrophages in culture have not
been shown to activate their own pro-MMP*~* and thus have
no basal level of MMP activity in the extracellular media (data
not shown), the pro-MMP was activated with p-aminophenyl-
mercuric acetate (AMPA)."” While the MMP fluorescent sub-
strate can also be cleaved by TACE, this protein is cell-mem-
brane-associated® and would not be present in an assay of
the extracellular media. This is confirmed by experiments
showing no activity in the extracellular media when AMPA is
excluded from the assay (data not shown).

At 100 um, DPA and TACN inhibited MMP activity by more
than 90%. The sulfur-containing ligands 1,2-HOPTO and thio-
maltol also inhibited the MMP activity, but to lesser extents
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(80% and 45%, respectively). The model hydroxamic acid,
AHA, inhibited 35% of the expressed MMP activity in the cells,
while the other ZBGs (maltol, 1,2-HOPO, PA) inhibited less than
20% of the MMP activity. The MMP assay results are summar-
ized in Figure 2.
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Figure 2. Inhibition of zinc-dependent enzymes MMPs and TACE by different
ZBGs. A) MMP activity and B) release of TNF, from KDO-stimulated RAW264.7
cells in the presence of each ZBG (100 um).

Inhibition of TACE by ZBGs: TACE activity was measured
through the relative amount of TNF, in the extracellular medi-
um following KDO stimulation. Because TACE is a zinc-depen-
dent enzyme, it was anticipated that some ZBGs would inhibit
TNF, release. Indeed, DPA and TACN are both inhibitors of
activity (Figure 2), with 100 pm DPA inhibiting TNF, release by
60%. Other ZBGs including PA, maltol, and thiomaltol inhibited
release by approximately 25%, 30%, and 40 %, respectively. All
other ZBGs, including 1,2-HOPTO, inhibited TNF, production
by less than 20%. The low inhibition by 1,2-HOPTO was sur-
prising, as this chelator is a potent ZBG against MMP-3 in
vitro,?*! but does not appear to inhibit the zinc-dependent
TACE in this model.

Inhibition of 5-LO and COX by ZBGs: To determine the activi-
ties of 5-LO and COX, the presence of their AA products was
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analyzed after stimulation with ATP. The activity of 5-LO was
measured by the production of LTC,; the activity of COX was
monitored by the production of PGD,. Both metabolites were
monitored simultaneously by the previously described LC-MS/
MS methodology.”” It is important to note that these metabo-
lites could also be measured, if suitable mass spectrometers
were unavailable, by commercially available ELISA assays
(Cayman Chemicals, Ann Arbor, MI, USA). Zileuton®"*? and
indomethacin® were used as positive controls for 5-LO and
COX inhibition, respectively (data not shown). The levels of AA,
the substrate for both 5-LO and COX, were also examined and
determined to be independent of the presence/absence of the
ZBGs (data not shown). This confirms that the ZBGs did not
affect the availability of AA in the assay.

At 100 pum, none of the ZBGs examined showed any signifi-
cant inhibition of 5-LO (Figure 3). A potential explanation for
this finding is that the concentrations of these chelators were
simply too low to affect lipoxygenase activity. In addition, 5-LO
is localized in the nuclear envelope,®** potentially making it
more difficult for the ZBGs to gain access to this enzyme. In
contrast, the activity of COX decreased noticeably in the pres-
ence of the sulfur-containing ZBGs—thiomaltol and 1,2-
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Figure 3. Inhibition of 5-LO and COX by different ZBGs. Production of
A) LTC, and B) PGD, from ATP-stimulated RAW264.7 cells in the presence
of each ZBG (100 pm).
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HOPTO—by 75% and 50%, respectively (Figure 3). None of the
other ZBGs showed greater than 20% inhibition of COX.

Inhibition of iINOS by ZBGs: The activity of iNOS was moni-
tored by measuring one of its reactive oxygen products—ni-
trite—by the Griess reagent assay.*® In a control experiment,
all ZBGs were tested and shown to have no significant reactivi-
ty with the nitrite ion under standard assay conditions (data
not shown). As with COX, the ZBGs that caused the most sig-
nificant decreases in nitrite product were sulfur-containing
ligands (Figure 4). Thiomaltol inhibited nitrite production by
80% and 1,2-HOPTO by 75%. The only other ZBG to affect ni-
trite concentration significantly was DPA, which inhibited iNOS
activity by 40%.
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Figure 4. Inhibition of iINOS by different ZBGs. Production of nitrite from
KDO-stimulated RAW264.7 cells in the presence of each ZBG (100 um).

Metalloenzyme inhibition by complete MMPis: In addition to
testing ZBGs, the macrophage model system was used to
determine the activities of several full-length inhibitors. Six
known MMPis were examined: GM6001, NNGH, doxycycline,
minocycline, PY-2, and 1,2-HOPO-2 (Scheme 1). GM6001 and
NNGH are commercially available, broad-spectrum, nanomolar
MMPis.”! Doxycycline and minocycline are tetracycline-based,
broad-spectrum MMP inhibitors,">*” which exhibit rather weak
potency in vitro (150 um and 3500 pm, respectively, for MMP-
3);"® however, doxycycline is the only FDA-approved drug for
MMP inhibition."™ PY-2 and 1,2-HOPO-2 are MMPis that have
been shown to be semi-selective, with submicromolar inhibi-
tion of MMP-3, MMP-8, and MMP-12."3! 1,2-HOPO-2 also dis-
plays submicromolar inhibition of MMP-2.*3' RAW264.7 macro-
phage cells were incubated with each MMPi at concentrations
near to or greater than their most potent reported IC;, values
(GM6001, NNGH, PY-2, and 1,2-HOPO-2 were applied at 5 um;
doxycycline and minocycline at 100 pum), and enzymatic assays
were performed as described above. A summary of the data is
shown in Figure 5.

Both NNGH and GM6001 showed potent inhibition of MMPs.
GM6001 also caused a reduction in TNF,, indicating inhibition
of zinc-dependent TACE. The presence of NNGH leads to a
decrease in LTC,, the metabolite of 5-LO. Doxycycline shows
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Figure 5. Metalloenzyme inhibition profile of RAW264.7 cells in the presence
of GM6001 (5 um), NNGH (5 pum), PY-2 (5 um), 1,2-HOPO-2 (5 um), doxycycline
(100 pm), and minocycline (100 pm).

minimal inhibition of MMPs at 100 pum, but there is a marked
increase in LTC, and PGD, metabolites, with a concomitant de-
crease in nitrite production. Minocycline does not affect LTC,
and PGD, levels as strongly, but does show a decrease in ni-
trite similar to that observed with doxycycline. PY-2 does not
appear to affect any of the enzymes examined in this assay,
while 1,2-HOPO-2 appears to cross-inhibit the iron enzymes,
slightly blunting the production of 5-LO, COX, and iNOS prod-
ucts.

Discussion

Many inhibitors that target metalloenzymes use chelating moi-
eties that are not selective for the metal contained in the
target protein, potentially leading to undesirable side effects in
animal model and in clinical evaluations.” The findings de-
scribed here show that a series of straightforward assays in a
macrophage cell model can be used to screen metal-chelating
fragments or complete enzyme inhibitors against many metal-
loenzymes rapidly and simultaneously, to determine the metal-
loenzyme selectivity of a compound in a biological setting. To
this end, the ZBGs and MMPi shown in Scheme 1 were exam-
ined.

A number of new ZBGs have been developed in recent
years in order to address some of the in vivo problems associ-
ated with hydroxamic acids.®***>**¢ Many have been shown
to have improved in vitro potency against MMPs relative to
simple hydroxamic acids such as AHA (Scheme 1).** Some of
these ZBGs have been developed into complete MMPis that
show semiselective inhibition against several MMP isoforms.*
One drawback of many of these new ZBGs is that they do not
selectively bind zinc(ll) over other biologically relevant metal
ions. In fact, hydroxypyrone inhibitors have been shown to
inhibit iron-dependent soybean lipoxygenase in vitro.?*¢" In
the macrophage model presented here, 100 um of maltol, 1,2-
HOPO, or PA showed little inhibition of MMP activity in
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RAW264.7 cells. Similarly, none of these ZBGs inhibited iNOS,
COX, or 5-LO at 100 um in the cell-based assay. In the case of
MMPs, the lack of inhibition is likely due to the relatively low
affinities of these compounds for the enzymes, as these ZBGs
have in vitro ICy, values of > 100 um,***' and in MMP inhibi-
tion experiments maltol and 1,2-HOPO were readily removed
by dialysis (Table S1), indicating very weak chelation to the
active site zinc(ll). Maltol and PA showed minimal in vivo inhib-
ition of TACE, while 1,2-HOPO showed no significant inhibition
(Figure 2). Thus, under these assay conditions, maltol, 1,2-
HOPO, and PA did not stand out as particularly potent zinc(ll)
chelators.

The sulfur-containing ligands—thiomaltol and 1,2-HOPTO—
demonstrate stronger affinities for zinc(ll) than their oxygen-
only analogues (maltol and 1,2-HOPO, respectively,
Scheme 1).%>* Dialysis experiments demonstrate that thiomal-
tol has an intermediate mode of inhibition that includes both
removal of the zinc(ll) from, and formation of a ternary com-
plex, inside the MMP protein active site (Table S1, Figure S3).
These same experiments indicate that 1,2-HOPTO inhibited
MMP by virtually complete removal of the active site zinc(ll)
ion. 1,2-HOPTO has a lower IC;, value than thiomaltol against
MMP-3 in vitro,”>*! and similarly was also more effective than
thiomaltol at inhibiting MMP activity in RAW264.7 cells
(Figure 2). In contrast, these chelators only weakly inhibited
the zinc-dependent enzyme TACE in the cellular assay, to a
degree similar to their oxygen-only counterparts (Figure 2). In-
terestingly, thiomaltol and 1,2-HOPTO were extremely potent
inhibitors of heme iron enzymes. Both compounds inhibited
COX activity by 70% (Figure 3) and iNOS activity by more than
80% (Figure 4). This strongly suggests that MMP is incorporat-
ing these moieties could show cross reactivity with heme
enzymes. Without appropriately designed substituents (that is,
a selective backbone moiety),”® the use of thiomaltol and 1,2-
HOPTO as binding groups for either zinc or heme iron en-
zymes should be approached with caution, as these chelators
may act promiscuously in vivo.

Nitrogenous ligands such as DPA and TACN demonstrated
the greatest promise as platforms for zinc(ll)-dependent
enzyme inhibitors. When the mode of inhibition was exam-
ined, DPA inhibited MMPs through a combination of both
metal removal and the formation of a stable protein-metal-
ligand ternary complex (Table S1, Figure S3). Consistent with in
vitro results,” TACN and DPA were potent inhibitors of MMP
and TACE in RAW264.7 cells, inhibiting ~90% of MMP activity
(Figure 2) and 50% of TACE activity (Figure 2). This makes
these two chelators the most potent ZBGs against the zinc(ll)
metalloenzymes on the basis of the results of the macrophage
screening presented in this study. In contrast, neither DPA nor
TACN significantly inhibited any of the iron enzymes examined.
DPA showed some inhibition of iNOS (Figure 4), but had no
effect on COX or 5-LO. TACN demonstrated no significant in-
hibition of any of these metalloenzymes. Given that both of
these ZBGs inhibit zinc(ll) enzymes in vitro®” and show selec-
tive inhibition over other metalloenzymes in the macrophage
model, these ZBGs stand out as excellent candidates for devel-
opment of selective MMP and/or TACE inhibitors. With an ap-
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propriate backbone to increase the potency and specificity for
these targets further, DPA and TACN provide an excellent start-
ing point for the creation of potent and selective zinc(ll)-de-
pendent metalloenzyme inhibitors.

In addition to screening simple ZBGs, the macrophage
model was used to identify potential off-target activity for four
known MMPis: GM6001, NNGH, doxycycline, and minocycline.
GM6001 completely inhibited MMP activity in RAW264.7 cells,
while also blunting TNF, production. This is not surprising, as
GM6001 is known also to inhibit TACE.***" NNGH also showed
complete inhibition of MMPs, had no effect on TNF, produc-
tion, but blunted the activity of 5-LO, COX, and iNOS
(Figure 5), indicating some degree of promiscuity of this com-
pound between zinc- and iron-dependent enzymes. The hy-
droxamate ZBG employed by NNGH has a strong thermody-
namic preference for binding iron(lll) over zinc(ll),*?? and this
type of broad, albeit weak, inhibition of several metalloen-
zymes could contribute to potential side effects in a clinical
setting. However, to the best of our knowledge, NNGH has not
yet undergone clinical trials.

The tetracycline compounds—doxycycline and minocy-
cline—both showed modest decreases in MMP activity, but did
not affect levels of TNF,. Both tetracyclines decreased nitrite
production, which is likely caused or exacerbated by a de-
crease in iINOS expression, a known off-target interaction of
doxycycline.*? Interestingly, doxycycline increased the produc-
tion of the 5-LO metabolite LTC, and the COX metabolite
PGD,; furthermore, AA levels were found to be increased five-
fold (data not shown). This is consistent with work done by
Attur et al., who showed that doxycycline increased PGE, pro-
duction by lipopolysaccharide-stimulated RAW264.7 cells.’”
Our data further demonstrate increases in levels of AA, sug-
gesting that doxycycline may hyperactivate cPLA2 and exacer-
bate the inflammatory response.”® In general, our findings in
the macrophage model support the known pleiotropic natures
of these compounds in vivo and confirm that this model can
accurately predict known off-target interactions for a variety of
MMPis in a simple assay.

Two recently developed MMPis based on hydroxypyrone
(maltol) and hydroxypyridinone (1,2-HOPO) ZBGs—PY-2 and
1,2-HOPO-2—were analyzed to determine how MMPis using
non-hydroxymate ZBGs interacted with the different metallo-
enzymes. At 5 pm, neither compound was found to reduce
MMP activity in the macrophage model significantly (Figure 5).
However, RAW264.7 cells primarily express MMP-9 and MMP-13
(Figure S2, http://www.LipidMaps.org), and while PY-2 and 1,2-
HOPO-2 inhibit MMP-2, -3, -8, and -12 effectively, they do not
significantly inhibit MMP-1, -7, -9, or -13.¥ The observation
that PY-2 and 1,2-HOPO-2 do not exhibit significant MMP in-
hibition in this assay thus confirms the isoform specificity of
these MMPis as determined by in vitro experiments. PY-2 did
not significantly inhibit TACE, 5-LO, COX, or iNOS at 5 um, dem-
onstrating good selectivity against these enzymes. In contrast,
1,2-HOPO-2 did show some inhibition of COX and iNOS, indi-
cating it may have significant off-target activity in vivo. The dif-
ference between PY-2 and 1,2-HOPO-2 with respect to the
heme iron enzymes is quite striking in view of the similar over-
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all structures of the two MMPis, and this difference in activity
was not recapitulated by the ZBGs alone (Figures 3 and 4). This
finding points to the significance of the ZBG in MMPi design,
and supports the hypothesis that small changes in the ZBG
may have profound effects on the behavior of these com-
pounds in vivo.***! The results of these facile screening experi-
ments may be useful for avoiding such pitfalls prior to more
advanced development (that is, clinical) of these or other met-
alloenzyme inhibitors.

Conclusions

A general, cell-based method to screen the effects of com-
pounds against a broad range of zinc- and iron-dependent
enzymes has been presented. Two ZBGs—DPA and TACN—
showed good selectivity, inhibiting the zinc(ll) metalloenzymes
MMP and TACE, while sparing the iron enzymes 5-LO, COX,
and iNOS. Mixed oxygen-/sulfur-based ZBGs, such as thiomaltol
and 1,2-HOPTO, inhibited not only MMPs, but also the heme
iron enzymes COX and iNOS. In addition to isolated ZBGs, full-
length MMPis—including the hydroxamate inhibitors GM6001
and NNGH, the tetracycline inhibitors doxycycline and minocy-
cline, and the hydroxypyrone and hydroxypyridinone inhibitors
PY-2 and 1,2-HOPO-2—were examined. The macrophage
screen correctly predicted the off-target inhibition that is
known for the hydroxamate and tetracycline MMPis. The hy-
droxypyridione MMPi 1,2-HOPO-2 reduced heme-iron-depend-
ant COX and iNOS activity, whereas its hydroxypyrone ana-
logue PY-2 did not cause any nonspecific inhibition. Overall,
we identified TACN and DPA as excellent ZBGs for the develop-
ment of potent, selective zinc(ll) metalloenzyme inhibitors, and
have shown that the potential limitations of new full-length in-
hibitors can be evaluated through a simple, cell-based experi-
ment.

Experimental Section

Materials: Maltol, PA, 1,2-HOPO, 1,2-HOPTO, OP, TACN, DPA, doxy-
cycline, minocycline, and ATP were obtained from Sigma-Aldrich.
GM6001 (lllomastat), NNGH (N-isobutyl-N-(4-methoxyphenylsulfo-
nyl)glycyl hydroxamic acid), the Griess assay, and fluorogenic MMP
Substrate Ill were purchased from Calbiochem (San Diego, CA).
OmniMMP fluorogenic substrate was purchased from Biomol (Ply-
mouth, PA). Thiomaltol, PY-2, and 1,2-HOPO-2 were prepared by
literature methods.”**¥ RAW264.7 murine macrophages were pur-
chased from the American Type Culture Collection (ATCC, Manas-
sas, VA). LC grade solvents were purchased from EMD Biosciences.
Synergy C18 reversed-phase HPLC columns and Strata-X solid-
phase extraction columns were purchased from Phenomenex (Tor-
rance, CA). Phosphate buffered saline (PBS) was purchased from
VWR. Dulbecco’s modified Eagle’s medium and fetal bovine serum
were purchased from Invitrogen (Carlsbad, CA). Kdo,-Lipid A (KDO)
was purchased from Avanti Polar Lipids (Alabaster, AL). All eicosa-
noids and indomethacin were purchased from Cayman Chemicals
(Ann Arbor, MI). Slide-A-Lyzer dialysis cassettes were purchased
from Pierce Biotechnologies (Rockford, IL). The TNF, assay kit was
purchased from R&D Systems (Minneapolis, MN). The CytoTox 96
Non-Radioactive Cytotoxicity Assay for measuring lactate dehydro-
genase (LDH) activity was purchased from Promega. All other re-
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agents were reagent grade or better. UV/Visible spectra were re-
corded with a Perkin—-Elmer Lambda 25 spectrophotometer. Metal
contents were determined with a Perkin—Elmer Optima 3000 DV in-
ductively coupled plasma optical emission spectrometer (ICP-OES)
located at the Analytical Facility at the Scripps Institute of Ocean-

ography.

Data analysis: The data were normalized to values measured in
uninhibited cells or media, unless explicitly described otherwise.
Results were reported as mean + standard deviation, and statistical
analysis was performed by use of Student’s t-test. The critical
values for statistical significance were set at o =0.05, and p values
meeting this threshold were denoted in the figures with an asterisk

(*).

Cell culture and stimulation: The RAW264.7 murine macrophage
cells were cultured in Dulbecco’s modified Eagle’s medium with
fetal bovine serum (10%) and penicillin/streptomycin
(100 unitsmL™") at 37°C in a humidified 5% CO, atmosphere. Cells
(5x10°) were plated in 24-well culture plates in medium (0.5 mL)
and were allowed to adhere for 24 h. The medium was replaced
with serum-free medium (0.5 mL), and the system was incubated
for 1 h and stimulated either with ATP (2 mm) for 10 min, or with
KDO (100 ngmL™") for 24 h. After stimulation, the medium was
removed and partitioned for use in all subsequent assays. All ZBGs
and inhibitors were added 30 min prior to stimulation.

Sample preparation for short-term (ATP) stimulation: After ATP
stimulation, the whole of the medium (0.5 mL) was removed and
supplemented with internal standards (50 ul, 200 pguL~' of
[D,IPGD,, [DILTC,, and [Dg]AA in EtOH) and extracted for PGD, and
LTC, analysis by SPE as previously described.”*® The samples were
reconstituted in LC solvent A (water/acetonitrile/acetic acid
70:30:0.02, v/v/v, 50 pL) for LC-MS/MS analysis.

Sample preparation for long-term (KDO) stimulation: After KDO
stimulation, the whole (0.5 mL) of the medium was removed and
supplemented with internal standards (50 ul, 200 pguL™' of
[D,PGD,, [DsILTC,, and [DglAA in EtOH). The sample was then
divided as follows: 100 pL was extracted for PGD, analysis as previ-
ously described,®3¥ 50 uL was analyzed for TNF,, 50 uL was ana-
lyzed for nitrite levels, 80 uL was analyzed for MMP activity, and
50 uL was analyzed for LDH activity to determine cell viability.
Samples were stored at —20 °C until analysis.

Lactate dehydrogenase release assay: Cell viability was assessed
by the LDH release assay according to the manufacturer’s protocol.
Typically, macrophage cell supernatant (50 pL) was incubated for
30 min with a tetrazolium substrate that is converted by LDH activ-
ity (via NADH) into a red formazan product that was measured by
absorbance at 490 nm on a Bio-Tek ELX808 absorbance microplate
reader. To determine the amount of LDH released at 0% viability,
cells were frozen at —80°C for 1 h and then thawed, and medium
was removed. To determine the amount of LDH released at 100%
viability, medium was removed from unfrozen cells. The viability of
cells incubated with inhibitors was determined relative to these
two endpoints.

MMP activity assay: MMP activities of KDO-stimulated cell media
were analyzed by a fluorescence substrate assay on a Bio-Tek
FLX 800. Cell medium (80 pL) was incubated at 37°C with assay
buffer [20 pL, MES (50 mm), CaCl, (10 mm), Brij-35 (0.05%), pH 6.0]
containing MMP Substrate Ill (final concentration in each well
400 pum) and p-aminophenylmercuric acetate (AMPA, final concen-
tration in each well 1 mm). Upon substrate cleavage, the fluores-
cence (A,=340nm, A.,=485nm) of each well was measured
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after 24 h at 37°C and expressed as relative activity to cells with-
out inhibitors.?>*!

TNF, release assay: TACE activity was determined by measuring
the amount of TNF, secretion by a fluorimetric assay. Typically,
KDO-stimulated cell media (50 puL) was diluted in PBS (1:50), and
the diluted solution (50 uL) was analyzed according to the manu-
facturer’s protocol. The concentration of TNF, was measured by
absorbance at 450 nm on a Bio-Tek ELX808 absorbance microplate
reader and compared to a standard curve established by use of a
mouse TNF, standard (23 pgmL~' to 1500 pgmL™"). Results are
reported as relative release to cells without inhibitors.

PGD, and LTC, eicosanoid production assay: The activities of
COX and 5-LO were determined by measurement of the levels of
PGD, and LTC,, respectively, by a previously published LC-MS/MS
methodology.**>”

Nitrite production assay: The activity of iINOS was determined by
measurement of the amount of nitrite in KDO-stimulated cell
medium. Nitric oxide is readily oxidized into nitrite, which can be
measured by the Griess assay.”® By the manufacturer’s protocol,
KDO-stimulated media (50 ul) was analyzed by a colorimetric
assay. Briefly, sulfanilamide was added to the cell medium (this
reacts with nitrite to form a diazonium salt). N-1-Napthylethylene-
diamine dihydrochloride was then added (this reacts with the di-
azonium salt to form a colored azo compound detectable by ab-
sorbance at 550 nm on a Bio-Tek ELX808 absorbance microplate
reader). Results are reported as relative release to cells without
inhibitors.

Abbreviations

AHA: acetohydroxamic acid; AA: arachidonic acid; AMPA: p-amino-
phenylmercuric acetate; COX: cyclooxgenase; cPLA,: cytosolic
phospholipase A,; DPA 2,2'-dipyridylamine; ELISA: enzyme-linked
immunosorbent assay; maltol: 3-hydroxy-2-methyl-4H-pyran-4-one;
thiomaltol: 3-hydroxy-2-methyl-4H-pyran-4-thione; 1,2-HOPO: 1-hy-
droxypyridine-2(1 H)-thione; ICP-OES: inductively coupled plasma
optical emission spectrometer; iNOS: inducible nitric oxide syn-
thase; KDO: Kdo,-Lipid A; LDH: lactate dehydrogenase; LTC,: leu-
kotriene C,; LO: lipoxygenase; 5-LO: 5-lipoxygenase; LC-MS/MS:
liquid chromatography-tandem mass spectrometry; MMP: matrix
metalloproteinase; MMPi: MMP inhibitor; NNGH: N-isobutyl-N-(4-
methoxyphenylsulfonyl)glycyl hydroxamic acid; OP: o-phenanthro-
line; PBS: phosphate-buffered saline; PA: picolinic acid; PGD,: pros-
taglandin D,; TLR-4: Toll-like receptor 4; TACN: triazacyclononane;
TNF,: tumor necrosis factor a; TACE: TNF, converting enzyme;
ZBG: zinc-binding group.
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Probing the Compatibility of Type Il Ketosynthase-Carrier

Protein Partners

Andrew S. Worthington,”® Gene H. Hur,” Jordan L. Meier,” Qian Cheng,®

Bradley S. Moore,”™ 9 and Michael D. Burkart*®

Drug discovery often begins with the screening of large com-
pound libraries to identify lead compounds. Recently, the en-
zymes that are involved in the biosynthesis of natural products
have been investigated for their potential to generate new, di-
verse compound libraries. There have been several approaches
toward this end, including altering the substrate specificities of
the enzymes involved in natural product biosynthesis and engi-
neering functional communication between enzymes from differ-
ent biosynthetic pathways. While there exist assays to assess the
substrate specificity of enzymes involved in these pathways, there
is no simple method for determining whether enzymes from dif-
ferent synthases will function cooperatively to generate the de-

Introduction

Fatty acid and polyketide biosynthesis are evolutionarily relat-
ed pathways that use similar mechanisms to synthesize their
products."? In both pathways small acyl carrier proteins
(ACPs) serve as a central covalent template to which biosyn-
thetic intermediates are tethered while iterative cycles of load-
ing, condensation, and processing are performed by accessory
enzymes such as acyltransferse (AT), ketosynthase (KS), and ke-
toreductase (KR) domains.®™ In type | fatty acid synthase (FAS)
and polyketide synthase (PKS) systems these enzyme activities
are all housed on a single multidomain “megasynthase,”
whereas in type Il FAS and PKS systems each accessory enzyme
is a discrete polypeptide that must interact in trans with the
growing ACP-tethered intermediate.!"%+®

ACP-bound acyl intermediates are tethered through a thio-
ester bond that is formed by the terminal thiol of a post-trans-
lationally introduced 4'-phosphopantetheine arm. This 4’-phos-
phopantetheine prosthetic group is introduced by the action
of a phosphopantetheinyltransferase (PPTase) enzyme, which
converts apo-ACP to holo-ACP by the transfer of the 4-phos-
phopantetheine from coenzyme A (CoA) to a conserved serine
residue of ACP Recently our group"®'? and others">'¥ have
shown that promiscuous PPTases, most notably the surfactin
PPTase Sfp,l" are highly tolerant of modification to the termi-
nal portion of CoA and will transfer a variety of 4’-phospho-
pantetheine analogues from CoA analogues to produce crypto-
ACPs. Crypto-ACP refers to an ACP in which the terminal thiol
moiety is replaced or “hidden” by an unnatural modification.""
This ability to modify ACPs with virtually any substitution at
the thiol terminus of the 4’-phosphopantetheine group has
been used for the proteomic identification of PKS and FAS sys-
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sired product(s). Herein we report a method that provides insight
into both substrate specificity and compatibility of protein—-pro-
tein interactions between the acyl carrier protein (ACP) and keto-
synthase (KS) domains involved in fatty acid and polyketide bio-
synthesis. Our technique uses a one-pot chemoenzymatic method
to generate post-translationally modified ACPs that are capable
of covalently interacting with KS domains from different biosyn-
thetic systems. The extent of interaction between ACPs and KSs
from different systems is easily detected and quantified by a gel-
based method. Our results are consistent with previous studies of
substrate specificity and ACP-KS binding interactions and provide
new insight into unnatural substrate and protein interactions.

tems in crude cell lysate!’®'”!

into the substrate selectivity of these enzymes.!

One further area in which this technology has proven useful
is in probing the structural interactions of carrier-protein-medi-
ated biosynthesis. In type Il FAS and PKS biosynthesis, tight yet
transient interactions between the loaded ACP and each of its
partner enzymes are essential for efficient biosynthetic produc-
tivity. The transient and noncovalent nature of these protein-
protein interactions has hindered attempts to study the indi-
vidual steps of these biosynthetic processes by using tradition-
al structural methods. To help alleviate this problem we recent-
ly developed a method to trap ACPs during their interaction
with KS domains." In natural type Il FAS and PKS systems, KS
domains are responsible for the condensation reaction in
which the growing acyl chain of the FAS or PKS intermediate is
first transferred to the nucleophilic cysteine of the KS, followed
by decarboxylation and Claisen condensation of a malonyl-ACP

and to provide essential insights
18]
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Figure 1. A method to probe interactions between modified ACPs and KSs of type Il FAS and PKS pathways. A) A comparison of type Il biosyntheses between
FAS in E. coli and enterocin biosyntheis in S. maritimus. B) Apo-ACP is incubated with CoaA, CoaD, CoaE, and Sfp in the presence of ATP and pantetheine ana-
logues 1-9 to generate crypto-ACP. Crypto-ACP reacts with the active-site cysteine of the ketosynthase to form ACP-KAS fusion product.

intermediate with the KS-bound acyl-enzyme intermediate.”*-

I To study this transient interaction we used a chemoenzy-
matic synthesis of CoA analogues combined with post-transla-
tional modification by the PPTase Sfp to produce crypto-ACPs
in which nonhydrolyzable electrophilic probes are tethered in
place of the natural thiol terminus of holo-ACP. This reactive
moiety can then interact with the nucleophilic active-site cys-
teine of a KS domain, which results in the formation of a cova-
lent crosslink. This interaction can be detected by running the
one-pot reaction on SDS-PAGE and observing a gel shift. Tight-
er interactions between the ACP and KS yield a greater signal,
while a diminished or negligible signal is an indication that
either the two proteins are failing to associate, or that the re-
active CoA analogue is effectively competing with the cross-
linking reaction for modification of the KS active site.

In addition to its utility in isolating covalently crosslinked
ACP-KS complexes for crystallographic studies,”® this crosslink-
ing procedure presents a novel method for studying the step-
wise compatibility of ACP and partner enzymes that originate
from alternate biosynthetic systems. Currently there is no
simple procedure for determining whether an ACP and a KS
from two different biosynthetic systems will possess the requi-
site protein—protein interactions to insure tight binding and ef-
ficient processing of biosynthetic intermediates; this shortcom-
ing has presented an obstacle in the rational manipulation of
modular synthases for the purposes of generating novel com-
binatorial compound libraries.***® By comparing the extent of
crosslinking between an ACP and KS we can demonstrate how
well the KS will accept alternate carrier proteins from other or-
ganisms and/or biosynthetic pathways.

Here we present a full study of ACP-KS crosslinking in which
we apply nine new electrophilic 4-phosphopantetheine ana-
logues towards crosslinking studies of three systems: KASI-

ChemBioChem 2008, 9, 2096 - 2103
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ACP and KASII-ACP from E. coli type Il FAS, and EncAB-EncC, a
KS-ACP pair from the S.maritimus typell enterocin PKS
(Figure 1).27 A gel-based assay is used to probe and quantify
the interactions between both natural and unnatural ACP-KS
partners by using our panel of reactive pantetheine analogues;
the results reflect the specificity of a KS for its natural ACP
partner. In addition we verify the active-site specificity of our
crosslinking experiments by performing MALDI and LC-MS/MS
analyses on in-gel digests of crosslinked proteins. Finally we
use our panel of electrophilic pantetheine analogues to corre-
late substrate specificity with the structure of the electrophilic
4'-phosphopantetheine arm of the crypto-ACP (Scheme 1). This
study represents the first application of this technology to a
medicinally relevant type Il PKS biosynthetic system, and our
findings accurately reflect the known differences in both bind-
ing affinities and substrate specificity among KS domains and
provide new insight into the interaction between ACP and KS
domains in type Il FAS and PKS systems.

Results and Discussion

Design and synthesis of reactive pantetheine analogues for
crosslinking

This study utilizes a previously reported chemoenzymatic
method in which CoaA, CoaD, and CoaE are used to convert
pantetheine analogues 1-9 into CoA analogues in one pot,
before transfer of the 4-phosphopantetheine group to the
ACP by the PPTase Sfp (Figure 1B)."' In our initial report, we
noticed different reactivities of our crosslinking pantetheine
analogues with regards to the stereochemistry of the leaving
group.' These differences are likely a reflection of binding-
pocket-residue interactions. The enzymes responsible for the
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Scheme 1. Pantetheine analogues as probes for the substrate specificity of KS domains in FAS and PKS. The site of attack by the active-site cysteine of KS is
highlighted in yellow. A) Natural pantetheine substrates for KS domains KASI and KASII of E. coli FAS and EncAB of S. maritimus PKS. Substrates of length
n=0-6 are bound to the ACP at R. B) Pantetheine analogues 1-9 were used to mimic substrates of varying lengths and degrees of oxidation.

biosynthesis of the S. maritimus polyketide enterocin belong to
the type Il polyketide synthase (PKS) family.?®?® The ketosyn-
thase chain length factor (KS-CLF) EncAB must recognize not
only benzoate and malonate that is bound to the carrier pro-
tein EncC, but also the growing product bound to EncC; this
growing product is transacylated to the active-site cysteine
prior to condensation with malonyl-EncC. E. coli FAS ketosyn-
thases KASI and KASII also recognize their growing fatty acyl
chains in addition to recognizing malonate that is bound to
ACP (Figure 1A). Although they have overlapping substrate
specificities, KASI and KASII have shown slightly different activi-
ties towards a panel of fatty acid substrates. KASII shows great-
er specific activity with all substrates from hexanoyl-ACP (C6)
to hexadecanoyl-ACP (C16). Most notably, KASII shows signifi-
cantly more activity than KASI with myristoyl(14:0) and palmi-
toleoyl-ACP(16:1) as substrates.®™™ The binding pocket of KASII
is slightly larger and thus more receptive to the longer sub-
strates of the latter stages of fatty acid synthesis; structural
and modeling studies have shown that the binding pocket of
KASI is too shallow to hold the C18:1 product of the elonga-
tion of C16:1.°" Other differences in substrate specificity be-
tween the two ketosynthases are thought to be due to the
identities of residues lining the substrate binding pockets.®?

Pantetheine analogues 1-9 can be thought of as incorporat-
ing two important components for the purpose of this study:
1) an affinity tag of varying stereochemistry and electrophilicity
and 2) an alkyl chain that is designed to mimic a variety of
substrate sizes (Scheme 1). Because terminal chloroacryla-
mides® proved to be the most efficient ACP-KS crosslinkers in
our original study, we first examined the subtle differences of
this reactive electrophile in depth. In order to examine the in-
fluence of electrophile stereochemistry on crosslinking we syn-
thesized both terminal (1-2), and long-chain (4-5) chloracryla-
mides of varying Z/E stereochemistry. We also investigated the
effect of varying the placement of the Michael-accepting
double bond of the chloroacrylamide by synthesizing com-
pound 6, which places it at the same chain length as the
naturally occurring 4’-phosphopantetheine thioester, and com-
pound 7, which places the electrophilic carbon one carbon
shorter than the naturally occurring thioester. To understand
the effect of the chlorine group on crosslinking better, we syn-
thesized 8, a non-chloro-containing terminal acrylamide. Finally
we examined the reactivity of two other long-chain electro-
phile-containing pantetheine analogues, a,f-unsaturated
alkyne 3 and racemic a-bromoacetamide 9.%¥ In terms of acyl
chain length, these analogues can be grouped into three sub-
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Figure 2. Application of the method for KS-ACP formation to E. coli FAS and S. maritimus PKS proteins by using
nine reactive pantetheine analogues. SDS-PAGE analysis of one-pot reactions to form KS-ACP complexes by using
the panel of analogues and three combinations of KS, ACP proteins: A) E. coli KASI and ACP B) E. coli KASII and
ACP Q) S. maritimus EncAB and EncC. D) SDS-PAGE analysis of one-pot reactions to form KS-ACP complexes by
using the shorter analogue 1 and longer analogue 3 to compare substrate specificity and binding compatibility
between the KSs of type Il biosynthesis and both natural and unnatural ACP partners.

FULL PAPERS

of the more potent crypto-ACP
forms, which were derived from
compounds 1 and 3 were also
incubated with a KS from a dif-
ferent organism and biosynthetic
system. In almost all of the cases
tested, there was some interac-
tion between crypto-ACP and KS
(Figure 2). This interaction was
detected as a gel shift on SDS-
PAGE; the degree of crosslinking
was quantified by using the gel-
analyzing function of the pro-
gram Image) (Table 1).** For all
natural systems, crosslinking was
confirmed by MALDI MS/MS
analyses (Figure 3)."

Functional characteristics of
linker region and length of 4'-
phosphopantetheine arms for
ACP-KS crosslinking

Inspection of the results of the
gel-shift assay (Figure 2) indicate
several important crosslinking
characteristics for the pante-
theine analogues in our panel.

groups: those with acyl chains that are shorter than acylated
4'-phosphopantetheine (6-7), those with acyl-chains that
roughly correspond to a short acyl chain (1-2, 8), and those
that incorporate a longer acyl chain (3-5, 9).

After overproduction and purification of the apo-forms of
the carrier proteins E. coli AcpP (from type Il FAS) and S. mari-
timus EncC (from type Il enterocin PKS) the one-pot chemoen-
zymatic method was applied with analogues 1-9 to post-trans-
lationally modify each ACP and produce crypto-ACPs. Each
crypto-ACP then was reacted with its natural partner KS. Two

Table 1. Quantification of the degree of crosslinking between KS and
ACP using the program ImageJ. A) Comparison of crosslinking using the
panel of analogues with natural KS-ACP partners. B) Comparison of natu-
ral versus unnatural KS-ACP partners by using analogues 1 and 3. The
pantetheine analogue used in each experiment is designated in bold.

A) 1 2 3 4 5 6 7 8 9
KASI-ACP 87 74 4 5 3 0 0 92 19
KASII-ACP 99 92 27 20 17 4 2 100 100
EncAB-EncC 42 43 56 23 35 0 0 24 59
B)

KASI-ACP 95 7

KASI-EncC 89 1

KASII-ACP 99 26

KASII-EncC 1 1

EncAB-ACP 34 28

EncAB-EncC 32 49

ChemBioChem 2008, 9, 2096 - 2103
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An initial observation is that our
results reaffirm the importance
of the second amide bond of pantetheine for enzyme recogni-
tion.”® Analogues 6 and 7, which lack this important recogni-
tion element allowed only minimal interaction with a ketosyn-
thase domain in the KASII-ACP system and showed no detecta-
ble interaction in other systems, despite the optimal place-
ment of the electrophilic chloroacrylamide in 6. This is not due
simply to a lack of ACP loading by 6 and 7 because MALDI-MS

EncC

MKHHHHHHHH
LDREFEVLGY
PASRN

GGLVPRGSHG
DELVLLETSA

GSEFLSSDQL
QLKHRYDIDI

LOILSECSGD
PEDVIRDLKT
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PRAVLEYVNV

Enc A

MGSSHHHHHH
GRSAIRRITA
CARRAVAEAG
LVDQKYQSPH

SSGLVPRGSH MMSRHVVITG LSVLAPGSTD TEGFWKMITA
FDPTPFRSQV AGEVDLDPLA CGFSRREVRR LDRASLLAVA
ITSGTSIDPG RIGVSVGNAV GSATSIENEY VVLSDEGRQW
LFDYFVPGSL ARETAWAAGA EGPVSVISAG ITSGIDALGH
ACQLIQEGSA DVMVAGATDA PVTPIAVACF DAIKATTRRN DDPEHAPRPF
DRTRDGFAIA EGAAMLVLED SEHARRRGAD IYGTITGYAA HSNAYHMTGL
SRDGNEMARA ITTALDEART DPTAVGYINA HGSGTKQNDL HETEAFKKAL
GEHAYNVPVS SIKSMIGHSL GAIGAIEVAT CALAIRNGVV PPTANLHEPD
PDCDLDYVPL EARDVDLDVV LTVGSGFGGF QSAMIVEKWR GGHV

Figure 3. Compiled MS/MS data of gel-excised EncA-EncC complex that was
digested with pepsin, trypsin, or chymotrypsin. Residues that are highlighted
in yellow and blue represent regions of the proteins that were identified by
their peptide fragments. Peptides that contain the active site of EncC (562,
highlighted in green) and the active site of EncA (C191, highlighted in pur-
ple) were not isolated.
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analysis of the one-pot chemoenzymatic reactions before the
addition of KS shows the expected mass change for formation
of crypto-ACPs in both cases (Figure S1 in the Supporting Infor-
mation). Among these two poor crosslinkers, placement of the
reactive electrophile does appear to play a role in ACP-KS
crosslinking activity, as evidenced by the slight preference for
compound 6 (same length as the natural substrate) over com-
pound 7 (one carbon shorter than the natural substrate) in the
KASII-ACP system. Overall placement of the electrophilic trap
at a distance greater than that of the position of the natural
thioester from the ACP was most effective for crosslinking; this
is an indication of the importance of the length of the 4'-phos-
phopantetheine arm in modulating carrier protein interactions
with accessory enzymes. The identity of the electrophilic func-
tionality at the site of attack of the pantetheine analogue also
proved very important for ACP-KS crosslinking efficiency, with
the most reactive electrophile, a-bromoacetamide 9, showing
extreme reactivity with KASIl and EncAB systems.

Correlation of 4’-phosphopantetheine structure with ACP-KS
crosslinking efficiency and substrate specificity

Crosslinking between a crypto-ACP and KS domain is depen-
dent upon the ability of the KS to both recognize the surface
residues of the carrier protein and accommodate and react
with the reactive substrate analogue of the modified 4-phos-
phopantetheine arm. A greater crosslinking signal, which is de-
tected as a gel shift on SDS-PAGE, indicates a tighter interac-
tion between the ACP and KS. A weaker signal is indicative of
either a lack of favorable binding interactions between the
partner ACP and KS, a lack of binding interactions between the
4’-phosphopantetheine arm of the crypto-ACP and the active
site of the KS, or an extremely reactive electrophilic pante-
theine analogue that blocks the KS active site before transfer
to the ACP. For the purposes of this study, we chose electro-
philic warheads of tempered reactivity (acrylamides and acety-
lenamides being some of the least reactive Michael acceptors,
haloacetamides being the least reactive a-halocarbonyl com-
pounds) to avoid the latter problem. Furthermore, because the
surface residues of our crypto-ACPs are invariable through the
full spectrum of our pantetheine analogues, crosslinking effi-
ciency of an ACP and KS from the same system (e.g., E. coli
type Il FAS) should be mostly a function of the ability of the KS
active site to interact favorably with the structure of the
crypto-ACP’s unnatural 4’-phosphopantetheine arm.

For the functional assessment of these interactions we per-
formed thirty one-pot ACP-KS crosslinking reactions by apply-
ing each pantetheine analogue 1-9, along with a DMSO con-
trol to each of the three systems that were tested (Figure 2 A-
Q). Our results correlate well with previous studies of substrate
specificity in ACP-KS systems, and also allow us to draw new
conclusions that are yet to be verified. For example, previous
studies of ACP-KS dissociation constants in E. coli type Il FAS
have estimated the K; between KASIl and C14-ACP as 70 nwm,
versus a weaker interaction of 180 nm between KASI and C14-
ACP. Both interactions are stronger than that of the ACP-KS
that is responsible for the biosynthesis of the type Il PKS prod-
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uct actinorhodin, which is estimated to lie in the 1-10 um
range.®” The dissociation constant between EncAB and EncC is
expected to be similar to that of the actinorhodin system be-
cause both biosyntheses are carried out by related Streptomy-
ces bacteria. This overall weaker interaction of ACP and KS
partners in type Il PK biosynthesis is reflected in the relative
crosslinking efficiencies of EncC-EncAB when compared to the
ACP and KS from E. coli typell FAS. Of the five most active
compounds, 1-3, 8, and 9, only two crosslink EncAB with an
efficiency of greater than 50%, whereas three of five crosslink
AcpP-KASI with more than 70% efficiency, and four of five
crosslink AcpP-KASII with more than 90% efficiency; there is a
direct correlation between crosslinking efficacy and binding of
ACP and KS (Table 1A).

In addition to such broad intersystem insights, careful analy-
sis of the crosslinking results provides knowledge of the active
sites of the KS enzymes themselves. For example, comparing
the results of testing our panel of analogues on the natural
KASI-ACP and KASII-ACP systems shows that in addition to its
tighter binding, KASII acts more efficiently than KASI on larger,
longer substrate mimics. The data generated from the alkyl-
chain-incorporating substrate mimics (compounds 3, 4, 5, and
9) indicate a clear preference (greater than fourfold) by KASII
over KASI for larger substrates. This supports the previously
noted study by Edwards et al., which showed that KASII acts
on larger substrates C14:0 and C16:1 at least twofold more ef-
ficiently than KASLE® In comparison, the two KS domains had
similar activity (>70% crosslinking) towards the smaller sub-
strates, compounds 1, 2, and 8. All three of these compounds
are similar in size to natural FAS substrates at the beginning of
elongation, but compounds 3-5 and 9 are more similar to in-
termediates in FAS elongation. The slight preference for com-
pound 8 might be a result of a narrow active-site channel,
which has trouble accepting the bulky halide incorporated by
1 and 2; this hypothesis is supported by the preference for
compound 3 over compounds 4 and 5 in the KASII-ACP
system.

The substrate-binding pocket of the ketosynthase EncAB
needs to be larger and bulkier than that of either E. coli FAS
ketosynthase. The active site of EncAB holds substrates that
contain up to seven unreduced ketide units followed by the
benzoate starter unit and produces a final product of the con-
densation reactions that is larger than those produced by
either KASI or KASII. The results of our crosslinking studies with
compounds 3-5 and 9 reflect this difference. Of the three sys-
tems that were tested in our panel, EncAB showed the greatest
activity towards octyl-chain-incorporating compounds 3-5.
EncAB did not have the greatest reactivity of the three systems
with compound 9 (KASII was extremely reactive with this ana-
logue), but hexanoyl bromoacetamide 9 show the greatest
crosslinking of EncC-EncAB compared with the rest of the
panel. These results are likely due to the inherent volume of
the substrate-binding pocket. In addition, EncAB does not in-
teract as well with EncC-bound compound 8 as it does with
EncC-bound compounds 1 or 2. Even among these starter unit
analogues, having a large, bulky leaving group on the pante-
theine analogue seems to render it more effective at binding
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in the expansive KS active site. However, unlike in the smaller
active sites of the E. coli ketosynthases, there is no preference
for the E isomer 1 over the Z isomer 2 in these less bulky
crosslinking agents. This lack of a clear stereochemical prefer-
ence for EncAB crosslinking with 1 and 2, along with the com-
plete crosslinking that is observed in KASII, suggests that the
lack of complete crosslinking by racemic bromoacetamide 9 in
the Enc system is due more to the weak protein—protein inter-
actions of EncC-EncAB than to an intrinsic preference for one
stereoisomer of 9. To verify this will require the synthesis of
enantiopure pantetheine derivatives. Alternatively, the lack of
complete crosslinking in the Enc system could be due to com-
petition for the active site between non-carrier-protein-bound
pantetheine analogues and crypto-ACP, a phenomenon that
was not observed in the tight-binding type Il FAS systems.

Verification of ACP modification and ACP-KS crosslinking
site selectivity

To verify the compatibility of analogues 1-9 with our one-pot
chemoenzymatic carrier protein modification protocol we used
MALDI-MS to monitor the mass increase upon post-translation-
al modification of apo to crypto-ACPs (Figure S1). In our initial
report the site-specific nature of our crosslinking technique on
E. coli AcpP and both KASI and KASII was demonstrated by
using data from MALDI MS/MS analyses of in-gel-digested
complexes.” We extended this approach to the S. maritimus
ACP EncC and KS EncAB, which are involved in the biosynthe-
sis of the polyketide enterocin (Figure 3).*) In this experi-
ment, EncC was post-translationally modified by a CoA entity
that was derived from compound 3. Crypto-EncC was then al-
lowed to react with EncAB. The one-pot reaction was run on
multiple lanes of SDS-PAGE; the subunits EncA (KS) and EncB
(CLF) of the EncAB were dissociated under these denaturing
conditions. Bands that correspond to crosslinked EncA-EncC
were then excised and digested with either trypsin, chymo-
trypsin, or pepsin. MALDI MS/MS analyses resulted in the iden-
tification of peptides that correspond to 71% sequence cover-
age of EncC and 96 % of EncA. Importantly, the active-site resi-
dues, Ser72 of our EncC construct and Cys191 of our EncA con-
struct, were not identified in the analysis. This is consistent
with post-translational modification of Ser72 and subsequent
reaction of crypto-EncC with Cys191, and results in the site-di-
rected crosslink between EncAB and EncC. While it would have
been desirable to obtain peptide fragments representative of
the active-site regions in the absence of crosslinking condi-
tions, this would have required considerably more experimen-
tation. Instead we chose to address this issue by using protein
crystallographic studies, which are currently underway. In addi-
tion, all of these active-site-specific crosslinking reactions failed
when the KS was subjected to heat denaturation prior to reac-
tion (unpublished results). Thus, from these experiments and
those of our initial report, the site-specific nature of the cross-
linking has been verified for all ACP and KS species used to
date.
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Investigation of intersystem ACP-KS partner protein inter-
actions by crosslinking analyses

With each of the compounds tested, KASIl from E. coli FAS
crosslinks its cognate carrier protein AcpP to a greater degree
than KASI. As stated above, this suggests that the AcpP-KASII
interaction is stronger than that of AcpP-KASI, a finding that is
supported by previous kinetic analyses of these enzymes.?”
What we intended to examine next was whether the strength
of these interactions were mainly functions of the ACP or KS
component, and to what extent these protein-protein inter-
actions were compatible across different biosynthetic systems.
To study this, we performed combinatorial crosslinking experi-
ments by using two compounds: chloroacrylamide 1, our
model “starter unit” electrophilic 4-phosphopantetheine ana-
logue, and a,f-unsaturated acetylene amide 3, a long-chain 4'-
phosphopantetheine precursor, which had shown good cross-
linking of EncC-EncAB enzymes. By using our one-pot chemo-
enzymatic method, each analogue was loaded onto the carrier
proteins AcpP or EncC before incubation with one of the three
ketosynthase domains, KASI, KASII, or EncAB (Figure 2D).

Analysis of the crosslinking reactions by gel-shift assay
showed that, as expected, each KS domain showed a prefer-
ence for interacting with its natural carrier protein (Table 1B).
In addition, KASIl showed negligible crosslinking to crypto-
EncC regardless of whether it was modified with analogue 1 or
3. The correlation between the crosslinking efficiency and com-
patibility of ACP-KS binding surfaces suggests that the binding
interactions of KASIl are mainly dependent on a tight surface
residue interaction rather than interactions that result from the
loading of substrate on the 4-phosphopantetheine arm. In
contrast KASI showed a high degree of crosslinking (89 %) with
EncC that was modified with starter unit analogue 1, but negli-
gible reactivity (1%) with crypto-EncC loaded with 3; this
indicates the presence of a less permissive active site that is
coupled to more permissive, less-specific binding residues at
the protein surface. Together these results suggest that KASI
and KASII utilize subtly different yet complementary binding
modes in E. coli type Il FAS (Figure 4).

The type Il PKS ketosynthase EncAB showed less preference
for the carrier protein with which it interacted. Crypto-EncC
that was primed with compounds 1 and 3 crosslinked EncAB
reasonably well at values of 32% and 49 %, respectively. When
the unnatural carrier protein AcpP was similarly prepared with
1 and 3 these values were 34% and 28 %, respectively. Notably,
EncAB showed a significant preference for its natural carrier
protein partner when using o,f-unsaturated alkyne 3, a com-
pound that is more similar in size to the natural substrate of
EncAB than compound 1. This experiment was comparable to
the study by lzumikawa et al., which demonstrated that the
benzoate:CoA ligase EncN, which is responsible for loading
benzoate onto EncC can efficiently load ACPs from type Il PKS
systems other than enterocin.”® Together with the observed
crosslinking results, this apparent promiscuity of the carrier
protein that is used in crucial steps of enterocin biosynthesis
might be an indication that the enterocin system is capable
of utilizing the carrier protein from its type Il FAS system for
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Figure 4. Summary of results from the experiment designed to compare
substrate specificity and binding compatibility between the KSs of type Il
biosynthesis and both natural and unnatural ACP partners. Wavy lines that
are attached to the ACP cartoons correspond to phosphopantetheine ana-
logue 1 (shorter line) or 3 (longer line). Significant binding interactions were
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while negligible interactions occurred in the reactions that are marked with
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enterocin biosynthesis during times of stress. Alternatively,
whereas EncC is located in the enterocin biosynthetic gene
cluster, we cannot discount the possibility that this organism
expresses only a single ACP that is used for both type Il FAS
and PKS biosynthesis. To date, only 21 proteins from this or-
ganism have been sequenced, all but one of which are associ-
ated with the enterocin biosynthetic pathway. Based upon the
observed results, one could conjecture that when the S. mari-
timus FAS gene cluster is eventually deciphered, the sequence
of its associated carrier protein might very likely be strikingly
similar to EncC.

Conclusions

In this study we have developed the ACP-KS crosslinking
methods from our preliminary reports, synthesizing a variety of
4'-phosphopantetheine analogue precursors in order to identi-
fy the key structural characteristics necessary for ACP-KS cross-
linking. In addition we have tested the compatibility of three
new electrophilic functionalities with this approach and ex-
panded the structure of our crosslinking reagents to incorpo-
rate fatty alkyl substrate mimics. The utilization of this panel al-
lowed the first crosslinking of an ACP-KS pair from a typell
PKS system. Such an approach might allow structural analysis
of this single step in the biosynthesis of the medicinally rele-
vant enterocin and aid future efforts at rational design of com-
binatorial biosynthetic enzymes. We demonstrated the site-
specificity of our crosslinking agents in the natural KASI-ACP,
KASII-ACP, and EncAB-EncC systems by using MS analyses. The
site-specificity of crosslinking between unnatural partner pro-
teins was not evaluated in this study. Future studies exploring
the functional aspects of these unnatural interactions will ad-
dress this issue.
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Perhaps most interestingly, this study has demonstrated a
clear correlation between the structure of the electrophilic 4-
phosphopantetheine arm and the active-site structure, sub-
strate specificity, and crosslinking efficiency. In particular, our
results agree with a variety of studies that have investigated
binding affinity and substrate specificity of KS domains in
type Il FAS and PKS systems. This finding points to the informa-
tion-rich nature of thoroughly studied crosslinking analyses by
using our system. Finally, we have used our techniques to in-
vestigate the dominant interactions that are responsible for
ACP-KS binding in both fatty acid and enterocin biosynthetic
systems. Although the results of these intersystem crosslinking
studies must be verified by analysis of substrate turnover, we
hope to use this approach in the future to aid in the develop-
ment of unnatural biosynthetic systems by investigating a
wide range of ACP-KS pairs to help establish a foundational
knowledge of ACP—KS interactions. This approach could be fur-
ther aided by mutagenic studies in which we use crosslinking
studies to determine the amino acid residues that are crucial
for protein surface and enzyme-substrate interactions in these
systems.

Experimental Section

Synthetic protocols, compound characterization, and additional
experimental procedures can be found in the Supporting Infor-
mation.

Crosslinking of recombinant ACP and ketosynthase: To compare
the reactivities of ketosynthases towards a panel of pantetheine
analogues (1-9) and to compare the interaction between ketosyn-
thase and natural vs. unnatural carrier protein by SDS-PAGE, the
following procedure was used. Carrier protein (4 ug, > fivefold
excess), CoaA (0.1 pg), CoaD (0.5 nug), CoaE (1 pg), and B. subtilis
Sfp (0.5 pg) were added to a 50 mm potassium phosphate, pH 7.0,
buffer with 12.5 mm Mg,Cl, and 8 mm ATP. The pantetheine ana-
logue (0.1 mm) was added, and the mixture was incubated at 37°C
for 5 min, then ketosynthase (2-3.5 pg)was added, and the reaction
was allowed to proceed at 37°C for 1 h. Samples were run on a
9% SDS-PAGE, where cross-linked product was detected by stain-
ing with Coomassie. Gels were photographed with a BioRad Fluor-
S Multilmager (Hercules, CA, USA), and bands were quantified by
using the ImageJ software that was provided by the NIH (Be-
thesda, MD, USA).B¥

Mass spectrometry analyses: To verify the post-translational modi-
fication of carrier protein by using matrix-assisted laser desorption/
ionization mass spectrometry (MALDI MS), the following procedure
was sed. Carrier protein (4 pg), CoaA (0.1 ug), CoaD (0.5 pg), Coak
(1 ng), and B. subtilis Sfp (0.5 pg) were added to a 50 mm potassi-
um phosphate, pH 7.0, buffer with 12.5 mm Mg,Cl, and 8 mm ATP.
Pantetheine analogue 1 or 3, (0.1 mm), was added, and the mixture
was incubated at 37°C for 1h. The reaction was analyzed by
MALDI MS without further purification.

MALDI MS/MS analyses of in-gel-digested complexes were per-
formed as previously described.!"

ChemBioChem 2008, 9, 2096 - 2103



www.chembiochem.org



Type Il Ketosynthase—Carrier Protein Partners

Acknowledgements

Funding was provided by ACS-PRF 42158-G4, NIH RO1M075797,
NIH RO1AI47818, and ACS RSG-01-011-01-CDD. We thank H. Mori
from the Japanese E. coli consortium for providing genes from
the ASKA plasmid ORF library.””

Keywords: acyl carrier protein - acylation - biosynthesis - fatty
acids - ketosynthase

[1
[2]
3]

[10]
(11

[12]

[13]
[14]

[15]

[16]

(171

[18]

ChemBioChem 2008, 9, 2096 - 2103

D. A. Hopwood, D. H. Sherman, Annu. Rev. Genet. 1990, 24, 37-66.

S. Smith, S. C. Tsai, Nat. Prod. Rep. 2007, 24, 1041-1072.

S. W. White, J. Zheng, Y. M. Zhang, C. O. Rock, Annu. Rev. Biochem. 2005,
74, 791-831.

C. Hertweck, A. Luzhetskyy, Y. Rebets, A. Bechthold, Nat. Prod. Rep.
2007, 24, 162-190.

A. C. Mercer, M. D. Burkart, Nat. Prod. Rep. 2007, 24, 750-773.

T. Maier, S. Jenni, N. Ban, Science 2006, 311, 1258-1267.

C. Khosla, Y. Tang, A.Y. Chen, N. A. Schnarr, D. E. Cane, Annu. Rev. Bio-
chem. 2007, 76, 195-221.

B. Shen, Curr. Opin. Chem. Biol. 2003, 7, 285-295.

R. H. Lambalot, A. M. Gehring, R.S. Flugel, P. Zuber, M. LaCelle, M. A.
Marahiel, R. Reid, C. Khosla, C. T. Walsh, Chem. Biol. 1996, 3, 923-936.
A. S. Worthington, M. D. Burkart, Org. Biomol. Chem. 2006, 4, 44-46.

J.J. La Clair, T. L. Foley, T.R. Schegg, C. M. Regan, M. D. Burkart, Chem.
Biol. 2004, 11, 195-201.

A. C. Mercer, J.J. La Clair, M. D. Burkart, ChemBioChem 2005, 6, 1335-
1337.

J. Yin, A.J. Lin, D. E. Golan, C. T. Walsh, Nat. Protoc. 2006, 1, 280-285.
S. A. Sieber, C.T. Walsh, M. A. Marahiel, J. Am. Chem. Soc. 2003, 125,
10862-10866.

L. E. Quadri, P. H. Weinreb, M. Lei, M. M. Nakano, P. Zuber,
Biochemistry 1998, 37, 1585-1595.

J. L. Meier, A. C. Mercer, H. Rivera Jr. , M. D. Burkart, J. Am. Chem. Soc.
2006, 128, 12174-12184.

J.L. Meier, A.C. Mercer, M.D. Burkart, J. Am. Chem. Soc.
5443-5445.

P. C. Dorrestein, J. Blackhall, P. D. Straight, M. A. Fischbach, S. Garneau-
Tsodikova, D. J. Edwards, S. McLaughlin, M. Lin, W. H. Gerwick, R. Kolter,
C. T. Walsh, N. L. Kelleher, Biochemistry 2006, 45, 1537-1546.

C.T. Walsh,

2008, 130,

[19]

[20]

[21]

[22]
[23]

[24]
[25]

[26]
[27]

[28]

[29]

[30]

B1]

[32]

[33]

[34]
[35]

[36]

37]
[38]

[39]

A. S. Worthington, H. Rivera, J. W. Torpey, M. D. Alexander, M. D. Burkart,
ACS Chem. Biol. 2006, 1, 687-691.

G. D’Agnolo, I. S. Rosenfeld, P. R. Vagelos, J. Biol. Chem. 1975, 250, 5283-
5288.

J. G. Olsen, A. Kadziola, P. von Wettstein-Knowles, M. Siggaard-Andersen,
S. Larsen, Structure 2001, 9, 233-243.

J. Dreier, C. Khosla, Biochemistry 2000, 39, 2088-2095.

R.W. Haushalter, A.S. Worthington, G.H. Hur, M.D. Burkart, Bioorg.
Med. Chem. Lett. 2008, 18, 3039-3042.

N. Wu, D. E. Cane, C. Khosla, Biochemistry 2002, 41, 5056-5066.

H. G. Menzella, R. Reid, J. R. Carney, S.S. Chandran, S. J. Reisinger, K. G.
Patel, D. A. Hopwood, D. V. Santi, Nat. Biotechnol. 2005, 23, 1171-1176.
K. J. Weissman, P. F. Leadlay, Nat. Rev. Microbiol. 2005, 3, 925-936.

J. Piel, C. Hertweck, P.R. Shipley, D. M. Hunt, M. S. Newman, B. S. Moore,
Chem. Biol. 2000, 7, 943-955.

M. lzumikawa, Q. Cheng, B.S. Moore, J. Am. Chem. Soc. 2006, 128,
1428-1429.

Q. Cheng, L. Xiang, M. Izumikawa, D. Meluzzi, B.S. Moore, Nat. Chem.
Biol. 2007, 3, 557-558.

K. Arnvig McGuire, J. N. McGuire, P. von Wettstein-Knowles, Biochem.
Soc. Trans. 2000, 28, 607-610.

J. G. Olsen, A. Kadziola, P. von Wettstein-Knowles, M. Siggaard-Andersen,
Y. Lindquist, S. Larsen, FEBS Lett. 1999, 460, 46-52.

M. Moche, K. Dehesh, P. Edwards, Y. Lindqvist, J. Mol. Biol. 2001, 305,
491-503.

C. P. Govardhan, R. H. Abeles, Arch. Biochem. Biophys. 1996, 330, 110-
114.

B. V. Plapp, W. S. Chen, Methods Enzymol. 1981, 72, 587-591.

M. D. Abramoff, P. J. Magelhaes, S.J. Ram, Biophoton. Int. 2004, 11, 36—
42,

J. Xun, H. Huang, K. W. Vogel, D. G. Drueckhammer, Bioorg. Chem. 2005,
33, 90-107.

J. Dreier, A. N. Shah, C. Khosla, J. Biol. Chem. 1999, 274, 25108-25112.
P. Edwards, J. S. Nelsen, J. G. Metz, K. Dehesh, FEBS Lett. 1997, 402, 62—
66.

M. Kitagawa, T. Ara, M. Arifuzzaman, T. loka-Nakamichi, E. Inamoto, H.
Toyonaga, H. Mori, DNA Res. 2005, 12, 291-299.

Received: March 29, 2008
Published online on July 30, 2008

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

2103

www.chembiochem.org



http://dx.doi.org/10.1146/annurev.ge.24.120190.000345

http://dx.doi.org/10.1039/b603600g

http://dx.doi.org/10.1146/annurev.biochem.74.082803.133524

http://dx.doi.org/10.1146/annurev.biochem.74.082803.133524

http://dx.doi.org/10.1039/b507395m

http://dx.doi.org/10.1039/b507395m

http://dx.doi.org/10.1039/b603921a

http://dx.doi.org/10.1126/science.1123248

http://dx.doi.org/10.1146/annurev.biochem.76.053105.093515

http://dx.doi.org/10.1146/annurev.biochem.76.053105.093515

http://dx.doi.org/10.1016/S1367-5931(03)00020-6

http://dx.doi.org/10.1016/S1074-5521(96)90181-7

http://dx.doi.org/10.1039/b512735a

http://dx.doi.org/10.1002/cbic.200500051

http://dx.doi.org/10.1002/cbic.200500051

http://dx.doi.org/10.1038/nprot.2006.43

http://dx.doi.org/10.1021/ja0361852

http://dx.doi.org/10.1021/ja0361852

http://dx.doi.org/10.1021/bi9719861

http://dx.doi.org/10.1021/ja063217n

http://dx.doi.org/10.1021/ja063217n

http://dx.doi.org/10.1021/ja711263w

http://dx.doi.org/10.1021/ja711263w

http://dx.doi.org/10.1021/bi052333k

http://dx.doi.org/10.1021/cb6003965

http://dx.doi.org/10.1016/S0969-2126(01)00583-4

http://dx.doi.org/10.1021/bi992121l

http://dx.doi.org/10.1016/j.bmcl.2008.01.026

http://dx.doi.org/10.1016/j.bmcl.2008.01.026

http://dx.doi.org/10.1021/bi012086u

http://dx.doi.org/10.1038/nbt1128

http://dx.doi.org/10.1038/nrmicro1287

http://dx.doi.org/10.1016/S1074-5521(00)00044-2

http://dx.doi.org/10.1021/ja0559707

http://dx.doi.org/10.1021/ja0559707

http://dx.doi.org/10.1038/nchembio.2007.22

http://dx.doi.org/10.1038/nchembio.2007.22

http://dx.doi.org/10.1042/BST0280607

http://dx.doi.org/10.1042/BST0280607

http://dx.doi.org/10.1016/S0014-5793(99)01303-4

http://dx.doi.org/10.1006/jmbi.2000.4272

http://dx.doi.org/10.1006/jmbi.2000.4272

http://dx.doi.org/10.1006/abbi.1996.0231

http://dx.doi.org/10.1006/abbi.1996.0231

http://dx.doi.org/10.1016/S0076-6879(81)72048-2

http://dx.doi.org/10.1016/j.bioorg.2004.10.002

http://dx.doi.org/10.1016/j.bioorg.2004.10.002

http://dx.doi.org/10.1074/jbc.274.35.25108

http://dx.doi.org/10.1016/S0014-5793(96)01437-8

http://dx.doi.org/10.1016/S0014-5793(96)01437-8

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200800245

Switch-Peptides: Design and Characterization of
Controllable Super-Amyloid-Forming Host-Guest Peptides
as Tools for Identifying Anti-Amyloid Agents

Marie-Stéphanie Camus,” Sonia Dos Santos,”™ Arunan Chandravarkar,®
Bhubaneswar Mandal,”™ Adrian W. Schmid,™ Gabriele Tuchscherer,® Manfred Mutter,”” and

Hilal A. Lashuel*™

Several amyloid-forming proteins are characterized by the pres-
ence of hydrophobic and highly amyloidogenic core sequences
that play critical roles in the initiation and progression of amy-
loid fibril formation. Therefore targeting these sequences repre-
sents a viable strategy for identifying candidate molecules that
could interfere with amyloid formation and toxicity of the parent
proteins. However, the highly amyloidogenic and insoluble nature
of these sequences has hampered efforts to develop high-
throughput fibrillization assays. Here we describe the design and
characterization of host—guest switch peptides that can be used
for in vitro mechanistic and screening studies that are aimed at
discovering aggregation inhibitors that target highly amyloido-
genic sequences. These model systems are based on a host-guest
system where the amyloidogenic sequence (guest peptide) is
flanked by two B-sheet-promoting (Leu-Ser), oligomers as host
sequences. Two host—guest peptides were prepared by using the

Introduction

Protein misfolding and self-assembly into (-sheet-rich fibrillar
structures “amyloid fibrils”, is a pathological feature of several
neurodegenerative diseases including Alzheimer’s, Parkinson'’s,
Huntington’s, and prion diseases,™ for which only symptomatic
treatments are available today. The pathology of Alzheimer’s
disease (AD) is characterized by the presence of two different
types of fibrillar protein aggregates: 1) extracellular amyloid
plaques that are composed of fibrillar aggregates of amyloid 3
(AP) peptides (Ap42 and AP40)) and 2) intracellular neurofibril-
lary tangles that are composed of fibrillar aggregates of the
microtubule-associated protein, tau.? Although the aggrega-
tion of AP has been implicated as the primary trigger of neuro-
degeneration and cause of neurological deficits in memory im-
pairment and cognitive function found in AD,” the mecha-
nisms by which this process contributes to neurodegeneration
and disease phenotype as well as the nature of the toxic spe-
cies remain poorly understood.”! Despite this gap in knowl-
edge, increasing evidence from various disciplines indicates
that interfering with protein misfolding and aggregation con-
stitutes a viable therapeutic strategy to prevent and/or reverse
the progression of these devastating diseases. Several thera-
peutic strategies aimed at reducing, inhibiting, and/or revers-
ing amyloid formation have shown promising results in animal
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hydrophobic core of A comprising residues 14-24 (HQKLVFF-
AEDV) as the guest peptide with switch elements inserted within
(peptide 1) or at the N and C termini of the guest peptide (pep-
tide 2). Both model peptides can be triggered to undergo rapid
self-assembly and amyloid formation in a highly controllable
manner and their fibrillization kinetics is tuneable by manipulat-
ing solution conditions (for example, peptide concentration and
pH). The fibrillization of both peptides reproduces many features
of the full-length AP peptides and can be inhibited by known
inhibitors of AP fibril formation. Our results suggest that this
approach can be extended to other amyloid proteins and should
facilitate the discovery of small-molecule aggregation inhibitors
and the development of more efficacious anti-amyloid agents to
treat and/or reverse the pathogenesis of neurodegenerative and
systemic amyloid diseases.

models of AD, and clinical trials are currently underway to eval-
uate their efficacy in humans.” Thus, screening for inhibitors
and modifiers of AP aggregation and fibrillogenesis continues
to attract great attention from academic, biotech, and pharma-
ceutical companies.

A is a 39-42-amino-acid peptide that exhibits a high pro-
pensity for spontaneous aggregation, particularly the more
amyloidogenic form AP42. The strong dependence of AB ag-
gregation on solution conditions and handling of the peptide
during its synthesis and purification has resulted in variable
and conflicting data concerning the mechanism that underlies
AP aggregation and toxicity in vitro. In addition, the high cost
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of the full-length synthetic A peptides combined with the ab-
sence of efficient recombinant expression systems for produc-
ing these peptides have limited the range of biophysical stud-
ies and high-throughput screening (HTS) efforts to identify in-
hibitors of Af} aggregation and toxicity.

Previously, we ®® and others®'? have shown that various
steps along the amyloid formation pathway, including peptide/
protein misfolding, self-assembly, and amyloid formation and
disassembly, can be triggered in a highly controllable manner
through the incorporation of molecular switches into the amy-
loid-forming polypeptides, based on in situ intramolecular O —
N acyl migration.®'® However, because of the special synthetic
and purification skills required to prepare the full-length AP
switch-peptides, such peptides are not suitable for use in high-
throughput screening assays. Therefore, the development of
reliable model systems that are readily accessible and adapta-
ble to automated HTS is of particular interest to understanding
the mechanism of amyloid formation and facilitating the dis-
covery of aggregation inhibitors of A and other amyloid-form-
ing proteins.

Herein, we describe the preparation and characterization of
affordable and synthetically accessible switch-peptides®™® as
model systems for understanding the molecular and structural
basis of amyloid formation and to identify small-molecule in-
hibitors of AP aggregation and toxicity. These model systems
are based on a host-guest system where the hydrophobic
core of AP, which comprises residues 14-24 (HQKLVFFAEDV), is
flanked by two B-sheet-promoting (Leu-Ser),"® oligomers as
host sequences. The host sequences serve the primary purpose
of accelerating the fibrillization of the guest peptide.

To maintain the peptides in a monomeric random coil (r.c.)
conformation, switch elements were strategically placed into
the host-guest peptide to interfere with 3-sheet formation
and self-assembly until acyl migration is initiated with the ap-
propriate triggers. To design a model peptide system that best
reproduces the aggregation of the full-length AP peptides
with t;,, values for acyl migration and aggregation kinetics that
are suitable for HTS, the number, position, and type of switch
elements were varied. Two host-guest peptide systems were
designed: one containing a single switch element at position
21 by replacing alanine21 with serine (peptide 1) and a second
peptide containing two switch elements at the N and C termini
of the guest sequence AP(14-24) (peptide 2; Figure 1). Peptide
2 represents a more general system that can be used when
the guest sequence of interest lacks serine residues or when
the insertion of a serine residue in the guest sequence is not
desired. Furthermore, placing the switch elements outside the
target sequence (AP(14-24) in peptide 2) serves two purposes;
1) it maintains the original sequence of the guest peptide; and
2) it provides sufficient time for the interaction between the
small molecules and the guest sequence before fibrillization
through activation of the host sequence. In the case of peptide
2, this strategy also allows the effect of introducing the switch
element within AP(14-24) on the aggregation and binding
properties of this region to be determined.

The acyl migration, that is, restoring the regular backbone of
the host-guest peptide, can be triggered enzymatically by
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addition of the enzyme dipeptidyl peptidase IV (DPPIV) in the
case of peptide 1, or by adjusting the pH to 7.0 for peptide 2.
Therefore, aggregation can be triggered by restoring the
normal amide backbone of AP(14-24; peptide 1) or B-sheet-
promoting (Leu-Ser), oligomers (peptide 2). Upon acyl migra-
tion (So¢—S,n), the in statu nascendi (ISN) induction of confor-
mational transitions from random-coil to (3-sheet occurs very
rapidly, and amyloid formation is completed within 30 min to
5 h depending on the concentration of the peptide and the
triggering procedure. Such model host-guest switch peptides
provide useful tools to characterize early folding and aggrega-
tion events during the fibrillization of Ap-derived peptides and
for HTS screening of AP inhibitors and [-breakers; this bypass-
es the difficulties that are associated with the use of the native
full-length peptides AB42 and AB40.

Results

Peptides 1 and 2 are disordered, but undergo rapid self-assem-
bly and amyloid formation upon induction of O—N acyl migra-
tion. In the S state, both peptides 1 and 2 remain monomeric
and show CD spectra that are consistent with random coil con-
formations (Figure 2A). The peptide’s ability to undergo ISN
conformational transitions from random-coil to -sheet struc-
tures upon triggering of the switch elements was analyzed by
using HPLC, circular dichroism (CD) spectroscopy, and trans-
mission electron microscopy. Enzymatic triggering of peptide 1
(50 pm) results in striking changes in the peptide’s secondary
structure, which shows a rapid conformational transition from
random coil in the S state, to a predominantly [3-sheet struc-
ture in the S,, state within 30 min (Figure 2B). In the absence
of the trigger, formation of amyloid fibrils (Figure 2C) was ob-
served only at higher peptide concentrations (>200 pum), and
after several days of incubation at 37°C due to slow tempera-
ture-induced ester hydrolysis. These results demonstrate the
ability of these peptide systems to form amyloid fibrils that
resemble those that are formed by the full-length AB1-40 and
1-42 peptides.

The O—N acyl migration in peptide 1 is triggered by adding
the enzyme DPPIV (0.02 unit), whereas for peptide 2 the con-
version from the S to S, state is triggered by adjusting the
pH to 7.4 by adding 10% PBS (30 mm, 150 mm NaCl, pH 7.4).
Conversion from the Sy to S,, state in peptide 1 and peptide
2 is monitored by analytical RP-HPLC. In the case of peptide 1
(400 pm), addition of DPPIV results in the appearance of two
additional peaks with retention times of 15.7 min and 7.2 min
(Figure 3A). The gradual decrease of the Sy peak (tz=
15.2 min) and the appearance of a new peak with increased
hydrophobicity at t;=15.7 min corresponds to the conversion
to the S, state of the peptide. The peak with t;=7.2 min cor-
responds to the Arg-Pro dipeptide cleavage product (Fig-
ure 3A), as discerned by mass spectrometry (data not shown).
In the case of peptide 2 (Figure 3B), upon pH triggering, we
observed a relatively fast conversion from the Sy (tz=
19.6 min) to S, (t;=20.3 min) state with a half life for migra-
tion of approximately t,,~25 min, which is similar to peptide
1. The appearance and subsequent decrease of the S,, peak
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Figure 1. Design principles of host-guest switch-peptides that are derived from Af: peptide 1, [Ser21] A(14-24), with a single switch at position 21 (left) and
peptide 2, which contains two switch elements at the N and C termini of the guest peptide AB(14-24). In the S, state, peptides 1 and 2 are designed to
adopt a random coil conformation. After addition of the enzyme DPPIV (peptide 1) or adjusting the pH to physiological conditions (pH 7.0, peptide 2), spon-
taneous acyl migration occurs, which results in peptide folding and initiation of amyloid formation.
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Figure 2. A) CD spectra of peptide 1 (200 pm) in the Sy state in Tris buffer (500 um and 2.5 mm NaCl, pH 8) plus 10% MeOH at 37 °C. In the S state, peptide
1 remains in a random coil conformation (blue) and no transition to a -sheet is observed even after incubation for three days (red). B) Peptide 1 undergoes
rapid transition from a random coil (t=0, green) to a 3-sheet conformation (t=30 min, pink) upon triggering acyl migration at 37 °C in Tris buffer, pH 8, plus
10% MeOH and 2.5 nm NaCl ([peptide] =50 um). Inset: Increase in -sheet formation over time as monitored by an increasing f3-sheet signal at 218 nm (e),
and a decrease in the random coil signal at 195 nm ( blue dots). C) Amyloid fibril formation of peptide 1 (S, state) at a concentration of 200 um after seven
days of incubation at 37°C.
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Figure 4. Characterization of acyl migration and amyloid formation of peptide 1. A) CD spectra of peptide 1 (20 um, Tris buffer (500 um) + 10% MeOH and
2.5 mm NaCl) before and after DPPIV-induced acyl migration showing the transition from a random coil to a -sheet conformation over time (Curves 1, t=
0h;2,t=1h;3,t=1h 45min; 4, t=3 h; 5, t=6 h). B) The extent of amyloid fibril formation of peptide 1 (20 um) as determined by monitoring the increase
in ThT fluorescence over time at 37 °C. C) Negatively stained TEM images of peptide 1 in the absence of DPPIV and during the first hour after triggering the
acyl migration upon addition of DPPIV; a) S« state; b) +DPPIV; ) S,, (t=15 min); d) S,, (t=2 h)
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rescence occurred after prolonged incubation of up to 42 h;
this suggests that amyloid formation of peptide 1 is complete
or reaches the maximum within the first 3-6 h. In the absence
of DPPIV, electron microscopy studies (Figure 4C) revealed that
peptide 1 does not undergo aggregation, which is consistent
with the CD data (Figure 4 A). This is expected, given the loca-
tion of the switch in the middle of the Af3-derived hydrophobic
peptide AP(14-24) (Figure 4). Upon addition of the enzyme,
we observe a rapid conversion to predominantly fibrillar struc-
tures within the first 2.5 h of incubation at 37°C (Figure 4C).
Interestingly, TEM images of samples that were taken within
the first 5-30 min of incubation demonstrate that amyloid for-
mation by peptide 1 proceeds through aggregation interme-
diates that bear a striking resemblance to those that were ob-
served during the fibrillogenesis of the full-length AB pep-
tides."

In the case of peptide 2 (40 pm), the transition from r.c.—[3-
sheet was complete within the first 4 h after inducing the acyl
migration by adjusting the pH of the buffer solution to 7.4
(Figure 5A). Although the kinetics of r.c.—f-sheet transition
was similar to that observed for peptide 1, formation of amy-
loid fibrils as determined by ThT binding was significantly
slower and reached a maximum value only after 24 h of incu-
bation at 37°C (Figure 5B). Interestingly, peptide 2 seems to
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form significantly more nonfibrillar aggregates even at a lower
concentration than peptide 1. This observation could be ex-
plained by the absence of disrupting elements (switches)
within the AP sequence to interfere with its self-assembly, and
is consistent with the expected role of the flanking host se-
quences ((Leu-Ser), oligomers) in promoting B-sheet formation
and fibrillogenesis by AB(14-24)."® The high propensity of
peptide 2 to form nonfibrillar aggregates could also explain its
slow fibrillization kinetics. Early association, which is driven by
AB(14-24) might direct the aggregation of peptide 2 into non-
fibrillar off-pathway aggregates that are then trapped and
slowly converted to the normal pathway after induction of acyl
migration.

Screening for modulators of fibrillization by using peptides
1and 2

To evaluate the potential of host-guest switch-peptides as
tools to identify modulators of AP aggregation and toxicity, we
tested several small molecules that were previously reported
to inhibit the fibrillization of the full-length Ap peptides for
their ability to modulate the aggregation of peptides 1 and 2
in vitro. Polyphenols such as tannic acid (TA) and myricetin
(Myr),*@ as well as the neurotransmitter dopamine (DA),*"

B)

T 250000+

=) 1
2 200000

150000+

100000+

50000

; ThT Fluorescence /

0
24 48

Figure 5. Characterization of acyl migration and amyloid formation of peptide 2. A) CD spectra of peptide 2 (40 um) before and after induction of acyl migra-
tion showing the transition from a random coil to a -sheet conformation over time (Curves 1,t=0h; 2,t=1h;3,t=2h ;4,t=3h; 5, t=4h; 6, t=6h).
B) The extent of amyloid fibril formation of peptide 2 (40 pm) as determined by monitoring the increase in ThT fluorescence over time at 37 °C. C) Negatively

stained TEM images of peptide 2 prior to and after the induction of acyl migration by adjusting the pH to 7.0 (see text);

(t=4h and 30 min)
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have recently been demonstrated to inhibit AB aggregation
and/or disrupt preformed A fibrils.?"?? For this purpose, pep-
tide 1 was dissolved to a final peptide concentration of 20 um
in buffer (500 um Tris/2.5 mm NaCl, pH 8.0) and two to four
equivalents of TA, Myr or DA were added to the peptide (in
the Sy state) solution. Following the addition of DPPIV, sam-
ples were incubated at 37 °C for 48 h and amyloid fibril forma-
tion was monitored at different time points of incubation by
using ThT fluorescence spectroscopy and TEM.

In the absence of the compounds, peptides 1 and 2 (20-
40 pm) form amyloid fibrils within the first 5h of triggering
acyl migration. In the case of peptide 1, maximum ThT fluores-
cence was reached after ~6 h of incubation, whereas the ThT
fluorescence of peptide 2 continued to increase after 6 h,
which is consistent with the data that is shown above (Figures
4B and 5B). Amyloid formation by peptide 1 was significantly
reduced in the presence of TA (40 um) and Myr (40 um). TEM
revealed strong inhibition of fibrillogenesis in samples that
were coincubated with the polyphenols tannic acid (Figure 6D)
or myricetin (Figure 6E), as evident by the presence of pre-
dominantly protofibrillar species. Previous studies have shown
that autooxidation of dopamine is essential for its inhibition of
AP40 and AP42 fibrillization.”'?¥ Figure 6 demonstrates that
only oxidized dopamine showed strong inhibition of amyloid
formation by peptides 1 and 2; this suggests that dopamine-
related inhibition of A fibrillization might be mediated by in-
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FULL PAPERS

teractions between its oxidation products and the region that
comprises residues 14-24. By using RP-HPLC and mass spec-
trometry we were able to exclude the possibility that the in-
hibitory effect of the compounds is due to their interference
with acyl migration (data not shown).

Discussion and Conclusions

In this work we describe a novel approach of host-guest
switch-peptides that are model systems for amyloid formation;
this allows for the study of fibrillogenesis and most important-
ly, for rapid screening of inhibitors of amyloid formation in
vitro. By applying the host-guest concept, combined with the
introduction of molecular switches into a fibril-forming se-
guence that is derived from AP (Ap 14-24), we were able to
design model peptide systems (peptides 1 and 2) that can be
triggered to undergo conformational transitions (from random
coil to f-sheet structures) and form amyloid fibrils within a
time scale of minutes to hours in a highly controllable and re-
producible manner. For example, amyloid formation by pep-
tide 1 is complete within 30 min to 6 h, depending on the
peptide concentration, as opposed to 24 or 48 h for Ap42, and
AP40 respectively. At lower concentrations (20 pm, peptide 1
and 40 pum peptide 2), random coil to p-sheet transitions occur
only after the conversion from the S to the S, state is com-
pleted. To our knowledge, these peptides are the first exam-

Peptide 2
300000-
250000+ "
Nt x & Control peptide 2 (40 um)
1500001 - = Oxydized dopamine 2 eq
+ Tannic acid 2 eq
1000004 + - Myricstn 2eq
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Figure 6. Known inhibitors of full-length Af} peptides also inhibit the fibrillization of peptides 1 and 2. ThT fluorescence depicting the extent of amyloid for-
mation of A) peptide 1 and B) peptide 2 in the absence and presence of known inhibitors of full-length AP as a function of time. Peptides 1 and 2 were dis-
solved to a final peptide concentration of 20 and 40 um respectively in the presence of two or four equivalents of a potential fibril-destabilizing molecule.
Triggering of the switches and hence aggregation of peptides 1 and 2 was achieved by adding the enzyme DPPIV (peptide 1) or 10% of PBS buffer pH 7.4
(300 mm + 150 mm NaCl; peptide 2), followed by an incubation at 37 °C for 48 h. Negatively stained EM images of peptide 2 at pH 7.4 after 48 h at 37°C:

Q) S,, state, control; in the presence of 2 equiv of D) tannic acid, E) myricetin, F) oxidized dopamine, G) peptide 2 in the S state, control.
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ples of super-amyloid-forming peptides in which fibrillization
can be triggered in a highly controllable manner and is com-
plete within 2-5 h without the use of any chemical additives
or mechanical manipulations to accelerate amyloid formation.
Both peptides 1 and 2 are easy to synthesize and form aggre-
gation intermediates and amyloid-like fibrillar structures that
are similar to those that are formed by the full-length Af} pep-
tides (Figures 4 and 5). These properties, combined with the
fact that the fibrillization kinetics of both peptides is tuneable
by manipulating solution conditions (for example, peptide con-
centration and pH) make these host-guest switch-peptides
ideal model systems for investigating the structural and molec-
ular mechanisms that underlie amyloid formation in vitro.

Amyloid-forming proteins, including AP, a-synuclein (a-
syn),””” which is associated with Parkinson’s disease, islet amy-
loid polypeptide peptide (IAPP), which forms pancreatic amy-
loid deposits in type Il diabetes, and the prion protein (PrP),*
which is linked to prion diseases possess hydrophobic and
highly amyloidogenic sequences in their core structure. These
amyloidogenic sequences (for example, NAC region in a-syn,
SNNFGAILSS in IAPP, FNNGNCFIL in gelsolin,”” the AGAAAAGA
repeat in the prion protein (PrP)®®) which have been shown to
be crucial in initiating and/or driving the fibrillization of these
proteins. Although several studies have reported small pep-
tide-based inhibitors that are designed to target these regions
within full-length AB,>337 |APPE233 and a-syn,?* the hydro-
phobicity and reduced solubility of these sequences have pre-
cluded efforts to use them in high-throughput screening ag-
gregation assays.

To evaluate the potential of applying the host-guest switch-
peptide approach to screen for modulators of A} aggregation,
we tested several small molecules that have been reported to
inhibit the fibrillization of AP against peptides 1 and 2.
Figure 6 demonstrates that inhibitors of AB40 and AB42 fibrilli-
zation also inhibit the aggregation of both peptides 1 and 2;
this suggests that these molecules might exert their inhibitory
effects through interactions with amino acid residues of the
core region AP(14-24). Our studies support the notion that
identifying small molecules that target this region represent a
viable strategy for identifying aggregation inhibitors of the
full-length proteins. In cases where the conformation of these
amyloidogenic regions is dependent on the flanking sequen-
ces, it is possible that effective fibrillization inhibitors of the
fragment peptides might not be effective against the full-
length proteins. Extending the approach that is described here
to other amyloid proteins such as a-syn, PrP, and IAPP should
facilitate the discovery of small-molecule aggregation inhibi-
tors of these proteins, and might contribute to the develop-
ment of more efficacious anti-amyloid agents to treat and/or
reverse the pathogenesis of neurodegenerative and systemic
amyloid diseases.

Experimental Section

Solid-phase peptide synthesis: The amyloid-derived host-
guest switch peptides 1 and 2 were prepared by stepwise
solid-phase synthesis (SPPS) by using 9-fluorenylmethoxycar-
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bonyl (Fmoc)/tBu protection and Rink amide resin® (Figure S1
in the Supporting Information) that was preswollen with
CH,Cl, for 30 min. Standard amide couplings were performed
by dissolving the Fmoc-protected amino acid (2.5 equiv) with
equimolar amounts of benzotriazol-1-yl-oxytripyrrolidinophos-
phonium hexafluorophosphate (PyBOP) in DMF and stirring for
5 min. The preactivated mixture was added to the resin that
was swollen in CH,Cl,, together with an equimolar amount of
iProEtN. Coupling times were in the range of 30-90 min and
the completeness of coupling was verified by the Kaiser test
and repeated if necessary. For Fmoc cleavage, the peptide-cou-
pled resin was treated with a 20% solution of piperidine in
DMF (2x10 min) and then washed with DMF (3x) and CH,Cl,
(3%).

In both peptides the switch elements were constructed by first
coupling Fmoc-Ser-OH without side-chain protection, and then
coupling the next amino acid via an ester bond to the free
hydroxyl group of Ser with diisopropylcarbodiimide (DIC)
(3 equiv) and 4-N,N-dimethylaminopyridine (0.5 equiv).

Resin cleavage: The peptide resin was treated with a solution
of trifluroracetic acid (TFA)/triisopropylsaline (TIS)/H,0/3,6-diox-
aoctane-1,8-dithiol (DODT; 95:2:2:1) 2x 1 h. Following evapora-
tion of bulk TFA with a stream of dry N,, the peptide was pre-
cipitated by the addition of cold diethyl ether, collected by fil-
tration, and washed repeatedly with cold diethyl ether. After
cleavage from the resin, peptides 1 and 2 were purified by
semipreparative HPLC (Cg, 0 to 60% A, 30 min, peptide 1) and
(Cg, 30 to 50% A, 30 min, peptide 2), which afforded the de-
sired peptides as a white powder with >95% purity (peptide
1: 220 mg, 30%) MALDI-TOF MS: m/z calcd for C;osH66N25030:
2299; found: 2300 [M+H]*; HPLC: t;=16.4 (Ci5, O to 30% A
in 30 min) (peptide 2: 500 mg, 36%) ESI-MS: m/z calcd for
CosH147N»30,5: 2031; found: 1016.84 [(M+2H)/2]", 678.30
[((M+3H)/3]", 508.78 [(M+4H)/4]", HPLC: tz=16.7 (Ci5, O to
30% A in 30 min; Figure S2).

Fibrillization assays: Peptide 1 was dissolved in MeOH/H,0O
(1:1) to a final concentration of 400 um (stock solution). The so-
lution was vortexed for 30 s and filtered through a 0.2 um filter
by centrifugation for 5 min at 10000 rpm. Aliquots (50 pL) of
the filtrate were transferred into autoclaved Eppendorf tubes.
Tris buffer (850 uL) pH 8 (500 um+2.5 mm NaCl) and MeOH
(100 puL) were added to each tube. The inhibitors were dis-
solved in MeOH at concentrations of 400 to 800 um and
100 pL of these stock solutions were added to the mixture to
give the correct final concentration of inhibitor in the reaction
mixture. Subsequently, DPPIV enzyme (1.5 pL, 0.002 unit) was
added to each sample, and the vials were placed in a water
bath at 37°C for 48 h. Aliquots (160 uL) were removed from
the incubated samples at different time points and stored at
—18°C until further analysis.

Peptide 2 was dissolved in H,0 to a final concentration of
800 um (stock solution). The solution was vortexed for 30 s and
filtered through a 0.2 um filter by centrifugation (5 min at
10000 rpm). Aliquots (50 uL) of the filtrate were filled in auto-
claved Eppendorf tubes. Acetate buffer (750 uL, 100 pm,
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pH 4.6) was added to each tube. The inhibitors were dissolved
in MeOH at concentrations of 400-800 um and 100 pL of these
stock solutions were added to the mixture to give the correct
final concentration of inhibitor in the reaction mixture. Tris
buffer (100 puL) pH 7.4 (0.3m+150 mm NaCl) was added to
each sample to trigger the acyl migration, and the vials were
placed at 37°C for 48 h. Aliquots (90 uL) were removed from
the incubated samples at different time points and stored at
—18°C until further analysis.

Analytical RP-HPLC: HPLC spectra were recorded on a Waters
apparatus that consisted of two Waters 600 pumps, a
Waters 600 system controller and a Waters 486 tunable absorb-
ance detector. Vydac Nucleosil C,; 218TP54 columns (250%
46 mm) and Vydac Nucleosil C; 208TP54 columns (250x
4.6 mm) were used with a flow rate of 1 mLmin™' and Waters
Atlantis dC18 columns (20x4.6 mm) with a flow rate of
1.5 mLmin~". All gradients were linear in eluent A (0.09% TFA
in 90% aq acetonitrile) and eluent B (0.09% TFA in water).

Semipreparative HPLC: Semipreparative purifications were
performed on a Waters Delta Prep 3000 system, with a Wa-
ters 600E system controller and a Waters 484 absorbance de-
tector on a Vydac C;g 218TP1 column (250%x21 mm) with a
flow rate of 18 mLmin~' and UV detection at 214 nm (eluents
and gradients as used for analytical HPLC).

Circular dichroism (CD): CD spectra were recorded on a Jasco
J-810 spectropolarimeter that was calibrated with b-(4)-10-
camphorsulfonic acid. All measurements (in triplicates) were
scanned between 190 and 250 nm with an integration time of
2 s for 0.2 nm steps by using quartz cells of 1 mm path length.
Solvent spectra were recorded under the same conditions and
were baseline subtracted. Ellipticities were depicted as mean
residue ellipticities (@) in degcm?mol™".

Electron microscopy (EM): For EM studies the peptide solu-
tions were deposited on to glow-discharged, carbon-coated
copper grids. Grids were washed with two drops of H,0 and
stained with two drops of freshly prepared 0.75% (w/v) uranyl
acetate (Electron Microscopy Sciences, Hatfield, PA, USA).
Specimens were inspected under a Philips CIME 12 electron
microscope, that was operated at 80 kV. Digitized photographs
were recorded with a slow scan CCD camera (Model 679,
Gatan, CA, USA).

Thioflavin T fluorescence assay (ThT): Fibril formation was
monitored by the thioflavin T (ThT) (Sigma) fluorescence assay.
Readings were carried out at a final protein and ThT concentra-
tion of 10 um in a final volume of 100 pL of 50 mm glycine-
NaOH buffer (pH 8.5). ThT fluorescence measurements were re-
corded on an analyst fluorescence instrument (LJL Biosystems,
Sunnyvale CA, USA) at an excitation and emission wavelength
of 450 nm and 485 nm, respectively. The relative fluorescence
at 485 nm was used as a measure of the amount of fibrillar ag-
gregates that were formed in solution, and was corrected by
the fluorescence level of the peptide at time 0. All samples
were analysed in triplicates and the data were plotted by
using Microcal Origin.
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Peptide-Grafted Nanodiamonds: Preparation, Cytotoxicity

and Uptake in Cells

Stéphanie Vial,” Christelle Mansuy,” Sandrine Sagan,” Theano Irinopoulou,®
Fabienne Burlina,” Jean-Paul Boudou,"” Gérard Chassaing,”” and Solange Lavielle*®

Nanodiamonds that were prepared by high pressure/high tem-
perature were functionalised with biomolecules for biological ap-
plications. Nanodiamonds (NDs, < 35 nm) that were coated by si-
lanisation or with polyelectrolyte layers were grafted with a fluo-
rescent thiolated peptide via a maleimido function; this led to an

Introduction

The design of nanoparticles that are suitably functionalised for
applications in biology or medicine is an ongoing challenge
for both chemists and biologists. Nanoparticles, such as quan-
tum dots,”"? gold nanoparticles®™ or carbon-based materials®
% offer, in addition to their remarkable physical properties, the
possibility to be functionalised by biomolecules; this makes
them suitable for sensing, detection, diagnostic, and/or thera-
peutic applications. Recently, quantum dots,"” which have
unique size-dependent fluorescence properties, have been de-
signed for biological imaging. However, their possible toxicity
still remains a major concern for in vitro and in vivo applica-
tions."” Nanodiamonds (NDs) are also candidates for biomedi-
cal applications because of their intrinsic or induced fluores-
cence"¥ and biocompatibility."” They can be prepared either
by detonation, or by high-temperature-high-pressure (HPHT)
procedures. Both processes lead to the formation of impure
layers on their surfaces, which need to be cleaned by harsh
acidic treatment; this generates carboxylic groups on the
nanodiamond (cND) surface. These ¢cNDs can exhibit two types
of fluorescence (fNDs): a natural green fluorescence™ and an
induced bright-red fluorescence."'*' The latter is observed
on type Ib diamonds (HPHT) with a size as small as 25 nm,!"
and is associated with nitrogen-vacancy centre defects that are
produced by high-energy ion beam irradiation and subsequent
thermal annealing. The cytotoxicity and cellular uptake of
cNDs and fNDs have been studied previously,"'™™ and it has
been shown that they are biocompatible with a variety of cells
and localise in the cytoplasm. Such cNDs, especially detonation
NDs, have been functionalised with biomolecules through
either adsorption by electrostatic and/or hydrophobic interac-
tions"®' or covalent linkage."*?*? In a few reports, the activ-
ities and/or the intracellular locations of these conjugated NDs
were analysed.!"”'82

One of the most critical points that has limited the use of
NDs in biological applications is the preparation of a function-
alised cND colloidal suspension that is stable over long periods
of time. In addition, the location of NDs inside cells remains to
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aqueous colloidal suspension that was stable for months. These
substituted NDs were not cytotoxic for CHO cells. Their capacity
to enter mammalian cells, and their localisation inside were as-
certained after labelling the nucleus and actin, by examining the
cells by confocal, reflected light and fluorescence microscopy.

be defined unambiguously (distinction between internalised
and stuck on the membrane). The preparation of intrinsic fluo-
rescent NDs is also a limiting step. Their production by either
high-energy electron or proton irradiation is, up to now, feasi-
ble only on a small scale, and leads to fNDs with an average
size between 20 and 100 nm. Because only a few groups™ ™
have briefly described their preparation and their use, most of
the work suffers from the rarity of intrinsic fNDs, and from a
lack of information regarding the suspension stability during
the functionalisation steps.

We assumed that once the chemistry was mastered on well-
defined ND species (commercially available, nonfluorescent ND
with an average size of 20-40 nm) it would be easy to transfer
this knowledge to intrinsic fNDs as soon as a “large-scale” pro-
duction was feasible. Therefore, the work herein describes:
1) the functionalisation and the characterisation of <35 nm
nonfluorescent cNDs and 2) their use in toxicity and transport
studies in living cells after the grafting of a fluorescent model
peptide. We chose to introduce a nonpenetrating fluorescent
peptide for the tracking of the nanoparticles on or inside cells.
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The strategies to chemically modify the cND surface are
rather limited because cNDs easily aggregate in organic sol-
vents. The strategy that we have adopted to graft a peptide in-
volves three steps: 1) functionalisation of the cND surface with
amino groups by coating them with an organosilane or a poly-
electrolyte, 2) coupling of a bifunctionalised linker to 3) intro-
duce a thiolated tripeptide via a maleimide group (Scheme 1).
At each step the nanoparticles were fully characterised and the
major aim was to maintain a colloidal suspension after peptide

0
a) 5) [+ I
—_— NH, —— TN
0
o
0

O* D
o

o g
Fluomsoeln‘é/s-mg-mg

<)

Scheme 1. Functionalisation of cNDs with a fluorescent model tripeptide.
a) Silanisation route: octyl-B-p-glucopyranoside (OG) then 3-(aminopropyl)-
trimethoxysilane (APS). Polyelectrolyte route: polyallylamine hydrochloride
(PAH); b) maleimidobutyric acid (MBA), EDC; c) peptide fluorescein-Cys—
Arg-Arg.

grafting in order to obtain a suitable ND size for cellular inter-
nalisation studies. The chemical and colloidal stabilities of the
functionalised NDs were analysed over a long period of time
(six to nine months). Cytotoxicity (by measuring dehydrogen-
ase activity) and cell entry (by using confocal microscopy) of
the resulting ND-tripeptide conjugates versus the free tripep-
tide were then studied with CHO cells.

Results and Discussion

Preparation of substituted NDs: synthesis and characterisa-
tion

The commercially available Van Moppes NDs (SYP 0.05) have a
size that is close to 35 nm, as confirmed by transmission elec-
tronic microscopy. This diamond powder was first treated in
acidic media to purify the ND surface and to concomitantly in-
troduce carboxylic groups onto this ND surface. Because of the
resulting highly negative surface charge, a stable aqueous col-

S. Lavielle et al.

loidal suspension of cNDs was obtained after mild ultrasonica-
tion. The characteristics of these cNDs are reported in Table 1.

The use of organosilanes or polyelectrolytes for surface func-
tionalisation has been described in the literature for different
kinds of nanoparticles (e.g., magnetic, luminescent, semicon-
ductor). To obtain a homogeneous functionalisation of cNDs
with amino groups, two strategies of coating were studied:
1) silanisation by using 3-(aminopropyl)trimethoxysilane (APS;
route 1), and 2) polyelectrolyte adsorption by using polyallyla-
mine (PAH; route 2). The silanisation route®® has already been
described with aggregated detonation nanodiamonds. In our
study, the starting HPHT cNDs are individual particles in solu-
tion. Silanisation involves the reaction between hydroxyl
groups and an organosilane. The hydroxyl groups at the sur-
face of cNDs were introduced by adsorption of octyl-B-p-glu-
copyranoside (OG) onto cNDs. OG is a nonionic surfactant that
ensures better stability of cNDs in acetone compared to
“nude” cNDs in organic solvents. The silanisation reaction was
performed in acetone to control alkoxides hydrolysis, which
occurs during this reaction, to coat homogeneously the cNDs
and avoid the formation of single silica particles. This was per-
formed by dropwise addition of APS (under sonication) onto
OG-coated cNDs, and allowed functionalisation by amino
groups. After washing, a final stable aqueous suspension of
amino-substituted silanised-cNDs was obtained. Alternatively,
the starting cNDs were treated with the PAH polyelectrolyte
(My,=10000).%® Functionalisation that is based on the adsorp-
tion of amino compounds, such as poly-L-lysine, on cND sur-
face has already been reported by Huang and Chang."® They
studied the possibility of grafting cytochrome c on the avail-
able amino functions of adsorbed poly-L-lysine via a linker. In
our study, we chose to coat the cND surface with a positively
charged polyelectrolyte (PAH) by taking advantage of the elec-
trostatic interaction between the carboxylate functions of the
cNDs and the ammonium groups of PAH. The amino substitu-
tion was determined by using the Kaiser test;*¥ the substitu-
tion degree was close to 100 and 200 pmolg™' for routes 1
and 2, respectively. Both procedures for the introduction of
amino groups on the cND surface were highly reproducible
and gave stable aqueous suspensions (Table 1).

Both amino substituted cNDs were then treated with the bi-
functional maleimidobutyric acid linker (MBA) activated before-
hand with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC). The maleimide moiety is commonly used in

Table 1. Characterisation of NDs at each functionalisation step.

Functional group Starting 0G APS Maleimide Fluo-CRR™ PAH Maleimide Fluo-CRR™®!
on ND surface cNDs

diameter [nm]* 55 100 110 120 130 70 n.d. 150

zeta [mV] —40 n.d. 27 -15 -25 40 n.d.® —-20
concentration [gL™'] 1.0 0.6 0.6 03 0.2 0.8 0.6 0.2

pH 55 nd.@ 9.5 55 7.0 6 6 6.5
amine [umolg™'] 0 n.d. 100 6 n.d. 220 30 n.d.
stability H,O acetone H,O H,O H,0 H,0 H,0

[a] cND-APS-Fluo-CRR; [b] cND-PAH-Fluo-CRR; [c] hydrodynamic; [d] not determined.
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peptide/protein chemistry as a linker to form a thioether bond
with thiolated molecules by Michael addition. The successful
introduction of a maleimide onto the coated ND surface was
supported by the Kaiser assay, which showed an important, if
not total, decrease in the amino substitution of the nanoparti-
cles (Table 1). At this stage, however, the colloidal suspensions
were less stable regardless of the initial coating strategy (silani-
sation or polyelectrolyte). This loss of stability was related to
the zeta potential: —15 mV for the silanisation route and was
not detectable for the polyelectrolyte route. Thus, the tri-
peptide fluorescein-Cys—Arg—Arg (Fluo—CRR) was immediately
coupled to both types of functionalised cNDs to yield cND-
APS-FluoCRR and cND-PAH-FluoCRR.

For each step of the preparation, Table 1 displays the diame-
ter of the NDs, which was measured by dynamic light scatter-
ing (DLS), the zeta potential, the amount of amino groups that
were grafted onto the surface, as well as the stability of the
different ND suspensions.

The different functionalisation steps were also characterised
by IR spectroscopy. Treatment of the starting NDs in acidic
media led to the introduction of functional groups onto their
surface, as attested by the IR spectrum.?' A band at
1790 cm™' was assighed to carbonyl stretching modes, and
weak bands at 2917 and 2836 cm™' correspond to the asym-
metric and symmetric stretching of C—H vibrations, respective-
ly. A broad band between 3000 and 3600 cm™' and another at
1630 cm™' can be attributed to the O—H bending of adsorbed
water. The peaks at 1093 and 1400 cm™' can be assigned to
the presence of ether-like groups on the surface. The silica
layer on the NDs obtained by the silanisation route (cND-APS
particles) is evidenced by the Si—O-Si stretching vibrations at
1130 and 1032 cm .9 The band at 1575 cm™' indicates the
presence of primary amines, which are provided by APS. In the
case of the polyelectrolyte route (c(ND-PAH particles),”” the ad-
sorption of PAH is supported by the presence of the 1571 and
1497 cm™' bands, which correspond to the amides | and II, re-
spectively. The IR spectrum after the introduction of the malei-
mide moiety®*! showed an intense peak at 1700 cm™', which
is due to the asymmetric stretching mode, and a weak peak at
1780 cm™' that is related to the symmetric stretching mode of
the imidyl group; this signifies the presence of the cross-linker.
Furthermore, the band at 1540 cm™' supports the formation of
a covalent amide bond between the amino groups on the ND
surface and the carboxylic function of MBA. Finally, immobilisa-
tion of the tripeptide Fluo-CRR was confirmed by FTIR analysis.
The bands at 1642 and 1575 cm™' correspond to the stretching
and deformation mode of the C=0 (amide I) and N—H (amide
Il) bonds, respectively. The bands at 1465 and 1350 cm™' are
related to C—H vibrations of the CH, groups.

The zeta potentials of the starting and functionalised cNDs
were also measured for both routes (Table 1). The initial cNDs
showed a zeta potential close to —40 mV, which indicates the
presence of carboxylate functions on the ND surface. This
highly negative zeta potential led to good stability of the ND
suspensions in aqueous solvent, but aggregation of the cNDs
was observed for pH values below two or above eleven. Zeta
potentials higher than +25 or below —25 mV are considered
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to be the threshold values for stable colloidal suspensions.
After silanisation, the zeta potential remained negative
(—27 mV) despite the introduction of amino groups onto the
surface, whereas with polyelectrolytes the ammonium groups
shifted the zeta potential to a highly positive value (+40 mV;
Figure 1).
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Figure 1. IRFT spectra of functionalised cNDs. A) Silanisation route; 1: cNDs;
2: cNDs-APS; 3: ctNDS-APS-MBA; 4: cNDS-APS-MBA-peptide. B) Polyelec-
trolyte route; 1: cNDs; 2: cNDS-PAH; 3: cNDS-PAH-MBA; 4: cNDS-PAH-
MBA-peptide.

After introduction of the maleimide onto the silanised NDs
the zeta potential further increased to —15 mV. Finally, grafting
the Fluo—-CRR peptide imparted a net negative charge close to
—25mV to the silanised NDs, which ensured satisfactory elec-
trostatic repulsions to stabilise the suspension. For the PAH
procedure, the zeta potential of the final cND-PAH-FluoCRR
was also negative (—20 mV). It is rather difficult to rationalise
these zeta variations. The global charge of the Fluo-CRR pep-
tide that is linked via a thioether bond should be close to neu-
tral depending on the local pH on the ND surface with the tri-
peptide containing two guanidiniums, one carboxylate and the
N-terminal carboxyfluorescein. The zeta potentials might not
reflect solely the charges on the surface but also the hydrata-
tion propensity, and the environmental hydrophobicity might
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also be one of the parameters that governs the value and the
sign of the zeta potential.

The different steps to functionalise the NDs led to an in-
crease of the hydrodynamic diameter, as determined by DLS
measurements, from 55 nm to 130-150 nm once the peptide
had been grafted (Table 1). This increase in size might not only
be related to the chemicals that are grafted on the ND surface.
The size increase could result from a decrease in the stability
of the nanoparticle suspensions in the first steps, when OG
was added in acetone for the silanisation route or, when malei-
mide was introduced, for the polyelectrolyte coating. It should
be noted that aggregation of NDs increased in organic solvent.

The final aqueous suspensions of peptide-substituted cNDs
were stable for several months, as shown by the zeta poten-
tials and the hydrodynamic diameters determined by DLS over
this period of time.

Cytotoxicity and cell uptake of the substituted NDs

The cytotoxicity and capability of both peptide-grafted cNDs
to enter Chinese hamster ovary (CHO) cells were then studied.
Cytotoxicity was evaluated by the decrease in intracellular de-
hydrogenases activity®” (CCK-8 cell-counting kit). Cytotoxicity
was assayed for different amounts of conjugated cNDs up to a
concentration of 40 ugmL™" (see the Supporting Information).
This concentration was the highest to be tested because of
the concentration of the ND colloidal solutions. To obtain a
40 ugmL™' concentration, 20 L of the ND colloidal suspension
in water was added to the cells (in 100 pL of medium). Larger
volumes of the ND vehicle (water) alone caused cell death. It
has to be noted that the NDs were left in contact with the
cells during the whole incubation time (24 to 72 h). Under
these conditions, no cytotoxicity was observed after either 24
or 72 h incubation of the cells (1000-5000 cells per well) with
any of the prepared (40 ugmL™") nanoparticles (cND, cND-APS,
cND-PAH, peptide-grafted cNDs).

In the cellular uptake experiments, the distinction between
extracellular and intracellular particles was difficult to achieve
when large amounts of NDs were used. Indeed, NDs accumu-
lated on the cell surface with time, and were difficult to wash
out after incubation. Therefore, these NDs aggregated on the
cell-surface and disturbed the visualisation of the internalised
NDs (Figure 2).

To unambiguously distinguish membrane-bound from in-
ternalised NDs, lower concentrations of NDs were tested with
short incubation times. Our data unambiguously establish that
the peptide-grafted cNDs were indeed inside the cells. A low
ND concentration (6 pgmL~") and a short incubation time (1 h)
were used; the actin (TRITC, red) and nucleus (TO-PRO-3
iodide, blue) were labelled so that NDs could be localised
inside the cell. To confirm that the green fluorescence could
be attributed to the peptide-grafted nanodiamonds, differen-
tial interference contrast, reflection and green fluorescent
images were taken from a single confocal section in the
middle of a cell (Figure 3 and 4). The physical association of
the fluorescent peptide with the NDs was evidenced with the
overlay of reflection and fluorescence images (Figure 4). Differ-
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Figure 2. Images showing the cell-surface accumulation and aggregation of
cND-PAH-Fluo-CRR (12 pg mL~"; right) after 2 h incubation with CHO cells;
actin was labelled (left) to visualise the cells. Images were obtained through
a Nikon Eclipse TE2000s microscope with a 60x/0.5-1.25 PLAN FLUOR ob-
jective.

Figure 3. Correlation between fluorescein and cNDs. A) Fluorescence (fluo-
rescein), and B) reflection images from a single confocal section in the
middle of a cell, and C) the corresponding differential interference contrast
image. The cND-PAH-Fluo-CRR (6 pg mL ') was incubated with CHO cells
for 1 h. The images were collected with a LEICA SP2 confocal laser scanning
microscope with a 63x (NA 1.32) objective.

7.5 um
1204 B) 140 3 C)
1002 120 4
Eﬁ- |00:
/e /g0
2 : 20 3
0+ o LU pm

0 0204 06 08 1 002040603 1
Figure 4. Visualisation of the peptide-grafted cNDs (6 pgmL™") incubated for
1 h with CHO cells. A) Overlay of fluorescent and reflection images of Fig-
ure 3. Different line regions traced on individual (diffraction limited) particles.
B) Reflection and C) fluorescent intensity (/) graphs for all regions.
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ent lines were traced, and the associated reflection and fluo-
rescence intensities were determined. The superposition of
peaks corresponding to the two modes of detection confirmed
the tight association of the fluorescent peptide with cNDs.
Therefore, it was ascertained that the detection of green fluo-
rescence in cells corresponds to the peptide-grafted cNDs.
Cells that were incubated with NDs (6 ugmL™" for 1 h) were
further examined by confocal microscopy. From a series of op-
tical sections (0.8 um apart in the z axis; Figure 5) the appear-

..‘ o

Figure 5. Visualisation of cND-PAH-Fluo-CRR (6 pg incubated for 1 h with
CHO cells). Different confocal images from the bottom to the middle of cell
(0.8 pm apart) were collected with a LEICA SP2 confocal laser-scanning mi-
croscope with a 100x (NA 1.4) objective. Right-hand column: fluorescent
peptide-grafted cNDs, middle column: actin; left-hand column: merged
images.

ance and disappearance of green fluorescence, which corre-
sponds to the NDs in the cells, could be clearly observed. In
contrast, the free peptide (fluorescein—-CRR) was not internal-
ised into cells by itself (not shown). These results indicated
that the functionalised nanoparticles were internalised into the
cells and that they did not simply accumulate on the surface.
Figure 6 shows the whole cell (48 optical sections 0.2 um
apart), which was visualised by using the blending volume ren-
dering technique. Nanoparticles were mostly localised in the
cytoplasm and were found to be embedded in the actin cytos-
keleton of CHO cells (Figures 5 and 6). According to the size of
these NDs, their internalisation likely occurred by endocytosis.

ChemBioChem 2008, 9, 2113 -2119
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Figure 6. Actin-embedded cND-PAH-Fluo-CRR in the cytoplasm of CHO
cells. Forty-eight optical sections (0.2 um apart) were collected. This image
represents the whole cell, which is visualised by blending volume rendering
(Imaris 4.0 software, Bitplane, Switzerland). Blending volume rendering
shows the colour by blending all values along the viewing direction and
including their transparency; light from the left was used.

Conclusions

In conclusion, we have developed two functionalisation routes
that allow the grafting of peptides on NDs and preserve the
colloidal state for the final peptide-grafted cNDs. These ND
suspensions were found to remain stable over at least several
months. These modified NDs are nontoxic and enter mammali-
an cells efficiently. Although the fine localisation of these pep-
tide-grafted cNDs in cells remains to be fully studied, their
internalisation was unambiguously established and they were
found to be embedded in the actin cytoskeleton. Thus, NDs
are promising candidates for the attachment of multiple bioac-
tive compounds and their delivery into cells, and functional-
ised fluorescent NDs will allow us to study their trafficking
inside cells.

Experimental Section

Materials: Octyl-p-p-glucopyranoside (OG, >98%), (3-aminopro-
pyDtrimethoxysilane (APS, >97 %), 4-maleimidobutyric acid (MBA,
>98%) were purchased from Aldrich; 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) was obtained from VWR;
5(6)-carboxyfluorescein (>95%), preloaded Fmoc-Arg(Pbf)-Nova-
syn resin, Fmoc-Arg(Pbf)-OH and Fmoc-Cys—(Trt)-OH were pur-
chased from Novabiochem.

Fluorescein-Cys—-Arg—-Arg-COOH: The tripeptide, CRR-COOH, was
assembled by stepwise solid-phase synthesis with an ABI433A
peptide synthesiser (Applied Biosystems) by using the standard
Fmoc strategy (Fmoc-Arg(Pbf)-Novasyn resin, 0.21 mmolg™') at
Plateforme d’Ingénierie des Protéines Synthése Peptidique (IFR 83),
UPMC, Paris. Coupling to the resin was performed by activation of
the amino acids (10 equiv) with HBTU, iPr,EtN and N,N'-dicyclohex-
alcarbodiimide in NMP. Piperidine was used to remove the Fmoc
groups and Ac,0O was used for capping. Coupling of the fluores-
cent probe was done manually by using 5,6-carboxyfluorescein
(2.5 equiv) that had been activated with a 1M HOBT solution in
NMP (2.5 equiv, ) and N,N'-diisopropylcarbodiimide (DIC; 2.5 equiv)
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in DMF. The reaction was allowed to proceed for 16 h at room tem-
perature. A negative Kaiser’s test confirmed the total coupling. The
final peptidyl-resin was cleaved from the resin by treatment with
trifluoroacetic acid (TFA, 94 %), ethanedithiol (EDT, 2.5 %), triisopro-
pylsilane (TIS, 1%) and H,0 (2.5%) for 2 h. After filtration and evap-
oration, the peptide was first precipitated in cold diethyl ether,
then resolubilised in a mixture of AcOH/H,O (1:9), for purification
by reverse-phase preparative HPLC on a C8 column. The pure frac-
tions were pooled and after lyophilisation the peptide Fluo-CRR
was characterised by MALDI-TOF mass spectroscopy.

Functionalisation of cNDs: After acid treatment, an aqueous col-
loidal suspension (1gL™") of cNDs (SYP 0-0.05, <35nm, Van
Moppes) was obtained by ultrasonication (3 h, 300 W).

cNDs coated by silanisation, cND-APS-Fluo-CRR: The transfer of the
cNDs from H,0O (20 mL) to acetone was done after the addition of
a few drops of a sat. ag. NaCl solution. After centrifugation, the
cNDs were redispersed in acetone (30 mL) and OG surfactant
(10 mL, 20 mm in H,0) was immediately added under sonication
(1 h, sonication bath). Excess OG was removed by washing/centri-
fugation cycles (3x). NDs were redispersed in acetone (30 mL) and
sonicated (1 h). Silanisation was performed by the dropwise addi-
tion under sonication of APS (212 L), the solution was sonicated
(1 h) then stirred (15 h, room temperature). The NDs were washed
with acetone (3x), then H,0 (3 %), and redispersed in H,0 (30 mL).
After sonication (1 h), a stable suspension of amino-substituted
NDs was obtained (0.6 gL™"). 4-Maleimido butyric acid (MBA,
30 mg) was activated with 1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide (EDC, 1 g) for 30 min in 10 mL. The resulting solution
was added under sonication to the cNDs (25 mL, 15 mg). The sus-
pension was sonicated (15 min) and stirred (16 h). After washing/
centrifugation cycles (H,O, 3x) with increasing speeds (up to
10000 rpm), the resulting cNDs were redispersed in H,0 (25 mL),
and sonicated (1 h) to obtain a suspension, (0.4 gL™"). The tripep-
tide (800 pL in H,O, T mMm) was immediately added to the suspen-
sion (25 mL) and the mixture was stirred for 18 h in the dark. After
three centrifugation/washing cycles, the NDs were redispersed in
H,O (15mL) and sonicated (15 min). A last centrifugation step
(5 min, 1500 rpm) was performed and the suspension of cND-APS-
Fluo-CRR (0.2 gL™") was stored at 4°C.

NDs coated with polylectrolytes cND-PAH-Fluo-CRR: The cND solu-
tion (20 mL) was added dropwise to a vigorously stirred PAH solu-
tion (20 mL, My, =10000, 1 gL', 3 mm NaCl), which had been pre-
viously sonicated for 15 min. The mixture was stirred (18 h, room
temperature), then centrifuged/washed (3x) with increasing
speeds (up to 10000 rpm) and redispersed in H,O (15 mL). The ac-
tivation of MBA (50 mg) with EDC (1 g) was performed as de-
scribed above. The resulting solution was added under sonication
to a suspension of amino-substituted NDs, which had been adjust-
ed previously at pH 7 with NaOH. The suspension was stirred, over-
night, centrifuged/washed (3x) and then redispersed in H,O
(15 mL). Because the final suspension was rather unstable the tri-
peptide was immediately grafted on this ND solution (12 mL) as
described above. Finally, the ¢cND-PAH-Fluo—-CRR was redispersed
in H,0 (20 mL, 0.2 gL ") and stored at 4°C.

Kaiser assay:*¥ Phenol/EtOH (75 uL; 80 g in 20 mL), pyridine/KCN
(1 mm; 98:2, 100 ul) and ninhydrine/EtOH (75 uL; 1g in 20 mL)
were added to dried amino-substituted NDs (0.1-0.5 mg). The sus-
pension was heated at 100°C for 5 min then cooled with H,0/
EtOH (2 mL, 4:6). The solution was centrifuged at 13000 rpm for
5min to remove the ND particles. The concentration of amino
groups that were present on the ND surface was determined with
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this solution at 570 nm and calculated with Equation (1):

(AbSmpie—AbSyin ) X volume (mL) x 10°
& x sample weight (mg)

M

pumolg™" =

with the extinction coefficient e=19700M "' cm™".

Particle characterisation: The hydrodynamic diameter of the
nanoparticles and the surface charge were measured by dynamic
light scattering (DLS) and zetametry with the Zetasizer Nano ZS
from Malvern (Worcestershire, UK). Fourier transform infrared (FTIR)
spectra were acquired by using a Nicolet Magma 860 spectrometer
with a resolution of 4 cm™". For FTIR analysis, dried nanoparticles
(2 mL), which were obtained after overnight lyophilisation, were
mixed with KBr (100 mg) and the mixture was pressed into a
pellet.

Cell culture: Chinese hamster ovary (CHO) K1 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) that was supple-
mented with foetal calf serum (FCS, 10%), penicillin
(100000 IUL™), streptomycin (100000 IUL™") and amphotericin B
(1 mgL™), and incubated in a humidified atmosphere with 5% CO,
at 37°C.B

Cytotoxicity: Dehydrogenase activity detection in viable cells was
measured with the colorimetric assay cell counting kit-8 (CCK-8
from Dojindo’s).?” CHO cells (5000 in 100 mL culture medium)
were seeded in 96-wells plates, 24 h before cytotoxycity assays.
NDs were added to cells and incubated for 24-72 h at 37°C. The
absorbance was measured at 450 nm (with a reference wavelength
at 620 nm) by using a spectrophotometer (FLUOstar, BMG Labtech)
1-2 h after the addition of CCK-8 (10 pL).

Cellular uptake of the peptide-grafted cNDs: Intracellular localisa-
tion of the peptide-grafted cNDs was analysed by using a LEI-
CA SPC2 (Mannheim, Germany) confocal laser scanning microscope
with a 100x objective (NA 1.4). CHO-K1 cells were plated on glass
coverslips (20000 cells, 1 cm?) and cultured for 24 h. The cells were
washed once with serum-free medium. NDs (0-50 uL of 0.2 gL'
stock solutions) were incubated with cells in fresh serum-free
DMEM medium (1 mL) for 60-120 min at 37 °C. Cells were washed
with PBS (5x1 mL) before being fixed in 3% paraformaldehyde
(20°C, 10 min) and permeabilisation with Triton X-100 (0.1%) in
PBS (20°C, 5 min). Fixed cells were then incubated with phalloidin—
TRITC (1:1000 in PBS; Invitrogen) to label cytosolic actin (20°C,
45 min), TO-PRO-3 iodide (1:5000 in water; Invitrogen) to label
nuclei (20°C, 5min) and mounted in Vectashield fluorescence
mounting medium (Biovalley).

Confocal microscopy: Cells were visualised with a LEICA SP2 con-
focal laser scanning microscope with a 63x (NA 1.32) and a 100X
(NA 1.4) objective. Reflection images were obtained simultaneously
with the fluorescent images of peptide-NDs by using the same
scanning laser beam (488 nm).

Acknowledgements

This work was supported by the European Commission: project
Nano4Drugs, contract LSFC-CT-2005-019102, including a postdoc-
toral fellowship to S.V. CM. thanks the CNRS for a postdoctoral
fellowship. We thank Alain Adenier for IR spectroscopy.

Keywords: cellular uptake -
peptides - surface coating

cytotoxicity - nanostructures -

ChemBioChem 2008, 9, 2113-2119



www.chembiochem.org



Peptide-Grafted Nanodiamonds

[1

[10]
[l

[12]

[13]

[14]

[15]

[16]
[171

[18]

ChemBioChem 2008, 9, 2113 -2119

M. E. Akerman, W. C. W. Chan, P. Laakkonen, S.N. Bhatia, E. Ruoslahti,
Proc. Natl. Acad. Sci. USA 2002, 99, 12617- 12621.

P. Alivisatos, Nat. Biotechnol. 2004, 22, 47-52.

K. Kneipp, H. Kneipp, J. Kneipp, Acc. Chem. Res. 2006, 39, 443-450.

R. Lévy, ChemBioChem 2006, 7, 1141-1145.

J. A. Khan, B. Pillai, T. K. Das, Y. Singh, S. Maiti, ChemBioChem 2007, 8,
1237-1240.

E. Nakamura, H. Isobe, Acc. Chem. Res. 2003, 36, 807-815.

M. Prato, K. Kostarelos, A. Bianco, Acc. Chem. Res. 2008, 41, 60-68.

A. Krueger, Chem. Eur. J. 2008, 14, 1382-1390.

K. B. Holt, Philos. Transact. A. Math. Phys. Eng. Sci 2007, 365, 2845-2861.
N. Kaji, M. Tokeshi, Y. Baba, Chem. Rec. 2007, 7, 295-304.

S.J. Yu, M. W. Kang, H. C. Chang, K. M. Chen, Y. C. Yu, J. Am. Chem. Soc.
2005, 7127, 17604-17605.

K. K. Liu, C. L. Cheng, C. C. Chang, J. 1. Chao, Nanotechnology 2007, 18,
325102.

C.C. Fu, H. Y. Lee, K. Chen, T.S. Lim, H.Y. Wu, P.K. Lin, P.K. Wei, P. H.
Tsao, H.C. Chang, W. Fann, Proc. Natl. Acad. Sci. USA 2007, 104, 727-
732.

A. M. Schrand, H. Huang, C. Carlson, J.J. Schlager, E. Osawa, S. M. Hus-
sain, L. Dai, J. Phys. Chem. B 2007, 111, 2-7.

Y. Sonnefraud, A. Cuche, O. Faklaris, J. P. Boudou, T. Sauvage, J. F. Roch,
F. Treussart, S. Huant, Cond. Mater. 2007, 1-8.

L. C. Huang, H. C. Chang, Langmuir 2004, 20, 5879-5884.

E. Perevedentseva, C.Y. Cheng, P.H. Chung, J.S. Tu, Y.H. Hsieh, C.L.
Cheng, Nanotechnology 2007, 18, 315102 .

H. Huang, E. Pierstorff, E. Osawa, D. Ho, Nano. Lett. 2007, 7, 3305-3314.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]
[30]

P.H. Chung, E. Perevedentseva, J.S. Tu, C. C. Chang, C.L. Cheng, Dia-
mond Relat. Mater. 2006, 15, 622-625.

A. Kruger, Y. Liang, G. Jarre, J. Stegk, J. Mater. Chem. 2006, 16, 2322-
2328.

K. Ushizawa, Y. Sato, T. Mitsumori, T. Machinami, T. Ueda, T. Ando, Chem.
Phys. Lett. 2002, 351, 105-108.

C.Y. Cheng, E. Perevedentseva, J.S. Tu, P.H. Chung, C. L. Cheng, K. K.
Liu, J. I. Chao, P. H. Chen, C. C. Chang, Appl. Phys. Lett. 2007, 90, 163903.
S. Vial, I. Pastoriza-Santos, J. Perez-Juste, L. M. Liz-Marzan, Langmuir
2007, 23, 4606-4611.

E. Kaiser, R. L. Colescott, C. D. Bossinger, P. 1. Cook, Anal. Biochem. 1970,
34, 595-598.

J.S. Tu, E. Perevedentseva, P.H. Chung, C.L. Cheng, J. Chem. Phys.
2006, 125, 174713.

Y. Luo, P. Yang, J. Lin, Micropor. Mesopor. Mater. 2008, 111, 194-199.

A. L. Morales-Cruz, E.R. Fachini, F. A. Miranda, C. R. Cabrera, Appl. Surf.
Sci. 2007, 253, 8846-8857.

S. J. Xiao, M. Wieland, S. Brunner, J. Colloid Interface Sci. 2005, 290, 172-
183.

S. F. Parker, Spectrochim. Acta Part A 2006, 63, 544-549.

D. Delaroche, B. Aussedat, S. Aubry, G. Chassaing, F. Burlina, G. Clodic,
G. Bolbach, S. Lavielle, S. Sagan, Anal. Chem. 2007, 79, 1932-1938.

Received: April 11, 2008
Published online on August 1, 2008

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

2119

www.chembiochem.org



http://dx.doi.org/10.1073/pnas.152463399

http://dx.doi.org/10.1038/nbt927

http://dx.doi.org/10.1021/ar050107x

http://dx.doi.org/10.1002/cbic.200700165

http://dx.doi.org/10.1002/cbic.200700165

http://dx.doi.org/10.1021/ar030027y

http://dx.doi.org/10.1021/ar700089b

http://dx.doi.org/10.1002/chem.200700987

http://dx.doi.org/10.1098/rsta.2007.0005

http://dx.doi.org/10.1002/tcr.20128

http://dx.doi.org/10.1021/ja0567081

http://dx.doi.org/10.1021/ja0567081

http://dx.doi.org/10.1088/0957-4484/18/32/325102

http://dx.doi.org/10.1088/0957-4484/18/32/325102

http://dx.doi.org/10.1073/pnas.0605409104

http://dx.doi.org/10.1073/pnas.0605409104

http://dx.doi.org/10.1021/jp066387v

http://dx.doi.org/10.1021/la0495736

http://dx.doi.org/10.1088/0957-4484/18/31/315102

http://dx.doi.org/10.1021/nl071521o

http://dx.doi.org/10.1016/j.diamond.2005.11.019

http://dx.doi.org/10.1016/j.diamond.2005.11.019

http://dx.doi.org/10.1016/S0009-2614(01)01362-8

http://dx.doi.org/10.1016/S0009-2614(01)01362-8

http://dx.doi.org/10.1063/1.2727557

http://dx.doi.org/10.1021/la063753t

http://dx.doi.org/10.1021/la063753t

http://dx.doi.org/10.1016/0003-2697(70)90146-6

http://dx.doi.org/10.1016/0003-2697(70)90146-6

http://dx.doi.org/10.1063/1.2370880

http://dx.doi.org/10.1063/1.2370880

http://dx.doi.org/10.1016/j.micromeso.2007.07.029

http://dx.doi.org/10.1016/j.jcis.2005.04.014

http://dx.doi.org/10.1016/j.jcis.2005.04.014

http://dx.doi.org/10.1021/ac061108l

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200800285

Site-Selective Blocking of PCR by a Caged Nucleotide
Leading to Direct Creation of Desired Sticky Ends in The

Products

Keita Tanaka, Hitoshi Katada, Narumi Shigi, Akinori Kuzuya,* and Makoto Komiyama*

In order to terminate the polymerase reaction at a desired posi-
tion, a caged thymine derivative—4-O-[2-(2-nitrophenyl)pro-
pylithymine—was incorporated into PCR primers. In the PCR
cycles, the elongation of the nascent strand (5 —3' direction) by
polymerase was site-selectively terminated at the 3'-side of T\
Accordingly, predetermined protruding ends were obtained after

Introduction

Photocaging of oligonucleotides has become an attractive
topic because of its potential to control genetic events simply
through light irradiation without alteration either of chemical
or of other physical conditions."? Various oligonucleotides
protected with photocleavable groups (caged oligonucleo-
tides) have been reported to control events such as transcrip-
tion,®® translation” RNA interference,”) DNAzyme reac-
tions,®* DNA replication,"®' aptamer binding,"? higher-order
structure formation,”*" and PCR In this study we have
examined the use of a caged nucleotide as a site-selective ter-
minator of the polymerase reaction in PCR.

In current molecular biology and biotechnology, vectors are
constructed by digesting plasmid DNA with restriction en-
zymes, followed by connection of this vector with a predeter-
mined gene fragment by use of a ligase. In many cases, those
gene fragments are prepared by PCR from various sources,
and the blunt ends of the PCR products are converted into co-
hesive ends by use of restriction enzymes for ligation with the
vector." Although this technology has been mostly successful,
two problems still remain unsolved for further developments
of the fields. Firstly, recognition sites of type Il restriction en-
zymes, which are most often used in these fields, are mostly
limited to certain palindromic sequences, and it is sometimes
difficult to find an appropriate enzyme to digest DNA at (or
near) the target manipulation site. Secondly, most of these
enzymes recognize only four to eight DNA base sequences, so
precise manipulation of large vectors such as adenovirus (30-
38 kbp) with restriction enzymes is not very practical because
digestion occurs at too many sites in such large DNA sequen-
ces.

As a solution to these problems, artificial restriction DNA
cutters (ARCUT) have been prepared by combining the Ce**/
EDTA complex (molecular scissors) and a pair of pseudocom-
plementary peptide nucleic acids (pcPNAs) showing double-
duplex invasion."®' The binding sites of these pcPNA strands
are laterally shifted relative to one another, and so, in the inva-
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[a]

the removal of the protecting group by short UVA irradiation. Re-
combinant vectors coding the GFP gene were successfully pre-
pared by direct ligation of these light-assisted cohesive-ending
PCR (LACE-PCR) products with scission fragments obtained by
use either of restriction enzymes or of artificial restriction DNA
cutters and were used for transformation of E. coli.

sion complex, single-stranded portions are formed in both
strands of substrate DNA. These single-stranded portions are
selectively hydrolyzed by the Ce**/EDTA, since they are more
susceptible to the catalysis of this complex. Although the
sticky ends formed by ARCUT are not directly compatible with
differently prepared termini of other fragments (for example,
restriction enzyme fragments), these fragments can be ligated
by adding a joint oligonucleotide that fills the space between
them, thus forming an “apparently” complementary struc-
ture.'*2¥ However, these trimolecular processes could decrease
the efficiency of ligation and also make separation/purification
steps more difficult.

To date, several methods for providing desired termini to
PCR products have been reported.?'® The “staggered rean-
nealing” method uses two primer pairs and first involves the
preparation of two staggered PCR products with additional
bases at one of the ends corresponding to the sticky end.”"!
Melting and reannealing of the two staggered products result
in a quarter of the product bearing the desired sticky ends at
both ends. The “Autosticky PCR” method utilizes an artificial
abasic site in the primers, which will be repaired as a dT or
simply deleted in E. coli.”? Other methods involve post-treat-
ment of the PCR products with unique enzymes (T4 DNA poly-
merase,” uracil DNA glycosylase,” RNase H,*”’ and poxvirus
DNA polymerase),”® which digest elegantly designed terminal
regions of the product in a required fashion. In particular, liga-
tion-independent cloning of PCR products (LIC-PCR) is one of
the most significant applications of artificial long sticky ends.””

[a] K. Tanaka, H. Katada, Dr. N. Shigi, Dr. A. Kuzuya, Prof. Dr. M. Komiyama
Research Center for Advanced Science and Technology
The University of Tokyo
4-6-1 Komaba, Meguro-ku, Tokyo 153-8904 (Japan)
Fax: (+81)3-5452-5209
E-mail: komiyama@mkomi.rcast.u-tokyo.ac.jp

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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Blocking of PCR by a Caged Nucleotide

If a caged nucleotide were able to act as a site-selective ter-
minator of a polymerase reaction in PCR, this should make it
possible to fashion a new PCR system in which fully natural
sticky ends of desired length and sequence are directly created
in the PCR process with no additional enzyme treatment being
required. An outline of the strategy of this light-assisted cohe-
sive-ending PCR (LACE-PCR) is depicted in Scheme 1. A caged

5'- AGCTNPPGTCCGGCGTAGAGGATCGAG -3
3'-GCCGCATCTCCTAGCTC -5

e
5'- AGCTNPEG PO’(;;;; GGATCGAG -3'
4><3- Y CCTAGCTC -5

UVA irradiation

5' sticky end
PN
5'- AGCTGTCCGGCGTAGAGGATCGAG -3'

3'-CAGGCCGCATCTCCTAGCTC -5'

Scheme 1. Outline of light-assisted-cohesive-ending PCR (LACE-PCR) with
the caged nucleotide TN, Here 1 is used as the template and the Hindlll ter-
minus is formed at the end of the product.

nucleotide—4-0O-[2-(2-nitrophenyl)propyllthymine—developed
by Heckel etal. (T"" in Scheme 2)*'¥ is introduced into PCR
primers. In the second and subsequent cycles of PCR, these
primers will be incorporated into the templates for the poly-
merase reaction. The modified nucleotide TV units in these
templates cannot form Watson-Crick pairs with their counter-
part dATP monomers, since their 4-O atoms are protected with
the photoremovable 2-(2-nitrophenyl)propyl (NPP) groups.

5'- AGCTNPPGTCCGGCGTAGAGGATCGAG -3'

5'- FAM-CTCGATCCTCTACGCCG -3'

5'- pAGCTCTTGAAGACG -3'

5'- AATNPPINPPCACCGTCACCCTGGATGCTG -3

5'- ACGGGTTNPPACTGATGATNPPGTCCGGCGTAGAGG-
ATCGAG -3'

a s WON =

9
0=P-0, TNPP

3I
Scheme 2. Structure of TV" and the sequences of oligonucleotides used in
this work. Underlined portions correspond to the sticky ends in the PCR
products.
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Steric hindrance by the bulky NPP groups is also probable. The
elongation of the nascent chain (5'—3’ direction) is therefore
terminated by the T"?. After the cycles, the NPP groups are
removed by UVA irradiation and the desired sticky ends are
straightforwardly created at the ends of the PCR products. As
shown below, we found that TV is stable enough even under
PCR conditions and indeed terminates the polymerase reaction
site-selectively. LACE-PCR products coding the GFP gene were
successfully and directly ligated to vectors digested either with
naturally occurring restriction enzymes or with ARCUT, and
were used to transform E. coli.

Results and Discussion

Site-selective termination of the polymerase reaction by a
caged TV nucleotide in the template under PCR conditions

Site-selective termination of the polymerase reaction by T

under PCR conditions was examined by primer extension ex-
periments as shown in Figure 1. Here, FAM-labeled primer 2

M1 2 3 4 5 6 7

30-mer —
25-mer —
20-mer — . - ! - :;-mer bv;l;roduct
:b- @ ~— 20-mer product
— Iy -t 4—primer
- e - e

Figure 1. Denaturing PAGE (20 %) patterns for primer extension with caged
oligonucleotide 1 as template. Lane 1: unreacted 2. Lane 2: Ex Taq. Lane 3:
UV irradiation+Ex Taq. Lane 4: rTag. Lane 5: KOD-Plus-. Lane 6: KOD-Dash-.
Lane 7: PrimeSTAR HS. Details of the reaction conditions are shown in the
Experimental Section.

(17 nt, FAM =6-fluoresceinamide) was extended on the modi-
fied oligonucleotide template 1 (24 nt), containing one T
unit at the fourth position from the 5-end, by use of various
polymerases commonly used for PCR (the sequences of 1 and
2 are presented in Scheme 2). When Ex Taq was used as the
polymerase, the longest product formed after the predeter-
mined thermal cycles was 20 nt, showing that primer extension
was completely terminated at the 3'-side of TN"® (lane 2 in
Figure 1). No undesired removal of NPP was observed in the
control HPLC analysis of the template 1 even after the corre-
sponding PCR thermal cycles (Figure S1 in the Supporting In-
formation). MALDI-TOF/MS analysis of the reaction mixture
also confirmed that d(GAC) had been correctly added to the
3’-end of 2 (Figure S2). When the reaction mixture was irradiat-
ed with UVA light (300 <1 <400 nm) for 30 min prior to the
addition of Ex Tag, on the other hand, extension proceeded
down to the end of the template 1 (the longest major product
was 24 nt). What terminated the elongation is indeed, as ex-
pected, the NPP group on the template.

Use of other polymerases commonly used in biochemical
researches was also examined (lanes 4-7). The reactions with
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rTaq (lane 4), KOD-Plus- (lane 5), and PrimeSTAR HS (lane 7)
were also reasonably terminated by T"* under appropriate
thermal cycles, although some minor introduction of extra
bases was observed for KOD-Plus- and PrimeSTAR HS. The
yields of the desired 20-mer product were 70% for KOD-Plus-
and 60% for PrimeSTAR HS. For KOD-Dash- (lane 6), on the
other hand, the major product was the 21-mer with one extra
base; the yield of the desired 20-mer for KOD-Dash- was only
7%. According to MALDI-TOF/MS analysis of the reaction mix-
tures (Figure S2), all of these 21-mer byproducts in lanes 5-6
have a mass number 328 higher than that of the desired 20-
mer. It is clear that the additional monomer is dG, although
those polymerases are known to add extra dA. This finding is
quite reasonable, because the hydrogen-bonding pattern of
TV is almost identical to that of dC except for the protected
4-0 atom. Similar undesired addition of extra dG was also
observed for other polymerases such as Klenow Fragment, T4
DNA polymerase, and DNA polymerase | in isothermal re-
actions at 37 °C (Figure S3).

Photoremoval of the NPP group for further manipulation

To examine whether or not the sticky ends with TV at the
junction were ligatable with other fragments, ligation of the
20-mer extension product obtained with Ex Tag to a short oli-
gonucleotide was examined. The outline of the experiment is
shown in Figure 2A. The 14-mer oligonucleotide 3 has the
d(AGCT) sequence at the 5-end, and it is complementary to
the sticky end (underlined bases shown in Figure 2A) created
in the 20-mer product/1 complex. Without UVA irradiation, no
ligation product was observed in a denaturing PAGE analysis
of the reaction mixture (lane 2 in Figure 2B). It was thus found
that the presence of the NPP group on the template complete-
ly inhibits ligation at the opposite site. Quite on the contrary,
the 34-mer ligation product was efficiently obtained when the
reaction mixture was irradiated with UVA before addition of

A) sticky end
—t—

1 5'- AGCTNPPGTCCGGCGTAGAGGATCGAG -3
CAGGCCGCATCTCCTAGCTC-FAM -5'

3 3'- GCAGAAGTTCTCGAp The 20-mer product

B)
1 2 3 M
- — 35-mer
— 30-mer
— 25-mer
i

- e = * — 20-mer

- e -

— — ——

Figure 2. A) Structures of the oligonucleotides used in the ligation experi-
ment. Underlined portions are complementary to each other. B) Denaturing
PAGE (20%) patterns for ligation of primer extension product with Ex Taq
and 3. Lane 1: 20-mer product. Lane 2: ligation without UVA irradiation.
Lane 3: ligation with prior UVA irradiation.
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ligase to the solution (lane 3). According to HPLC analysis, the
deprotection yield of the NPP group under these conditions
(pH 7.5, 30 min) is about 54% (Figure S1). The estimated yield
of 20-mer-to-34-mer conversion in lane 3 is 58%, and this
figure is in good accordance with the deprotection yield. Liga-
tion of successfully deprotected complex seems to proceed
almost quantitatively.

The deprotection yield obtained here is significantly small in
comparison with the yield of nearly 90% at pH 8.8 reported in
the literature.” In view of the mechanism of NPP removal,
which proceeds via an anionic nitronic acid intermediate,*”
this low yield might be because of pH dependence of NPP
removal. However, a high pH is not favorable for this system,
because it elevates the risk of oxidative base damage.”

Use of LACE-PCR to provide products possessing restriction
enzyme termini

To check whether site-selective termination would occur practi-
cally and whether desired sticky ends could be obtained after
LACE-PCR, PCR products bearing sticky ends complementary
to EcoRI and Hindlll termini were prepared with TV As shown
below, the products were successfully inserted into vectors,
produced by digesting pUC18 with EcoRl and Hindlll, and
cloned into E. coli.

1) Preparation of LACE-PCR products with EcoRI/Hindlll termini:
The 121-1170 bp region of pQBI T7-GFP plasmid was amplified
by LACE-PCR. This portion of the plasmid includes both GFP
gene (GFP =green fluorescence protein) and T7 promoter. For
this experiment, KOD-Plus- was used because of its high fideli-
ty and reasonable termination by T"** observed in the primer
extension experiment above. In one of the primers used in the
LACE-PCR (1 in Scheme 2), one T unit was incorporated at
the fourth position from its 5-end (5-AGCTV’GT-). The result-
ing sticky end is complementary to the Hindlll terminus. An-
other end of the product of LACE-PCR (5'-AATTCA-/3'-GT-) was
prepared by using the caged primer 4 (Scheme 2). In this

primer, two TV units were incorporated
at the third and the fourth positions

, L . 12 M
from the 5-end to minimize undesired —2 kbp
rimer dimer formation. After the NPP -
primer dimer formatio ter the b

groups had been removed, the EcoRlI ter-
minus was formed here. As shown in
Figure 3, a product of desired length
(1 kbp) was successfully and selectively
amplified (lane 1).

Removal of the NPP groups in the PCR
product was performed with UVA irradia-
tion on the purified product solution. To
remove as much of the NPP as possible,
irradiation time here was extended to
1 h. From the yield of NPP removal (>54% for each NPP) and
the yield of successfully terminated elongation (70% for KOD-
Plus-), approximately 10% of the product would be expected
to have the fully deprotected, desired sticky ends at both
ends. Recent studies have shown that both UVA radiation and
UVB cause various forms of oxidative damage on DNA, which

Figure 3. Agarose gel
electrophoresis pat-
terns for the LACE-
PCR product. Lane 1:
LACE-PCR product
before UV irradiation.
Lane 2: LACE-PCR
product after 1 h UV
irradiation.

ChemBioChem 2008, 9, 2120-2126
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result in DNA degradation or mutation.”®>* From the dose de-
pendencies for each type of base damage caused by UVA irra-
diation,?¥ the estimated frequencies of cyclobutane pyrimidine
dimer (CPD) formation, purine oxidative damage, pyrimidine
oxidative damage, and abasic damage in the 1 kbp product
after the irradiation would be estimated to be 0.013, 0.014,
0.006, and 0.008 per clone, respectively. About 4% of the pop-
ulation might thus contain one of the above damaged bases
overall, and the remaining 96% would be expected to be
intact. No significant alteration of the band pattern in agarose
gel was observed even after 1 h UVA irradiation (lane 2 in
Figure 3). Moreover, these forms of DNA damage would be
repaired in vivo, so the apparent frequency of damage should
be much smaller. These arguments are further supported by
the sequencing experiments (vide infra).

2) Construction of recombinant vector from LACE-PCR product:
The insert obtained above was ligated to a vector prepared by
digesting pUC18 with EcoRl and then with Hindlll. Taking into
account that the estimated yield of LACE-PCR product bearing
completely ligatable sticky ends was 10%, 50 equiv of insert
was added to the vector for ligation, although normal vector
to insert ratios range from 1:3 to 1:10. JM109 was then trans-
formed with the ligation product.

Precise construction of the recombinant vector A)
was directly confirmed by sequencing the extracted
plasmid from one of the colony-PCR positive clones. Obp
The sequences near the EcoRl site (Figure 4A) and
the Hindlll site (Figure 4B) are both completely con-
sistent with the expected sequences. In addition, no

®C

FULL PAPERS

A) pUCIS T7-GFP

ﬁi\l’GAT‘IAC AJ\TTCJ\CCGTCACCC‘I(E‘GA

l—'ﬁnRI site

B) pUCI18 T7-GFP
CﬂCCAGTGCCAEGC?GTCCGGCGTAGAPGA

HindlIII site

I

Figure 4. Sequencing analysis of cloned recombinant vector at A) the EcoRI
site conjunction, and B) the Hindlll site conjunction.

Da i

—

1%,
q
p GFP gene
1830 b
P pQBI T7-GFP\

pBR322 (4361 bp)

mutation was found in the range corresponding to ) EcoRI PCR
the LACE-PCR product for this clone (Figure S4). ii) ARCUT
These results show that the strategy proposed in 5P = S0 P-5' 5 5

Scheme 1 is fairly reasonable. According to Dmo-
chowski et al.,"” DNA polymerization by the Klenow
fragment is more efficiently blocked when photo-
cleavable DABSYL and fluorescein are bound to dC
residues in a template next to each other. However,
the promoting effect of TV, the second TV in 4, is
not very explicit in the present LACE-PCR, since only
one TV in the primer (and thus in the template for
polymerase reaction) is able to stop elongation to
provide the Hindlll terminus, at least under the con-
ditions employed here.

B)

LACE-PCR to provide products possessing the
scission termini of the man-made tool ARCUT

Next, a vector was prepared by cutting pBR322 with >,

man-made tool ARCUT (the digestion at another site
was achieved with EcoRl; see Scheme 3 A). The insert
for this experiment also involves both GFP gene and
T7 promoter. In the terminus formed by ARCUT
employed here (Figure S5), 16 nucleotides at the 5'-
end of one strand are protruding beyond the 3’ ter-
minus of another strand (see the left-side end of the
vector in Scheme 3B). Through the use of LACE-PCR, the sticky
end, which is complementary with this terminus and required

ChemBioChem 2008, 9, 2120-2126
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5'- AATTCACCGTCACC
3'-GTGGCAGTGG
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i) UVA irradiation

Alkaline Phosphat 5 i
atme Thosphatase ii) T4 Kinase

Sy

GFP gene

Recombinant vector

5'- ATCATCAGTAACCCGTATCGTGAGCA MTCTTCA}\G =3
3'-TAGCACTCGT AGAAGTTCTTAA -5'

ACGCCGGAC -3'

T7-GEP (1 kbp)
LELLLkhD TGCGGCCTGTAGTAGTCATTGGGCA -5'

Scheme 3. A) Construction of recombinant vector by use of the EcoRI/ARCUT system (the
red circles refer to TV units). B) Structure of the vector formed by cutting pBR322 with
EcoRl (right-side end) and ARCUT (left-side end). C) Structure of the insert prepared by
LACE-PCR.

for efficient ligation, can be straightforwardly created at the
end of the PCR product (right-side end of the insert in
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Scheme 3C). Note that the plasmid, the polymerase, and the
competent cells used here are all different from those in the
previous section, so the wide applicability of the LACE-PCR
method is further substantiated.

1) Preparation of the vector by cutting pBR322 with EcoRl and
ARCUT: The plasmid vector pBR322 (4361 bp) was linearized
with EcoRI (Figure 5, lane 1) and then treated with ARCUT. Site-

1 2 M
- &5 kbp

——
2530 bp— s

1830 bp — e ==

- | kbp

Figure 5. Agarose gel electrophoresis patterns for the scission of pBR322 by
EcoRIl and ARCUT. Lane 1: EcoRl only. Lane 2: EcoRI and then ARCUT. Lane M:
1 kbp ladder.

selective scission at the two sites gave two major bands at
2530 bp and 1830 bp in the gel electrophoresis (lane 2). The
band of 2530 bp size was extracted from the gel and used as
the vector. It has been reported that scission by ARCUT takes
place at several phosphodiester linkages in a hot-spot in the
single-stranded region (Figure S5). This band should thus con-
tain several DNA fragments, possessing different end struc-
tures. As shown below, however, the vector DNA possessing
the end structure in Scheme 3B is selectively picked up from
the mixture in the ligation step, since both of the ends of the
insert, formed by LACE-PCR, are complementary with the two
ends of this vector.

2) LACE-PCR to prepare the insert possessing ARCUT/EcoRI ter-
mini: One of the ends of the LACE-PCR product (5-ACGGGT-
TACTGATGATGT-/3"-CA-) should be complementary with the
ARCUT scission terminus (left-side end of Scheme 3B). Howev-
er, this complicated terminus can be easily created by using
the caged primer 5 (Scheme 2) in which two TV units are in-
corporated at the seventh and 16th positions. As shown in the
next section, elongation by PrimeSTAR HS DNA polymerase (at
72°C) was successfully terminated by the caged nucleotide
TNPP09) which the nascent-chain elongation first encounters in
LACE-PCR.

In 5, T” was also replaced with , because the 5'-
GPGGTT"-3’ sequence of this primer is, by chance, pseudo-
complementary with 3'-COTVWPTNPAAMN-5" sequence in the
primer 4 [Scheme 2; the 2-(2-nitrophenyl)propyl in TV does
not directly inhibit wobble pairing with G]. The possibility of
undesirable interactions between these two primers (and also
between the corresponding PCR products) can be minimized
by this T, since it cannot form a Watson—Crick pair with A"
in the primer 4.

The other end of the LACE-PCR product, which is comple-
mentary with the EcoRI terminus, was prepared by use of the
caged primer 4 as described above. Agarose gel electrophore-

TNPP(7)
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sis of the LACE-PCR product showed that the amplification was
fairly selective and efficient (lane 2 in Figure 6).

3) Formation of recombinant vector and its expression in cells:
DH5a cells were transformed with the ligation product of the

M 1 2 3

i !—5 kbp

-

-

wem — 1 kbp

Figure 6. Agarose gel electrophoresis patterns for the LACE-PCR product
and recombinant vectors. Lane 1: ARCUT product. Lane 2: LACE-PCR prod-
uct. Lane 3: extracted plasmid. Lane 4: extracted plasmid linearized with
EcoRI. Lane M: 1 kbp ladder.

vector prepared in Part 1 of this Section and the insert in
Part 2. The size of the extracted plasmid (supercoiled, lane 3 in
Figure 6; linearized, lane 4) was consistent with the expected
3590 bp. As shown by the sequencing experiments of the plas-
mid in Figure 7, the sequences near the ARCUT scission site (a)
and the EcoRl digestion site (b) are again both completely con-
sistent with the argument. Successful formation both of the
ARCUT terminus and of the EcoRl terminus in the insert by
LACE-PCR has been corroborated.

When the extracted recombinant vector was introduced into
BL21-Gold (DE3), emission of green fluorescence from the
expressed GFP was clearly observed (Figure 8). This is further
evidence that no undesired critical DNA mutation was induced
into the gene in this clone by the UVA irradiation that was car-
ried out to remove the protecting group from T,

pBR322 T7-GFP

TACTGATGATGTCC GEC

cﬂc GATIACGGG T

ARCUT site

B)

ﬂG'Z

T7-GFP

EIC;\»GI'\} lCnCCG'lCACCCI(I!G

I_TURI site

pBR322

;j j H/\ dl ;\."_\"‘_\J J(\U W i

Figure 7. Sequencing analysis of cloned recombinant vector at A) the ARCUT
site conjunction, and B) the EcoRlI site conjunction.
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S

Figure 8. Emission of fluorescence from the GFP expressed in BL21-Gold
(DE3). These cells were transformed with the recombinant vector prepared
with the EcoRI/ARCUT system.

Conclusion

The caged thymine TV site-selectively blocks the polymerase
reaction under PCR conditions, although some minor misincor-
poration of dG in front of TV" was observed for some of the
polymerases examined in this study. The resulting 5'-protrud-
ing end in the primer/caged template complex can be used
for ligation with other complementary fragments after the NPP
group has been removed by brief UVA irradiation. This finding
made possible a new direct PCR system to prepare products
bearing desired sticky ends. After PCR cycles using caged pri-
mers bearing TV" units, the product solution is briefly irradiat-
ed with UVA, and the protecting groups of T"*" are removed.
By this simple procedure, desired sticky ends have been suc-
cessfully created at the ends of 1 kbp PCR products coding the
GFP gene. There is almost no limitation in the sequence of the
protruding 5’-end. Moreover, the choice of target gene is also
almost unlimited, since LACE-PCR does not involve a digestion
step with restriction enzymes, so there is no fear of undesired
cleavage inside the gene. This finding should widen the scope
of DNA manipulation. To achieve more precise termination of
elongation, improved caged nucleotide design might be desir-
able. The recently reported TN™ residue,” in which the 3-N
atom is protected by a photoremovable group, might be a
good candidate for this purpose. Development of caged mon-
omers for A, G, and C would also further extend the scope of
applications. Investigations in this area are currently underway.

Experimental Section

Materials: The primers containing caged thymine TV were pre-

pared by standard phosphoramidite chemistry through the use of
a set of ultramild cyanoethyl phosphoramidites [phenoxyacetyl-
protected dA and (4-isopropylphenoxy)acetyl-protected dG mono-

ChemBioChem 2008, 9, 2120-2126
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mers from Glen Res., USA], purified by reversed-phase HPLC, and
characterized by MALDI-TOF/MS (Bruker AutoFLEX). Their sequen-
ces are shown in Scheme 2. The phosphoramidite monomer of TV*
was synthesized from thymidine and 2-ethylnitrobenzene as de-
scribed in the literature.*>3¢" Water was deionized with a Millipore
Water Purification System, and sterilized immediately before use.
The Ce*'/EDTA solution was prepared by mixing an aqueous solu-
tion of Ce(NH,),(NO;)s (20 mm, Nacalai Tesque) and 4Na-EDTA
(20 mmMm, Tokyo Kasei Kogyo) in HEPES buffer, and then adjusting
the pH to 7.0 with a small amount of NaOH."” The synthesis, pu-
rification, and characterization of pcPNA strands has been de-
scribed elsewhere." Photoirradiation was performed with a UV
Spot Light Source (Hamamatsu Photonics; 200 W) and a UV-D36C
filter (Asahi Technoglass) at 2.5 mWcm 2 Imaging and quantifica-
tion of gel electrophoresis were carried out with a FLA-3000G fluo-
rescent imaging analyzer (Fujifilm).

Primer extension reaction with caged oligonucleotide as a tem-
plate: A mixture containing the caged oligonucleotide substrate 1
(4 um), the primer oligo 2 (2 um), and dNTPs (1.35 mm for each)
was prepared and divided into two portions. Unintended light ex-
posure was carefully avoided throughout the process. One portion
was irradiated with UVA light (300 <A <400 nm) for 30 min at
room temperature to remove the protecting group from the TV,
whereas another portion was directly used for the primer exten-
sion reaction. After addition of Ex Taq polymerase (Takara) to the
solution (0.2UuL™"), the following cycles—denaturation (94°C,
15 s), annealing (50°C, 30 s), elongation (60 °C, 70 s)—were repeat-
ed 30 times on a thermal cycler. The product was then analyzed by
denaturing PAGE (20%). Extension with other polymerases was
also examined at the following concentrations and without UV ir-
radiation: [rTaq polymerase (Takara)]=0.1 UuL™', [KOD-Plus- poly-
merase (Toyobo)] =0.02 UpL ', [KOD-Dash- polymerase (Toyobo)]=
0.05 U;LL’1, and [PrimeSTARHS DNA Polymerase (Takara)l=
0.025 UpL™". The thermal cycle for KOD-Plus- and KOD-Dash- was
the same as for Ex Tag. The thermal cycle for rTaq was: denatura-
tion (94°C, 30s), annealing (55°C, 30s), and elongation (72°C,
70 s). The thermal cycle for PrimeSTAR HS was: denaturation (98 °C,
10 s), annealing (55°C, 5 s) and elongation (72°C, 70 s).

Ligation of primer extension product and short oligonucleotide:
The product of primer extension with ExTaq was purified by
phenol/chloroform extraction and then on MicroSpin™ G-25 col-
umns (GE Healthcare). This purified product was mixed with the li-
gation substrate 3 (4 equiv), and the mixture was divided into two
portions. One portion was directly used for ligation. Another por-
tion was irradiated with UVA light for 30 min at room temperature
to remove the protecting group from the T"*". The ligation reaction
was initiated by addition of the same volume of DNA Ligation Kit
“Mighty Mix” (Takara) solution to the mixture (final concentrations
of the purified product and 3 were 5 um and 20 um, respectively),
allowed to proceed for 2 h at 16°C, and analyzed on 20% denatur-
ing PAGE after ethanol precipitation.

Light-assisted cohesive-ending PCR (LACE-PCR): With pQBI T7-
GFP (Wako, 20 pguL™) as the template, PCR was performed under
the following conditions: [each primer]=300 nm, [dNTPs]=
200 uM, and [KOD-Plus- polymerase]=0.02 UpL™" (or [PrimeS-
TAR HS DNA polymerase] =0.025 UpL™"). Thermal cycles were the
same as in the primer extension experiments.

After purification with a QIAquick PCR Purification kit (Qiagen), the
product was irradiated with UVA light for 1 h at room temperature.
The product was then phosphorylated with ATP (1 mm) and T4
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polynucleotide kinase (0.22 UpL™', Toyobo) at 37°C for 1h, and
was again purified with a QIAquick PCR Purification kit.

Scission of pBR322 with EcoRl and ARCUT: The pBR322 plasmid
(4361 bp) was first linearized with EcoRl, and treated with ARCUT
as reported previously;">? the details on ARCUT used here are
presented in the Supporting Information. DNA hydrolysis was ach-
ieved under the following conditions—[linearized pBR322]=8 nm,
[each PNA]=100 nm, [Ce**/EDTA]=100 um, and [NaCll=100 mm
at pH 7.0 (5 mm HEPES buffer), 37°C for 72 h—and was stopped
by addition of ethylenediaminetetramethylenephosphonic acid.
After treatment with calf intestinal alkaline phosphatase, desired
fragments of about 2530 bp were purified by agarose gel electro-
phoresis (0.8%) and extracted from the gel with a Get pureDNA
Kit-Agarose (DOJINDO).

Construction of recombinant vectors: The vector for the LACE-
PCR product containing EcoRI/Hindlll digestion termini was pre-
pared by cutting pUC18 with EcoRI and Hindlll. The same volume
of DNA Ligation Kit “Mighty Mix" was added to a 1:50 mixture of
this vector DNA and the PCR product. After incubation for 3 h at
16°C, JM109 (Toyobo) was transformed with the ligation product
and cultured on LB-agar media. After the insertion was confirmed
by colony PCR, positive colonies were picked up and cultured in
LB media. The plasmid DNA was purified with a QlAprep spin Mini-
prep Kit (Qiagen), and its sequence starting 200 bp away from
each conjunction was determined on a 3130x Genetic Analyzer
(Applied Biosystems). As the primers, 5-TCGCCATTCAGGCTGCG-
CAAC-3" (243-263bp region of pUCI8 plasmid), 5'-
CCTCTCCCCGCGCGTTGGC-3" (647-665 bp region of pUC18 plas-
mid), 5'-GTTGAATACTCATACTCTTCC-3' (4141-4161 bp region of
pBR322 plasmid) and 5-AAGCTCATCAGCGTGGTCGTG-3' (2058-
2038 bp region of pBR322 plasmid) were used both for the colony
PCR and the sequencing.

In the EcoRI/ARCUT system, ligation was achieved at a 1:40 vector/
insert ratio with 2 h incubation, and DH5a (Toyobo) was trans-
formed with the ligation product. In order to observe the emission
of the fluorescence from expressed GFP, the recombinant vector
was introduced into BL21-Gold (DE3) (Stratagene®). Note that BL21-
Gold (DE3) intrinsically possesses T7 RNA polymerase but DH5a
does not. Otherwise, the experimental procedures were the same
as those for the EcoRI/Hindlll system.
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Supramolecular Domains in Mixed Peptide Self-Assembled
Monolayers on Gold Nanoparticles

Laurence Duchesne,”” Geoff Wells,”™ David G. Fernig,” Sarah A. Harris,” and Raphaél Lévy*®

Self-organization in mixed self-assembled monolayers of small
molecules provides a route towards nanopatrticles with complex
molecular structures. Inspired by structural biology, a strategy
based on chemical cross-linking is introduced to probe proximity
between functional peptides embedded in a mixed self-assembled
monolayer at the surface of a nanopatrticle. The physical basis of
the proximity measurement is a transition from intramolecular to
intermolecular cross-linking as the functional peptides get closer.
Experimental investigations of a binary peptide self-assembled

Introduction

Inspired by highly elaborated multi-unit nanomachines ob-
served in biological systems, molecular self-assembly was pro-
posed over 15 years ago as a general route for the synthesis of
functional nanostructures."” Since then a large variety of struc-
tures have been produced;® some of the most remarkable
examples use DNA itself as a structural building block.®* How-
ever, the challenge set by Whitesides and collaborators of
making “structures of the size and complexity of biological
structures” is still current™ and a significant part of this chal-
lenge resides in the elucidation with subnanomolecular resolu-
tion of the complex structures that are formed through self-
assembly. Structural biology, that is, the determination of the
three-dimensional shape of biomolecules, has revealed how
biological nanomachines work on the atomic scale. Chemical
cross-linking, by virtue of identifying the proximity between
key chemical groups, has made critical contributions to this
field.” Structural nanotechnology, that is, the determination of
the structures of nanomaterials at the submolecular scale, is
essential for the future production of artificial nanomachines.”

Self-assembled monolayers (SAMs) of thiolated small mole-
cules provide a convenient way of controlling the surface
properties of metal nanoparticles”® leading in some cases to
protein-like properties, for example, specific recognition,
enzyme inhibition or catalytic activity.®'" Studies on planar
SAMs suggest that domains could be engineered through
phase separation, which generally occurs in mixed SAMs!'*'
and has also been observed in mixed self-assembled peptide
nanofibers."¥ Such phase separation is similar to the formation
of domains in mixed lipid monolayers and phospholipid mem-
branes.'™'® Scanning tunneling microscopy (STM) studies on
gold nanoparticles have revealed pattern formation in mixed
SAMs of alkane thiolates."”'® An X-ray study of bifunctional
gold nanoparticles at the air-water interface suggests the for-
mation of giant amphiphiles through segregation of hydropho-
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monolayer show that this transition happens at an extremely
low molar ratio of the functional versus matrix peptide. Molecu-
lar dynamics simulations of the peptide self-assembled monolay-
er are used to calculate the volume explored by the reactive
groups. Comparison of the experimental results with a probabilis-
tic model demonstrates that the peptides are not randomly dis-
tributed at the surface of the nanoparticle, but rather self-organ-
ize into supramolecular domains.

bic and hydrophilic ligands."**” In another study, nanoparticles
were prepared with mixed SAMs composed of ligands which
had been designed to phase-separate, and a blue shift of the
surface plasmon band was observed and interpreted as indi-
cating the formation of Janus nanoparticles.”” Control over
the formation of heterogeneities in mixed SAMs on nanoparti-
cles would allow the design of nanoparticles with well-defined
complex surfaces, opening new possibilities for catalysis and
bottom-up assembly of nanodevices.” %% Acquiring such
control requires the means to interrogate the SAM molecular
structures with a high degree of chemical specificity and a
high throughput. To this end, we have designed a proximity
probe based on chemical cross-linking, which, in conjunction
with molecular dynamics simulations, reveals self-organization
in a mixed peptide SAMs on gold nanoparticles.

The formation of peptide SAMs on gold nanoparticles pro-
vides a simple approach to generate nanomaterials with a
high degree of chemical complexity.®*’ The complexity can be
encoded through the design of peptide sequences and
through the combination of different peptides on a single
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nanoparticle. To evaluate whether the different peptides are
randomly distributed or if they self-organize to form supra-
molecular domains, peptide-capped gold nanoparticles (10 nm
diameter) covered with a binary peptide SAM composed of a
matrix peptide and of a longer functional peptide were pre-
pared. Molecular cross-linking was used to measure the prox-
imity between the functional peptides for various SAM compo-
sitions. Each functional peptide contains two reactive groups
that can be chemically cross-linked together (intramolecular
cross-linking) or with a reactive group on another functional
peptide (intermolecular cross-linking). If a given functional
peptide is isolated from other functional peptides, it will form
an intramolecular bond upon addition of the cross-linker,
whereas if there is another functional peptide in close proximi-
ty, intermolecular cross-linking can occur (Figure 1). The transi-
tion between the formations of intra- versus intermolecular
cross-links defines a critical separation (sepcrit) and provides
the physical basis of a proximity measurement (Figure 1).

sep @
1‘11(\?‘*]*“{ s
+
7 o=

S6p < SePgnt sep > SePit

Intermolecular Intramolecular

.

1844 ¢ 7.

1347
N L7 5

Figure 1. A proximity probe based on the transition between inter- and in-
tramolecular cross-linking. The circles represent reactive groups that can be
cross-linked by the homobifunctional cross-linker. “sep” is the separation be-
tween the functional peptides. sepcrit is the separation at which the transi-
tion from intra- to intermolecular cross-linking occurs.

Results and Discussion

Competition between intra- and intermolecular bond
formation

The measurement principle, that is, competition between
intra- and intermolecular bond formation, ensures rapid com-
pletion of the cross-linking reaction: once one of the active
groups of the cross-linker has reacted, the other active group
is constrained in a space where at least one other reactive
group is available for reaction resulting in a very high local
concentration of reactant. This prevents interparticle cross-link-
ing, which would otherwise induce nanoparticle aggrega-
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tion.”®#?? UV-visible absorbance spectra after cross-linking do
not exhibit any plasmon band shift, confirming the absence of
aggregation (see Figure S1 in the Supporting Information).

Formation of peptide loops

In order to demonstrate that chemical cross-linking can be
used to form intramolecular bonds (loops), a reporter system
was coded into the sequence design of the functional peptide
(Figure 2 A). The loop is obtained by cross-linking the two pri-
mary amines on the 7th and 20th amino acid (lysine residues)
of the functional peptide using the homobifuntional cross-
linker bis(sulfosuccinimidyl)suberate (BS3). The peptide N-ter-
minal amino group on the cysteine is in contact with the gold
surface and, therefore, not accessible for reaction.”” The se-
quence between the two lysines in positions seven and 20
contains the cleavage site of the protease thrombin (positions
10-15) and a biotinylated lysine in position 17 (note that the
biotinylated lysine does not have a primary amine). The effect
of thrombin and BS3 on a single functional peptide is schemat-
ically shown in Figure 2B. Thrombin cleavage will result in the
loss of the biotin on the linear peptide but not on the loop.
The presence of the biotin on the nanoparticle after cross-link-
ing and cleavage is, therefore, a signature of the successful clo-
sure of the loop.

To vary the average distance between functional peptides,
nanoparticles coated with SAMs of different composition were
prepared. The peptide solutions used to form the SAM con-
tained 0.08, 0.24, 0.72 and 2.1% (mol/mol) of the functional
peptide (Figure 2A) and a balance of matrix peptide (CALNN).
The corresponding molar composition of the monolayer was
measured as described in ref. [30]. Briefly, nanoparticles having
one or more functional peptides (so carrying one or more bio-
tins) can be pulled down with streptavidin affinity beads. For a
given molar ratio of functional peptide, the proportion of
nanoparticles pulled down is a direct measurement of the pro-
portion of nanoparticles having one or more functional pep-
tide.®” Quantitative analysis of the pull-down experiment
(Figure 3) indicates that the average number of functional pep-
tide per nanoparticle N, .q is equal to 1, 2.9, 8.8, or 26 func-
tional peptides per nanoparticle for the solutions containing
0.08, 0.24, 0.72, or 2.1% of functional peptide, respectively.>”
The first column in Figure 2C confirms that the biotin can be
detected for the different SAM compositions. However, after
incubation with thrombin, biotin is no longer detected on the
nanoparticles (Figure 2C, column 2). This constitutes another
example of how natural enzymes can be used to manipulate
the chemical state of nanoparticles.®'* When the nanoparti-
cles have been exposed to the cross-linker (Figure 2C, columns
3 and 4), thrombin activity does not result in the loss of biotin
indicating that BS3 has successfully cross-linked functional
peptides at the surface of the nanoparticles.®®

Transition from intra- to intermolecular loops

To examine whether intermolecular cross-linking occurs, the
oligomerization state of the cross-linked functional peptides

ChemBioChem 2008, 9, 2127 -2134
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Figure 2. A) Functional peptide. The circles represent the amino group that can react with BS3. The rectangle represents the thrombin cleavage site. The star

represents a biotin. B) lllustration of the effect of the homobifunctional cross-linker BS3 and thrombin on a single functional peptide. C) Presence of biotin de-
tected by chemiluminescence (Dot-blot) on peptide-capped gold nanoparticles with/without BS3 treatment and exposed or not to thrombin. D) Western-blot
of functional peptides from nanoparticles that have been treated (or not) with BS3. The experiments were performed with nanoparticles having different aver-
age number of functional peptides per nanoparticle (N,jenge =1, 2.9, 8.8, 26). E) Cross-linking reaction.
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Figure 3. Proportion of biotinylated NPs as a function of the proportion of
functional versus matrix peptides in the nanoparticle preparation. Peptide-
capped nanoparticles were prepared with different proportion of functional
peptide (Py). P, is the percentage of biotinylated nanoparticles as mea-
sured by the proportion of nanoparticles pulled-down by streptavidin-agar-
ose beads. Inset: visual illustration of the experiment showing the binding
of the nanoparticle to the streptavidin-agarose beads (pellet).

were analyzed by Western-blot. Short peptide fragments are
normally difficult to detect because they pass through the
membrane during the electrotransfer step and because of
their weak binding to the membrane. Therefore, a modified
Western-blotting procedure with gold and silver-coated mem-
branes to immobilize the peptides was used.®” For N, e =1,
with or without cross-linker, only a single band can be seen
and its molecular weight corresponds to that of the monomer
(2.2 kDa). Taken together with the results shown in Figure 2C,
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this demonstrates the formation of intramolecular loops, which
have the same molecular weight as the untreated monomer
(Figure 2D), but retains biotin upon thrombin treatment (Fig-
ure 2Q). This is not surprising, since, for N,.qe= 1, a large pro-
portion of the nanoparticles have a single functional peptide
at their surface. For higher values of N,ag the monomer
band disappears and higher M, bands appear, indicating the
formation of oligomeric species through intermolecular cross-
linking (Figure 2D). This is further confirmed by mass spec-
trometry analysis of the fragments released from the cleavage
experiments (Figures $S2-S4). The transition from intra- to inter-
molecular cross-linking is already visible for N,yenq.=2.9 for
which both a monomer and a dimer band can be seen. For
Naverage =88 and 26, the intensity of the monomer band be-
comes negligible and oligomers larger than dimers are formed.

Distances explored by reactive groups

On planar surfaces, it is generally agreed that reactive sites are
isolated from one another in SAMs in which less than 1% of
the molecules are reactive.”” In our experiments, the monolay-
ers were prepared from peptide mixtures containing only 0.08,
0.24, 0.72, or 2.1% of the functional peptide, resulting in low
grafting densities of one functional peptide for 347, 115, 38, or
13 nm?. These results suggest that the functional peptides are
clustered prior to the addition of the cross-linker. To test this
hypothesis, a model was built to predict the intensity of the
first band (monomer) after cross-linking if the functional mole-
cules were randomly dispersed. A minimum value of the inten-
sity can be calculated from the fraction of functional peptide
that cannot undergo intermolecular cross-linking, because they
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do not have a neighbouring functional peptide at a separation
below sepcrit. In order to estimate sepcrit, molecular dynamics
(MD) simulations of the functional peptide were used to quan-
tify the distances explored by the reactive amine on Lys20. MD
simulations were also performed for the functional peptide
after reaction of one of the N-hydroxysuccinimide (NHS) ester
of the BS3 on the Lys20. First, we performed a MD simulation
in which the entire nanoparticle peptide SAM is represented
atomistically, including two functional peptides, one of which
has been reacted with BS3 (See Figure S5 in the Supporting In-
formation). The attachment of the peptides to the gold surface
is mimicked by fixing the positions of the N-terminal cysteine
residues. The peptides all start from an elongated configura-
tion, but undergo entropic collapse to a more compact state
as the simulation proceeds (see Movie S1 in the Supporting In-
formation).

Based on this preliminary simulation, a reduced representa-
tion of the system was constructed to decrease the computa-
tional cost of quantifying the volume explored by a functional
peptide chain. A pair of curved surfaces made of 11 by 11 pep-
tides was constructed with the matrix peptides held fixed at a
separation of 8 A and represented only by the C-terminal as-
paragine of the matrix peptide with an N-terminal acetyl
group (Figures4A and B and Figure S6). The functionalized
peptides with and without the BS3 linker are placed in the
centre of each surface. To calculate the volume of space ex-
plored, a simulated annealing protocol in which the peptides
are systematically heated and then cooled prior to data collec-
tion was used to improve exploration of conformational space.
No persistent secondary structural elements were detected

R. Lévy et al.

during the simulations. A representative molecular configura-
tion for each peptide is shown in Figure 4C and D, the distri-
bution of distances explored by the functional groups are
shown in Figures 4E and F, and movies of the simulation tra-
jectories are provided (See Movies S2 and S3 in the Supporting
Information).

Functional peptide interaction with the SAM

The functional peptides interact strongly with the SAM. In the
absence of BS3, this leads to a bimodal distribution of the ver-
tical distance between the primary amine group of Lys20 and
the gold surface (Figure 4E, red curve). The first sharp peak at
12 A corresponds to the lysine being in contact with the
matrix peptide surface while the second broader peak corre-
sponds to the lysine moving above the surface (Movie S2).
When the amino group has been reacted with BS3, the distri-
bution of vertical distances becomes unimodal (Figure 4F, red
curve, and Movie S3). This can be understood by looking at
the electrostatic potential maps for the functional peptide with
and without BS3 (Figure 5). Because of the carboxylic acid
terminus of CALNN, the SAM surface is negatively charged,””
whilst the lysine and arginine residues within the functional
peptide sequences give rise to positive electrostatic potential.
These positively charged regions strongly attract the peptide
to the surface, which explains the first peak in the bimodal dis-
tribution of Figure 4E.

The BS3 derivatized lysine is negatively charged removing
favourable electrostatic interactions with the SAM. Conse-
quently, the conformations of the functional peptides are less
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Figure 4. Molecular configurations taken from the MD simulation of the functionalized peptides: functional peptide (A); functional peptide with BS3 reacted
on Lys20 (B); the volume of conformational space explored by the functionalized peptides is shown superimposed on a representative configuration without
(C) and with (D) the BS3 linker; the distribution of horizontal (blue) and vertical (red) distances explored by the reactive group on the functional peptide (E)
and on the functional peptide with BS3 reacted on Lys20 (F). The distributions were measured from the MD trajectories. The distance measurements are from
the sulfur atom on the N-terminal cysteine residue to either the side-chain nitrogen on Lys20 (functional peptide) or to the carbon atom of the activated

ester on the BS3 linker (functional peptide with BS3 reacted on Lys20).
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Figure 5. Electrostatic potential maps calculated for functionalized peptides
without (A) and with (B) the BS3 linker. Red indicates a negative potential of
—2, the surface of positive potential of +0.5 is shown in blue. The units of
potential are kTe™". The peptides are shown in elongated configurations for
clarity.

compact when the linker is attached, and the vertical displace-
ments of the reactive carbon atom from the attachment point
are unimodal. This change in shape of the explored volume
leads to the unexpected result that the presence of the 11.4 A
spacer arm of the BS3 does not lead to an increase in the dis-
tances explored across the surface. Both the primary amine on
the unreacted lysine of the functional peptide and the reactive
NHS ester on the attached BS3 are constrained within ~20 A of
the attachment point of the functional peptide (Figures 4E
and F, blue curves). While the relative rates of formation of
intra- versus intermolecular cross-linking certainly depend on
the distance between two peptides, formation of intermolecu-
lar cross-linking is only possible if there is some overlap be-
tween the volumes explored by the two reacting groups.
Therefore, from the MD simulations, we can conclude that the
rate of formation of intermolecular cross-links is zero for func-
tional peptides which are separated by more than 40 A.

Nonrandom localization of functional peptides

Assuming a Poisson distribution of the number of functional
peptides per nanoparticle and a random localization of the
peptides at the surface of the nanoparticle, the probability for
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a given functional peptide to have no neighbouring functional
peptide closer than 40 A was calculated (see the Supporting
Information). If the functional peptides were to be randomly
distributed, for N,enge=1, 2.9, 8.8, or 26, this simple model
predicts that respectively 94, 83, 57, or 19% of the functional
peptide would have no neighbouring peptides within 40 A
and, therefore, would not be able to participate in intermolec-
ular cross-linking. These probabilities provide a minimum value
for the intensity of the monomer band in Figure 2D that
would be observed if the functional peptides were randomly
distributed. Clearly the experimental results are not compatible
with a random localization of the functional peptides (Fig-
ure 2D) but rather indicate that the functional peptides self-
organize. The disappearance of the monomer band could be
explained by the formation of several dimeric species or by
the formation of larger patches or supramolecular domains.
The appearance for N,e.qe=8.8 and 26 of bands correspond-
ing to larger oligomers (Figure 2D) indicate that the second in-
terpretation is correct and that supramolecular domains com-
posed of more than two functional peptides in close proximity
are formed.

To examine whether clustering of the functional peptide
occurs in solution before the formation of the monolayer, a
cross-linking experiment was performed in conditions identical
to those used for the preparation of the nanoparticles but in
the absence of nanoparticles. In contrast with the results ob-
tained with the peptide-capped nanoparticles, the functional
peptide was found to be in its monomeric form (Figure S7). At
concentrations of functional peptides five times higher than
those used in the nanoparticle experiments, the formation of
dimers was observed but no higher molecular weight oligo-
mers were observed even at the highest concentration tested
(Figure S7). These results clearly demonstrate that the self-or-
ganization occurs during the formation or maturation of the
self-assembled monolayer.

In order to obtain insights into the mechanisms of self-or-
ganization, the dynamics of the formation of the supramolec-
ular domains was probed for N,...=8.8. Remarkably, the
monomer band disappears within the first few minutes of the
formation of the monolayer (Figure 6) and the first oligomer

Time after mix
peptide/nanoparticles

1 min 5 min 20 min 45 min 21h
— + + + + + - BS3
kDa ,
14.64 !
o SN S
3.44 P ' ——

Figure 6. Western-blot of functional peptides from nanoparticles that have
been treated (or not) with BS3 as a function of the peptide-nanoparticle
reaction time (1, 5, 30, 45 min and 21 h after mixing the peptide and the
nanoparticle solutions). The experiments were realized with a peptide solu-
tion containing 0.72% functional peptide (corresponding to nanoparticles
having an average of 8.8 functional peptides per nanoparticle).
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bands can already be seen even after 1 min;*® note that the
time value refers to the addition of the cross-linker and that
the cross-linking reaction is expected to be complete within
2 min in the experimental conditions used.?>*” These rapid dy-
namics seem more compatible with a mechanism in which the
formation of the domain results from local enrichment in func-
tional peptide through preferential adsorption followed by
ligand exchange rather than by a mechanism of random diffu-
sion of the functional peptides within the SAM.

Conclusions

Nanotechnology scientists face a challenge similar to the one
faced by structural biologists half a century ago: determining
with atomic-scale precision the structure of a whole range of
nanoparticle/proteins. This article introduces a new approach
for investigating the molecular structures of mixed monolayers
at the surface of nanoparticles. While further experimental and
theoretical work will be required to understand and predict
self-organization in mixed peptide SAMs, this work opens a
route towards the design and synthesis of nanoparticles that
have complex surfaces composed of several functional supra-
molecular domains.

Experimental Section

Materials: The peptides CALNN (also referred to as matrix peptide)
and CALNNGKGALVPRGSGKbiotinTAK (also referred to as functional
peptide) were purchased from Sigma-Genosys Ltd (Haverhill, UK).
The 10 nm gold nanoparticles (G-NPs) were purchased from British
Biocell (BBInternational Ltd, UK). Sephadex G25 superfine, Bovine
serum albumin, Tween 20, streptavidin-agarose and thrombin pro-
tease (3.4.21.5) were purchased from Sigma-Aldrich Ltd (Dorset,
UK). Bis[sulfosuccinimidyl]suberate (BS3) and SuperSignal West Pico
Chemiluminescent Substrate were purchased from Pierce (Perbio
Science UK Ltd). Immobilon-P polyvinylidene difluoride (PVDF)
membranes were purchased from Millipore (Watford, UK). Strep-
Tactin-HRP (horse radish peroxidase) was purchased from IBA (G&t-
tingen, Germany). Nanosep centrifugal units were from PALL (PALL
Corp., Portsmouth, Hants, UK). Polypeptide SDS-PAGE standards
were purchased from Biorad (BioRad, Hemel Hempstead, UK).

Preparation of peptide-capped gold nanoparticles: In the follow-
ing, PBS is meant for Phosphate Buffer Saline (Na,HPO, (8.1 mm),
KH,PO, (1.2 mm), NaCl (150 mm) and KCI (2.7 mm), pH 7.4) and
10xPBS for 10 times more concentrated solution of the same salts.
The peptide stock solutions were prepared by dissolving the pep-
tide powders in 10xPBS and then aliquoted and kept at —80°C
until further use. Before use, the matrix peptide and the functional
peptide (2 mm final concentration) were mixed into the desired
molar ratio, and gold solution was added to this peptide solution
in a 10:1 volume ratio. The reaction was left overnight at 4°C, and
the excess peptide was then removed by size-exclusion chroma-
tography with Sephadex G25 superfine as separation medium and
PBS as the mobile phase (except for the time-dependence experi-
ments of Figure 6, see below).

UV/Vis spectrometry: Absorption spectra were recorded at room
temperature using a Spectra Max Plus spectrophotometer (Molecu-
lar Devices, Wokingham, UK).
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Number of functional peptides per gold nanoparticle: Peptide-
capped nanoparticles with different ratios of matrix/functional pep-
tides were prepared (8 nm nanoparticle concentration in PBS). The
nanoparticle solution (200 uL) was added to streptavidin—agarose
beads (10 pL) equilibrated in PBS. The reaction was incubated over-
night at room temperature under agitation. The beads were then
left to sediment and the amount of unbound nanoparticles was
quantified by the measurement of the absorbance at 520 nm of
the supernatant.

Cross-linking on peptide-capped nanoparticles (Figure 2): Con-
centration of peptide-capped nanoparticles were adjusted to 5 nm
with PBS. Cross-linking was performed by adding bis[sulfosuccini-
midyl]suberate (BS3) to a 10 mm final concentration. Cross-linking
on nanoparticles bearing a different ratio of loop/matrix peptides
was performed for 2 h at room temperature, and the reaction was
stopped by addition of Tris-HCl (pH 8) to a 10 mm final concentra-
tion.

Cross-linking on peptide-capped nanoparticles (Figure 6, time
dependence): For each ratio of peptide-capped nanoparticles, the
sample was divided into two, one was treated with BS3 (10 mm)
and the other mocked treated. Cross-linking performed at different
time points during the matrix self-assembly was performed by
adding the cross-linker at given times (1, 5, 30, 45 min, 21 h) after
the mix between nanoparticles and peptides. The reaction was
stopped after 5 min (1, 5, 30, 45 min time points) or 40 min by
addition of Tris-HCl pH 8 (10 mm final concentration). Excess of BS3
and Tris-HCl was removed using nanosep centrifugal devices (cut-
off 30 K).

Thrombin protease digestion: Peptide-capped nanoparticles in
PBS, treated or untreated with BS3, were adjusted to 5 nm concen-
tration. Each sample was divided into two, one was treated with
thrombin and the other mocked treated. Thrombin digestion was
performed by adding the protease (25 mU) and NaCl (250 mw final
concentration). The mixture was left incubated overnight at 37°C
and the digestion reaction was repeated two further times (25 mU,
then 50 mU, 3 h incubation times at 37°C). The reaction mixture
was then centrifuged for 45 min (150009 at 4°C). The supernatant
(thrombin enzyme and cleaved material from peptide-capped
nanoparticles) was loaded onto a nanosep centrifugal device and
the flow-through (cleaved material) was freeze-dried for further
analysis. The pellet (peptide-capped nanoparticles) was resuspend-
ed in PBS (1 mL) and washed again by four cycles of centrifugation
(45 min, 15000g, 4°C).

Dot- and Western-blotting: After BS3 and thrombin treatment,
the concentration of peptide-capped nanoparticles or peptide in
solution was adjusted in the appropriate buffer (see below) in
order to obtain an equivalent concentration of the functional pep-
tide identical in each condition: 1.45 nm for Dot-blotting and 27 or
36 nm for Western-blotting.

For Western-blots,*” peptide-capped nanoparticles were resus-

pended in loading buffer: Tris-HCI (75 mm, pH 6.8), SDS (6%, w/v),
[-mercaptoethanol (3%, v/v), glycerol (18%, v/v) and Serva blue G
(0.01%, w/v); and 5 pL were run on 18% SDS-Tris-Tricine gels as
described previously by Schagger and von Jagow.“” Note that in
the loading buffer conditions, peptides are stripped off the nano-
particles and, therefore, migrate independently from the nanoparti-
cles through the gel. After electrophoresis, gels were rinsed in
transfer buffer and the peptides were then electro-transferred onto
a silver- or gold-coated PVDF membrane (see below) using a semi-
dry system (Multiphor Il NovaBlot; Amersham Pharmacia Biotech).
For Dot-blotting, peptide-capped gold nanoparticles in PBS (5 uL)
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were blotted to PVDF membranes. For both the Dot-blot and
Western-blot procedure, membranes were blocked by incubation
for 40 min at room temperature in PBS containing BSA
(5mgmL™"). Afterwards, the membranes were incubated for
40 min, at room temperature, in PBST-BSA (PBS supplemented with
Tween 20 (0.5%, v/v, PBST) and 5mgmL™"' of BSA) with Strep-
Tactin-HRP (1:7500). Finally, the blots were washed with PBST (5x,
5 min) and rinsed with water before visualization using enhanced
chemiluminescence (SuperSignal West Dura Substrate).

Preparation of silver- or gold-coated PVDF membranes: Silver
nanoparticles (S-NPs, around 7 nm diameter) were prepared as
follow: AgNO; (200 mL, 1 mm) was heated to near boiling in a
water bath, sodium citrate (20 mL, 19.4 mm) was then added to
the AgNO; and the mixture was heated for 10 min under mild agi-
tation, at which time it was removed from the water bath and
placed on a magnetic stirrer for an additional 15 min of agitation.
Gold nanoparticles (5 nm) were purchased from BBI. PVDF mem-
branes were wetted with ethanol (70%, v/v), rinsed with water and
incubated for 40 min under agitation in the nanoparticle solution.
Nanoparticle-coated membranes were then washed twice for
5 min with milliQ water and twice with the transfer buffer; transfer
buffer: Tris(40 mm), Tricine (40 mm), SDS (0.04%, w/v), and metha-
nol (20% v/v). See ref. [37] for further details.

Mass spectrometry: Following thrombin treatment, the cleaved
material were analyzed by using a Waters MS Technologies Q-Tof
Micro Mass spectrometer coupled to a LC Packings Ultimate nano
HPLC system. The column used was a LC Packings PepMap C18
nano HPLC column. The solvent system was: 2% acetonitrile with
0.1% formic acid (solvent A), 80% acetonitrile with 0.1% formic
acid (solvent B). The gradient was 5-100% solvent B in 50 min with
a flow rate of 200 nLmin~". The mass spectrometer was operated
in the positive ion nano-electrospray mode and mass spectra were
recorded over the mass range 80-2000 Da.

Molecular dynamics calculations: All molecular dynamics (MD)
calculations were performed using the AMBER9 suite of pro-
grams™? in conjunction with the generalized Amber.*® The solvent
environment was represented using the Generalised Born solvation
model developed by Case and co-workers,™ which has been
shown to provide structural information that is in good agreement
with explicit solvent models, even for highly charged systems.*
This method has the advantage that conformational transitions are
accelerated relative to simulations performed in explicit water due
to a lack of solvent damping allowing for a highly efficient explora-
tion of conformational space whilst maintaining the accuracy of
the calculations.*® MD simulations were run at 300 K with a salt
concentration of 150 mm and used a cut-off of 25 A. Partial charg-
es for the non-standard biotinylated and BS3-modified amino acids
were generated within the Antechamber module in AMBER9 using
the AM1 Hamiltonian and the BCC charge fitting procedure.*”4¥
The functional peptides and the matrix peptides were constructed
and arranged on the surface using the LEAP module of AMBER.
Our initial simulations were performed for a spherical surface con-
structed from 734 matrix peptides separated by approximately 8 A
in each direction. The N-terminal cysteine residues were held in
place using restraints of 10 KcalmolA % The system was firstly
energy minimized and then slowly heated to 300 K. We then per-
formed 1 ns of MD at 300 K using 64 processors of the 404 Opter-
on Myrinet supercomputer cluster available at Leeds. These pre-
liminary simulations were used to measure the average height of
the matrix peptide C-terminal asparagine above the surface of the
gold nanoparticle, which we found to be approximately 12 A.
These preliminary simulations showed that the interaction of the
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functional peptides with the surface is dominated by electrostatic
interactions between the negatively charged C-terminal of the as-
paragine on the matrix peptides and positively charged lysine and
arginine residues. Therefore, to decrease the computational cost of
subsequent calculations, we constructed a pair of 11 by 11 surfaces
in which the CALNN matrix peptides are 8 A apart and represented
only by the C-terminal asparagine with an N-terminal acetyl group.
These are held in position throughout the MD runs by restraints of
10 Kcalmol A2 Two separate functional peptides were placed in
the centre of each array, but now with their attachment points
held so that their restrained N-termini are positioned ca. 12 A
above the C termini of the surface residues, as shown in Figure S6.
The surface is given a curvature appropriate for a 5 nm radius gold
particle decorated with peptides which are effectively 12A in
length. We then performed simulated annealing MD simulations
on 32 processors of the Leeds parallel supercomputer. The surface
and the peptides were initially subjected to 1 ns MD at 300 K. This
was followed by a 500 ps run at 500 K. The peptides were then re-
equilibrated at 300 K for 500 ps prior to the next 500 ps data pro-
duction phase. This heating-equilibration-data production proce-
dure was repeated for 24 cycles of annealing for functional pep-
tides with and without the BS3 linker. The vectors connecting the
N-terminal cysteine sulfur atom and the side-chain nitrogen atom
of Lys20 (in the absence of the BS3 linker) or on the reactive ester
carbon atom of the BS3 were extracted from these MD trajectories.
To quantify the spatial volume explored by each of the two func-
tional peptides, we used these vectors to calculate the distribution
of vertical and horizontal displacements of these key atoms from
their attachment points on the surface. Electrostatic potential
maps were calculated using the MM/PBSA functionality in AMBER9
at a salt concentration of 150 mm using a grid spacing of 0.5 A,
with internal and external dielectric constants of 4 and 80, respec-
tively. Molecular graphics images were produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualiza-
tion, and Informatics at the University of California, San Francisco
(supported by NIH P41 RR-01081),“" animations were produced
using the VMD package.®™

Statistical analysis: All calculations were performed by using
MathCad.
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Solution Structure of a Functional Biomimetic and
Mechanistic Implications for Nickel Superoxide Dismutases

Matthias Schmidt,™ Stefan Zahn,' Michela Carella,” Oliver Ohlenschliger,
Matthias Gorlach,*@ Erika Kothe,**® and James Weston*®

The nickel complex of a synthetic nonapeptide (HCDLPCFVY-NH,)
is capable of catalytically disproportionating O, and is thus a
functional biomimetic for nickel superoxide dismutases. This rep-
resents a simplification as compared to a NiSOD “maquette” that
is based on a dodecapeptide that was recently reported [Inorg.
Chem. 2006, 45, 2358]. The 3D solution structure reveals that
the first six residues form a stable macrocyclic structure with a
preformed binding site for Ni'. Proline 5 exhibits a trans peptide

Introduction

Respiration produces toxic superoxide anions (O,”) as a by-
product in rather large concentrations. These are believed to
play an important role in aging processes as well as in many
disorders ranging from inflammatory to neurodegenerative dis-
eases.! Nature deals with these reactive oxygen species (ROS)
by employing an efficient metallo-based enzymatic protection
system, the superoxide dismutases (SOD; EC 1.15.1.1). These
metalloenzymes intercept O, and convert it into O, and H,0,
via a generic two-step, ping-pong redox mechanism [Egs (1)
and (2)I:

0,"” + M™ — 0, + M (1)

0, + M® +2H" — H,0, + M* (2)

in which M is a transition metal ion that is capable of a reversi-
ble one-electron redox reaction.

Until recently, SODs have been considered to contain either
a Fe®* or Mn®®*% atom-based mononuclear active site, or to
have a binuclear Cu/Zn®*® core. In 1996, a new class of nickel-
dependent SODs were discovered in Streptomyces.”® In the
meantime, NiSODs have also been identified in several marine
cyanobacteria,” and a heavy-metal-resistant strain has been
discovered by one of us (Kothe etal.) in the former uranium
mines in eastern Germany."”

Although the chemical task remains the same, NiSOD amino
acid sequences, metal ligand spheres, and general structural
features deviate significantly from all other SODs, thus indi-
cating an independent evolutional history."? Nevertheless,
NiSODs have many mechanistic characteristics in common
with other SODs (ping-pong redox mechanism with similar cat-
alytic rate constants, pH dependence, etc.) The gene sodN that
encodes NiSOD has been identified in several Streptomy-
ces”™°" and cyanobacteria.”” The initial preprotein that is
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linkage in the biomimetic and a cis conformation in NiSOD en-
zymes. DFT calculations reveal the source of this preference.
Mechanistic consequences for the mode of action (identity of the
fifth ligand) are discussed. The SOD activity is compared to enzy-
matic systems, and selected modifications allowed the biomimet-
ic to be reduced to a functional minimal motif of only six amino
acids (ACAAPC-NH,).

translated from sodN (inactive) is relatively short (about 131
amino acids) and does not contain Ni"”®'? Removal of an N-
terminal extension of 14 residues, which is assumed to be per-
formed by a peptidase that has not yet been identified triggers
folding into the tertiary structure coincident with the irreversi-
ble uptake of Ni' , after which full SOD activity is observ-
ed.[7b,12]

Some discussion originally existed as to whether the NiSOD
active site is mono- or binuclear."® However, two X-ray crystal-
lographic structures [S. seoulensis (1.68 A resolution) and S. coe-
licolor (1.30 A)] have confirmed a mononuclear active site."*'
Both variants possess a hexameric quaternary structure with
each subunit containing an active site with a single covalently
bound nickel ion. Most intriguing is the fact that the active site
is isostructural at least as far as the environment in the imme-
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diate neighborhood of the nickel ion is concerned. However,
distinct differences are observed in the secondary sphere. One
of these structures (S. coelicolor) possesses a narrow electro-
static guidance channel that is provided by three Lys resi-
dues;"" this is reminiscent of some FeSODs™ that are suspect-
ed to operate by an outer-sphere mechanism in which a direct
metal-substrate bond is not involved (fixation of O, in the
neighborhood of Ni" with through-space electron transfer from
Ni" to substrate).>* The other structure (S. seoulensis) provides
no evidence for electrostatic guidance,™ and a previous study
demonstrated that k., does not depend on the ionic strength
of the medium;"¥ both facts suggest that an outer-sphere
mechanism could be operating in this variant."” These findings
raise the question of which general mechanism (inner vs. outer
sphere) is operating.

Spectroscopic investigations have shown that the metallo-
center can easily cycle between diamagnetic Ni' and paramag-
netic Ni" states, and that the number of ligands changes as a
function of the oxidation state.'*'® In accord with these find-
ings, the crystal structures contain two different nickel species,
a square planar N,N,S,S-coordination geometry for the reduced
Ni" form, and a square pyramidal geometry for the Ni" form in
which the imidazole ring of His1 is axially coordinated (species
1 and 3 in Scheme 1).'*™

2H*

H,0,

Scheme 1. Postulated mode of action of NiSOD that is based on experimen-
tal evidence.

The current understanding of the mode of action of NiSOD
is based on experimental data''® and operates on the as-
sumption of an inner-sphere mechanism, which is initiated
when O, (after having entered the active site possibly
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through an electrostatic channel™) binds to the vacant axial

site of Ni' on the side opposite to the His1 residue. It is possi-
ble that Tyr9 moves aside upon approach of O,"", thus provid-
ing a more direct access to the central ion.!"”!

It has been postulated that Tyr9 and/or the backbone amide
of Cys6 intercepts and appropriately positions O, for a one-
electron transfer (Ni"—Ni"), which is accompanied by double
protonation from yet unidentified general acids in the immedi-
ate vicinity of the active site."”

After H,0, is generated, it is believed to be displaced from
the now oxidized active site by His1, which attacks from the
back side to form the pentacoordinated oxidized form 3 of
NiSOD. In the second half of the catalytic cycle, intermediate 3
accepts a second molecule of O, "—again this is postulated to
be positioned by Tyr9 and Cys6—to form a hexacoordinate in-
termediate or transition structure 4. A one-electron transfer in
the reverse direction (Ni"—Ni") generates molecular O,, which
along with His1 is immediately released from the coordination
sphere of the newly generated Ni" ion, which clearly prefers a
square planar coordination sphere.

In the meantime, several computational studies have dem-
onstrated that this mode of action is considerably oversimpli-
fied.'®2 A multitude of possible intermediates and mecha-
nisms, which are further complicated by the possibility of vari-
ous proton sources as well as a variable spin (high or low) on
nickel are theoretically possible. For example, one current
study suggests that as O, approaches the active site, it is pro-
tonated before it reaches the central nickel ion. The actual
docking species is postulated to be a hydroperoxyl radical
(‘OOH)."® Another study indicates that end-on coordination of
0, to Ni" accompanied by a one-electron transfer from Ni" to
0, could be the first step."” This would generate two differ-
ent intermediates: a Ni"—0O,” superoxide and a Ni"—OOH spe-
cies (possible proton donor is the backbone amide in Cys6).'”
The proton(s) needed to produce H,O, could originate from
several different sources: the side chains of Tyr9, His1, Asp3
residues as well as the backbone amide in Cys6."” It is clear
that further extensive work both of computational and experi-
mental nature is necessary before a detailed understanding of
the individual steps in the catalytic turnover is reached.

It is interesting that a well-conserved sequence of twelve
amino acids is found in all known NiSODs."* Known as the
“nickel hook”, most, if not all, of the interactions that are es-
sential for metal binding are provided by this sequence, which
folds around the metal ion in @ manner that is reminiscent of
an organometallic macrocycle ™ (Figure 1). In the absence of
nickel, the active site is disordered." It is believed that the
nickel coordination chemistry controls the local protein confor-
mation.”?"

If an inner-sphere mechanism is the predominate mode of
action, the bulk of the enzyme should basically be ballast as
far as the chemical reaction is concerned. Although second-
sphere effects will most likely modify and/or optimize the
activity, this hook should provide a functional biomimetic for
NiSODs in general. This was recently confirmed by Shearer and
Long, who demonstrated that a nickel complex of this hook
sequence (the first twelve residues of S. coelicolor NiSOD) pro-
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Pro11

Figure 1. Solid-state structure of the “nickel hook” in NiSOD. PDB file 1Q0M
(reference 15).

vides a “maquette” that successfully converts KO, into O, and
H,0,, and the sequence has also tested positive for SOD activi-
ty according to standard assays.*?

Because the last three residues simply attach the hook to
the bulk of the enzyme, we have now synthesized a nonapep-
tide sequence (S. coelicolor) and complexed it with nickel ions
in the hope of obtaining a smaller functional biomimetic Equa-
tion (3):

His1-Cys2-Asp3-Leu4-Pro5-Cys6-Gly7-Val8-Tyr9 (3)

We now demonstrate that a nickel complex of this shorter
sequence also possesses considerable SOD activity. We have
resolved the 3D solution structure of this biomimetic and
quantified the activity. Mutational permutations of selected
residues have allowed us to identify a minimal functional struc-
tural motif. Where possible, we compare our results to the
somewhat larger maquette of Shearer and Long as well as
other enzymatic systems. Preliminary computational (DFT) re-
sults as well as mechanistic implications are also discussed.

Results and Discussion
Characterization of the nonapeptide and its nickel complex

The synthesis of the nonapeptide (HCDLPCGVY-NH,) was com-
pletely unproblematic. It is fairly stable and soluble in water,
MeOH, and DMSO. Solutions can be stored in the refrigerator
(5°C) for several days before disulfide bridges form. It is stor-
able for an indefinite period in the solid state at —20°C. How-
ever, the peptide is somewhat hygroscopic and interacts
strongly with salts. Most samples contain only 50-60% nona-
peptide; this makes reliable quantitative determinations diffi-
cult and necessitates mass corrections as obtained by quantita-
tive amino acid analyses (ASA).

Solutions (1:1) of the nonapeptide and Ni" are very light-
pink and are fairly stable in water (unbuffered), MeOH, and
DMSO, and can be stored under ambient conditions without
further care for about one to two days (up to two weeks in
the refrigerator). This system is more stable than the maquette
of Shearer and Long, which is reported to decompose if ex-
posed to air for several hours.” The only difference lies in the

ChemBioChem 2008, 9, 2135-2146

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

additional three residues Asp10-Pro11-Ala12. If these function
as an anchor unit, they probably have little else to do but “flut-
ter” around. This might destabilize the 3D structure. It is also
quite likely that the Asp10 residue (Asp3 is obviously less sen-
sitive) is detrimental to the stability. Asp has been reported to
easily undergo autooxidation in the presence of redox active
metals.”*

Mass spectroscopic experiments (ESI) of unbuffered metha-
nol solutions (water solutions gave poor results in ESI experi-
ments) show a clear preference for a [1:1] complex (Figure S1
in the Supporting Information). However, small amounts of
[1:2] Ni**/peptide species were detected. Ni*" incorporation
into the peptide seems to be a rather slow process in unbuf-
fered MeOH solutions; this is probably due to the necessity of
deprotonating the thiol groups. ESI measurements on freshly
prepared samples show a considerable amount of free peptide,
which slowly disappears over the course of one to two days
(refrigerator). In addition, it is necessary to add an excess
(2 equiv) of Ni" ions in order to obtain spectra without free
peptide.

In direct contrast to the ESI spectra (and the system of
Shearer and Long), UV/visible titration experiments (0.1™m
phosphate buffered aqueous solutions at pH 7.8) indicate that
Ni" seems to coordinate to the peptide in a 2:1 ratio (Fig-
ure S2). This indicates that either an equilibrium between free
peptide and Ni' complex is present and excess Ni' is needed
to shift the equilibrium towards the complex, or that an addi-
tional Ni", which is easily lost coordinates loosely (probably to
one of the side chains). Perhaps the steric bulk of the “anchor”
residues in the 12-mer maquette® helps to hinder such equili-
bria. At Ni' concentrations of greater than 2 equivalents, the
titration shows a slight decrease in the complexation ratio; a
fact that we attribute to a competition between PO,>~ from
the buffer and the peptide for Ni' because under these condi-
tions the solution becomes opaque (independent of the pres-
ence of peptide), and over time Ni;(PO,), falls out of solution.

The UV/visible spectra correspond quite well to those that
were reported for the 12-mer maquette® and the reduced
(Ni") form of the enzyme itself.' This, together with the facts
that no ESR signal could be detected, and that NMR spectra of
the nickel complex show no evidence of paramagnetic effects
indicates that, in accord with Shearer and Long, only the Ni"
oxidation state is present in the biomimetic although both Ni"
and Ni" states are present in the enzyme.”

Determination of the 3D solution structure

Standard 1D 'H/"®*C NMR spectra of the nonapeptide are very
well resolved with unusually narrow line widths. Spectra do
not change in the slightest upon addition of Ni" in the form of
NiCl, or Ni(ClO,),. In addition, we observed an unusual thermo-
stability from 25 to well above 60°C; we interpret these facts
as being indicative for the presence of a single predetermined
3D conformation with a preformed cavity for nickel binding.
Due to the well-resolved spectra, complete assignments as
well as extensive standard 2D NMR spectroscopic experiments
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could be performed. Representative 1D and 2D spectra can be
found in the Supporting Information.

All "H,"H ROESY H“ resonances that are needed for a sequen-
tial walk analysis of the backbone structure could be identified
with the sole exception of Asp3, which was covered by the
water resonance and thus could only be detected in D,0
solvent. The HMH® region of this spectrum is illustrated in
Figure 2. Analysis of the 'H,"H ROESY spectra allowed a total of

7HH7HN
4.07 8H/gHN
n 1HO2HN
5HBHN
2H11/2HN a, N o3 N
4.5 -2 ® 6HY6H ¢99H {9H
$ 4H*/4HN
1

S(pm) 88 86 84 82 80  F2

Figure 2. H'H" region of the 'H,'H ROESY spectrum of the nonapeptide
showing the sequential walk.

31 experimental NOE (nuclear Overhauser enhancement) dis-
tance constraints (Table S1) to be identified and classified as
being strong (< 2.8 A), medium (< 3.6 A) and weak (< 5.5 A).
No differences in the NOE pattern were observed when
comparing NMR spectra that were obtained in the presence
and the absence of Ni' ions. As was expected, most of the
NOE signals resulted from protons of one amino acid interact-
ing with protons from neighboring residues. However, several
crosspeaks clearly indicate the presence of a macrocylic ring
conformation, especially a Hy,, _-HY , and two HEZIP-HL, , sig-
nals. These experimental NOE constraints formed the basis of a
local conformational analysis that allowed 39 torsion angle
constraints, and further defined 25 torsion angles to be as-
signed to the nonapeptide (and its nickel complex). These pro-
vided the basis for the generation of 3D structures by using
the torsion-angle dynamics program CYANA.”¥ Several ensem-
bles of related structures that did not violate the distance and
dihedral restraints more than +0.2 A and +5° were found. All
ensembles had a general ring structure in common, in which
the nonapeptide had more or less folded in upon itself. This
characteristic allowed us to immediately reject most of the en-
sembles due to the fact that closer inspection revealed that
these conformations would result in additional ROESY cross-
peaks, which were not experimentally observed. Because the
spectra are basically identical whether or not Ni" is present, we
also considered the possibility that a family of nonapeptide
conformations exists with a predetermined nickel-binding site
(the additional constraints listed in the methods section). It is
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quite interesting that this last possibility, which produced the
lowest target functions of all (structural statistics can be found
in Table 1) did not emerge from initial investigations of the

Table 1. Structural statistics for the ensemble of the ten “best” (lowest
target functions) conformations of the nonapeptide.

Distance and dihedral constraints

distance constraints 31
nickel-binding position constraints 6

total dihedral angle restraints 39

statistics for the ten “best” conformations

violations Mean (s.d.)
target function [A?] 0.349 (0.0032)
distance constraints [A] 0.014 (0.0019)
max. distance constraint violation [A] 0.078 (0.0042)
dihedral angle constraints [°] 0.011 (0.0112)
max. dihedral angle violation [°] 0.061 (0.0582)
mean global rm.s.d. [A]

heavy atoms (residues 1-6) 0.94 (0.34)
backbone atoms (residues 1-6) 0.19 (0.14)

conformational manifold. The ensemble of the ten “best” con-
formations of the nonapeptide is illustrated in Figure 3.

This ensemble shows a good convergence into a single
cyclic arrangement for the first six residues (His1 to Cys6) with

A

<0.01%
304 ==
2
2 20 1
= - 0.07%
Y - 0.3%
T - saw
o4 =—963%

Figure 3. Left: The Boltzmann distributions (relative energies) of all ten con-
formers were calculated at the BP86(MARI-J;COSMO)/SV(P) level of theory.
Right: Ensemble of ten conformations of the nonapeptide with the lowest
target functions as obtained from CYANA.

thermal motion occurring only in the side chains of Asp3 and
Leu4, which point away from the cyclic structure into the sol-
vent. Participation of the carboxylate side chain of Asp3 in
nickel binding can be ruled out due to its orientation. The imi-
dazole ring in His1 also exhibits a certain degree of rotational
freedom.

The nickel-coordinating side chain of Cys6 exhibits two dif-
ferent conformational possibilities as represented by y; torsion
angles of +66° and —91° (mean values). However, the location
of the sulfur atom that is needed for nickel coordination re-
mains invariant due to compensation by the y2 torsion angle.
The conformational situation is much less well defined for the
three C-terminal residues Gly7 to Tyr9. We attribute this to a

ChemBioChem 2008, 9, 2135-2146
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greater degree of dynamic freedom, which allows for a certain
degree of motional disorder in a conic region that originates
at the peptide linkage between Cys6-Gly7 and progressively
continuing down the three C-terminal residues. Due to this dis-
order, interactions of the aromatic ring (Tyr9) with the well-
defined nickel-binding region could not be detected in any of
the NMR spectra. However, regardless of the degree of motion-
al freedom present, the experimentally observed Hi’ﬁzﬂ—H$yr9
NOE crosspeak definitely places the phenol ring of Tyr9 in the
neighborhood of the imidazole ring in His1.

All ten structures were further refined by full optimizations,
which were carried out at the BP86(MARI-J;COSMO)/SV(P) level
of theory. Bulk solvent effects (water) were explicitly taken into
account during the optimizations by using the COSMO approx-
imation. All conformations are stationary points on the BP86
hypersurface. Figure 3 contains an approximation of the con-
formational distribution at 25°C that were calculated by using
the relative energies and a simple statistical Boltzmann distri-
bution. It is quite interesting that only four of the possible con-
formations can be expected to be populated to a large extent
in solution. We then refined these four conformations by reop-
timizing them at the BP86(MARI-J;COSMO)/def2-TZVP level of
theory. It is significant that all four conformations have the
same 3D His1-Cys6 backbone structure (Figure 4). Even in the

Conformer | P1 P2 P3 P4

AE,, |0.0 89 205 249

Figure 4. The four most preferred conformations of the nonapeptide and
their relative energies (kJmol™") as obtained by BP86-D(RI;COSMO)/def2-
TZVP//BP86(MARI-J;COSMO)/def2-TZVP calculations; the global minimum is
the structure in light gray.

absence of Ni', the nonapeptide spontaneously folds into a
macrocyclic conformation with four ligands optimally oriented
for nickel binding (the two thiol groups of Cys2/6, the N-termi-
nal amino group and the amide nitrogen atom in the His1-
Cys2 linkage). The conformers differ mainly in the relative posi-
tions of His1 and Tyr9, and in the conformation of the flexible
Gy7-Val8-Tyr9 backbone.

Interactions between aromatic side chains in biological mac-
romolecules (here His1 and Tyr9) are known to be significantly
influenced by van der Waals forces (noncovalent interac-
tions)*—an effect that has not been included in the calcula-
tions presented here. Indeed, DFT methods possess the gener-
al disadvantage that they cannot describe the long-range elec-
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tron correlations that are responsible for these dispersion
forces.” Recent work by Grimme et al. has, however, provided
a means of partially overcoming this deficit by using a correc-
tion that is based on damped long-range potentials (the DFT-D
method).”” We have included these “weak” interactions in this
study by means of single-point calculations at the BP86-D-
(RI;COSMO)/def-TZVP level on the four conformations that
were refined at the BP86(MARI-J;COSMO)/def2-TZVP level. At
this level, the two conformations with the highest energies can
be excluded. The energy gap between the two lowest confor-
mations (8.9 kJmol™) is still too small to assign a single 3D
conformation as the preferred solution structure. However, the
extremely high structural similarity between these two confor-
mations definitely explains the very well-resolved experimental
spectra.

Conformation of the proline 5 peptide linkage

One of the more interesting structural features is the fact that
Pro5 exhibits a trans peptide bond as could be conclusively
verified from the presence of sets of H* , to H® cross peaks in
'H,"H ROESY spectra (Figure 5). No evidence for a cis conforma-

F2 e
Pro5 H
Leud H* @
D { )
3.6 L

Leud H'/Pro5 H”

3 84 “Leud H'/Pro5 H™

4.0

& (ppm) 4.6 4.4 42 40 38 36 F1

Figure 5. Zoomed region of the 'H,'"H ROESY spectrum of the nonapeptide

showing the HL-to-H? cross signals that are typical for a trans proline link-

age.

tion is present in any of the spectra. In direct contrast to this,
the crystallographic structures of both variants of NiSOD exhib-
it a cis linkage for Pro5.'%' The energy difference between
the cis and trans conformations of proline is generally quite
low and it is a well-known fact that cis-trans isomerization in
proline linkages is often one of the rate-determining steps in
protein folding.?® Interactions between neighboring groups
(H-bridges, etc.) often determine which conformation cis/trans
is preferred.””

In order to directly compare the structure of the nonapep-
tide to the structure of the enzyme, we took the solid-state
coordinates of the “nickel hook” (PDB ID: 1Q0M, ref. [15]), re-
moved the Ni' ion, and refined the structure by optimizing it
at the BP86(MARI-J;COSMO)/def2-TZVP level of theory. The
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resulting structure is overlaid on the 3D solution structure of
the first six residues of the nonapeptide in Figure 6.

It is most intriguing that the conformation (cis/trans) of Pro5
has no significant influence on the positions of the four heter-

Figure 6. A) 3D solution structure of the first six residues in the nonapeptide
overlaid on the solid state structure of NiSOD (PDB ID: 1Q0M). B) Intramolec-
ular hydrogen bond network stabilizing the macrocyclic structure of the
nonapeptide. All calculations were performed at the BP86(MARI-J;COSMO)/
def2-TZVP level of theory.

oatoms that are needed to coordinate the Ni" ion (circled in
Figure 6), which remain surprisingly more or less invariant. The
only significant conformational change is the relative position
of the Asp3 linkage which appears to be “pushed to the back”
in the cis conformation. We attribute the observed trans prefer-
ence of the solution structure exclusively to the backbone fold-
ing of the first six amino acids (His1-Cys6). In the belief that
this differential stability is due to intramolecular hydrogen
bonding interactions (a factor that is known to affect the pro-
line conformation®), we then investigated the hydrogen-bond
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network in both models by using the shared-electron number
(SEN) method.B*3"

In the SEN approach, the energy of a specific hydrogen
bond, E,; can be approximated by multiplying an empirical
factor 1 with the shared-electron number ¢ that was obtained
by an orbital analysis [Eq. (4)]:

Ewg =40 (4)

Before this analysis could be performed, it first proved nec-
essary to calibrate the method because 4 has not yet been de-
termined for the def2-TZVP basis set. In addition, the test sets
that were previously used to calibrate the method did not in-
clude typical hydrogen bonds found in peptides.*®3" After de-
veloping a modified test set (Supporting Information), our in-
vestigations revealed that it is necessary to subdivide the hy-
drogen bonds that occur in peptide chains into two subclass-
es. The first subclass contains all hydrogen bonds that do not
involve sulfur as either the proton donor and/or as the proton
acceptor. For this subclass, the two-center shared-electron
number (0,,) can be employed, as has been previously de-
scribed.®>*" Due to the high polarizability of sulfur, it proved
necessary to include longer-range effects in the correlation
(the H-bond is no longer “localized” between two centers). We
found that use of the three-center shared-electron (opy,)
number is necessary for a proper description of hydrogen
bonds involving sulfur. By using this approach with the def2-
TZVP basis set, we determined the empirical factor A to be
+195 kimol™" for sulfur-containing and —391 kJmol™" for non-
sulfur-containing hydrogen bonds, respectively.

SEN analyses of the model structures illustrated in Figure 6
revealed the presence of seven intramolecular hydrogen
bonds in the trans conformation, and only five in the cis con-
formation. This hydrogen-bond network stabilizes the trans
conformation by 90.7 kJ mol ™", whereas the cis conformation is
stabilized by only 44.6 kimol™'; this leads to a relative trans
stabilization (AE_yqn) Of 46.1 kimol™". This is nearly the same
as the total energy difference between the solution (trans) and
the solid-state conformation (cis) [AF.,=46.5 kJmol™'], and
confirms that the preference for the trans conformation in so-
lution can indeed be attributed solely to the presence of this
intramolecular hydrogen-bond network.

We then went on to analyze why the cis conformation is
preferred in the solid state and discovered that this is also due
to hydrogen bonding. We enlarged our model to include hy-
drogen-bonding interactions of the “nickel hook” with amino
acid side chains of residues in the second coordination sphere
(which are absent in Figure 6). To do this, we again started
from the protein databank coordinates of the solid state struc-
ture of NiSOD, fixed the positions of selected atoms to hold
the model together and refined (reoptimized) it at the BP86-
(MARI-J)/def2-TZVP level of theory. The pertinent second-
sphere hydrogen-bonding interactions are illustrated in Fig-
ure 7. A SEN analysis of these second-sphere interactions re-
vealed that they provide 137.7 kimol™' of stabilization energy.
The largest contribution (106.2 kJmol™) is provided by strong
hydrogen bonds of the charged Asp3 side chain with three
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Lys89
Lys52

Arg39

Figure 7. Hydrogen-bond network between the nickel hook and second-
sphere residues in the solid-state structure of NiSOD (PDB ID: 1Q0M; coordi-
nates refined at the BP86(MARI-J)/def2-TZVP level of theory).

second-sphere neighbors (Lys52, Ser86, Lys89). These interac-
tions indirectly help determine the conformation of Pro5 by
inducing a distortion of the backbone structure (Figure 7).

In addition to this, there are strong, specific interactions of
two backbone carbonyl groups (Asp3Leu4 and Leu4Pro5) with
Arg39 that directly stabilize the cis conformation of Pro5 by a
total of 31.5 kJmol™; this is almost enough in itself to over-
come the intrinsic trans preference that is provided by the
hook structure. These results reveal why Arg39 is an indispensi-
ble amino acid: mutation of this residue to Ala has been re-
ported to completely destroy the enzymatic activity."™ Our cal-
culations indicate that this mutation might trigger a Pro5(cis—
trans) conformational change, which would bring the carbonyl
group in the Leu4-Pro5 backbone in a position in which it
would block the nickel coordination site that is necessary for
O, docking (discussed below).

Structure of the Ni"-nonapeptide complex

According to ESI-MS experiments, the molecular weight of the
Ni"-nonapeptide complex formed upon addition of Ni" to solu-
tions of the nonapeptide is 1061.3 gmol~', which corresponds
to the calculated weight of a [1:1] complex in which both thiol
side chains have been deprotonated to provide ligands for Ni'.
The preformed nickel-binding site allowed us to simply
remove the thiol protons of both cysteine side chains and
place a Ni" ion in the middle of the binding site as a starting
point for DFT investigations. Subsequent optimization of both
possible spin states (S=0, S=2) for the central Ni" ion at the

BP86(MARI-J;COSMO)/def2-TZVP level of theory resulted in two
different possibilities for a [1:1] complex (Figure 8).

At this level of theory, the low-spin state is 69.8 kJmol™
more stable than the high-spin state. This preference for the

Figure 8. Comparison of the low spin (light gray) and high-spin state (dark
gray) of the Ni'-nonapeptide complex. The steric hindrance that prevents
the approach of O, from the Pro5 side is obvious. Calculated at the
BP86(MARI-J;COSMO)/def2-TZVP level of theory.

low-spin state is not unexpected because Reiher etal. have
shown that the DFT spin-state calculations exhibit a method
dependency on the exact exchange contribution of the func-
tional employed, which, in the case of the BP86 functional,
leads to a calculated overstabilization of the low-spin state.”
Recent work by Zein et al.*¥ has allowed us to select a refer-
ence geometry (illustrated in the Supporting Information) for
determining a correction for the adiabatic energy gap
AEigh_ton At the BP86/def2-TZVP level of theory, the energy
gap that was calculated for the reference structure was
101.6 kJmol™', and at the B3LYP*/def2-TZVP level it was
69.3 kJmol™'; this demonstrates that the BP86 functional over-
estimates the stability of the low-spin state by approximately
32.3 kimol™'. By applying this correction to our results, we pre-
dict the AEyq, 1o, adiabatic spin-state gap for the biomimetic
to be 37.5 kimol™". This corresponds quite well with the fact
that a high-spin state could not be detected experimentally
(ESR). However, this gap is not so large as to exclude the possi-
bility that a high-spin state could be transiently accessed
during a catalytic circle.

In the low-spin state, the metallocomplex exhibits the ex-
pected square planar geometry (Table 2). The high-spin state is
square pyramidal and the fifth ligand is the carbonyl group of
the Leu4-Pro5 backbone. The trans conformation of the Pro5
peptide linkage prevents His1 from providing the fifth ligand
(imidazole side chain). In both spin states, this carbonyl group

plex. Calculated at the BP86(MARI-J)/def2-TZVP level of theory.

Table 2. Multiplicity [Ms], spin expectation values < 52> and nickel-ligand bond lengths [A] in the two different spin states of the Ni'-nonapeptide com-

Ms <& Ni-Ns; Ni-Ngys Ni-Scyer Ni-Scyss Ni-Opyon

1 0.00 1.994 2.010 2.174 2.179 3414

3 2.01 2.154 2.667 2.246 2.290 2.093
ChemBioChem 2008, 9, 2135 - 2146 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2141
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is clearly close enough to the Ni" ion to prevent O, from
approaching from that side of the complex. In both structures
that are available for NiSOD enzymes, this is the side on which
the substrate channel for O, is located.'*'

In the biomimetic, O, is clearly forced to approach from
the “wrong” (His1) side. A shared coordination of both the side
chain of His1 as well as O, from one and the same side
seems quite strange; this leads us to the assumption that His1
is not essential for the catalytic function of this biomimetic.
This is in clear contrast to enzymatic mutation experiments
which assign an essential function to His1.'>"

SOD activity of the Ni"-nonapeptide complex

A qualitative test for SOD activity based on a p-nitroblue tetra-
zolium chloride (NBT)/riboflavin/TMEDA assay™ indicates that
the Ni'-nonapeptide complex is behaving as a functional SOD
catalyst (Supporting Information). The addition of small
amounts of KO, to a solution of the Ni"-nonapeptide complex
destroys it within a short time. However, UV/visible monitoring
at 458 nm (typical Ni'-S,,, bond excitation)®” shows that, com-
pletely analogously to the 12-mer maquette™® of Shearer and
Long, our system is capable of surviving 60-90 s in a solution
that contains a large amount of free O, (Supporting Informa-
tion).

In an attempt to quantify the activity under physiological
conditions, we performed the McCord-Fridovich activity test
(described in the Experimental Section). According to this test,
solutions of both the free peptide and Ni" ions are SOD-inac-
tive. Activity measurements on the Ni'-nonapeptide complex
proved to be complicated due to the fact that the UV/visible
titration experiments suggest that an equilibrium between free
peptide and Ni" -complex is present and/or that an additional
Ni", which is easily lost coordinates loosely (probably to one of
the side chains). It is possible that several species are present
in solution, each of which can be expected to exhibit a differ-
ent activity. We first investigated the effect of excess Ni' on the
activity by working under O, -limited conditions in which we
could fairly reliably determine the molar amount of nonapep-
tide in the sample. In this manner, we could determine a lower
limit to the activity of our biomimetic. A [1:1] Ni**/peptide
ratio possesses an activity of about 830 Uumol™' (Table 3).
Increasing the relative amount of Ni" to [2:1] increases the ac-

Table 3. Estimated lower and upper limits of the activity [reported in
U umol "] of our biomimetic as compared to NiSODs isolated from S. coe-
licolor and S. acidiscabies E13.

Ni'/p® Activity®™ Activity"? Enzyme Activity
1:1 830 - S. acidiscabies E13 752149
2:1 1250 ~2100 S. coelicolor 45292

[a] ratio of Ni" ions to peptide (P). [b] Activity [Upumol~"] measured under
0, limited conditions (lower limit to the activity). [c] Activity [Uumol™"]
nonapeptide extrapolated to nonapeptide-limiting conditions (estimated
upper limit to the activity). [d]Upmol™ per subunit. [e] Ref. [7c]:
3380 Umg™' per enzyme converted into Upmol™" per subunit).
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tivity to 1250 Uumol™', which then is unaffected by a further
increase in the molar amount of Ni' (Supporting Information).
To obtain an (estimated) upper limit for the activity, we then
prepared a [2:1] Ni**/nonapeptide sample, which we then in-
creasingly diluted to extrapolate to zero concentration (where
free nonapeptide and not O, becomes the limiting factor).
The activity rises exponentially to an upper limit of about
2100 Upumol ™.

As a comparison, we report the enzymatic activity of the
NiSOD that we recently isolated from Streptomyces acidiscabies
E13 to be 75000 Upmol™" per subunit, which is a full order of
magnitude larger. The rather “poor” performance of the bio-
mimetic is most likely due to a change (His—backbone car-
bonyl) in the fifth ligand, which is necessary for stabilizing a
Ni" species in the catalytic turnover. We suspect that this leads
to a much poorer redox potential match with O, because the
redox potential of a Ni'—Ni" transition is known to be quite
sensitive to the ligand environment.k®

Search for a minimal functional motif

The results above indicate that the imidazole side chain in His1
might not be essential for the functionality of the biomimetic.
We therefore synthesized a nonapeptide mutant in which His1
was replaced with Ala. Subsequent activity measurements
showed a very slight decrease in the activity, which, however,
is well within the error of the method that was employed
(Figure 9); this confirms that the imidazole ring is indeed non-

2500 -

20004

15004

10004 ¢

molar activity / U umol!

5004

//:;

0 T
Tyr9Ala

nonapeptide His%Ala HI51

Figure 9. SOD activity (Uumol™") of aqueous solutions of several peptide
modifications in the presence of Ni' ions and the structure of a minimal pep-
tide-based functional motif for SOD catalysis. Nonapeptide: HCALPCGVY-
NH,, His'Ala: ACALPCGVY-NH,, Tyr9Ala: ACALPCGVA-NH,, HP1: ACDAPC-NH,,
HP2: ACAAPC-NH,.

essential. In the enzyme, His1 provides a fifth ligand for the
nickel ion, which easily cycles between diamagnetic Ni' and
paramagenetic Ni" states. One of the two available solid state
structures of NiSODs revealed the presence of Ni, and the

ChemBioChem 2008, 9, 2135-2146
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second contained a mixture of Ni' and Ni" states.'"*' It is

quite interesting that selected mutation (His1—Ala) in the
enzyme not only destroyed the catalytic activity™ but also
changed the preference for the oxidation state of nickel, which
in the mutant is now diamagnetic Ni'"? This corresponds
quite well with the fact that an ESR signal for Ni" could not be
detected in solutions of the biomimetic. We postulate that the
trans conformation of Pro5 is responsible for this change in ox-
idation state preference because the central nickel ion is now
forced to employ a carbonyl group as the fifth ligand. We are
now attempting to enforce a cis conformation (replacement of
Pro5 with modified cyclopentane rings). We expect that His1
will again prove to be essential; a Ni"' state should be present
and the catalytic activity will probably dramatically rise.

Further structure—function investigations on the biomimetic
shows that a ring system in the position of Pro5 is essential be-
cause this introduces the necessary “turn” in the peptide chain
for both generating the prefolded macrocyclic structure and
maintaining conformational stability. Mutation of Pro5 to Ala
has drastic consequences. Upon removing the newly synthe-
sized nonapeptide from the resin, it promptly polymerizes to
form a white, insoluble polymer that cannot be further charac-
terized.

Selected mutation (Tyr9—Ala) in the enzyme destroys the
catalytic activity™ and it has been postulated that Tyr9 could
be responsible for intercepting and properly positioning
0, Mutation of Tyr9 to Ala in the biomimetic indicates
that Tyr9 definitely plays an ancillary role in the mode of
action, because the measured activity of the mutant peptide
drops by a factor of two. This residue cannot be considered to
be “essential” however, because the mutant is still capable of
catalytically disproportionating O,. The flexibility of the last
three residues then prompted us to see if they could be dis-
pensed with. Neglecting the last three amino acids (Gly7-Val8-
Tyr9; HP1 and HP2 in Figure 9) increases the activity as com-
pared to the Tyr9Ala mutant. In the absence of Tyr9, the last
three residues obviously have an inhibitor character.

Because we suspected that the side chains of Asp3 and
Leu4 are also nonessential, we prepared two hexapeptides
ACDAPC-NH, (Leu4—Ala; HP1 in Figure 9) and ACAAPC-NH,
(HP2) and complexed them with nickel ions. Both are function-
al biomimetica, albeit slightly less active than the original
nonapeptide. It is not surprising that Leu4 is a nonessential
amino acid; it is not strictly conserved in many NiSODs, howev-
er, Asp3 is."™™ As discussed above, we attribute this to be due
to second-sphere interactions that are necessary to stabilize a
cis Pro5 conformation and not to an essential catalytic func-
tion. The minimal peptide-based functional motif for SOD cat-
alysis identified by these experiments is illustrated in Figure 9.

Conclusions

The first nine amino acids (the so-called “nickel hook”) in the
sequence of NiSODs provide a functional SOD biomimetic
when complexed with nickel ions. In contrast to enzymatic sys-
tems in which a Ni'"—Ni" equilibrium is present, the biomimet-
ic possesses a diamagnetic Ni'" ground state. The 3D solution

ChemBioChem 2008, 9, 2135-2146

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

structure shows that the first six residues provide a prefolded,
macrocyclic ligand environment that is optimally structured for
complexation with Ni". Thermal motion (conformational flexi-
bility) occurs only in the last three residues (Gly7-Val8-Tyr9)
and side chains (Asp3, Leu4), which point out and away from
the macrocyclic center. In contrast to the structures of NiSOD
enzymes, the biomimetic exhibits a trans peptide Pro5 bond. A
detailed analysis showed that this trans preference of the solu-
tion structure is due exclusively to the presence of an extend-
ed intramolecular hydrogen-bond network that is generated
by the backbone folding of the first six amino acids. The cis
preference found in NiSOD enzymes is also due to the pres-
ence of a stabilizing hydrogen-bond network: an intermolecu-
lar one this time with specific second-sphere interactions of
the “nickel hook” with amino acid side chains of residues fur-
ther away from the active site (specifically Arg39).

The trans conformation of Pro5 prevents His1 from provid-
ing the fifth ligand necessary for stabilizing a Ni" oxidation
state. Modification of the peptide sequence confirmed that the
imidazole side chain of His1 is indeed nonessential for the
function of the biomimetic. DFT calculations indicate that the
carbonyl group in the Pro5-Leu4 peptide bond probably as-
sumes the role of the fifth ligand. We attribute the relatively
poor catalytic performance of the biomimetic (as compared to
enzymatic systems) to this ligand exchange, which probably
induces a poor redox potential match with O,". We postulate
that upon enforcing a cis conformation in Pro5, His1 will again
prove essential: a Ni" state will be stabilized, and the catalytic
activity will dramatically rise. Further structure-function investi-
gations allowed a functional minimal motif that contains only
six amino acid residues (ACAAPC-NH,) to be identified. These
investigations demonstrate conclusively that a substructure of
the “nickel hook” is clearly capable of catalytically disproportio-
nating O,, thus providing direct experimental evidence for
the presence of a fundamental “inner-sphere” mechanism for
NiSODs in general.

Experimental Section

Peptide syntheses: Standard Fmoc coupling procedures (details
available in the Supporting Information) were used to synthesize
the nonapeptide hook sequence HCDLPCGVY-NH, (S. coelicolor) in
acceptable yields (90% crude; 60% HPLC pure). By using the same
general procedure, the following nonapeptide mutants were ob-
tained in similar yields: ACDLPCGVT-NH, (His1—Ala), HCDLPCGVA-
NH, (Tyr9—Ala). Alanine substitution of Pro5 (HCDLACGVA-NH,)
proved problematical. The synthesis was successful; however this
mutation immediately cross-polymerized (intermolecular disulfide
bridges) upon removal from the resin to form an insoluble white
powder that was not further characterized. For further mechanistic
investigations, the following hexapeptide sequences were also syn-
thesized in yields of 60-80% HPLC-pure: ACDAPC-NH, (His1,
Leu4 —Ala), ACDAPC-NH, (His1, Leu4—Ala), and ACAAPC-NH,
(His1, Asp3, Leu4 —Ala). The peptide sequences were confirmed by
ESI-mass spectroscopy and quantitative ASA as described in the
Supporting Information. All of these synthetic peptides tend to ir-
reversibly collect TFA salts (present upon HPLC purification) that
cannot be removed by freeze drying (lyophilization). The amount
of peptide that was actually present in solid state probes thus
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varied between 50 and 85%. All activity measurements contained
a mass correction that was obtained from ASA analyses. Probes
were stored in the solid state at —25°C. An protective atmosphere
of argon proved to be unnecessary.

Qualitative SOD assay: Principle: A steady state concentration of
0% radicals was generated with riboflavin/TMEDA. These react
with nitroblue tetrazolium (NBT), which turned dark blue, almost
black. If a species with SOD activity were present, the 0>~ radicals
were disposed of before they reacted with NBT (solution remains
colorless).”™ Standard solutions: NBT (2mg in 1 mL H,0 dest);
riboflavin/TMEDA (2.6 mg riboflavin, 1.0 mL TMEDA in 250 mL
50 mm 0.1mM potassium phosphate buffer pH 7.8). For the assay,
H,O dest. (500 pL), nonapeptide (0.2 mg ), and 2 mm NiCl, (500 pL)
were mixed at RT. In the control solutions, nonapeptide or the
nickel salt or both were replaced with H,O (dest). NBT solution
(100 pL) was added to all four probes. After 15 min’s incubation in
the dark, the reaction was initiated by placing the probes on a
light table or scanner.

Quantitative measurement of SOD activity: Measurements were
performed according to the McCord/Friedovich method.?” Princi-
ple: Xanthine oxidase oxidized xanthine to generate O, at a low
and constant (steady state) rate. Free O, then reduces NBT, which
could be monitored photometrically at 560 nm. If an added sub-
stance was SOD-active, it competed for O, ", thus inhibiting the
reduction of NBT. The measured rise in the extinction slope was
lower than the control reaction. The SOD-activity was defined as
the half-limited reduction of NBT and measured by a reduction in
the slope (the linear phase was used) and set relative to the con-
centration of the substance: U= 2(A nro—Asubstance)/Acontrol Where U
is the activity of the substance relative to the amount in the probe
(usually given in Umg™" or Upumol™).

Standard solutions: xanthine oxidase (40 U/4.2 mL; 80 uL enzyme
solution in 9.0 uL 50 mm potassium phosphate buffer pH 7.8 solu-
tion freshly prepared), xanthine (3 mg dissolved in three drops of
1M NaOH then adjusted to pH 7.8 in 25 mL of 50 mm potassium
phosphate buffer), NBT (1.5 mg in 1 mL 50 mm phosphate buffer
pH 7.8). Control: 50 mm potassium phosphate buffer pH 7.8
(1.0 mL), xanthine standard (100 pL) and xanthine oxidase standard
(250 uL) were added to a cuvette (plastic, halfmicro). The cuvette
was shaken and measurements performed immediately. A sample
(100 uL) of the above buffer solution was replaced with a 50 mm
phosphate buffer pH 7.8 solution (100 uL) that contained the
probe in the desired concentration. Because the nonapeptide was
hydroscopic and tended to collect salts (TFA), all samples were
carefully dried before measurement, and a mass correction, which
was obtained by ASA analyses was included in the activity determi-
nations. All measurements were performed in triplicate.

Enzymatic activity of the NiSOD from S. acidiscabies E13: The
enzyme was purified to apparent homogeneity from cells that
were grown in a 0.2 mm nickel-containing minimal medium by
essentially following literature protocol.”” After ammonium sulfate
fractionation, anion exchange chromatography, gel filtration and a
second anion exchange chromatography were applied. Quantita-
tive determination of the enzymatic activity was performed as
described above.

NMR spectroscopy: Standard 1D spectra were taken on an
Avance 400 instrument (Bruker) with a 'H resonance frequency of
400.2 MHz and a "C resonance frequency of 100.6 MHz. Standard
2D NMR®® spectra were acquired on Varian UNITY INOVA 600 MHz
and 750 MHz spectrometers at 298 K. Samples were dissolved
either in 90% H,0/10% D,O or 99.9% D,0O without any added
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buffer. Solutions typically exhibited pH values between 5 and 6.
The protein concentrations were in the 0.1-0.2 mm range. Probes
of the nickel complex were generated by adding 3 equiv of Ni-
(ClO,), or NiCl, to an NMR tube that contained 0.1-0.2 mm nona-
peptide in 90% H,0/10% D,0 or 99.9% D,O. For heteronuclear
spectra, the gradient-selected sensitivity-enhanced mode was em-
ployed. Raw NMR spectroscopic data were processed by using the
VNMR®' program package. Directly and indirectly detected time
domain data of the 2D spectra were processed by applying a 90°
phase-shifted square sinebell. Data sets were zero-filled in each di-
mension prior to Fourier transformation. The program XEASY""
was used for visualization and analysis of the spectra. All spectra
that were obtained for the nickel complex were basically identical
to those of the nonapeptide. Proton resonance assignments were
made by using a combination of 'H,"*C HMBC, 'H,"*C HSQC-TOCSY,
H,"H COSY, H,"H TOCSY (40 ms spinlock time) and 'H,'H ROESY
(r,,=50, 150 and 200 ms) experiments. Distance constraints were
taken from "H,"H ROESY spectra and classified according to their in-
tensities. An r ¢ dependence of intensity on distance was assumed,
and three categories were assigned: strong, medium and weak
with upper bounds of 2.8, 3.6 and 5.5 A, respectively. In the case of
methyl groups (Val8) and equivalent aromatic ring protons (Tyr9),
the appropriate pseudo-atom corrections were applied.

Initial conformational manifold: Locally restricted conformational
analyses that were based on the experimental NOE distance con-
straints were performed by using the FOUND*" module. The re-
sulting torsion angle restrictions together with the NOE constraints
were used as the basis for generating manifolds of potential struc-
tural families by using simulated annealing torsion angle dynamics
as implemented in the CYANA®* package. In initial structure calcu-
lations, 100 random nonapeptide conformers were generated and
subjected to simulated annealing. In the case of the Ni'" —peptide
complex, six additional upper and lower limit constraints of 1.90-
2.10 A which define a planar coordination environment for Ni' that
involved the SY atoms of Cys2 and Cys6 as well as the backbone ni-
trogen atoms of residues His1 and Cys2 were introduced. This fur-
ther allowed the torsion angles of v, ¢, and ', to be constrained
to values around 0°, —60° and 0°, respectively. From each structur-
al family obtained, the 10 structures with the lowest CYANA target
functions were selected to represent initial NMR spectroscopic so-
lution structures.

DFT calculations: Most of the calculations were carried out by
using the BP86“ density functional together with the multipole-
accelerated resolution of identity (MARI-J)**! approximation using
the TursomoLE™ suite of programs. Full geometry optimizations
were generally performed by using the def2-TZVP*” basis set. Only
the investigation of the conformational manifold of the nonapep-
tide employed the smaller SV(P)® basis set. Unless otherwise men-
tioned, solvent effects (water) were explicitly considered using the
COSMO™ solvation model. The gmpot-tool“® was employed for
Cartesian coordination fixation as needed. BP86(MARI-J;COSMO)/
SV(P) energies provided the basis for a standard statistical thermo-
dynamical evaluation (Boltzmann) of the conformational distribu-
tion."” Due to the size of the systems, frequency calculations were
performed only on the two spin-states of the minimal biomimetic
structure at the BP86(MARI-J)/def2-TZVP level of theory employing
the SNF®® program. The absence of negative eigenvalues shows
that both spin states represented energy minima. The relative
energy of the two spin states (adiabatic energy gap) was deter-
mined at the B3LYP*P>>'/def2-TZVP level of theory. Recently, the
importance of long range weak dispersion interactions in organic
and bioorganic molecules has been demonstrated.”” To consider
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these interactions in our investigations, we performed single-point
calculations by using the BP86-D®? method as implemented in the
ORCAP? program package. Intramolecular hydrogen bond energies
were determined by using the “two-center shared-electron
number” (o) method that was first proposed by Reiher.®” Instead
of employing the improvement that was proposed by Thar and
Kirchner,®" we performed a simpler division, which we believe is
sufficient for describing hydrogen bonds in peptides. We parti-
tioned the hydrogen bonds into two subclasses. One subclass con-
tained sulfur as either the acceptor or donor atom. The second
contained all other types of hydrogen bonds. We employed the
three-center shared-electron number for describing the sulfur sub-
class and the two-center number for the second subclass.
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Synthesis and Characterization of a Long, Rigid
Photoswitchable Cross-Linker for Promoting Peptide and
Protein Conformational Change

Fuzhong Zhang, Oleg Sadovski, and G. Andrew Woolley*®

Azobenzene-based photoswitchable compounds can be use to
photocontrol a variety of biochemical systems. In some cases,
their effectiveness may be limited by the size of the conforma-
tional change that the switch undergoes. To produce an azoben-
zene photoswitch that undergoes a large end-to-end distance
change upon isomerization, we synthesized 3,3'-diazene-1,2-di-
ylbis{6-[2-sulfonato-4-(chloroacetylamino)phenylethynyllbenzene

sulfonic acid} (DDPBA). This long, rigid, water-soluble, thiol-reac-
tive cross-linker undergoes an end-to-end distance change of
~13 A upon isomerization. DDPBA was successfully cross-linked
to peptides through cysteine side chains. The photoswitch under-
goes trans-to-cis photoisomerization maximally when irradiated
at 400 nm, although the efficiency of production of the cis
isomer is lower than for simpler azobenzenes. Under steady-state

Introduction

Covalent attachment of azobenzene compounds to biomole-
cules can be used to photoregulate biological systems. Azo-
benzene has been used to photoregulate peptide structures,’'”
3 enzyme activities,*® oligonucleotide function,”? protein/
DNA binding"®"? and ion channel activities.*"'

A general way of using azobenzene to generate a change in
biomolecular activity is to use photoisomerization to produce
a conformational change in the biomolecule. When azoben-
zene is introduced as a covalent cross-link, the end-to-end dis-
tance change upon isomerization of the chromophore can
generate such structural changes.>*'®'! The degree of biomo-
lecular structural change will, in general, depend on the mag-
nitude of the end-to-end distance change of the azobenzene
compound. For unmodified azobenzene, this distance change
is approximately 3 A" In previous studies, azobenzene was
cross-linked through amide,”” amine,”” carbamate, urea®®' and
peptide bond linkers.?? While these moieties extend the end-
to-end distance of the photoswitch, their flexibility can also
reduce the effective change in this distance upon isomeriza-
tion. For example, with the amide-functionalized azobenzene,
3,3'-bis(sulfonato)-4,4'-bis(chloroacetamide)azobenzene
(BSBCA), the end-to-end distance distribution was 11-15 A for
the cis form and 19-23 A for the trans form so that a minimum
end-to-end distance change of only ~4 A is still possible.”*

Moroder and colleagues recently introduced an azobenzene-
based cross-linker bearing rigid alkyne units at each end that
was successfully used to photocontrol the conformation of col-
lagen peptide sequences.”**?! The alkyne units significantly
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illumination conditions, the percentage of cis form produced in-
creases as temperature increases; ~56 % cis is obtained at 60°C.
Thermal relaxation occurs with a half-life of approximately
75 min at room temperature. When DDPBA was attached to an
a-helical peptide with two cysteine residues at i and i+14 posi-
tions, an increase in helix content was observed after photoirra-
diation. When cross-linked to another peptide with two cysteine
residues spaced at i and i+21 positions, a decrease in helix con-
tent after trans-to-cis isomerization was observed. Due to the
small percentage of cis form produced under the experimental
conditions, the CD signal changes were small. However, the large
structural change upon photoisomerization provided by this
cross-linker can potentially be used to photoswitch other bio-
chemical systems.

extend the length of the cross-linker, but the presence of sp*-
hybridized carbon atoms on either side of the alkyne can also
permit flexibility that mutes end-to-end distance changes pro-
duced. Standaert and Park have also reported efforts aimed at
maximizing biomolecular conformational changes by design-
ing azobenzene-based photoswitches incorporating extended
biphenyl units with a variety of substitution patterns.'”*
While several of these compounds look very promising from
examination of molecular models, their conformational effects
on peptides have yet to be measured experimentally.

Herein, we report the synthesis of a long and rigid azoben-
zene derivative, 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(chlor-
oacetylamino)phenylethynyl]lbenzene sulfonic acid} (DDPBA; 1)
that can be introduced into peptides and proteins by reaction
with Cys side chains. We attached this photoswitch to two
model a-helical peptides, and the behaviour of these cross-
linked peptides was characterized.

[a] F Zhang, Dr. O. Sadovski, Prof. G. A. Woolley
Department of Chemistry, University of Toronto
80 St. George Street, Toronto, ON M5S 3H6 (Canada)
Fax: (+1)416-978-0675
E-mail: awoolley@chem.utoronto.ca
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Results and Discussion

Cross-linker and peptide design

We chose an oligo(phenylene ethynylene) (OPE) scaffold for
the design of a long, rigid linker since it provides a linear and
symmetrical structure with limited conformational heterogene-
ity. We wished to maintain site-specific reactivity with peptides
and proteins as well as water solubility. Site specificity can be
achieved by reaction with Cys residues; azobenzene cross-link-
ers based on thiol-reactive functional groups, including iodoa-
cetyl or chloroacetyl groups,””"?® methanethiosulfonates® and
alkyl halides™? have been used previously. Cys residues can
be easily introduced by solid-phase peptide synthesis or site-
directed mutagenesis. Four sulfonate groups were incorporat-
ed to provide water solubility and inhibit hydrophobic associa-

G. Woolley et al.

tion after cross-linking. A non-sulfonated version of the cross-
linker proved only sparingly soluble in water, thus making re-
action with peptides difficult.*

Synthesis was performed as outlined in Scheme 1. The pro-
duction of 5 was adapted from the work of Temkina et al. and
Ruggli and Peyer®"*? Reduction of 5 to the diamine com-
pound 6 was achieved cleanly with zinc in ammonium hydrox-
ide. Subsequent oxidation to produce the azo compound 7
yielded, in addition to the desired compound, higher oligo-
mers as well as insoluble material. Selective monoprotection of
6 would avoid these side reactions, but would add two more
synthetic steps and would require chromatographic purifica-
tion of the monoprotected compound. HPLC isolation of 7 is
straightforward, and the higher oligomers obtained as side-
products could prove useful for other applications.

The end-to-end distance of DDPBA (1) in the trans and cis
conformations was estimated by using molecular dynamics
simulations (Figure 1). Models were built by using the program
HyperChem (v.8) with methyl groups replacing the Cys p-
atoms to represent the cross-linker structure after reaction
with a peptide or protein. The S-S distance for the trans
isomer ranged from 30-33 A. In the cis form, the range was
13-24 A (Figure 1A). The most probable distance was 31.5 A in
trans and 18.4 A in cis, a difference of ~13 A. The minimum
distance change is 6 A, almost double that of the BSBCA cross-
linker.”?

We then designed two test peptide sequences with Cys resi-
dues spaced to match either the trans or cis form of the cross-
linker. Both peptide sequences are derived from the general

- O -
o, 0 O\‘s”\
*sb - > BrO:S:O
o O Br,/H,0 Iol
(3) 4)
o, .0
St
H = )
%, -~ S5
o NaOCI/H,O 6) ©

\ CICH,C(O)CI/NaOH

Scheme 1. Synthetic route to 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(chloroacetylamino)phenylethynyl]benzene sulfonic acid} (DDPBA; 1).
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Figure 1. A) Graph of end-to-end distances for trans and cis forms of DDPBA calculated from molecular dynamics simulations. S—S spacings in ideal helical
peptides with Cys residues at i, i+14 and i, i+21 are also shown. B) Primary sequences of a) XFZ21, b) XFZ14 and ¢) XGSH. C) Models of a) trans DDPBA-XFZ21

and b) cis DDPBA-XFZ14.

0.30 0.30

sequence Ac-(EAAAK),-A-NH, de- A) B)
veloped by Baldwin, Stellwagen 025 — - 0.25 -
etal.,®** which is helical and
monomeric in aqueous solution. 0.20 0.20
A tryptophan with a glycine ;
spacer was added at the N ter- < 0.15— < 015497
minus of each sequence to
permit concentration measure- 0.10 010 7
ments by UV/Vis absorbance.®

. . 0.05 0.05
The peptide FZ21 (Figure 1B)
was designed to fit to the trans 000 — : : : : e 0.00 : : : : = :
form of the cross-linker. This 300 350 400 450 500 550 600 300 350 400 450 500 550 600
peptide has Cys residues spaced A/nm 4/nm
at i and /421 in the sequence so
that. when the peptide adopts Figure 2. UV/Vis spectra of A) DDPBA in water (—), methanol (-----) and DMSO (-+-), and B) XFZ14 in water/40%

’ Pep P acetonitrile; trans (—); cis ().

ideal a-helix geometry, the S

atoms of the Cys side chains are

spaced (32.8 +2) A apart (when side-chain rotamers are consid-
ered). Peptide FZ14, with Cys residues spaced at i and i+14 po-
sitions, was designed to fit to the cis form of DDPBA. The S-S
distance in this peptide is (21.8+2) A. These distances overlap
closely with preferred trans and cis end-to-end distances of the
DDPBA cross-linker, respectively. Models of each cross-linked
peptide (XFZ21 in trans form and XFZ14 in cis form, where X
represents cross-linked peptide) are shown in Figure 1C.
DDPBA was also treated with the small tripeptide glutathione
to serve as an unstructured peptide-bound control.

UV spectra and solvent dependence

Figure 2 shows UV spectra of the trans form of DDPBA in
water, methanol and DMSO. The maximum absorbance in
water (10 mm phosphate buffer, pH 7.0) occurs at 400 nm, red
shifted when compared with BSBCA cross-linker, which absorbs
at 370 nm. A molar extinction coefficient of DDPBA of
25600m~'cm™' at 400 nm in 10 mm phosphate buffer was de-
termined by quantitative NMR, as described in the Experimen-
tal Section. When dissolved in an organic solvent, 4,,,, shifts to
longer wavelengths. In DMSO, the maximal absorbance is at

ChemBioChem 2008, 9, 2147 - 2154
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430 nm, 30 nm longer than that in aqueous solution. This sol-
vation effect has been observed previously in amino-substitut-
ed azobenzenes,”*?*3 put less with alkyl- and amide-substi-
tuted azobenzenes such as BSBCA. Presumably the more ex-
tended m system of DDPBA makes the UV/Vis spectrum of this
molecule more sensitive to the solvation environment than
with BSBCA. After DDPBA had been attached to glutathione or
other peptides, the UV/Vis spectra were similar to that of free
cross-linker (data not shown).

cis and trans isomers of peptide-linked DDPBA can be sepa-
rated by reversed-phase HPLC. By coupling a diode array spec-
trophotometer to the HPLC system, it is possible to obtain a
spectrum of the cis isomer before any significant thermal relax-
ation has occurred. The spectra of cis and trans isomers ob-
tained in this way are shown in Figure 2B. The spectrum of the
cis form shows a peak near 335 nm and the absorption at
400 nm decreased. The maximum wavelength of the trans
form spectrum obtained in this way shifted to 407 nm due to
the solvent effect (in 40% ACN/water), as discussed above. At
400 nm, the ratio of molar extinction coefficients between the
cis and trans forms is 1:4.65 (In 40% ACN/water). This ratio was
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used to estimate the percentage of cis form in later experi-
ments.

Thermal isomerization kinetics

In aqueous solution, the peak in the trans—cis difference UV-
visible spectrum is centred at 400 nm (data not shown). Ac-
cordingly, this wavelength of light was used to generate the
cis form. We measured the thermal relaxation rate constants at
several different temperatures and calculated the activation en-
ergies (Table 1). The cross-linked peptides have slightly longer

Table 1. Thermal relaxation half lives and activation energies.
Thermal relaxation half-life [min]
T[°C Free cross- XGSH XFZ14 XFZ21
linker
20 75.6+0.8 1M6+2 159+3 10242
30 31.54+0.2 38.2+0.2 53.9+0.2 37.2+0.1
40 9.704+0.07  14.1+0.03 21.440.08 13.44+0.05
50 5.85+0.03 5.36+0.08 7.59+0.05 5.06 +0.02
60 2.4340.01 2.174+0.01 3.9440.03 2.03+0.01
70 1.08+0.04 0.89+0.01 1.394+0.02 1.07 +£0.01
Activation
energy 16.8+0.1 19.4+0.2 18.6+0.2 18.6+0.1
[kcalmol~"]

relaxation half-lives than the free DDPBA at any temperature.
Nevertheless, all of these photoswitchable molecules show
single-exponential thermal relaxation behaviour with half-lives
of approximately 75 min at room temperature (23°C). Very sim-
ilar overall behaviour was found for BSBCA-linked molecules,
including similar activation energies. Although the DDPBA
linker is a more delocalized chromophore, a feature that can
lead to enhanced thermal relaxation rates,?®*”’ more atoms
must move to achieve the isomerization transition state with
the DDPBA linker than with the smaller BSBCA photoswitch;
this perhaps accounts for a comparatively slower relaxation
rate.

Photoisomerization and the

G. Woolley et al.

amount of the cis form produced is 87% for BSBCA,®® only

24% cis-DDPBA is produced. Moreover, we found that under
steady-state conditions (continuous irradiation), the percent-
age of cis-DDPBA produced increased as the temperature was
increased. For example, Figure 3 shows UV spectra of XFZ14,
with and without continuous irradiation at 400 nm, at different
temperatures. Without 400 nm irradiation (Figure 3A), the
spectra at different temperatures are nearly identical, thus indi-
cating that the temperature dependence of the UV spectrum
is minimal. However, under continuous irradiation (Figure 3B),
the absorption band at 400 nm decreases as the temperature
increases from 4 to 60°C. This decrease in absorbance at
400 nm indicates an increase in cis content of the sample and
not simply a temperature dependence of the cis spectrum,
because rapid cooling to 20°C of a sample irradiated at 60°C
produces more cis-DDPBA than a sample irradiated at 20°C.
This temperature-dependent behaviour is opposite to that of
BSBCA and its derivatives; in that case the percentage of the
cis form under continuous irradiation decreases as temperature
increases.

Under constant illumination, the ratio of cis to trans isomers
at the steady state is given by Equation (1):

[CI.S} _ krrans _ ¢tmns€tmnsl Fl 0 (.I )
[tanS] kcis + kthermo ¢cisscileI0 + kthermo

and the percentage of cis isomer is [Eq. (2)]:

¢tmns£ trans l Fi 0

is %0 = 100
¢s % % qbtransetransl":lo + ¢CisgciSlFI0 + kthermo

()

Here, ki, is the rate constant for trans-to-cis photoisomeri-
zation, k., is the rate constant for cis-to-trans photoisomeriza-
tion and Ky.ermo IS the rate constant for cis-to-trans thermal iso-
merization. I, is the light intensity, F is the photokinetic factor,
Ouans @aNd ;s represent the quantum yields for trans-to-cis and
cis-to-trans photoisomerization, respectively, &,,,s and & repre-

. 0.6 — 0.6
photostationary state
Upon irradiation of DDPBA at 0.5 0.5
400 nm, the spectrum shifts to-
wards that of the cis form (cf. 0 G
Figure 3A and B). We found that,

R < 034 < 034

under our standard experimental
conditions (a Xenon lamp cou- 02 02
pled to a monochromator), the
percentage of cis form produced 0.1+ 0.1+
is much less for both DDPBA
and its derivatives than that of 0.0 | : | | | 0.0 | : | | |
BSBCA-linked peptides, despite 300 350 400 450 500 550 300 350 400 450 500 550
the lamp intensity’s being some- Alnm Alnm

what higher at 400 nm than at
370 nm. For example, at 20°C,

under conditions in which the in 1cm pathlength cuvette.)
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Figure 3. A) Spectra of XFZ14 without 400 nm irradiation at various temperatures. B) Spectra of the same sample
obtained in the presence of continuous 400 nm irradiation. (20 um of XFZ14 in 10 mm phosphate buffer at pH 7.0
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sent molar extinction coefficients for trans and cis, and [ is the
path length.®®

Normally, the quantum yields ¢, and ¢, are relatively in-
dependent of temperature so that the primary effect of tem-
perature is to decrease the steady-state percentage of the cis
isomer by increasing the rate constant for thermal cis-to-trans
isomerization. This decreased cis percentage with increased
temperature is observed for BSBCA derivatives. However, with
DDPBA derivatives (for example, XFZ14 (Figure 3)), although
increasing the temperature from 10 to 60°C increases the rate
constant for cis-to-trans thermal relaxation by 120-fold
(Table 1), an increased cis percentage is observed at 60°C
(Figure 3). This result suggests that, under the conditions of
Figure 3, the thermal relaxation rate is much smaller than pho-
toisomerization rates (Kyemor Keis aNd Kyqns), and that the ratio of
Drans OVEr ¢ increases with temperature. If so, we expect the
following to be observed: 1) At any fixed temperature, if the ir-
radiation light intensity is increased, the percentage of cis form
should increase to a maximum (the photostationary state) set
by the ratio [Eq. (3)]:

d)rrans Etrans (3)
¢trans€tran5 + (/)cis Ecis

and this maximum will be larger at higher temperatures.
2) If the irradiation light intensity is reduced, to the point
where k., and ki, are smaller than Kky.mo lower temperatures
will produce more cis form because thermal relaxation is slow.

To test these predictions, we recorded UV-visible spectra of
XFZ14 under steady-state conditions with different irradiation
light intensities. The light intensity was varied by placing dye
solutions of various concentrations in the irradiation beam (see
the Experimental Section). Figure 4 shows that the percentage
of cis form produced under different irradiation conditions
matches the expectations described above (for example, when
the irradiation light intensity was reduced by 75%, more cis
form was produced at 40°C than at 60°C). At 60°C, a maximum
of approximately 56 % cis form could be obtained. Higher tem-

50
404

30

% cis

20

ﬂT T T T T 1

00 02 04 06 08 1.0

Relative light intensity (400 nm)

Figure 4. Percentage of cis form produced under steady-state illumination at

10 (x), 40 (0) and 60°C (e@). Data taken at each temperature were fitted to
Equation (2). (22 pm of XFZ14 in 10 mm phosphate buffer at pH 7.0.)
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peratures led to prohibitively fast thermal relaxation. The cis
percentage could perhaps be increased by using a narrower
excitation source centred at 400 nm such as a laser or mercury
arc lamp. Irradiation of a sample with intense light at 400 nm
at a high temperature (60°C) followed by rapid cooling of the
sample in the dark can also be used to maximize production
of the cis isomer.

The relatively inefficient production of the cis isomer of
DDPBA when compared to the BSBCA cross-linker might be
due to the influence of the phenyl ethynyl units on the photo-
chemical properties, as has been suggested recently by Tour
and colleagues.”® The size and rigidity of the DDPBA system
places a requirement for rapid movement of many atoms
during the short-lived excited state of the azobenzene chro-
mophore;*? this perhaps leads to the decreased quantum
yields for isomerization, and an increase in their temperature
sensitivity, as compared to the BSBCA system.

Effects of the cross-linker on peptide conformations:
Circular dichroism spectra

Finally, we examined the effects of the cross-linker on peptide
conformations using the test peptides FZ21 and FZ14 de-
scribed above. The un-cross-linked peptides in 10 mm phos-
phate buffer at 20°C show 65 and 32% helix content for FZ21
and FZ14, respectively (data not shown). The trans (dark-adapt-
ed) form cross-linker was expected to stabilize the o-helical
structure in XFZ21 and to destabilize a-helical structure in
XFZ14. Destabilization was observed for XFZ14, in which only
20% helix content was observed. In XFZ21, the a-helical
content was 41%, higher than that of XFZ14 but lower than
un-cross-linked FZ21. If one examines a space-filling model of
XFZ21, it is evident that the cross-linker must pack very closely
upon the peptide surface (Figure 5). Perhaps steric interference

Figure 5. Model of XFZ21 showing close-packing between the DDPBA cross-
linker (dark grey) and the peptide (light grey) van der Waals surfaces.

causes some distortion of ideal helix geometry and accounts
for the lower than expected helicity.

We then photoisomerized the cross-linked peptides by ex-
posing them to 400 nm light. Approximately 15% of cis form
was produced under our experimental conditions for the rea-
sons discussed above. In XFZ21, a decreasing of the negative
signal at 222 nm was observed upon irradiation (Figure 6A);
this indicated a decrease in a-helix content consistent with the
prediction that the cis form of the cross-linker is less compati-
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was purchased from City Chemical (New York, USA) and
used without purification.

1) Synthesis of 2-[bromo(6-nitro-1,1-dioxido-3H-2,1-benzox-
athiol-3-yl)methyl]-5-nitrobenzenesulfonic acid (4): The
sodium salt of 3 (16 g, 0.034 mol) was dissolved in water
(75 mL) at 55-58°C. Then bromine (3.46 mL, 0.065 mol)
was added with vigorous stirring. After 5 min, the reac-
tion mixture was cooled to 0-5°C. The precipitate was
filtered, then recrystallized from water to give 4.7g
(25%) of 4 as a yellow solid. 'HNMR (400 MHz,
[DgIDMSO): 6=6.60 (d, J=9.4 Hz, 1H), 7.73 (d, J/=9.4 Hz,
1H), 8.01 (d, J/=8.7 Hz, 1H), 8.15 (d, J=8.5Hz, 1H), 833
(dd, J=8.7, 2.4 Hz, 1H), 8.58 (dd, J=8.5 Hz, 2.4 Hz), 8.62

A) B) 0
-2000
5 5
£ £
< S _4000
£ £
o (5]
[=)] [o]
@ (3]
° S -6000 —
=} fas
-8000 —
-15x10 |
T T T T T -10000 T T T T T ]
200 220 240 260 200 220 240
Alnm Alnm

Figure 6. CD spectra of A) XFZ21 and B) XFZ14. Each peptide was scanned at 4, 20 and
37°C. Spectra after dark-adaptation are shown with solid lines. Spectra taken after irradia-
tion (~15% cis isomer) are shown with dotted lines. (50 um peptide in 10 mm phosphate

buffer, pH 7.0.)

ble with FZ21 a-helical structure. For peptide XFZ14, an in-
crease in a-helix content (corresponding to an increase in the
negative signal at 222 nm) was observed after irradiation (Fig-
ure 6B). This is consistent with the prediction that the cis form
of the cross-linker fits a folded a-helical structure of XFZ14.
The overall trends of the structural changes observed with
both cross-linked peptides are thus consistent with the de-
signs. We attribute the small magnitudes of the CD changes
mainly to the low yield of cis isomer obtained. However, it is
also possible that the helix-coil cooperativity of these relatively
short peptides is low, and the peptides are sufficiently flexible
that they can locally distort in response to cross-linker isomeri-
zation rather than undergoing a large-scale unfolding/folding.
Larger effects of photoisomerization may be seen with a target
biomolecule that undergoes more rigid-body motion (for ex-
ample, monomer/dimer, hinge motion).

Conclusions

We report the synthesis and characterization of a long, rigid,
water-soluble, thiol-reactive cross-linker. The cross-linker can
readily form intramolecular bridges in peptides and can induce
conformational changes in test peptides upon isomerization.
trans-to-cis photoisomerization can be accomplished by irradi-
ating the cross-linker at 400 nm. The yield of cis isomer is tem-
perature dependent, with higher yields at higher temperature
(~56% at 60°C). Thermal relaxation from the cis to the trans
isomer occurs with a half-life of approximately 75 min at room
temperature. The large end-to-end distance changes exhibited
by the cross-linker upon isomerization can in principle be used
to induce large structural changes in biomolecular systems.

Experimental Section

Synthesis of the cross-linker: Compound 3 (2,2'-(E)-ethene-1,2-
diylbis(5-nitrobenzenesulfonic acid; dinitrostilbene disulfonic acid)
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(d, J=2.4Hz, 1H), 8.63 ppm (d, J=2.4 Hz, 1H); *C NMR
(101 MHz, [DIDMSO): 6 =44.2 (s, 1C), 81.6 (s, 1C), 120.4
(s, 10), 122.7 (s, 1C), 124.9 (s, 1C), 129.1 (s, 1C), 130.5 (s,
1C), 1343 (s, 1C), 1353 (s, 1C), 138.0 (s, 1C), 141.6 (s,
10), 1426 (s, 1C), 1483 (s, 1C), 149.8 ppm (s, 1C); HR-
ESI-MS: (negative mode) C,,HgN,0,,S,Br calcd: 506.8809,
obs: 506.8828.

260

2) Synthesis of 2,2'-ethyne-1,2-diylbis(5-nitrobenzenesulfon-
ic acid) (5): A 50% solution of potassium hydroxide (30 mL) was
added to a stirred solution of 4 (9 g, 0.017 mol) in water (150 mL)
at 60-70°C. The precipitate was collected and recrystallized from
water to yield 5 (4.9 g, 65%) as a brown solid. '"H NMR (400 MHz,
D,0): 6=8.07 (d, J=8.6Hz, 2H), 844 (dd, /=8.6, 2.3 Hz, 2H),
8.75 ppm (d, J=2.3 Hz, 2H); *CNMR (101 MHz, [DJDMS0): 6=
97.5 (s, 2C), 1224 (s, 20), 124.1 (s, 2C), 127.1 (s, 2C), 135.9 (s, 2Q),
146.8 (s, 2C), 151.1 ppm (s, 2C); HR-ESI-MS: (negative mode)
Cy4H,N,0,05, calcd: 426.9547, obs: 426.9570.

3) Synthesis of 2,2'-ethyne-1,2-diylbis(5-aminobenzenesulfonic acid)
(6): Zinc powder (Aldrich, 2 g, 0.030 mol) was added in one portion
and at room temperature to a vigorously stirred solution of 5 (1 g,
2.7 mmol) in 35% ammonium hydroxide/water (150 mL). After
24 h, the solid was filtered off, and the solvent was reduced to
50 mL by rotary evaporation. The precipitate was filtered again,
and the remaining liquid was mixed with silica gel, evaporated to
dryness and introduced onto a silica gel column. The product was
chromatographed by using ethyl acetate/methanol (7:3) as the
mobile phase to give 0.58 g (67%) of 6 as a red solid. 'H NMR
(400 MHz, D,0): 6=6.9 (dd, J=8.2, 23 Hz, 2H), 7.3 (d, /=23 Hz,
2H), 7.5 ppm (d, J=8.2 Hz, 2H); *CNMR (101 MHz, D,0): 6=91.2
(s, 2C), 109.9 (s, 2C), 114.1 (s, 2C), 118.2 (s, 2C), 135.7 (s, 2C), 143.8
(s, 2C), 1470 ppm (s, 2C); HR-ESI-MS: (negative mode)
C,,H,1N,0,S, caled: 367.0064, obs: 367.0059.

4) Synthesis of 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(amino)phenyl-
ethynyllbenzene sulfonic acid} (7): In a 50 mL round-bottom flask,
compound 6 (1.725 g, 4.7 mmol) was suspended in distilled H,O
(18 mL), and the pH was adjusted to 8-9 by the addition of
sodium carbonate. The solution was cooled in an ice-salt bath to
—5°C, then a sodium hypochlorite solution (19 mL, 4% available
chlorine (Aldrich)) was added dropwise over 6 min. The reaction
mixture was left to stand at 4°C for 2-3 days. The reaction mixture
was then filtered, and the mother liquor was evaporated under re-
duced pressure at room temperature. The solid residue (~100 mg)
was dissolved in distilled H,O (10 mL) with tetrabutylammonium
bromide (200 mg) and injected (100-500 uL fractions) onto an
HPLC column (Zorbax SB-C18, 9.4 mm x 25 cm). Eluent: solution A:
90% H,0, 10% MeOH+1 g/2.5L tetrabutylammonium bromide,
solution B: THF. Conditions: gradient from 2 to 10% solution B
over 50 min (5 mLmin~"). The product elutes at 26-28 min and is

ChemBioChem 2008, 9, 2147 -2154
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the most intense peak (detector at 440 nm). Excess tetrabutylam-
monium bromide was removed by passing the resulting solution
over a cation-exchange column (SP Sephadex G25 (Sigma) equili-
brated in distilled H,O after regeneration with 0.1% NaCl, 2.5x
25 cm) to yield 048 g (6%) of 7 as a red solid. "H NMR (400 MHz,
D,0): 6=6.9 (dd, J=8.2, 23 Hz, 2H), 7.3 (d, J=2.3 Hz, 2H), 7.6 (d,
J=82Hz, 2H), 79 (d, J=8.6Hz, 2H), 8.1 (dd, J=8.6 Hz, 2.7 Hz,
2H), 8.4 ppm (d, J=2.7 Hz, 2H); *CNMR (101 MHz, D,0): 6=90.7
(s, 2C), 104.9 (s, 2C), 1084 (s, 2C), 114.0 (s, 2C), 117.8 (5, 2C), 121.9
(s,2C), 123.9 (s, 2C), 1249 (s, 2C), 1354 (s, 2C), 136.4 (s, 2C), 143.9
(s, 2C), 143.9 (s, 2C), 144.6 (s, 2C), 148.5 (s, 2C), 150.8 ppm (s, 2C);
HR-ESI-MS: (negative mode) C,gHsN,0,,5,%” calcd: 364.9907, obs:
364.9898.

5) Synthesis of 3,3'-diazene-1,2-diylbis{6-[2-sulfonato-4-(chloroacetyl-
amino)phenylethynyllbenzene sulfonic acid} (DDPBA) (1): NaOH
(~35 pmol) was added to a solution of the tetrabutylammonium
salt of 7 (15 mg, 8.5 pmol) in water to bring the pH to ~8, then
chloroacetyl chloride (7 pL, ~85 pumol) was added at 0°C. After
15 min of stirring, the pH was again adjusted to pH~8 by adding
NaOH followed by chloroacetyl chloride (7 pL). After a further
5 min, the precipitate was filtered and washed with cold water
several times then with THF to give 1 (9.4 mg, 60%) as a red solid.
'H NMR (400 MHz, [DJDMSO): 0=4.3 (s, 4H), 7.6 (d, J=8.4 Hz, 2H),
7.7 (dd, J/=8.4, 2.2 Hz, 2H), 7.8 (d, J=8.2Hz, 2H), 7.9 (dd, J=8.2,
2.3 Hz, 2H), 8.1 (d, /=2.2 Hz, 2H), 8.3 (d, J=2.3 Hz, 2H), 11.1 ppm
(s, 2H); ®CNMR (101 MHz, D,0): 6=45.8 (s, 2C), 93.0 (s, 2C), 97.8
(s, 2C), 115.6 (s, 2C), 118.6 (s, 2C), 119.8 (s, 2C), 120.9 (s, 2C), 1244
(s, 2C), 124.8 (s, 2C), 135.5 (s, 2C), 136.1 (s, 2C), 138.7 (s, 2C), 149.2
(s, 2C), 150.7 (s, 2Q), 165.7 (s, 2C), 167.4 ppm (s, 2C); HR-ESI-MS:
(negative mode) C;,H,Cl,N,0,,5,27 calcd: 440.9623, obs: 440.9605.

Peptide synthesis and cross-linking: The peptides FZ14 (acetyl-
WGACEAAAREAAAREAACRQ-amide) and FZ21 (acetyl-WGACEAAAR-
EAAAREAAAREAAARCAQ-amide) were prepared by using standard
Fmoc-based solid-phase peptide synthesis protocols.”™ All pep-
tides were HPLC-purified on a Zorbax SB-C18 column with a linear
gradient of 10-70% acetonitrile/water containing 0.1% trifluoro-
acetic acid. The compositions of the peptides were confirmed by
MALDI-MS (FZ14, calcd: 2131.0 Da, obs: 2131.3 Da; FZ21, calcd:
2771.3 Da, obs: 2771.0 Da.)

Cross-linking of peptides and covalent linking to glutathione with
compound 1 was preformed as follows: a final concentration of
0.5 mm peptide or glutathione was dissolved in sodium phosphate
buffer (50 mm, pH 8.5) containing TCEP (10 mwm). A final concentra-
tion of 2mm of cross-linker was added, and the mixture was
stirred at 37°C for 12 h. The reaction was quenched by neutraliza-
tion with 1% trifluoroacetic acid. The cross-linked peptides (XFZ14
and XFZ21) and the glutathione derivative of compound 1 (XGSH)
were then HPLC-purified by using the same method as described
above. Yields for cross-linked peptides were between 60 and 80 %.
The compositions of the cross-linked peptides were checked by
MALDI-MS (XFZ14, calcd: 2943.0 Da, obs: 2943.3 Da; XFZ21, calcd:
3583.0 Da, obs: 3583.2 Da. XGSH, calcd: 1426.1 Da; obs: 1426.2 Da).

UV/Vis spectra and photoisomerization: UV/Vis absorbance spec-
tra were obtained on a Shimadzu UV-2401PC UV/Vis recording
spectrophotometer or a diode array UV/Vis spectrophotometer
(USB4000, Ocean Optics Int., Dunedin, FL, USA) coupled to a tem-
perature-controlled cuvette holder (Quantum Northwest, Inc., Spo-
kane, WA, USA) The latter arrangement was used to determine
thermal relaxation rates, and steady-state spectra under UV/Vis illu-
mination. Irradiation of the sample, at 90° to the measuring beam,
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was carried out with a xenon lamp (Osram 450 W XBO/2 OFR) cou-
pled to a double monochromator with slits at 16 and 16 nm.

The molar extinction coefficient of DDPBA was determined as fol-
lows: an NMR sample with a mixture of DDPBA and a known con-
centration of CH,Cl, in [Dg]DMSO was prepared. The concentration
of DDPBA was measured by comparing the areas of methylene res-
onance of CH,Cl, with the area of the aromatic ring signals of
DDPBA. The DDPBA sample was later diluted in phosphate buffer
(10 mm, pH 7.0), and UV/Vis spectra were taken to calculate the
molar extinction coefficient.

Rates of thermal cis-to-trans isomerization were measured at a
series of temperatures by monitoring absorbance changes at
400 nm after photoirradiation. All curves were fitted to single-ex-
ponential decay kinetics.

To obtain the UV/Vis spectrum of the cis state, a diode array UV/Vis
spectrophotometer was used as a detector for the HPLC chromato-
graph. The sample was prepared by irradiating (400 nm) XFZ14
(50 um) in phosphate buffer (10 mm, pH 7.0) at 50°C in a quartz
cuvette until no further decrease in A,pnm Was observed (~5 min).
The sample was then diluted sixfold by the addition of ice-chilled
water (400 pl). Immediately after dilution, the cuvette was trans-
ferred into an ice bath. The sample was injected into HPLC after it
had been cooled to <10°C. cis and trans isomers were separated
on a Zorbax SB-C18 column with a linear gradient 10-70% aceto-
nitrile/water containing 0.1% trifluoroacetic acid (flow rate:
2 mLmin™"). The diode array UV/Vis spectrophotometer was set to
take scans continually with an integration time of 600 ms for each
spectrum.

For steady-state spectra, XFZ14 (22 um) in phosphate buffer
(10 mm, pH 7.0) was incubated at a series of temperatures and irra-
diated with the xenon lamp (400 nm) until no further absorbance
change was observed. The spectra were recorded immediately
(<0.2 s) after the shutter controlling the xenon lamp was closed.
The irradiation light intensity was manipulated by setting a 1 cm
quartz cuvette containing different concentrations of a 400 nm-ab-
sorbing dye in front of the sample cuvette to act as a filter. The
400 nm-absorbing dye was prepared by incubating dithiol-2-nitro-
benzoate (DTNB) with two equivalents of (-mercaptoethanol in
phosphate buffer (50 mm, pH 8.5) for 1 h. This stock solution was
then diluted for use. The relative light intensity falling on the test
sample was calculated from the absorbance of the filter dye solu-
tion. The wavelength distribution of the irradiation light (a narrow
peak centred at 400 nm) was unaffected by the presence of the
filter dye.

Circular dichroism measurements: CD spectra were recorded on
an Olis RSM 1000 circular dichroism spectrophotometer with a
Quantum Northwest peltier accessory. CD measurements were car-
ried out at 4, 20 and 37°C in a T mm pathlength cuvette with pep-
tide concentrations of 50 um in phosphate buffer (10 mm, pH 7.0).
Each spectrum was scanned from 260 to 195 nm with an integra-
tion time of 3s at each wavelength. All spectra were averaged
from 3 scans and baseline-corrected by using a blank consisting of
phosphate buffer (10 mm, pH 7.0). To obtain CD spectra of the irra-
diated state, cross-linked peptide (50 um, 400 pl) was irradiated at
50°C in a quartz UV/Vis cuvette for 5 min. The cuvette was then
quickly transferred into an ice bath for cooling. From this solution,
350 pL was transferred to a CD cuvette for scanning. The remain-
ing 50 uL sample was used to determine by UV/Vis spectrometry
the percentage of the cis form present.
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Molecular modelling: Models of cis and trans cross-linkers were
built by using HyperChem (v.8, Hypercube Inc.) with the linker ter-
minated with methyl groups to represent the (3-carbon of Cys in
the cross-linked peptide, and minimized by using the Amber99
force field. Restraints were added to the azo bond for the cis con-
formation (force constant 16). Molecular dynamics runs were per-
formed in vacuo essentially as described previously® with a dis-
tant-dependent dielectric, and 1-4 scale factors of 0.833 for elec-
trostatic and 0.5 for van der Waals interactions, a step size of 1 fs
and 300 K as the simulation temperature. Trajectories were ana-
lyzed to verify that numerous torsion angle changes occurred for
all single bonds during the course of the simulation so as to
ensure that conformational space was adequately sampled. All-
points histograms were then produced for the S-S distance during
the full set of simulations for each isomer.
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Web Resources for the Glycoscientist
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WEB REVIEWS

This article is dedicated to Dr. Claus-Wilhelm “Willi” von der Lieth, who was a pioneer in the glycobioinformatics field and who

unexpectedly passed away in November 2007.

Introduction

Carbohydrates are the third major class
of biopolymers after proteins and nucleic
acids."" Covalently attached to proteins
in protein glycosylation, they can change
the properties of the glycoproteins,
making them more soluble,” increasing
protein stability, protecting them from
proteolysis,””! or providing additional rec-
ognition epitopes, which can, for exam-
ple, serve as molecular addresses in pro-
tein trafficking.> Within the calnexin/
calreticulin cycle, N-glycan chains partici-
pate in the protein-folding process and
the tagging of incompletely folded or
misfolded proteins.® In addition, pro-
tein-carbohydrate interactions play an
important role in a variety of cell-cell
and cell-matrix recognition events, rang-
ing from fertilization and cell differentia-
tion to host-pathogen interactions,
immune responses, and diseases such as
cancer, arthritis, and Alzheimer’s dis-
ease, 710

Carbohydrates differ from other bio-
polymers such as proteins or nucleic
acids insofar that their monomeric build-
ing blocks, the monosaccharides, can be
linked in multiple ways."” This includes
the possibility of forming branched
structures."? As classical bioinformatics
algorithms were developed for linear
protein or nucleic acid sequences and
thus cannot be applied to carbohy-
drates, new algorithms have to be devel-
oped." Furthermore, because of the

[a] Dr. T. Liitteke

Current address: CMBI, NCMLS

Radboud University Nijmegen

P.O. Box 9010

6500 GL Nijmegen (The Netherlands)

E-mail: t.luetteke@dkfz.de

Dr. T. Liitteke

BOC2, Bijvoet-Center for Biomolecular Research
Utrecht University, Padualaan 8

3584 CH Utrecht (The Netherlands)

=

ChemBioChem 2008, 9, 2155-2160

complexity of carbohydrates and the fact
that there is no method comparable to
PCR to amplify glycan structures," rela-
tively few primary data are available to
work on or to use as training and test
sets for the algorithms. For these rea-
sons, glycobioinformatics is still in its in-
fancy and lagging behind bioinformatics
applications for genomics or proteo-
mics." Nevertheless, there is a variety of
tools and databases currently available
to glycoscientists.

Glycobioinformatics Resources

The subsequent sections describe web
resources that are freely available to gly-
coscientists. They are summarized to-
gether with their URLs and references in
Table 1 (portals and databases) and
Table 2 (tools). Each row in those tables
has a number, which is used to reference
the resources within this article.

Portals

Currently, there are three major glyco-re-
lated web portals available that offer a
variety of tools and databases. These are
the websites of the US Consortium for
Functional Glycomics (CFG; 1), KEGG
Glycan (2) as part of the Japanese KEGG
(Kyoto Encyclopedia of Genes and Ge-

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

nomes) portal, and the GLYCOSCIEN-
CES.de portal (3) in Germany. All of them
have different focuses. The CFG portal is
the main access point for the data that
are produced by the consortium. These
include the results of protein-carbohy-
drate interaction analyses with glycan
arrays and of the expression of glyco-
genes analyzed with gene microarrays.
The KEGG portal aims to integrate ge-
nomic, chemical, and systemic functional
information,"™ and the KEGG Glycan
portal has a special emphasis on meta-
bolic pathways. The main focus of the
GLYCOSCIENCES.de portal is carbohy-
drate 3D structures. RINGS (4) is related
to the KEGG portal, but also features
some GLYCOSCIENCES.de data. The EU-
ROCarbDB portal (5) is currently still
under development but already provides
a few tools, mainly for mass spectrome-
try (MS) of carbohydrates.

Databases

The first attempt to systematically collect
information on carbohydrate structures
from the literature was the Complex Car-
bohydrate Structure Database (CCSDB;
6), better known by the name of its
query software CarbBank. After funding
stopped in the mid-1990s, CarbBank was
not further developed and CCSDB is not
updated any more. Nevertheless, the
data from CCSDB can still be accessed
online and formed the basis for most of
the current major carbohydrate structure
databases. Although initially often based
on the same data, most of these data-
bases, like the web portals, have their
own special focus. The main purpose of
the CFG database (7) is to access the
CFG experimental data via the carbohy-
drate structure. As the CFG data are
mainly yielded from human and mouse
samples, this database primarily contains
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Table 1. Glycobioinformatics portals and databases
No Name Description URL Ref.
Web portals
1 CFG Websites of the Consortium for Functional Glycomics http://www.functionalglycomics.org 10
2 KEGG Glycan Carbohydrate subpart of the KEGG portal http://www.genome.jp/kegg/glycan/ B
3 GLYCOSCIENCES.de Collection of tools and databases for glycoscientists http://www.glycosciences.de B2
4 RINGS Resource for INformatics of Glycomes at Soka rings.t.soka.ac.jp
5 EUROCarbDB European Carbohydrate Database portal http://www.eurocarbdb.org
Databases
6 CCSDB/CarbBank Complex Carbohydrate Structure Database, first carbohydrate http://www.boc.chem.uu.nl/sugabase/carb =3
database bank.html
7  CFG Database Database of the Consortium for Functional Glycomics http://www.functionalglycomics.org/glycomics/ ©%
common/jsp/firstpage.jsp
8 BCSDB Bacterial Carbohydrate Structure Database http://www.glyco.ac.ru/besdb/ B4
9  GLYCOSCIENCES.de DB Database of the GLYCOSCIENCES.de portal http://www.glycosciences.de/sweetdb/ 135
10 KEGG Glycan Database Database of the KEGG Glycan portal http://www.genome.jp/kegg/glycan/ B
11 GlycoconjugateDB:Structures Carbohydrate 3D structures from the PDB http://www.glycostructures.jp 136)
12 DOUGAL Glycoprotein structures database http://www.cryst.bbk.ac.uk/DOUGAL/
13 O-GlycBase Database of O-glycosylation sites http://www.cbs.dtu.dk/databases/OGLYCBASE/ &7
14 ECODAB E. coli O-antigen database http://www.casper.organ.su.se/ECODAB/ 18
15 Sugabase Carbohydrate-NMR database that combines CarbBank data http://www.boc.chem.uu.nl/sugabase/suga 139
with chemical shift values base.html
16 GlycoMapsDB Conformational maps of carbohydrates http://www.glycosciences.de/modeling/glyco ~ “%
mapsdb/
17 DisaccharideDB Conformational maps of disaccharides http://www.cermav.cnrs.fr/cgi-bin/di/di.cgi
18 CAZy Carbohydrate Active enZymes database http://www.cazy.org tel
19 KEGG Pathway Carbohydrate metabolism pathways http://www.genome.jp/kegg/pathway.html# i
glycan
20 KEGG Orthology KEGG Orthology (KO) groups for glycosyltransferases http://www.genome.jp/kegg/glycan/GThtml ~ ©2
21 CFG GT Database Glycosyltransferases database of the CFG http://www.functionalglycomics.org/static/gt/ ¥
gtdb.shtml
22 CFG GBP Database Glycan Binding Proteins database of the CFG http://www.functionalglycomics.org/glycomics/ ©%
molecule/jsp/gbpMolecule-home.jsp
23 CFG Consortium data Experimental data from the CFG: Glycan Profiling (MS), Mouse http://www.functionalglycomics.org/glycomics/ ¥
Phenotyping, Gene Microarray and Glycan Array data publicdata’/home.jsp
24 GlycoepitopeDB Database of carbohydrate recognition motifs, recognising anti- http://www.glyco.is.ritsumei.ac.jp/epitope/
bodies and glycoproteins/glycolipids carrying the motifs
25 GGDB Human glycogenes database http://riodb.ibase.aist.go.jp/rcmg/ggdb/ sl
26 GPI Anchor Biosynthesis Database of enzymes for biosynthesis of GPI anchors http://mendel.imp.ac.at/SEQUENCES/gpi-bio el
Report synthesis/
27 GlycoBase Database of 2-aminobenzamide labelled released glycans and http://glycobase.ucd.ie “
exoglycosidase digestion pathways
28 Elution Coordinate DB Database of 2-aminopyridine labelled glycans http://www.gak.co.jp/ECD/Hpg_eng/hpg_
eng.html
29 GlycomeDB Meta-database to search various databases via one interface http://www.glycome-db.org el
30 MonoSaccharideDB Reference database for monosaccharide notation http://www.monosaccharidedb.org

mammalian carbohydrates. In contrast,
the Bacterial Carbohydrate Structure
Database (BCSDB; 8) in Russia targets
bacterial carbohydrates, many of them
being polysaccharides. It was the initial
aim of the database of the GLYCOSCIEN-
CES.de portal (9), the former SweetDB, to
make CCSDB/CarbBank data available
over the internet and provide computed
3D structures with its entries. Later, refer-
ences to experimental data from the Pro-
tein Data Bank (PDB) and NMR chemical
shift values were added. Entries in the
KEGG Glycan Database (10) are linked to
other KEGG resources such as pathways.
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In addition to the more general data-
bases described above, there are a
number of specialized databases avail-
able. Data from the PDB, for example,
were used to create the GDB:Structures
database (11) and the DOUGAL database
on glycoprotein structures (12). O-glyco-
sidically modified proteins are collected
in O-Glyc-Base (13), whereas antigens
from E. coli O-glycans can be found in
ECODAB (14). Sugabase (15) provides
NMR data that are available for CarbBank
structures. Information on conformation-
al preferences of carbohydrate chains
can be extracted from the GlycoMapsDB
(16) and the disaccharides database (17).

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

Carbohydrate sequences are indirectly
encoded in the genome by the enzymes
that degrade (glycosidases), modify, or
create (glycosyltransferases) glycosidic
bonds."™ The Carbohydrate-Active en-
Zymes (CAZy) database (18) describes
families of structurally-related catalytic
and carbohydrate-binding modules (or
functional domains) of such enzymes. In-
formation on glycosyltransferases (GTs)
or glycan-binding proteins is also provid-
ed by KEGG Glycan (19, 20), the CFG
portal (21-23), GlycoEpitopeDB (24),
GGDB (25), and the GPI Anchor Biosyn-
thesis Report (26), whereas GlycoBase
(27) and the Elution Coordinate Data-
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Table 2. Tools related to glycobiology or glycochemistry.

No Name

Description

URL

Ref.

43

45
46

Mass spectrometry tools

GECS

GlySeq
GlyVicinity

31 Glycofragment Calculate and display the main fragments (Band C-, Z- and Y-, A- and
X-ions) of oligosaccharides that should occur in MS spectra

32 GlycoSearchMS Search GLYCOSCIENCES.de database for structures matching a given
set of MS mass peaks

33  GlycoPeakfinder Tool for fast annotation of glycan MS spectra, results can be used for
advanced database search in GLYCOSCIENCES.de

34 GlycoWorkBench Tool to assist the manual interpretation of MS spectra

35 GlycoMod Prediction of possible oligosaccharide structures that occur on
proteins from their experimentally determined masses

36 GlycanMass Calculation of the mass of an oligosaccharide structure from its
composition

NMR tools

37 CASPER Simulation of NMR spectra and carbohydrate sequence determina-
tion
from NMR chemical shift values

38 GlyNest Estimation of NMR chemical shifts

39 ProSpectND Integrated NMR data processing and inspection tool

40 CCPN Website of the Collaborative Computing Project for NMR

HPLC tools

41  autoGU Tool to assist the interpretation of HPLC data

42  GALAXY Visualization of HPLC 2-D maps

Tools for prediction/analysis of glycosylation and protein-carbohydrate interactions

KEGG Gene Expression to Chemical Structure, N-glycan prediction server

44  CBS Prediction servers Prediction of posttranslational modifications of proteins, including

N-glycosylation sites (NetNGlyc), O-glycosylation sites (NetOGlyc),
glycation sites (NetGlycate), C-mannosylation sites (NetCGlyc),
and O-GIcNAc glycosylation sites (DictyOGlyc/YinOYang)
Statistical analysis of glycosylation sites in the PDB and SwissProt
Statistical analysis of protein-carbohydrate interactions data from
the PDB

3D structure/conformation tools

47  Sweet-ll Generation of carbohydrate 3D structure models
48 Glycam Biomolecule  Generation of carbohydrate 3D structure models
Builder
49 pdb2linucs Detection of carbohydrate moieties in PDB structures
50 pdb-care Validation of carbohydrate 3D structures
51 CARP Carbohydrate Ramachandran Plot
52 GlyTorsion Statistical analysis of torsion angles derived from the PDB
53 GlyProt In silico glycosylation of proteins
54 Dynamic Molecules Online molecular dynamics (MD) simulations

Notation and graphical representation of carbohydrates

55 IUPAC Official IUPAC recommendations for carbohydrate notation

56 LINUCS Linear notation for carbohydrate structures

57 LiGraph Graphical representation of carbohydrate structures

58 KEGG CSM Composite Structure Map, graphical query tool for KEGG databases
59 Glycan Builder Graphical input of carbohydrate structures

60 SuMo Sugar Motif Search

61 Glyde-ll XML exchange format for carbohydrates

http://www.glycosciences.de/tools/Glyco
Fragments/
http://www.glycosciences.de/sweetdb/
start.php ?action =form_ms_search
http://www.eurocarbdb.org/applications/
ms-tools/
http://www.eurocarbdb.org/applications/
ms-tools/
http://www.expasy.org/tools/glycomod/

http://www.expasy.org/tools/glycomod/
glycanmass.html

http://www.casper.organ.su.se/casper/

http://www.glycosciences.de/sweetdb/start.
php?action =form_shift_estimation
http://www.eurocarbdb.org/applications/
nmr-tools

http://www.ccpn.ac.uk

glycobase.ucd.ie/cgi-bin/profile_upload.cgi
http://www.glycoanalysis.info/ENG/
index.html

http://www.genome.jp/tools/gecs/
http://www.cbs.dtu.dk/services/

http://www.glycosciences.de/tools/glyseq/
http://www.glycosciences.de/tools/
glyvicinity/

http://www.glycosciences.de/modeling/
sweet2/
http://www.glycam.com/CCRC/biombuilder/
biomb_index.jsp
http://www.glycosciences.de/tools/

pdb2 linucs/
http://www.glycosciences.de/tools/pdb-care/
http://www.glycosciences.de/tools/carp/
http://www.glycosciences.de/tools/
glytorsion/
http://www.glycosciences.de/modeling/
glyprot/

http://www.md-simulations.de

http://www.chem.gmul.ac.uk/iupac/2carb/
http://www.glycosciences.de/tools/linucs/
http://www.glycosciences.de/tools/LiGraph/
http://www.genome.jp/kegg-bin/draw_csm
http://www.eurocarbdb.org/applications/
structure-tools/
http://www.glycosciences.de/tools/sumo/
glycomics.ccrc.uga.edu/GLYDE-II/

[49]

[50]

511

[52]

[53]

[531

[541

[551

[s6]

[471

571

[58]
[59,60]

[61]

[61]

[62]

[63]

[23]

[64]

[61]

[61]

[65]

[66]

[671

[68]

na

[69]

[70]

711

base (28) list exoglycosidase digestion
pathways and glucose unit (GU) values.
Of course, the classical protein databases
such as SwissProt” also contain infor-

linked by the glyco-specific databases.
Links from the proteomics resources to
glycomics databases, however, are usual-
ly not present.

mation on these proteins, and are often

ChemBioChem 2008, 9, 2155-2160
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Most of these databases use their own
notation to store the carbohydrate struc-
tures, which makes direct crosslinking
difficult. Nevertheless, there have been
attempts to enable users to simultane-
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ously query the BCSDB and the GLYCO-
SCIENCES.de databases™ and to cross-
link structures of the CFG and the GLY-
COSCIENCES.de databases. Therefore,
users who are exploring an entry in one
of these two databases, for which there
is also information in the other database,
can easily access all of the data in both
resources. However, the situation in the
glycomics databases is still far from that
in, for example, proteomics databases, "
where a lot more links between the vari-
ous resources are established. To help
the user to find as much information as
possible about a single carbohydrate
structure without having to learn the
query mechanisms of the various data-
bases, glycome-db (29) was introduced
as a meta-search database, where the
user can receive links to the respective
entries in various databases with one
single query. An attempt to offer infor-
mation on monosaccharide residues to-
gether with unique notation is made by
MonoSaccharideDB (30).

Tools

In addition to the databases, there are
various online tools available which are
summarized in Table 2. Many of them
are independent applications, whereas
some are connected to databases and
serve as a convenient way to query a da-
tabase or use database content as a
basis for calculations. This especially ap-
plies to software that is developed to
assist researchers with the analysis or in-
terpretation of experimental data, such
as mass spectrometry (MS; 31-36), nucle-
ar magnetic resonance (NMR; 37-40), or
high-performance liquid chromatogra-
phy (HPLC; 41,42) data. Most of these
tools compute or estimate expected ex-
perimental values such as fragment
masses (MS) or chemical shift values
(NMR) for a given carbohydrate struc-
ture, or compare experimental values
provided by the user with the predicted
values of the structures present in a da-
tabase or directly with experimental data
that are stored in a database.

Other tools deal with the prediction or
analysis of glycosylation sites. Based on
information about the GTs that are ex-
pressed in an organism or a tissue, the
KEGG GECS server (43) predicts N-glycan
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structures that might be present in that
sample. Such GT expression data can be
obtained from the consortium data of
the CFG (23). The CBS Prediction Servers
(44) estimate the occupancy of potential
glycosylation sites in a given protein se-
quence. When using the prediction re-
sults, one should keep in mind that the
occupancy of some glycosylation sites
can be influenced by the state of a cell
(for example, physiological age, tissue,
health, etc.).?” A statistical analysis of oc-
cupied glycosylation sites extracted from
the PDB®" and SwissProt"” is performed
by the GlySeq web interface (45). A simi-
lar analysis of amino acids in the spatial
vicinity of carbohydrates in the PDB is
accomplished by GlyVicinity (46).

Various tools are related to the 3D
structure of carbohydrates. Sweet-Il (47)
and the Glycam Biomolecule Builder (48)
create 3D structure models of carbohy-
drate chains. To check single PDB files
for experimentally resolved carbohydrate
3D structures, the pdb2linucs software
(49) can be used, whereas a search for
PDB entries that contain a certain carbo-
hydrate structure should be done by
querying the GLYCOSCIENCES.de (9) or
the GDB:Structures (11) databases. The
former is automatically updated every
week with new PDB entries and thus
always provides access to the current
PDB release.”? Unfortunately, a rather
high error rate is found within the carbo-
hydrate moieties of PDB entries.”>?Y A
validation of carbohydrate residue
names and connectivities in PDB entries
is performed by pdb-care (50). In addi-
tion, the GDB:Structures database (11)
offers a service that tries to match N-
glycan structures that are detected in a
PDB structure with entries from the
KEGG Glycan database (10) and thus
helps to identify structures for which
there is no biological pathway available.
The conformation of carbohydrate
chains, which is mainly determined by
the torsions of the glycosidic linkages,
can be evaluated in a way similar to the
Ramachandran plot with CARP (51). For
comparison, torsion data from other PDB
entries, provided by GlyTorsion (52), or
computed conformational maps from
the GlycoMapsDB (16) can be used. In
most PDB entries, however, only a short
part of N- and O-glycan chains is pres-

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

T. Liitteke

ent. About 90% of these chains consist
of no more than three residues.”” The
glyProt software (53) carries out an in
silico glycosylation to provide models of
glycoproteins with larger glycan chains.
All these tools deal with static 3D struc-
tures. Carbohydrates, however, are
highly flexible molecules,”®* and there-
fore a static 3D structure only represents
a snapshot of its conformational
space.””” The Dynamic Molecules server
(54) allows online molecular dynamics
(MD) simulations to examine the confor-
mational behavior of carbohydrates and
other molecules in time.

The complexity of carbohydrates is
also reflected in the various notations
that are used. There are IUPAC recom-
mendations available (55), but these
often are not unique and therefore not
suited for computational purposes.
Therefore, many different notations have
been developed by the various resour-
ces. For LINUCS, the notation used
within GLYCOSCIENCES.de, a conversion
tool for translation from CarbBank/IUPAC
notation is available online (56). The
RINGS portal (4) provides tools to trans-
late between LINUCS and KCF, the
format used within the KEGG portal.
Conversion from LINUCS to IUPAC is
done by the LiGraph tool (57), which can
also create graphical representations of
carbohydrate chains. A graphical repre-
sentation of multiple chains in one
graph is KEGG CSM (58), which can also
be used to query the KEGG databases
(10, 19, 20). The Glycan Builder (59), a
tool for a graphical input of glycan struc-
tures is, for example, used by Gly-
comeDB (29) to enable the user to enter
queries graphically. The Sugar Motif
Search tool (60), which finds frequent
carbohydrate substructure motifs such
as Lewis antigens in a given carbohy-
drate structure, is used to classify entries
of the GLYCOSCIENCES.de database (9).

Conclusions

Although bioinformatics for glycobiology
is still lagging behind the genomics and
proteomics areas, considerable progress
has been made in recent years. However,
many of the applications are still rather
like disconnected islands. Only recently,
have some efforts been made to estab-

ChemBioChem 2008, 9, 2155-2160
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lish cross-links between them and pro-
vide common interfaces to some of the
resources. The agreement on Glyde-ll
(61) as a common data-exchange
format"? was a first step towards unify-
ing the information provided by the
major databases, which will increase the
possibilities for data exchange.”® This
will lead to synergetic effects and pro-
vide users with easier access to the data.
Another problem that many of the appli-
cations encounter is the fact that rela-
tively few primary data, such as MS or
NMR spectra, are publicly available to
the developers to test their algo-
rithms.['*2

Computational analysis of these data,
combined with data from other resour-
ces, will help to extract information
about the link between carbohydrate
structures and diseases. This enables the
identification of carbohydrates as bio-
markers for diseases and as potential
drug targets.!'*??

Keywords: bioinformatics
carbohydrates - cheminformatics
databases - glycosylation
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