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Cover Picture

Chao Zou, Sowmini Kumaran, Stefan Markovic, Reto Walser, and
Oliver Zerbe*

The cover picture shows the conformation of a structured region of the N-terminal
domain of the Y4 receptor, a mammalian GPCR, as determined in this issue. The remain-
der of the receptor and its ligand, the pancreatic polypeptide, is drawn schematically.
Signaling through the Y4 receptor influences important physiological functions such as
gastrointestinal regulation. The extracellular domain of the Y4 receptor was expressed,
and NMR techniques revealed it to be mostly flexible with the exception of a mem-
brane-associated helix. The pancreatic polypeptide (PP) binds to the N-terminal domain
with a dissociation constant of ~50 mm as measured by surface-plasmon resonance;
while site-directed mutagenesis revealed that electrostatic interactions dominate. In
contrast, neuropeptide Y (NPY) and the peptide YY (PPY), which target this receptor
subtype with lower affinity, also bind significantly less strongly to the N-terminal
domain of Y4. For further details see the article by O. Zerbe et al. on p. 2276 ff.
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Achieving Turnover in DNA-Templated Reactions

Tom N. Grossmann, Anne Strohbach, and Oliver Seitz*

Introduction

Templated reactions have frequently been applied in nucleic
acid chemistry as well as in synthetic chemistry to facilitate
conversions that proceed less efficiently when performed in
the absence of the template. Templates bind the reactants and
align reactive groups. The increase of the effective molarity
results in accelerations of the templated reactions. Template-
controlled reactions can mimic features of catalysed reactions.
Turnover is one important hallmark of catalysis. Efficient cata-
lysts can facilitate turnover by binding transition states with
higher affinity than reactants or product molecules. This mode
of action has rarely been put into effect in template-controlled
reactions, and this probably is one reason why stoichiometric
amounts of templates are usually needed to drive templated
reactions to completion. The majority of templates have been
designed for binding of starting materials.

The programmable self-recognition properties make nucleic
acids particularly well adapted to templated synthesis." Key
processes of life, such as replication, transcription and transla-
tion, exemplify the importance of nucleic acid templates. The
pioneer studies in DNA-templated synthesis were performed
to unravel the molecular mechanisms of evolution.” Recently,
the focus has shifted to the exploration of applications of
DNA-controlled reactions. For example, programmed assembly
of DNA-based nanomaterials has been explored,®* the con-
struction of amplifiable small-molecule libraries is under devel-
opment,” and nucleic acid-templated reactions are used as a
diagnostic means of detecting the presence of the nucleic acid
targets’®'¥ and to release drugs."” In the majority of cases one
molecule of DNA template is used to promote the formation
of one product molecule. However, some applications might
benefit if the DNA templates were catalytically active. Signifi-
cant efforts have been invested to develop reaction systems
that facilitate the detection of low-abundance DNA or RNA by
means of amplified signalling."*® In yet another fascinating
scenario, catalytic amounts of RNA could trigger the release of
drug molecules, which would occur only in cells with altered
(pathogenic) gene-expression programs.'#20-22

The design of a reaction system that is amenable to catalysis
by unstructured, linear DNA or RNA is a challenge. Even
though high-rate accelerations may be harnessed, turnover of
reactants frequently is impeded by the high affinity of reaction
products for the DNA or RNA template. Thus, the major prob-
lem is product inhibition, and it requires detailed insights into
reaction mechanisms and the imagination of chemists to solve
this problem. Enzymes can avoid product inhibition by offering
binding clefts that have the highest affinity for the transition
state or reaction intermediates. Analogous, nucleotide-based
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recognition patterns can be provided by folded structures of
optimized DNAzymes or ribozymes. By contrast, the stabiliza-
tion of transition states or reaction intermediates can less read-
ily be implemented when unstructured nucleic acids are used
as templates. Here opportunities in reaction design (rather
than in template design) have to be explored in order to
confer catalytic activity on unfolded templates. This will also
suit the demands of applications in amplified DNA/RNA detec-
tion or DNA/RNA-triggered drug release systems, which call for
a general applicability to any template sequence. This review
was written with the aim of presenting the current state of
templated reactions catalysed by DNA and RNA. It is important
to note that the emphasis lies entirely on the development of
chemical reactions that are triggered by DNA hybridization
with unstructured templates rather than on the use of folded
DNAzymes. For additional information on DNA-templated reac-
tions the reader is guided to recent review articles." %2

DNA-Catalysed Ligation of Nucleic Acids

In DNA-controlled ligation reactions two oligonucleotides or
analogues thereof are armed with two mutually reactive
groups, which mostly are affixed to the 3'- and 5-ends. With-
out special adjustments, templates rarely exhibit catalytic turn-
over in chemical ligation reactions."??>29 Although technical-
ly the nucleic acid template 1 might act as a catalyst for liga-
tion of probes 2 and 3, the catalysis suffers from strong prod-
uct inhibition due to the high affinity of the ligation product 4
to the DNA template 1 (Scheme 1). As a result, stoichiometric

ligation product
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Scheme 1. Catalytic cycle of nucleic acid templated ligation reactions.
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amounts of the template are required to achieve quantitative
conversion.

In nucleic acid diagnostics the catalytic formation of the liga-
tion product is desired when the DNA or RNA to be detected
is present at low concentration. The high number of coopera-
tively formed Watson—-Crick base pairs poses a problem in the
design of catalytic ligations. The challenge is to decrease the
DNA affinity of the ligation product without compromising the
affinity of the starting compounds for the template or the liga-
tion rate."”

Ligation Reactions with Self-Replication

Self-replicating systems have been designed and studied to
derive a better understanding of the scope and limitations of
self-organisation processes™ that are believed to be relevant
to the origin of life on Earth.>? Self-replicating systems can
exhibit growth characteristics that lead to amplification of the
template concentration through autocatalysis. However, one
requirement, is that the formed product molecules are self-
complementary and serve as templates. Autocatalysis in self-
replication of DNA has been first demonstrated by von Kie-
drowski®® and Orgel.” In a more recent experiment, four
common trimeric precursors 6, 6/, 7 and 7’ were allowed to
react to furnish either self-complementary (5) or complementa-
ry (8 and 8) templates (Scheme 2).5% These reactions were
followed in the presence of one of the hexadeoxynucleotide
templates. It was found that self-complementary hexamers 5
(Scheme 2 A) were formed faster than non-self-complementary
hexamers 8 or 8 (Scheme 2B) owing to self-replication by the

A) autocatalysis

rrT . T T
CCG ™ CGG GGC GCC CCG CGG
6 6 o 5
5
T TT1 rm—rm
CCG CGG CCG CGG
GGC GCC GGC GCC
Loy o Ll
6-5-6 ligation 55
B) cross-catalysis
rTT
ELE + &8s " G3¢ + §6¢
6 T 6’ v
'>/GGCGGC .y y
CCG CCG A |—|—|E|,—|—|V B CCGCCG
GGC GGC CCGCCG GGC GGC
(A Taa GGC Géc LLL LI
687 Ny 8-’ o e e
ligation ligation
C) B
. 0 ﬁ ﬁ
’\012 ﬁ +H2N \ /P\
- o~ ~oH 10
9 &° + =c= N

Scheme 2. A) Autocatalytic and B) cross-catalytic self-replication; C) carbodi-
imide mediated phosphoroamidate formation.®%3"
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formation of phosphoroamidate linkages in 11 (Scheme 2C).
However, the simultaneous incubation of all four trimeric pre-
cursors allowed both autocatalysis and cross-catalysis to occur,
and the hexamers 5, 8 and 8 were formed at similar rates. Pre-
vious kinetic studies had indicated that autocatalysis suffered
from product inhibition, which does not allow for exponential
amplification of template concentration.®” In a procedure that
allows exponential replication (SPREAD, surface-promoted rep-
lication and exponential amplification of DNA analogues) the
catalytic activity of the template was increased by surface im-
mobilisation of the newly formed template.?

Ligation Reactions in which Catalysis is Pro-
moted by Thermal Cycling

The dissociation of product-template complexes is required to
obtain turnovers. Dissociation can be enforced by thermal de-
naturation. A subsequent annealing process at low tempera-
ture is needed to continue the ligation process. This approach
was taken by Albagli et al. who reported a photocycloaddition
reaction between coumarin derivative 12 and thymidine 13 to
covalently join two oligonucleotide probes in 14
(Scheme 3 A).”® Sequence-specific annealing was used to bring
the coumarin group into the vicinity of a thymine base. Selec-
tive photochemical cross-linking provided a three-arm junc-
tion. It was demonstrated that a single-stranded DNA template
was able to generate amplified amounts of cross-linked prod-
uct by continuously repeating the three-step cycle of hybridi-
sation, irradiation and denaturation. After ten cycles, the con-
centration of product exceeded the concentration of template
by a factor of 5. Insertion of a second set of ligation probes
that was complementary to the first probe set bypassed prod-
uct inhibition and turned the amplification process into a self-
replicating system.

Another recent approach, which included thermal cycling,
was reported by Abe and 1to.®¥ According to a ligation
method from Letsinger,*” 3'-phosphorothioate 15 was allowed

A) e ]
O\P//O‘- o) <ID/O~
',O\Q/ i ),O\(\/ \"3\
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(o}
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o E—
12 \ N>; NH
° o) 13 o N0
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Scheme 3. A) [2+2] Photocycloaddition of coumarin derivative 12 and thy-
midine 13;% B) phosphorothioate formation.>*!
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DNA-Templated Reactions

to react with 5’-iodoacetylated oligonucleotide 16
(Scheme 3B). The reaction was carried out in a thermal cycler
instrument designed for polymerase chain reactions (PCR) and
monitored by means of a gel-based analysis of radioactively
labelled phosphorothioates 17. After ligation, the reaction mix-
ture was heated to 60°C to promote the dissociation of the
product-template complex. Up to 60 turnovers were obtained
within 100-120 min when RNA was used as a template.
Thermal cycling might provide a technical solution to the
problem of product inhibition; however, one possible draw-
back is that the high temperatures that are required to drive
denaturation increase the rates of nontemplated reactions.
Thus, background reactions might reduce the dynamic signal-
ling range. Furthermore, it remains to be shown whether
chemical ligation methods that require thermal cycling for
signal amplification provide advantages to PCR-based analyses.

Ligation Reactions with Catalysis under
Isothermal Conditions

The first reported approach in which a template-catalysed liga-
tion reaction proceeded at isothermal conditions was intro-
duced by Lynn in the 1990s.%>3 In the catalytic ligation, an
aldehyde 19 was coupled with an amine 20 in the presence of
template 18 via reductive amination (Scheme 4). The reaction
proceeds via a two-step mechanism in which the imine 21-18
is formed first, followed by reduction with KBH;CN to yield the
corresponding secondary amine-linked DNA-hexamer 22-18.
Interestingly, the product duplex 22:18 was estimated to be
10%-fold less stable than the imine duplex 21-18. This was ex-
plained by the increased flexibility of the ethylamine in prod-
uct 22.2° More importantly, the product duplex 22-18 proved
to be 30-fold less stable than the complex of the reactant
probes with the template 19:18:20. Thus, there was no prod-
uct inhibition and the method afforded 50 turnovers in liga-
tion.B® There are no reports of the DNA-catalysed reductive
ligation of larger oligonucleotides, but one can assume that

18
—rr—rr1 T T
GCA ACG GCA ACG
CGT TGC
CGT TGC |
kl |—NH
ONHQ\‘
18- T Tl 2218
19-18-20 GCA ACG
CcCG TGC
|N| KBH,CN
2118

Scheme 4. DNA-catalysed reductive amination.®

ChemBioChem 2008, 9, 2185-2192

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

the destabilisation by reduction might become less significant
as the length of the oligonucleotide probes increases.

Kool and co-workers® reported a simple, reagent-free
method for the ligation of oligonucleotides. An autoligation
was mediated by nucleophilic displacement of a 5'-iodide with
a 3’-phosphorthioate group.®” The introduction of fluorescent-
ly labelled ligation probes facilitated readout of product forma-
tion and marked an important step towards applications in live
cells 7101538401 An  elegant concept relied on so-called
quenched autoligation probes.®**“" A suitable pair of ligation
probes consists of a Cy5-labelled 3'-phosphorothioate probe
and an electrophilic FAM-labelled probe in which the dabsyl
quencher serves as leaving group. The quencher is lost upon
ligation. Thus, the progress of ligation reactions can be moni-
tored by measurements of fluorescence emission.”” Interest-
ingly, the introduction of fluorophores influenced the sequence
specificity of the reaction as the differences in ligation rates on
matched versus single-mismatched templates were reduced
from 180-fold for unlabelled ligation probes to 35-fold for la-
belled probes.*” To promote turnover, a flexible linker was in-
serted at the ligation site (Scheme 5)."" The dabsyl group was

I ]
P O / \_/ 077 0
23 © N 24
B B
D3 0
‘ O/E\SA("):\O//P\O -
© N 25

Scheme 5. Phosphorosthioate formation with a dabsyl leaving group at the
end of a flexible hydrocarbon linker."

installed at the end of a hydrocarbon linker in 24 such that the
ligated product 25 contained a several-atom-long flexible
linker that interrupted the Watson—Crick base pairing and de-
stabilised the product-template duplex.*** This approach
yielded 92 turnovers at 10*fold excess of ligation probes after
24 h reaction time."

We recently suggested a potentially generic concept to
reduce product inhibition in template-catalysed ligation reac-
tions.'”? The design implements the central feature of Lynn’s
two-step ligation reaction in which the ligation product that is
formed in the first step should bind the template with high
affinity, whereas the second reaction step should result in the
reduction of the stability of product-template duplexes. The
native chemical ligation of peptide-nucleic acid (PNA) probes
27 and 28 proceeds via a ligation-rearrangement sequence
wherein the rearrangement step alters the chain length of the
backbone (Scheme 6). Ligation of a PNA-glycine thioester 27
with an iso-cystein-PNA 28 forms the thioester intermediate

2187
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Scheme 6. The native chemical ligation proceeds via a reaction sequence
wherein the rearrangement form 29* to 29 alters the length of the back-
bone.""”

29*. A subsequent S—N acyl shift leads to an extension of the
main-chain. The accompanying increase of flexibility destabilis-
es the product-template duplex.""'”

The ligation occurred opposite to an unpaired nucleobase.
This arrangement on the one hand enhanced the sequence fi-
delity to a match/mismatch selectivity of 10% and on the other
reduced the affinity of the ligation product 29 for the template
26."% At 10*fold excess of ligation probes 27 and 28, 226 turn-
overs were obtained after 24 h."” To enable real-time measure-
ment of the ligation reaction a FRET-based read-out was devel-
oped that is specific for product formation. The labelled liga-
tion probes furnished very high sequence fidelity, and the sig-
nalling of mismatched templates was below the limit of detec-
tion.“7'44]

Despite the considerable efforts invested, the ligation prod-
ucts commonly bind to the template with higher affinity than
the probes before ligation. The problem of product inhibition
requires the use of short ligation probes, which should be ap-
plied at high concentration and in large excess to the template
in order to drive displacement of the product from the prod-
uct-template complex. However, these conditions typically in-
crease the rate of background ligation. In these cases, signal
amplification is achieved at the cost of increased signal back-
ground. For example, in the PNA-based ligation system
(Scheme 6) the templated reaction had to be detected on 17%
background from nontemplated reactions.

DNA-Catalysed Cleavage Reactions

Catalysis requires that the product-template complexes disso-
ciate at least as readily as reactant-template complexes form.
Ideally, templated reactions should be designed to avoid an

2188
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increase in the number of paired nucleotides in the reaction
product. Cleavage reactions fall under this category.

DNA-Catalysed Ester Hydrolysis

Ma and Taylor introduced DNA/RNA-catalysed hydrolysis reac-
tions.'"*221 They proposed a concept for the design of a
drug-release system triggered by disease-specific mRNA or
DNA (Scheme 7 A). The potential for nucleic acid detection was
also addressed. In this concept, one probe, 31 is equipped
with a catalytic moiety (Cat) and the other probe 32 with a
suitable substrate (S). Probe 31 and the template 30 form the
catalytically active duplex 31-30 that is capable of binding sub-
strate probe 32. The cleavage of S furnishes product probe 33,
which has an unchanged affinity to the target 30. In the initial
approach DNA-based probes were employed and up to three
turnovers were demonstrated.™ The use of PNA-based reac-
tion systems allowed for increases of the catalytic rate.”"*? The
hydrolysis of oligonucleotide coumarin ester 32 by adjacent
hybridisation of an imidazole-containing oligonucleotide 31
enabled the release of fluorescent coumarin 34 (Scheme 7B).
Even at relatively low excess of substrate 32 the duplex of imi-
dazole-conjugate and template 31-30 showed catalytic activi-

ty.¥
% 31-30

(31 30) 32 hydrolysis (31-30)-33
B) J@flo

A)

templale 30

|_1
w
w

e Aﬁ’(
h—'NH 0.
0

s” o + g

NH NH NH
)§ 1 HO A

a1 V0 3 WO 3.1'-“033’“O
37 NH
36 e 35

Scheme 7. A) Concept of the nucleic acid catalysed hydrolysis;"* B) imida-
zole® and C) Cu"-mediated™’ ester hydrolysis.
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DNA-Templated Reactions

Mokhir and Kramer described a DNA-templated cleavage re-
action in which a copper(ll) complex acted as catalyst of ester
hydrolysis (Scheme 7C).">'%*1 A 3-(pyrid-2-yl)-pyrazole frag-
ment 35 and the substrate picolinate ester 36 were attached
to short sequences of PNA and brought into close proximity at
a complementary DNA template. The functionalities served as
ligands for a copper(ll) complex, which accelerated the hydrol-
ysis of the substrate ester to give 37 and 38 (Scheme 7 C). This
approach yielded ~10 turnovers,"® and proved the ability of
hydrolysis reactions to achieve signal amplification of one
order of magnitude at relatively low substrate concentration
and excess.

DNA-Catalysed Staudinger Reaction

Pianowski and Winssinger reported a DNA-catalysed version of
the Staudinger reaction."” They used a low-fluorescent azido-
coumarin, 39 and a triphenylphosphine-modified PNA probe
40 (Scheme 8). Hybridisation with the DNA template triggered
the reduction of the azide function in 39 to release nitrogen
and yield a highly fluorescent coumarin derivative 41. In this
setup, both product probes 41 and 42 have to be replaced by
the starting probes 39 and 40. At 10°-fold excess of probes 39
and 40, 20 turnovers were obtained after only 30 min.

39 NH, 40
+HO| =N,
NH,
B B
0. Ph,, 2
,,OU\N/\,N . o o ¥ o © @
N I\ 0 @/‘ku/\/ Ny
41 07 "NH, 42

Scheme 8. Staudinger reaction between an azidocoumarin (39) and a phos-
phin-modified PNA probe (40)."”

DNA-Catalysed C—C Bond Formation

Tang and Marx used proline-modified DNA 43 as catalyst in a
proline-catalysed aldol reaction between a complementary al-
dehyde-DNA conjugate 44 and several non-tethered ketones
45 (Scheme 9)."¢ The displacement of the product probe in
duplex 46-43 by aldehyde-modified probe 44 was promoted
by thermal cycling. After 50 cycles (25 °C for the aldol reaction
and 80°C for duplex denaturation) at 20-fold excess of probe
44, eight turnovers were achieved. In principle, the adjacent
hybridisation of two modified probes (catalyst and substrate)
to an unmodified target should result in a system similar to
the catalytic cycle depicted in Scheme 7A, and therefore
expand the scope of this approach.

ChemBioChem 2008, 9, 2185-2192
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Scheme 9. DNA-catalysed aldol reaction .

DNA-Catalysed Transfer Reactions

Transfer reactions should also be amenable to template cataly-
sis since the number of paired nucleotides remains unchanged.
In addition, transfer reactions allow the target-directed modifi-
cation of detector probes with readily detectable reporter
groups. Taylor and co-workers presented a concept in which
the Staudinger ligation was used to activate fluorescein emis-
sion.*” In this approach an O-acylated fluorescein-PNA conju-
gate was allowed to react with a second PNA probe that was
equipped with an azide function. Upon hybridisation the acyl
moiety was transferred to the azide-bearing probe to yield an
amide bond and the fluorescing deacylated fluorescein-PNA
conjugate. This elegant chemoselective reaction has not been
described with substoichiometric amounts of template so far.

We recently showed that high catalytic turnover numbers
can be obtained in a DNA-controlled aminolysis reaction. This
reaction was used to transfer a reporter group from a donating
to an accepting probe™® In one example the fluorescence
quencher (Q) was transferred from the fluorescein (F) to the
tetramethylrhodamin (T)-modified PNA probe (48 and 49,
Scheme 10). The relocation switched on emission of F in 50,
while switching off emission of T in 51. The transfer reaction
proceeded via a native chemical ligation-like mechanism
(Scheme 11). Reporter group Q in 48 is attached as thioester.
Upon hybridisation, a thiol exchange with the iso-cysteine
moiety in probe 49 leads to intermediate 51%. A subsequent
S—N-acyl shift forms transfer product 51. After 24 h the DNA-
catalysed transfer furnished 402 turnovers at 10°-fold excess
and relatively low concentration (100 nm) of reactant probes.
The reaction combines high catalytic activity of the target DNA
with useful yields (69% and 25% yield after 24 h on 0.01 and
0.001 equiv template, respectively) and low background (3.4%
non-templated transfer after 24 h). The modular setup allows
the use of various types of reporter groups. Therefore, other
readout strategies can be envisioned."*
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Scheme 10. Transfer of a fluorescence quencher (Q) from a fluorescein (F) to
a tetramethylrhodamin (T)-modified PNA probe, 48 and 49, respectively (F:
6-carboxyfluorescein, Q: dabcyl, T=5-carboxytetramethylrhodamin)."®
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Scheme 11. Transfer of a reporter group (Q) by a native chemical ligation-like mecha-

nism.""®

Nontethered Reagents in DNA-Catalysed
Reactions

The basic feature of most DNA/RNA-catalysed reactions is that
nucleic acid hybridisation is used to increase the effective
molarity of the reactants. These concepts require that at least
one reactant be linked to an oligonucleotide. Alternative ap-
proaches involve nontethered reagents and DNA that acquires
catalytically active moieties either by chemical modification or
by noncovalent binding.

Ogilby and Gothelf presented a strategy that allows the off
and on switching of the synthesis of singlet oxygen
(Scheme 12).7 The photosensitiser pyropheophorbide-a (P)
was attached to a 15-mer DNA sequence 52. Excitation of P ini-
tiates the conversion of 0, to '0,. The excited state of P was
quenched and hence the production of 'O, deceased when
quencher-labelled complementary 21-mer 53 was present. To
reactivate photosensitiser P unmodified DNA 54 was added.
The release of catalytically active 52 proceeded because 54
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Scheme 12. Off and on switching of a singlet oxygen photosensitiser P (P:
pyropheophorbide-a, Q: black hole quencher 3).”

was designed to be the full-length complement of quencher-
labelled probe 53. The authors envisioned DNA-triggered acti-
vation of '0, production as a potential photodynamic therapy,
in which pathogenic nucleic acid sequences could be used to
trigger a '0,-induced cell death.

Kramer and co-workers reported the target-induced alloster-
ic release of copper(ll) ions which served as cofactor for a
redox catalyst that is capable of catalysing the formation of a
fluorescent product. (Scheme 13).°% In the initial
probe 55(Cu") the copper ion was complexed by two
terpyridine (tpy) fragments that were attached to
both termini of a 20-mer DNA segment 55. The addi-
tion of target DNA 56 induced the formation of a
rigid duplex structure in 55-56, thereby disrupting
the intramolecular chelation, and releasing Cu". This
allowed the formation of complex 57(Cu"), which
was capable of catalysing the oxidation of up to 20
nonfluorescent molecules 58 to fluorescent 2',7'-di-
chlorofluorescein (59). The authors explained that
the signal amplification was limited by the low cata-
lytic turnover rate (2 h™?) in the final oxidation step

08 £, e

55-56
55(cu") o'

(o)

b 57

57(cu")

Scheme 13. DNA-trigged release of Cu" ions and their subsequent detection
by a catalytic oxidation reaction (typ: terpyridine, phe: 1,10-phenanthro-
line).5”
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DNA-Templated Reactions

and suggested the use of more-active catalysts such as apoen-
zymes in combination with their metal ion cofactors.

Roelfes and Feringa employed double-stranded DNA as
chiral ligand in copper-catalysed enantioselective Diels—-Alder
reactions (Scheme 14).°% Small aromatic compounds served

61-60(Cu’) 64 0 )\

Scheme 14. Enantioselective DNA-based Diels-Alder reaction.®"

to anchor metal complexes to DNA. For example, DNA-interca-
lators were linked to metal-binding groups via spacers.*? Bi-
dentate ligands that included both the metal binding site and
the intercalator, such as in 60 enabled a closer contact of the
metal centre with the enantiodiscriminating double helix. As a
result, high enantioselectivities were obtained in the Cu'-cata-
lysed Diels-Alder reaction of cyclopentadiene (62) with aza-
chalcones 63 in water.”" Catalyst 61-60(Cu") was also used in
enantioselective Cu'-catalysed Michael addition reactions.®¥

Summary and Outlook

The DNA- and RNA-triggered catalytic formation of product
molecules has been investigated with the aim to improve the
sensitivity of DNA and RNA detection, to explore gene-target-
ed activation of prodrugs and as an opportunity to exploit he-
lical chirality in asymmetric catalysis. Mostly the unique pairing
properties of complementary nucleic acid strands are used to
align reactive groups of modified oligonucleotides; this allows
the acceleration of reactions at very low reactant concentra-
tions. Particularly, high rate accelerations have been achieved
in DNA-controlled ligation reactions. However, the product
inhibition causes problems. The highest turnover numbers in
ligation reactions have been obtained in systems that exhibit
high flexibility at the ligation site or involve a flexibility-induc-
ing step. Nevertheless, it appears that the destabilisation con-
ferred by flexible junctions is not sufficient to prevent inhibi-
tion of the template by larger ligation products. It might thus
be required to design ligation systems that undergo more
global changes of conformations subsequent to ligation. DNA-
catalysed cleavage and transfer reactions offer a partial remedy
to the problem of product inhibition. The number of paired
nucleotides in each of the reaction components recognised by
the template remains constant. Thus these reactions can be
performed under conditions in which exchange of oligonucleo-
tide-based reactants and products is fast. Under these condi-
tions, and amplified product signals can be detected even at a
low excess of reactants. Transfer reactions offer the fascinating
opportunity to put conjugation chemistry under the control of
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the nucleic acid templates. It is thus imaginable to use DNA-
catalysed transfer reactions as a means to modify probes in
homogenous and heterogeneous formats; this might provide
unique opportunities for the design of coupled catalytic circles.
Nontethered reagents hold much potential in DNA-catalysed
reactions as the turnover numbers are, in principle, no longer
governed by the dissociation rates of nucleic acid duplexes.
Regardless of the method used, some DNA-catalysed reactions
have reached a state of art that allows applications in realistic
scenarios, for example, in the PCR-free detection of DNA and
RNA.

Keywords: catalysis + DNA - nucleic acid detection
oligonucleotides - signal amplification
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Putting the Pieces Together: Histone H2B Ubiquitylation
Directly Stimulates Histone H3K79 Methylation

Albert Jeltsch* and Philipp Rathert®

Employing an in vitro reconstitution approach, McGinty et al.
studied the mechanism of stimulation of the Dot1-catalysed his-
tone H3 methylation at Lys79 by histone H2B ubiquitylation at
Lys120. To generate nucleosome patrticles that carry the ubiquity-
lation at Lys120, they chemically connected three polypeptides—

effect.

the main parts of histone H3 and ubiquitin expressed in bacteria

With very few exceptions, all cells of a
multicellular organism contain the same
genetic information. The various cell
types are generated by differential ex-
pression of the genetic information in
different cells, which is regulated by epi-
genetic control comprising (among
others) the covalent modification of his-
tone proteins and the DNA.™? While
DNA is only modified by methylation of
cytosine bases, histone proteins are sub-
ject to many types of post-translational
modifications, including acetylation of
lysine residues, methylation of lysine and
arginine residues, and phosphorylation
of serine and threonine residues.®*™ In-
terestingly, the histone proteins are also
modified by attachment of the small
proteins ubiquitin (comprising 76 amino
acid residues) and SUMO (small ubiqui-
tin-related  modifier).®®  Ubiquitylation
and sumoylation attach a much larger
mark to the nucleosome than the other
modifications mentioned. There are two
sites of ubiquitylation on histone pro-
teins, ubiquitylation of H2A at Lys119
has a repressive function, ubiquitylation
of H2B at Lys120 is an activating mark,
inducing two more modifications—H3K4
methylation and H3K79 methylation."”
Such interdependence of different chro-
matin marks is not unique; other exam-
ples include an independent mechanism
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of regulating H3K4 methylation by H3R2
methylation® or the inhibition of H3K9
methylation by H3S10 phosphoryla-
tion.""? The methylation of H3K79 by
Dot1 is well conserved from yeast to
man. It prevents chromatin condensation
in yeast by interfering with the binding
of Sir2 and 3 proteins, which are essen-
tial for telomeric and centromeric silenc-
ing.®

The mechanism of the connection of
H3K79 methylation to H2B ubiquitylation
was the subject of a recent publication
by Muir, Roeder and colleagues." Previ-
ously, it was not known if the stimulation
of Dot1 was due to a direct interaction
of the methyltransferase with the ubiqui-
tylated nucleosome or if the effect was
mediated by other proteins. Structural
simulations suggested that a direct inter-
action was possible!'® (see also
Figure 1). A direct interaction of chroma-
tin marks with enzymes introducing
other modifications has been observed
in other cases as well, for example, sev-
eral H3K9 histone lysine methyltransfer-
ases are inhibited by S10 phosphoryla-
tion, the mixed-lineage leukemia (MLL)
H3K4 histone lysine methyltransferase is
inhibited by H3R2 methylation and H3R2
methylation by protein arginine methyl-
transferase 6 (PRMT6) is inhibited by the
presence of H3K4 methylation. However,
for the stimulation of Dot1 by H2B ubig-
uitylation, other studies suggested the
presence of mediating factors."’"'?
McGinty and colleagues have set up a
very elegant in vitro-reconstituted
system by using pure nucleosomes spe-
cifically ubiquitylated at K120 of H2B and

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

and a branched synthetic peptide. Using the semisynthetically
produced nucleosome substrates and purified Dot1 enzyme, they
showed that Dotl is directly stimulated by the ubiquitylation,
thus ruling out the need for further protein factors to mediate the

recombinant Dot1 enzyme to study the
stimulation of Dot1 by H2B ubiquityla-
tion. This strategy provided full control
of the experimental system, with respect
to both the conditions and the protein
factors involved. It enabled the authors
to investigate the direct stimulation of
Dot1 by ubiquitylation and to study
mechanistic details of the stimulation of
Dot1. One of the main challenges for
this approach was to obtain a homoge-
nous preparation of the ubiquitylated
histone H2B protein, which could then
be used for the reconstitution of full nu-

Figure 1. Model of the Dot1 enzyme (shown
schematically in orange) bound to the loop con-
taining H3K79. AdoMet is shown in space fill
model in yellow, the histone proteins are col-
oured green and the DNA ribbon is blue. The po-
sitions of H3K79 and H2B K120 are labelled. Addi-
tion of a ubiquitin at H2B K120 (in red) illustrates
that the size of the catalytic domain of the Dot1
enzyme does allow for a direct interaction be-
tween Dot1 and the ubiquitin. The model was
generated by using WebLab viewer and the struc-
tures of Dot1 (1U2Z), ubiquitin (1UBQ) and the
mononucleosome (1AOI).
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cleosomes by using the other histone
proteins and DNA by following estab-
lished techniques.””

Semisynthetic approaches in which an
unmodified protein part expressed in
bacteria is coupled to a chemically syn-
thesized modified peptide are well
suited to the synthesis of chemically
modified proteins. In expressed protein
ligation (also called native peptide liga-
tion) a protein-a-thioester is generated
by the thiolysis of a recombinant pro-
tein, which carries a C-terminal intein
fusion part™®” that serves as a biologically
built-in leaving group (Figure 2). This
thioester can then be chemically ligated
to a synthetic peptide carrying an N-ter-
minal cysteine residue.”*? Native pep-
tide ligation has been previously em-
ployed to produce histone H3 and his-
tone H4 proteins with various modifica-
tions in their N-terminal tails.”**' How-
ever, in the case of H2B ubiquitylation,
the modification is not located close to
the N terminus, which required the liga-
tion of three peptides to obtain the final
substrate: the N-terminal fragment of
histone H2B, the ubiquitin and a synthet-
ic peptide providing the C-terminal part
of H2B that connects other two protein
parts (Figure 2). H2B and ubiquitin both
were expressed in bacteria and purified
as thioesters that were then connected
to the synthetic C-terminal H2B peptide
by employing two sulfhydryl groups.
One thiol was linked to the &-amino
group of K120; this allowed ligation to
the truncated ubiquitin to produce the
endogenous ubiquitin  connected to
K120. The second sulfhydryl was provid-
ed by a cysteine positioned at the N ter-
minus of the peptide at position A117 in
the final H2B. Its side chain was protect-
ed during the first ligation step with a
photoremovable S-(o-nitrobenzyl) group.
After deprotection by photolysis, it was

Figure 2. Semisynthetic strategy of producing his-
tone H2B ubiquitylated at K120. A) General strat-
egy of preparing H2B ubiquitylated at K120 by
connection of a ubiquitin thioester, an H2B (1-
116) thioester and a H2B 117-129 peptide. The
proteins were produced in E. coli connected to a
C-terminal intein tag that allows the purification
as thioester. B) Details of the semisynthetic strat-
egy involving two steps of native peptide liga-
tion. Part of Figure 2 was reproduced from

ref. [13] with permission. Copyright Nature Pub-
lishing Group, 2008

2194

www.chembiochem.org

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

A. Jeltsch
A) Expression Chemical Expression
in bacteria synthesis in bacteria

m\éﬂfm — \q'g;fm

S
1 ON OR
HaN,
o HS " 0R
Uo7 %
HN, A
Gly76 "”
‘-"»'020

0]
« H
LN s
] *, Giy76 ]
“K120

Ubiquitin

B) Expressed peptide l Photolysis
ligation step 1
ON OR N OR
HS = OR HS - ~OR'
o] 0 O
N, — Lo __ Ho§
HE%IWG'*“ AR Ubicuitin (1-75) SR H?N'j\“ “NH
rKiz2o —f 9 - —_— O
fj il ? i 2 o o
MM e on HoN- IR om LS
5~ 8" Hs~
X, CT,
NO, NO,
Expressed peptide Reduction
ligation step 2
!j i Ubiquitin (1-75) 'r_' _‘
BN Ubicuitin (1-75) SRLREEN (OE Ubicuitin (1-75) REELIRIEASN
L J I Gly76 _J
# ‘ i Kizo
T T T D
HIN--EE]‘EIH- N A '#kOH Hza(!-nq N_A ey -
~ CH.

SH
szj,ma -
.
ngﬁ s Ubiguitin (175) Peptide Tl

Y

HN, HaN
7 g :
mmgs

o]/
5

HS. HS.
0 o j\
W)LN [ Ubiquitin (1-75) Peptide Sl 2B (1-116]
H H )

ChemBioChem 2008, 9, 2193 -2195



www.chembiochem.org



Histone Ubiquitylation Stimulates Methylation

ligated to the N-terminal part of the his-
tone H2B protein. After this step, the un-
natural cysteine residue at H2B position
117 was chemically reduced to alanine
leading to a traceless connection of the
three polypeptides.

The study of McGinty etal. shows
robust stimulation of Dot1 activity by
ubiquitylation of H2B, thus indicating
that the histone methyltransferase di-
rectly senses the presence of the ubiqui-
tin. To study whether ubiquitylation in
one nucleosome could stimulate H3K79
methylation also in adjacent nucleo-
somes, they prepared dinucleosomes
with different ubiquitylation states and
introduced H3K79R mutations (that pre-
vent Dot1 methylation) to rapidly assign
the sites of modification (Figure 3). The
data nicely show that ubiquitylation
does not stimulate the methylation of
adjacent nucleosomes (although some
interesting additional combinations of
dinucleosomes were not tested); this fur-
ther supports a direct interaction model
of Dot1 with the ubiquitin. Concerning
the mechanism of stimulation, they dem-
onstrate that ubiquitylation leads to a
general increase in Dotl activity that
causes an elevated level of H3K79me1
and H3K79me2; a result that is in agree-
ment with a recent study in yeast
cells.”® The activation of Dot1 could be
due to improved binding and longer res-
idence time at the target site or an allo-
steric activation of Dot1 by the interac-
tion with the ubiquitin. Since McGinty
etal. did not observe any effect of the
nucleosome ubiquitylation on binding of
Dot1, and high concentrations of free
ubiquitin did not interfere strongly with
the stimulation of Dot1, they prefer the
latter model to explain their data. Future
studies will address the identification of
the putative Dot1-ubiquitin interface.
The uncovering of the detailed mecha-
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Figure 3. Investigation of the intra- or internu-
cleosomal stimulation of H3K79 methylation by
H2B ubiquitylation functions. To this end, dinu-
cleosomes were prepared that contained differ-
ent combinations of H2B ubiquitylation and
H3K79R mutations (which prevent Dot1 activity
at this site).

nism of stimulation of Dot1 will probably
await the availability of structures of
Dot1 bound to unmodified and ubiquity-
lated nucleosomes.
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Glycomimetic Inhibitors of Mycobacterial Glycosyltransferases: Targeting

the TB Cell Wall
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Tuberculosis (TB) is the cause of more than a million deaths a
year' and is believed to infect a third of the world’s popula-
tion.” Emergent multidrug-resistant strains®™ of Mycobacterium
tuberculosis, the organism that causes the disease, and difficul-
ties in treating immunocompromised individuals have further
increased the urgency of the threat™ The cell wall of myco-
bacteria is formed by polysaccharides and lipids®® essential
for cell growth and survival in the host,” and the importance
of its integrity is confirmed by the effectiveness of methods
that disrupt cell wall biosynthesis. The major polysaccharide
region is joined to peptidoglycan by the so-called bridging
region, which contains a critical and unique disaccharide phos-
phodiester linker (Scheme 1). The presence of an L-rhamnosyl
residue in this linker region is a striking drug target opportuni-
ty,® as it is a sugar that is not found in mammalian cells. A key
step in the proposed biosynthetic pathway of the bacterial cell
wall®'? is the rhamnosyltransferase-mediated (RhamT) glycosy-
lation of GlcNAc-diphosphoprenyl acceptor by the dTDP-Rha
donor. Since this class of enzyme is not found in man, RhamT
inhibition is an avenue for a potentially nontoxic treatment of
TB.[S]

RhamT catalysed

Galactan

Arabinan

Scheme 1. Mycobacterium tuberculosis cell-wall glycan and “linker” region.
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Iminosugars have been widely studied as inhibitors of carbo-
hydrate-processing enzymes such as glycosidases™'? and gly-
cosyltransferases (GTs).'*" However, inhibition of L-rhamno-
syl-processing enzymes has not been widely explored"®'” and
there are no known Rham-T inhibitors. We report here a novel,
ready and modular methodology to synthesise iminosugar L-
rhamnomimetics that are effective inhibitors of L-rhamnose
processing enzymes including importantly the Mycobacterium
biosynthesis of the bridging disaccharide region.

Two parallel synthetic strategies (Scheme 2) allowed ready
access to libraries of both a- and [-pseudoanomers based on
the L-rhamno-aza-C-glycoside® scaffold 1. From the key diver-
gent intermediate 3,"'® through diastereoselective reduction or
nucleophilic addition coupled with variation of the timing of
substituent (R) introduction we could control both the pseu-
doanomeric configuration and identity of R in a wide-ranging
manner. This has allowed us to map binding interactions and
the effect of configuration in Rha-processing enzymes.

Imine intermediates to rhamnomimetics 1aa-h and 1pa-p
were readily accessed from azidocarbonyl precursors (5 and 6,
respectively) through either intramolecular Staudinger aza-

NH
n)w Peptidoglycan

Wittig ring-closing metathesis or hydrogenolytic reductive cyc-
lisation, respectively. Substituents were introduced at an early
(by nucleophilic addition to azidolactone 3) or late stage (by
nucleophilic addition to cyclic polyhydroxyimine 6).
Azidolactone 3 was prepared from b-gulonolactone in six
steps.'® Representative substituents were introduced to the
1 scaffold through nucleophilic addition including the use of
lithiated alkoxymethyl nucleophiles."” Few examples of nucle-
ophilic additions to 5-azido 1,4-lactones have been reported;?”
pleasingly all additions (Table 1) selectively yielded correspond-
ing azidolactols (4b-p, 68-100%) with no sign of overaddi-
tion.”® Hydrogenation gave protected L-rhamnopiperidines

WWILEY
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tive amination. Isopropylidene deprotection using

StrategyA 1<j S‘srategyB L. H-—<g» TFA followed by ion-exchange gave 1a"® and novel
1)reduct|on " 1) addition of (R=M ﬁ aza-C-B-rhamnomimetics 1fb-p (70-98 %; Scheme 2).
2) cyclization HO 2 OH  2) cyciization i The synthesis of the corresponding aza-C-a-mimet-
1ua- 3) addition of (REM 3) reduction [a P . . . . e 2032
[b & la’ ics was achieved using organometallic additions
3 c) d)

7]
e X

fy <

" o
)KJJ\OH
Ny e | | b)

?

5.0

LI

Scheme 2. Synthesis of the a,f3- aza-C-rhamnomimetics. Reagents and conditions: a) 5

steps: i) 2,2-dimethoxypropane, PTSA, acetone. i) AcOH-H,0. iii) CBr,, PPh;, THF. iv) H,, Pd-
v) Tf,0, py, DCM, —40°C then NaNs, DMF. b) RM, THF, —78 to 60°C or
to RT; ) H,, Pd-C, EtOH; d) TFA/H,0; e) DIBAL-H, THF, —78°C; f) Ph,P(CH,),PPh,, THF,
50°C. See Table 1 for range of R and yields. PTSA = p-toluenesulfonic acid; Tf =trifluoro-
methanesulfonyl; DCM = dichloromethane; DMF = dimethylformamide; DIBAL-H =diiso-

C, EtOH, NEts.

butylaluminium hydride.

Table 1. Organometallic additions: reaction conditions and yields.

R
(0] 0 H H
Ng o LA o LN
6 C) HO OH HO OH

3
RM Side chain  Method® Yield™ [%]
Ta 1B
1 iBu,AlH a A 100
2 MeMgCl b B 91
3 EtMgBr [4 B 98
4 EtMgBr C A 67
5 VinylMgBr d B 93
6 VinylMgBr d A 81
7 AllylMgBr e B 72
8 AllylMgBr e A 75
9 EthynylMgBr f A 82
10 PhMgClI g B 92
1 PhMgBr g Al 31
12 2-NaphthylMgBr h B 99
13 2-NaphthylMgBr h Al 24
14 nBuLi i B 96
15 OctylMgBr j B 97
16 MeOPhMgBr k B 99
17 BnMgBr | B 82
18 MeOPhCH,MgCl m B 69
19 BiphenylMgBr n B 95
20 PhenanthrylMgBr o B 70
21 MeOPhCH,0OCH,Lit p B 68

[a] Method A: imine formation using Ph,P(CH,),PPh, in THF, 50°C, 15 min
prior to addition to Grignard solution. Method B: organometallic (1.2-
1.3 equiv) additions in THF —78°C to —60°C, 1-2 h then hydrogenation.
[b] Isolated yields of 1 from 3 over 3-4 steps; configuration determined
by NOESY spectroscopy. [c]RLi prepared in situ with MeOPh-
CH,0CH,SnBu; and nBuli. [d] Imine formation also with PBu; (1.2 equiv),
THF, 30 min, rt. [e] Imine formation was with PPh; (3.0 equiv), THF, 50°C,

3 h. See the Supporting Information for full details.

as single diastereoisomers in high yields (82-92%) by reduc-
tion of the azido group and subsequent intramolecular reduc-
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to partially protected cyclic imine 6, accessed by the
Staudinger aza-Wittig reaction.® Optimal yields were
obtained from addition of imine to Grignards (inverse
addition®"), as representative, model nucleophiles,
(see Table 1, Method B) which successfully yielded
adducts despite the presence of an unprotected hy-
droxy group (4-OH) in 6. Excellent diastereoselectivi-
ties were observed in all of the additions (de > 98 %),
consistent with a conformation enforced by 2,3-O-
isopropylidine that favours nucleophile approach
from the resulting convex a face. Subsequent TFA
deprotection yielded the aza-C-a-rhamnomimetics
1 ac-h (85-95%).

Having readily generated a range of rhamnomi-
metics 1 as potential enzyme inhibitors, all the com-
pounds were assayed against a variety of representa-
tive prokaryotic and eukaryotic glycosidases:®*¥ all showed
some inhibition against a-rhamnosyl processing enzyme narin-
ginase at 1 mm. In particular, the naphthyl derivatives 1ah and
1Bh were found to be potent and selective competitive inhibi-
tors with K;=1.0 and 0.26 pm, respectively. Importantly, this in-
hibition is highly selective: no inhibition was exhibited by
other glycosidases capable of binding a range of sugar config-
urations found in mammalian glycobiology (B3-glucosidase, a-
and P-mannosidase, a- and [-galactosidase, a-fucosidase). Ex-
citingly, this suggested that the use of such compounds in
mammalian systems may be possible without concomitant
side-effect inhibition of host enzymes.

Following this exciting confirmation of the configurational
mimicry of 1ac-h and 1fa-n in Rha-processing systems, we
moved to evaluate inhibition®” of mycobacterial systems.®3¢3"
Interestingly, of all the compounds, unsubstituted 1a was the
most potent (38% at 100 um). Reasonable inhibition was also
exhibited only by those bearing (3-alkyl and (-aryl pseudoano-
meric substituents (1fb 25%, 1Pc 32% 1Bi 19%, 1Bj 26%,
1Pm 23%, and 1Bp 30%), including the naphthyl analogue
1Bh (25%). To the best of our knowledge these are the first
rhamnose-like inhibitors of mycobacterial RhamT to date and
suggest some early potential for success in targeting this
enzyme. This inhibition is configurationally sensitive and selec-
tive: no inhibition was displayed by any of the 1a a-series and
none of the compounds inhibited (see the Supporting Informa-
tion) the RmIC/D enzymes that are dTDP-6-deoxy-4-ketoglu-
cose epimerase/dTDP-Rha synthase, respectively, responsible
for the formation of the donor sugar dTDP-3-L-Rha.

The striking lack of activity by any of the a-configured mim-
etic series 1o and the inhibition by only members of the 3
series 1 towards the mycobacterial system suggests mimicry
of the donor substrate dTDP-$-L-Rha, or of a transition state in
which a group is found at the  face of a rhamnosyl unit.
Indeed, addition of pure, synthetic (for synthesis see the Sup-
porting Information) rhamnosyltransferase substrate dTDP-{3-

—78°
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Rha to the mycobacterial assay system reduced inhibition in a
manner consistent with competition with the inhibition of 1a.
This substrate protection/rescue suggested competitive inhibi-
tion by 1a of the donor site of the L-rhamnosyltransferase.

Some of the most active compounds (for example, 1fj (n-
octyl), 1pm (p-methoxybenzyl)) bear large substituents at their
p face. In contrast, phenyl-(1$g)- and p-methoxy-phenyl-(1 pk)-
substituted compounds showed little or no inhibitory activity.
Together these structure-activity data suggest a potentially
deep but narrow-necked hydrophobic pocket at the [ face
within the inhibition (donor) site.

In conclusion, this paper describes the efficient synthesis of
a- and B-homonojirimycin analogues of L-rhamnopyranose.
These inhibitors are directly effective against the activity of iso-
lated mycobacterial membrane, with promising but, as yet, un-
optimised, inhibitory activity towards a mycobacterial pathway
involving rhamnosyltransferase, a validated enzyme target in
the fight against tuberculosis.
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N-Methyl Scanning Mutagenesis Generates Protease-Resistant G Protein
Ligands with Improved Affinity and Selectivity

Stephen V. Fiacco and Richard W. Roberts*

Peptide ligands often suffer from poor bioavailability, in part
because of the proteolytic degradation in vivo. Previous work
has shown that homo-oligomers of N-methyl Phenyl alanine
are highly resistant to proteolysis from either chymotrypsin or
proteinase K. This work also showed that oligopeptides made
with a mixture of Phe and N-methyl Phe retain some protease
resistance. Similarly, peptoids, polymers of N-alkyl glycine,
show resistance to proteolysis? and may enhance affinity and
specificity when substituted for proline.” Unfortunately, move-
ment of the a-carbon side chain to the amide nitrogen atom
often disrupts peptide function. We were interested in strat-
egies that enhance proteolytic stability while preserving the
function of the underlying peptide. Toward that end, we have
explored the effect of inserting single N-methyl amino acids
into functional peptides, a method we refer to as N-methyl
scanning mutagenesis. Our hope was to find one or more sub-
stitutions that enhance protease resistance while retaining
binding affinity.

We chose the G-protein-binding core-motif peptide DKLYW-
WEFL, which binds the heterotrimeric inhibitory G protein
Goi1*GDP with good affinity (K;=200 nm), as our model
system.” Our strategy was to systematically construct nine var-
iants of this peptide bearing a single N-methyl analogue of the
natural residue at each position. One challenge we faced was
that previous synthetic methods for incorporating N-methyl
residues involved long multistep reactions per coupling or
resulted in low yields.”® The synthetic difficulty is the result of
coupling the secondary amine of an N-methyl peptide.”’ This
coupling must go to near completion, in a short period of
time to avoid diketopiperazine formation.” To couple N-
methyl residues we followed a strategy similar to Giralt and
co-workers,® but used the additive pair O-(7-azabenzotriazol-1-
yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU)/
1-hydroxy-7-azabenzotriazole (HOAt). Coupling each N-methyl
amino acid goes to near completion in 20 min in one step
with no preactivation for all residues we tested. As a result, we
were able to construct the N-methyl peptides reliably with a
final yield of 20-25% (Table 1).

To investigate the effect of N-methylation on protease activi-
ty, the half-life was measured for trypsin cleavage for N-methyl
substitutions were examined at the P2, P1, P1’, and P2’ posi-
tions (N-Me-D, N-Me-K, N-Me-L8, and N-Me-Y, respectively;
Figure 1). Inserting N-methyl residues at these positions results
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Table 1. N-methyl peptides examined. Peptides were synthesized with
and without biotin conjugation at the N terminus. Additionally, five N-ter-
minal Asn residues were added to enhance peptide solubility.

Compound Sequence

N-Me-D NNNNN(N-MeD)KLYWWEFL
N-Me-K NNNNND(N-MeK)LYWWEFL
N-Me-L8 NNNNNDK(N-MeL) YWWEFL
N-Me-Y NNNNNDKL(N-MeY)WWEFL
N-Me-W10 NNNNNDKLY(N-MeW)WEFL
N-Me-W11 NNNNNDKLYW(N-MeW)EFL
N-Me-E NNNNNDKLYWW(N-MeE)FL
N-Me-F NNNNNDKLYWWE(N-MeF)L
N-Me-L14 NNNNNDKLYWWEF(N-MeL)

Trypsin

A) NNNNNDKLYWWEFL

B) 110
100&—:—.

NNNNNDK + LYWWEFL

T 90
s
£ 80
g 70:
2 601
= 50%
o 9
e 40
8 30
& 201
10
0
0 2 4 6 8 10 12 14 16 18 20 22 24
t/h
C) Peptide Half life Increase
NNNNNDKLYWWEFL 6.6 min =
N-Me-L8 >5 days >1000 x
N-Me-Y 42 h 9 min 383 x
N-Me-K 34 h 36 min 313 x
N-Me-D 7 h 58 min 72 x

Figure 1. Peptide stability to proteolysis. A) Site of trypsin digestion. B) Pro-
teolysis of unmodified peptide (¥), N-Me-L8 (m), N-Me-K (@), N-Me-Y (), and
N-Me-D () by trypsin. C) Experimentally determined half life data.

in a dramatic increase in proteolysis resistance, ranging from
72 to >1000-fold (Figure 1C). To our surprise, the site of N-
methyl incorporation does not need to be at the scissile bond
or at the trypsin recognition site in order to confer this stabili-
ty. Indeed, our observations indicate that inserting a single N-
methyl residue substantially reduces proteolysis in a four-resi-
due window.
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We next worked to determine if our N-methyl insertions al-
tered the peptide binding affinity to Gai1*GDP. While N-methyl
amino acid incorporation generally reduced binding, we ob-
served increased binding affinity for N-Me-K. We quantitated
this increase trhough equilibrium competition with the R6A
peptide (MSQTKRLDDQLYWWEYL; K,;=60 nm).®' This analysis
indicated that N-Me-K enhanced binding by 2.5-fold, a AAG of
—0.50 kcalmol™ (Figure 2).

A)
@ 10
£
£
® 08
3
Q
= 06
c
5=l
© 0.4
N
g
5 0.2
-
0.0
-9.0 -8.0 -7.0 -6.0 -5.0 —-4.0
Log [peptide]
B) Free peptide Ki AAG
R6A 70 nM % 12 nm —
NNNNNDKLYWWEFL 160 nM+ 11 nm -0.50 Kcal
vs. RBA
N-Me-K 70nm+ 12 nm  0.50 Kcal vs.
unmodified
peptide

Figure 2. Relative peptide affinities. A) Radiolabeled Gai1 was incubated
with immobilized, biotinylated R6A and varying concentrations of either R6A
(v), unmodified peptide (a), or N-Me-K () for 3 h. at 4°C. The radiolabel
bound was normalized to that which bound in the absence of competitor.
The plotted values represent the mean of three experimental values and
the error bars correspond to the standard deviation. B) Experimentally de-
termined binding data is shown above. The error is calculated based on the
standard error of the mean (SEM) for the log IC50 using GraphPad 5.0.

The crystal structure of R6A in complex with Gail*GDP (S.
Sprang, A. Adhikari, personal communication) provides insight
into our binding data. There, N-methyl substitutions would dis-
rupt many of the peptide-protein interactions or the fold of
the bound peptide. From the crystal structure of a similar se-
quence, we observe that a hydrogen bond is present from the
backbone of V (equivalent to L in our peptide) to Gai1*GDP!
This would indicate that N-methyl incorporation at this posi-
tion would disrupt binding to Gai1*GDP, which we observed.
Additional insight may be inferred by the results of other pep-
tides selected by mRNA display to bind to Gai1*GDP, for which
we have observed a significant conservation of the EFL resi-
dues." Any mutations are subtle, E to D or F to Y, for example.
Therefore, it would be suspected that N-methyl incorporation
at any of these positions would be deleterious to peptide
binding. This was experimentally confirmed here for our pep-
tide binding to Gai1*GDP.
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The Q residue in R6A (equivalent to K in our peptide) adopts
phi and psi angles of —60 and 128, respectively. Previous work
indicated that peptoids have a limited number of energetically
favorable conformations."" It is likely that the incorporation of
an N-methyl amino acids results in a conformation similar to
an optimal orientation for Gail binding. This leads us to a con-
formational hypothesis for N-methylation. Assuming no unfav-
orable steric interactions, we would predict that N-methyl
amino acid incorporation will be favorable or neutral when
Phi, Psi angles are similar to those found in peptoids."” This
heuristic should provide a good starting point for N-methyl
amino acid modifications that improve peptide stability with-
out impairing function. Further structural analysis could be
beneficial and will be carried out in future work.

Finally, we wanted to see if N-methyl incorporation had al-
tered the specificity of our peptides. Members of the peptide
library were tested for binding against nine members of the G-
protein family known to have various affinities to R6A. Five of
the nine N-methyl peptide variants showed a dramatic increase
in specificity (see the Supporting Information). One variant
showed specific affinity for Ga12 over Gail which the original
selection targeted (Figure 3). This results in the first peptide

A)
1.0

B Goi1l
B Goi2
Gail
m Goi2
Go15
H Gs
GooA
H Gq

B HRas

Normalized Binding
(=]
@

0.0+
Unmodified N-Me-K N-Me-L

Figure 3. Binding of radiolabeled Ga. subunits to immobilized peptides.
Gail, Gai2, Gai3, Gq, Gs, GoaA, Ga12, and Ga15 pcDNA were translated
into **S-Met-labeled proteins using TnT-coupled transcription/translation
system (Promega). Translation reactions were desalted and applied to A) Un-
modified peptide, B) N-Me-K, and C) N-Me-L8 immobilized to neutravidin-
agarose. Values represent the mean value from three experiments, and the
error bars represent the standard deviation.

ligand able to specifically bind to Ga12.We have shown that
the incorporation of N-methyl amino acids can dramatically
increase the function and stability of a peptide selected by
mRNA display. Selective incorporation of N-methyl amino acids
into peptides with a Phi, Psi angle similar to those stated for
N-Me-K would likely have the same benefits from their incor-
poration. This relative synthetic ease and predictability makes
incorporating of N-methyl amino acids into peptides derived
from selections a practical first step in increasing bioavailabil-

ity.
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Experimental Section

Peptide synthesis: All solvents were purchased from Sigma. All
peptides except N-Me-L14 were synthesized by manual solid-phase
peptide synthesis with preloaded Leu-2-chlorotrityl resin (250 mg,
0.15 mmol; Anaspec). N-Me-L14 was synthesized after loading 2-
chlorotrityl resin (Anaspec) with Fmoc-N-methyl leucine (Fmoc=9-
fluorenylmethoxycarbonyl; Anaspec). Five N-terminal Asn residues
were added to enhance peptide solubility. Loading was accom-
plished by adding Fmoc-N-Me-L14 to 2-chlorotrityl resin (5 equiv;
250 mg, 0.35 mmol) in DMF with N,N-diisopropylethylamine (DIEA;
5 equiv) for 2 h. Standard couplings were carried out with mono-
mer (5 equiv; Novabiochem) in HATU (2 mL, 0.6 mmol; Novabio-
chem), HOAt (1.2 mmol; Genescript) in DMF with DIEA (1.8 mmol)
at room temperature for 15 min. Coupling to an N-methyl amino
acid followed the same procedure with a 30 min coupling time.
Fmoc deprotection was carried out with 20% piperidine (Anaspec)
at room temperature for 15 min. Following, deprotection, cleavage
with 95% TFA, filtration and ether extraction, the crude product
was purified on a Vydac C-18 reversed-phase column using gradi-
ent elution (0% B for 5 min, 10-50% B in 40 min. Solvent A: H,0
with 0.1% TFA, Solvent B: CH;CN with 0.035% TFA). Lyophilized
solid was reconstituted in DMSO and quantitated by absorbance at
280 NM (&,40=12490 Lmol'ecm™). Yield =20-25 %.

Peptides were characterized by HPLC and MALDI-TOF. Peptides
were run on a Vydac C-18 column using gradient elution (5-95%
B). Buffers were the same as described above. Absorbance at
280 nm was recorded for biotin-labeled peptides excluding Bio-N-
Me-D, Bio-R6A and Bio-unmodified peptide. Absorbance at 215 nm
was recorded for the remaining peptides. The peak around 4 min
for peptides at 215 nm was the solvent peak. The next major peak
(or first major peak in the case of 280 nm recording) was collected
and analyzed by MALDI-TOF.

Binding affinity of the N-methyl peptide library: TnT pulldown
experiments (Promega) were carried out as described in ref. [4]
with some modifications. Human cDNA clones encoding G proteins
with the pcDNA3.1+4 vector (Invitrogen) were obtained from the
UMR cDNA Resource Center (http://www.cdna.org). The DNA
clones for Gai1, and HRas were translated into 3°S-Met-labeled pro-
teins using a TnT-coupled transcription/translation system (Prom-
ega). Translation reactions were desalted with G-25 spin columns
(GE Healthcare), and the translation yield was calculated by tri-
chloroacetic acid (TCA) precipitation. Equal amounts of each la-
beled subunit were added to neutravidin-agarose (5 pL) containing
prebound biotin-labeled peptide (2 nmol) in HBS-EP buffer (1 mL).
Control neutravidin-agarose beads were loaded with (d)-biotin
(Anaspec). Binding reactions proceeded for 2 h at 4°C followed by
filtration and washing with HBS-EP. The matrix was analyzed by
scintillation counting and the percent bound was determined by
the matrix counts divided by the total counts as determined by
TCA precipitation. Values were normalized to the percent bound of
unmodified peptide.

R6A-1 competition/equilibrium binding: R6A (MSQTKRLDDQLYW-
WEYL) and Bio-R6A (Bio-MSQTKRLDDQLYWWEYL) were synthesized
as described above. This peptide was immobilized to NeutrAvidin
beads (Promega) using the manufacturer’s instructions. Gail was
expressed using the TnT reticulocyte lysate system (T7 promoter,
Promega). (250 ng) plasmid DNA and (25 uCi) L-*°S-Met (MP Bio-
medicals) were used in an (25 plL) expression. Gail translations
were desalted using MicroSpin G-25 columns (GE healthcare) into
modified HBS-EP buffer: HEPES (10 mm, pH 7.4), NaCl (150 mwm),
EDTA (3 mm), polysorbate 20 (0.005%; Tween 20), MgCl, (8 mm),
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GDP (30 um), and BSA (0.05% (w/v)). Specific activity was mea-
sured by TCA precipitation.

Immobilized R6A (400 pmol) and Gail (100000 cpm) were sus-
pended in HBS-EP buffer (1 mL). Varying quantities of free peptide
(R6A, unmodified peptide, or N-Me-K) were added. The final DMSO
concentration was adjusted to 0.5%. Samples were rotated for 3 h
at 4°C followed by brief centrifugation and supernatant removal.
Samples were washed four times by resuspension in modified
HBS-EP buffer at 4°C, centrifugation, and supernatant removal.
After the final wash, the immobilized sample was transferred to
scintillation vials and analyzed by scintillation counting. CPM
values were normalized by dividing by the average value obtained
in the absence of added peptide. Binding analysis was performed
by GraphPad Prism 4.0.

N-methyl selectivity: Goil, Gai2, Gai3, Gg, Gs, GoaA, Gal12, and
Ga15 pcDNA were translated into *S-Met-labeled proteins using
the TnT-coupled transcription/translation system (Promega). Trans-
lation reactions were desalted using G-25 spin columns (GE Health-
care) and applied to peptide immobilized to neutravidin-agarose
as previously described. The immobilized peptides were N-Me-D,
N-Me-K, N-Me-L8, N-Me-Y, N-Me-W10, N-Me-W11, N-Me-E, N-Me-F,
or N-Me-L14 as illustrated. Binding was allowed to proceed for 3 h
at 4°C after which the resin was filtered and washed. Scintillation
counting of the resin yielded the cpm bound, which was normal-
ized as detailed in the Supporting Information. Values represent
the mean value from three experiments and the error bars repre-
sent the standard deviation. Binding analysis and normalization
performed as outlined in R6A-1 competition/equilibrium binding.

Protease resistance experiment: Unmodified peptide, N-Me-D, N-
Me-K, and N-Me-L8 (7.5 mm) in DMSO (2 uL) were added to buffer
(98 uL) containing Tris (50 mm), CaCl, (20 mm), pH 7.75. This was
used to reconstitute modified trypsin (20 ug; New England Bio-
labs). The reaction proceeded at 37°C for either 30 min (unmodi-
fied peptide) or 24 h (N-Me-D, N-Me-K, N-Me-L8, N-Me-Y). An ali-
quot (8 uL) was removed for each time point and diluted in ACN
(25 pL). Samples were flash frozen until analysis was to be per-
formed. At this time 0.1% TFA in H,0 (67 pL) was used to dilute
the samples to 100 pL. The sample was injected onto a C-18 re-
versed-phase column and separated by gradient elution (5-90% B
in 10 min. Solvent A: H,0 with 0.1% TFA, Solvent B: CH;CN with
0.035% TFA). The area under the starting material peak was quanti-
tated using the 32 KaratGold Software package (Beckman). The
plotted values represent the mean of three experimental value and
the error bars represent the standard error of the mean. The graph
was generated by fitting the data to a one-phase exponential
decay equation (GraphPad Prism).
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A Novel Label-Free Biosensor Using an Aptazyme-Suppressor-tRNA
Conjugate and an Amber Mutated Reporter Gene

Atsushi Ogawa* and Mizuo Maeda®

DNA or RNA aptamers have great potential as biosensors for
detecting target molecules owing to their high and specific
target-binding ability." Aptamer—target complex formation can
be analyzed by mass-sensitive detection techniques, such as
surface plasmon resonance (SPR) or quartz crystal microba-
lance (QCM), or by fluorescent, electrochemical, colorimetric, or
turbidimetric methods by using appropriately labeled apta-
mers or probes.” Aptazymes, which are composed of an apta-
mer and a ribozyme, can convert the signal of the aptamer—
target complex formation to that of ribozyme activity, so that
they have also garnered attention as aptamer-based sensors.”
Nevertheless, detection of these ribozyme signals also requires
special detectors and/or labeling of ribozymes, much as in the
case of the aptamer sensors described above. On the other
hand, we have recently developed an aptazyme-based ribo-
switch as a label-free and detector-free biosensor.™ In this ribo-
switch sensor, the aptamer-target complex formation signal is
converted to an easily detectable signal—that is, expression of
a downstream reporter protein—with the help of a prokaryotic
cell-free translation system. As the expression signal of the re-
porter protein can be detected easily, in some cases visibly, la-
beling of aptazymes or special detectors is not required. More-
over, the benefits of using the translation system lie not only
in the label- and detector-free sensing, but also to its applica-
bility to regulating gene expression in vivo.”) We report herein
a new type of label-free and aptazyme-based biosensor that
uses a translation system in combination with a nonsense
codon suppression method, and is distinct from the riboswitch
biosensor developed previously.”

The nonsense codon suppression method is a method by
which a natural or unnatural amino acid is assigned to the
nonsense codon (amber, opal, or ochre codon) on the mRNA.™
The ribosome usually stops at the nonsense codon, and the
synthesized protein is removed from the mRNA by the action
of release factors (RFs). In a prokaryotic translation system,
there are three RFs and two of these directly recognize the
nonsense codons; release factor 1 (RF1) recognizes the amber
and ochre codons and release factor 2 (RF2) recognizes the
opal and ochre codons. However, in the presence of an anti-
codon-adjusted suppressor tRNA, which is aminoacylated, the
suppressor tRNA competes with the RFs for being incorporated
into the ribosome on the nonsense codon of the mRNA. If the
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suppressor tRNA wins this competition, translation continues
(i.e., the nonsense codon is suppressed) but if the RFs win,
translation stops. In the absence of RFs or in the presence of
inhibitors for RFs, the suppression efficiency becomes much
higher.”? Recently, Ogawa and co-workers used this nonsense
suppression method with the three kinds of suppressor tRNA
that correspond to each of the three nonsense codons in a
reconstituted prokaryotic cell-free translation system in the ab-
sence of RFs; this enabled the ribosome to read through all
nonsense codons.® These suppressor tRNAs were derivatives
of E. coli tRNA*", which were recognized by Ser-tRNA synthe-
tase (SerRS) and rapidly charged with Ser, even if their antico-
don was changed into another anticodon and no modified
base was used.”’ In this study, we tethered a theophylline-de-
pendent aptazyme'? to the 5 terminus of the anticodon-ad-
justed suppressor tRNA*"_, for an amber codon,"” and com-
bined the aptazyme-suppressor-tRNA conjugate (AST) with an
amber-mutated reporter gene (luciferase) in the translation
system to construct a novel aptazyme-based biosensor.

The basic concept of the aptazyme-based biosensor in this
study is illustrated in Figure 1. This biosensor system consists
of an RF1-free reconstituted prokaryotic cell-free translation
system” and two RNA molecules: an AST (Figure 1, upper left)
and an amber-mutated reporter gene (Figure 1, lower left). In
the absence of the target of the aptazyme (Figure 1, left; OFF
state) it is expected that AST will not be aminoacylated
because aminoacyl tRNA synthetase (ARS) is sensitive to the
structure of an accepter stem of tRNA.">" Under this condi-
tion, that is, in the absence of an “activated” suppressor tRNA,
the ribosome stalls at the amber codon on the reporter gene
because of the absence of RF1." On the other hand, when
the target binds to the aptazyme of AST (Figure 1, right; ON
state) it induces self-cleavage of the aptazyme; this produces
the “activated” suppressor tRNA, which can be recognized by
the corresponding ARS and aminoacylated with the corre-
sponding amino acid. This aminoacylated suppressor tRNA is
incorporated into the stalling ribosome at the amber codon;
this causes the ribosome to continue with the synthesis of the
reporter protein until it reaches the “true” terminal codon
(ochre codon: UAA), which is recognized by RF2. Therefore,
the expression of a full-length active reporter protein is an in-
dicator of the existence of the target molecule.

To first investigate whether or not a suppressor tRNA with
an extra sequence at its 5’ terminus is recognized and amino-
acylated by ARS, we prepared four DNA templates for two dif-
ferent kinds of suppressor tRNAs and two different kinds of
mRNAs that coded luciferase genes (Figure 2 A and 2B). One of
the suppressor tRNAs is a normal suppressor tRNA**"_, (supT)
and the other (5SL-supT) is identical to supT except that it has
an extra stem-loop sequence at its 5" terminus. The two luci-
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Each AST template was mixed
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Figure 1. lllustration of the mechanism of the aptazyme-based biosensor. This biosensor is composed of two RNA
molecules: an aptazyme-suppressor-tRNA conjugate (AST; upper left) and an amber-mutated reporter gene
(lower left). The translation system used is a reconstituted prokaryotic cell-free translation system without RF1.
In the absence of the target molecule (the cofactor of the aptazyme), the suppressor tRNA is not aminoacylated
with any amino acids because of the aptazyme sequence at the 5’ terminus; so, the ribosome stalls at the amber
codon (OFF state; left). When the target (T) binds to the aptazyme it induces self-cleavage of the aptazyme to re-
lease the aptazyme from the suppressor tRNA. The resulting “activated” suppressor tRNA is aminoacylated with
an appropriate amino acid and is incorporated into the stalled ribosome at the amber codon (UAG; red) on the
reporter gene. The ribosome then continues with translation and stops at the terminal ochre codon (UAA; blue),
which is recognized by another release factor (RF2) to produce the full-length reporter protein (ON state; right).

ferase genes are the wild type (WT) and a Ser60-to-amber mu-
tated gene (S60UAG). Each linear DNA template has a T7 pro-
moter sequence so that it can be transcribed to the desired
tRNA or mRNA with T7 RNA polymerase (T7RNAP). By using
these DNA templates, in vitro coupled transcription/translation
was performed in an RF1-free reconstituted prokaryotic cell-
free translation system that contained T7RNAP (Figure 2CQ).
When the S60UAG gene was used, almost no active luciferase
was expressed without suppressor tRNA (lane 1) or in the pres-
ence of 55L-supT (lane 2),™' whereas active luciferase was
highly expressed in the presence of supT (lane 3). The efficien-
cy of suppression by supT was almost 100% in comparison
with when the WT gene was used in the presence of supT
(lane 5)." These results strongly indicate that the suppressor
tRNA®"Y_,, with an extra sequence at its 5" terminus is not ami-
noacylated by ARS, or if aminoacylated, is not incorporated
into the stalling ribosome.

We next constructed DNA templates for ASTs (Figure 3A). A
theophylline-dependent aptazyme® was tethered to the
5" terminus of supT such that one side of helix A of the apta-
zyme was the 5’ terminus of supT. Although both the sequence
and length of helix A are expected to have a pronounced
effect on the switching efficiency of the aptazyme, the length
of helix A was first optimized because the sequence of the
5’ terminus of supT is accurately recognized by SerRS,” and
thus it cannot be altered. We prepared five DNA templates for
ASTs with helices A of various lengths (Figure 3B, AST1-AST5).
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AST2), luciferase was relatively
highly expressed in the OFF
va  State; this indicates that these
ASTs were probably cleaved in
the absence of theophylline, pre-
sumably because they were
partly active as ribozymes even
in the OFF state. In the case of
ASTs with a helix A longer than
AST3 (AST4 and AST5) the ex-
pression of active luciferase was
very low in the ON state; this suggests that the aptazyme
cannot separate from supT after self-cleavage because of the
robust hybridization of helix A at the translation temperature
(37°0Q).

Finally, a mismatched base pair was inserted into helix A of
AST4 and AST5 (Figure 4A; AST4m and AST5m), which showed
low activity in the ON state, to promote the separation of the
aptazyme from supT after self-cleavage in the ON state. As a
result, the ON/OFF efficiency of AST4m and AST5m increased,
as observed by higher luciferase activity in the ON state com-
pared to that of the corresponding wild-type ASTs (i.e., AST4
and AST5)."® This indicates that the aptazyme separated form
supT more efficiently in the ON state (Figure 4B). On the other
hand, the ON/OFF efficiency of the AST3 mutant decreased
(Figure 4A, AST3m) as indicated by a reduction in luciferase
activity in the ON state compared to the wild type; this is
likely due to the instability of helix A of the active form of the
aptazyme in the ON state (Figure 4B). The sensor from AST4m
was approximately twofold more efficient than AST3, and
showed a high ON/OFF efficiency of 11.6+1.2 with or without
theophylline (1 mm), as well as high theophylline dependency
(Figure 4C and D). This ON/OFF efficiency is slightly higher
than, or comparable to, that of other theophylline-dependent
aptazymes® =*' although it is lower than that of the original
aptazyme!” because of the decrease of aptazyme activity
caused by the addition of extra sequences, the use of a tem-
perature that was slightly higher, and a magnesium ion con-
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Figure 2. Control experiments with suppressor tRNA**",, to which no apta-
zyme was fused. A) RNA sequences and proposed secondary structures of

a normal suppressor tRNA**V,, (supT) and a negative control tRNA (5SL-
supT), which has an extra stem-loop sequence at its 5’ terminus. B) Two dif-
ferent luciferase-coding mRNA molecules: the wild-type (WT) and Ser60-to-
amber mutant (S60UAG). C) The relative activity (chemiluminescence; CL) of
the translated luciferase by using either the S60UAG or WT luciferase gene,
and 5SL-supT or supT as suppressor tRNA.

centration that was slightly lower than optimal for the original
aptazyme.””

In summary, we have constructed a novel, label-free, and
aptazyme-based biosensor system using a prokaryotic cell-free
translation system in combination with a nonsense codon sup-
pression method. We tethered a theophylline-dependent apta-
zyme to the 5’ terminus of the anticodon-adjusted suppressor
tRNA>"Y . (aptazyme-suppressor-tRNA conjugates; AST) and
combined the AST with an amber-mutated luciferase gene in
the translation system to construct AST sensors. AST was self-
cleaved and activated to suppress the amber codon on the lu-
ciferase gene only in the presence of the aptazyme cofactor;
these actions did not take place in the absence of cofactor. As
a result of the optimization of helix A of the AST, we obtained
the most efficient AST, AST4m, the sensor of which (AST4m
sensor) showed high theophylline dependency and was slight-
ly more efficient than the riboswitch sensor in the previous
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study.” Although the ON/OFF efficiency of the AST4m sensor
was lower than that of the original aptazyme, AST and ribo-
switch sensors have an advantage over the original aptazyme
as they are “label-free” and, in some cases, “detector-free” be-
cause of the translation system. In addition, in vitro reselection
of the aptazyme with a suppressor tRNA sequence at the opti-
mal translation temperature and magnesium ion concentra-
tions could significantly improve the ON/OFF efficiency. More-
over, these AST sensor systems might be applicable for gene
regulation in living cells although we need to inhibit 5’ proc-
essing by RNase P.?"

Experimental Section

General: Reagents, solvents, and enzymes were purchased from
standard suppliers and used without further purification. Oligonu-
cleotides were synthesized and OPC-purified by Operon Biotech-
nologies (Tokyo, Japan) or Hokkaido System Science (Sapporo,
Japan). All PCR reactions were performed with PrimeSTAR Max or
PrimeSTAR HS DNA polymerase from Takara Bio (Ohtsu, Japan).
PCR products were purified with a GFX column from GE Healthcare
(Buckinghamshire, UK) and quantitated by measuring absorbance
at 260 nm. All plasmid constructions were verified by sequencing.

Preparation of DNA templates for tRNA or aptazyme-suppres-
sor-tRNA conjugates: DNA templates for SupT, 5SL-supT, and apta-
zyme-suppressor-tRNA conjugates AST1-5, and AST3m-5m were
prepared with PCR by using 5'-primers (5'-GAA ATA ATA CGA CTC
ACT ATA GGA GAG ATG CCG GAG CGG CTG AAC-3' for SupT; 5'-
GAA ATT AAT ACG ACT CAC TAT AGG GAG ACC ACA ACG GTT TCC
CTG GAG AGA TGC CGG AG-3' for 55L-supT; 5'-GAA ATT AAT ACG
ACT CAC TAT AGG GAG ACC ACA ACG GTT TCC CT-(X),-CTT TCC
CTG ATG AGC CTG GAT GAA AAT CCA GGC GAA ACG GTG AAA G-
3’ for AST1-5 and AST3m-5m, where (X), is AT for AST1, CAT for
AST2, GCAT for AST3, GGCAT for AST4, CGGCAT for AST5, GCAA for
AST3m, GGCAA for AST4m, and CGGCAA for AST5m; the T7 pro-
moter sequence is italicized), a 3’-primer (5-TGG CGG AGA GAG
GGG GAT TTG AAC CCC CGG TAG AGT TGC CCC TAC TCC GGT TIT
AGA GAC CGG TCC GTT C-3'), and template (5'-TGA TGA GCC TGG
ATA CCA GCC GAA AGG CCC TTG GCA GTT AGA CGA AAC GaGT
GAA AGC CGT AGG AGA GAT GCC GGA GCG GCT GAA CGG ACC
GGT CTC TAA-3)).

Preparation of DNA templates for the WT or S60UAG luciferase
gene: The wild-type luciferase gene with a T7 promoter was pre-
pared by three-step PCR. The first step was performed by using a
5'-primer (5'-AGG AGA TAT ACC AAT GGA AGA CGC CAA AAA CAT
AAA GAA AG-3'), a 3'-primer (5'-CAA TTT GGA CTT TCC GCC CTT
CTT GG-3'), and pBESTLuc from Promega (Tokyo, Japan) as tem-
plate. The second step was carried out by using a 5-primer (5'-
GAA ATT AAT ACG ACT CAC TAT AGG GAG ACC ACA ACG GTT TCC
CTC TAG AAATAATTT TGT TTA ACT TTA AGA AGG AGA TAT ACC A-
3’; the T7 promoter sequence is italicized), a 3'-primer (5'-TAT TCA
TTA CAA TTT GGA CTT TCC GCC CTT CTT GG-3'), and the agarose
gel-purified PCR product from the first step as template. The third
step was implemented by using a 5'-primer (5'-GAT CGA _GAT CTC
GAT CCC GCG AAA TTA ATA CGA CTC ACT ATA GG-3; the Bglll site is
underlined), a 3'-primer (5'-TTA TTG CTC AGC TAT TCA TTA CAATTT
GGA CTT TCC GCC CTT CTT GG-3'; the Bpu1102I site is underlined),
and the column-purified PCR product from the second step as
template. The column-purified PCR product from the third step
was then cloned into the Bglll-Bpu1102l site of pET-15b from
Merck Biosciences (Tokyo, Japan) to construct a plasmid, pT7-Luc.
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Site-directed mutagenesis of Ser60
to an amber codon (UAG) was
performed with QuikChange from
Stratagene (La Jolla, CA, USA) by
using double-stranded DNA (5'-
GTA CGC GGA ATA CTT CGA AAT
GTA GGT TCG GTT GGC AGA AG-3’
and the complementary strand;
the amber codon is underlined),
and pT7-Luc as template to con-
struct pT7-S60UAG-Luc. The DNA
templates for coupled transcrip-
tion/translation  were prepared
with PCR by using a 5-primer (5'-
CTT AAT ACG ACT CAC TAT AGG
GAG AC-3), a 3'-primer (5-AGC
AAA AAA CCC CTC AAG ACC CGT
TTA GAG-3'), and pT7-Luc or pT7-
S60UAG-Luc as template.

In vitro coupled transcription/
translation: To maximize the sup-
pression efficiency, we used a
reconstituted prokaryotic cell-free
translation system (PURESYSTEM
custom, Post Genome Institute,
Tokyo, Japan), which included T7
RNA polymerase but did not in-
clude added release factor one
(RF1). In vitro coupled transcrip-
tion/translation was performed
with this system according to the
manufacturer’s protocol with slight
modifications. The reaction mixture
(10 pb) in the absence or presence
of theophylline (0-1 mm), the DNA
template for tRNA or aptazyme-
suppressor-tRNA conjugates (0 or
0.1 ug), and the DNA template for
the luciferase gene (0 or 0.1 pg)
were incubated at 37°C for 1h.
The resulting translation solution
was used for the next assay with-
out purification.

Luciferase assay: The translation
solution was diluted twofold with
double-distilled water and then
the diluted solution (5pulL) was
mixed with luciferase assay re-
agent (100 uL; Promega). The
chemiluminescence (CL) intensities
were measured by using a
Wallac 1420 ARVOsx instrument
(Perkin-Elmer, Yokohama, Japan)
with a black 96-well plate (Corning
Costar  3915; Corning, Tokyo,
Japan). Chemiluminescence images
were acquired by using a Las4000
system (Fujifilm, Tokyo, Japan).
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Investigation into the Mechanism of Phenolic Couplings during the
Biosynthesis of Glycopeptide Antibiotics

Andrew N. Holding* and Jonathan B. Spencer
Glycopeptide antibiotics such as vancomycin and teicoplanin
are biosynthesised by actinomycetes™ and have been called
the drugs of “last resort” because they are often used to
combat methicillin-resistant Staphylococcus aureus (MRSA).”?
The target site of glycopeptide antibiotics is the p-Ala-p-Ala
side chain within the nascent cell wall of Gram-positive bacte-
ria to which it binds, thereby inhibiting cell-wall biosynthe-
sis.>¥ Recently, vancomycin has also been shown to be more
effective than metronidazole against severe infections of Clos-
tridium difficile® For these reasons, together with the emer-
gence of vancomycin-resistant S. aureus (VRSA)® and commun-
ity-acquired vancomycin-resistant Enterococcus (VRE)”' the
continued development of and research into this class of com-
pounds are clearly of great importance.

Chloroeremomycin (Scheme 1) is a glycopeptide produced
by Amycolatopsis orientalis that shares the same aglycone
structure as vancomycin and balhimycin. It has been shown by

HoN H%o

Scheme 1. Chloroeremomycin structure (amino acid numbering shown in
bold).

heterologous complementation that the oxidative cross-linking
enzymes of A. orientalis and the balhimycin producer Amycola-
topsis balhimycina are functionally equivalent.”! While chloroer-
emomycin is not in clinical use itself, the semisynthetic chloro-
eremomycin derivative oritavancin is currently approaching
the end of phase Ill clinical trials.®! This family of glycopeptide
antibiotics shares a similar biosynthetic pathway starting with

[a] A. N. Holding, Dr. J. B. Spencer
University Chemical Laboratory, University of Cambridge
Lensfield Road, Cambridge CB2 TEW (UK)
Fax: (+44) 1223-336362
E-mail: anh25@cam.ac.uk

[t] Deceased 6th April 2008.

Supporting information for this article is available on the WWW under

http ://www.chembiochem.org or from the author.
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the formation of a linear peptide chain, which is produced by
three nonribosomal peptide synthetase (NRPS) enzymes utilis-
ing a range of nonproteinogenic amino acids.”’ This linear
chain is cross-linked between the aromatic rings in three
places by a set of oxidative cytochrome P450 enzymes (OxyA,
OxyB and OxyC; Scheme 5, below) to form the rigid tricyclic
aglycone structure."” High-quality crystal structures exist for
both OxyB and OxyC without substrate."'?

In line with the mechanism originally suggested by Barton,
it has been proposed that this family of enzymes catalyses
cross-linking by the formation of two resonance-stabilised radi-
cals."¥ The only P450 enzyme that catalyses phenolic coupling
to have been successfully crystallised with its substrate bound
is CYP158A2," which catalyses the cross-coupling of two fla-
violin molecules to form dimeric products. The diradical mech-
anism A (Scheme 2) seems awkward in the context of this
structure, as the phenol group of the upper molecule is
blocked from the haem by the lower molecule (Figure 1), an
arrangement that would prevent direct abstraction of a hydro-
gen atom from the upper molecule by an Fe—O species. This
apparent incongruity prompted us to consider other possible
mechanisms for phenolic coupling that might be more consis-
tent with this crystal structure.

P450 enzymes catalyse a wide range of reactions, including
epoxidation of aromatic compounds. If epoxidation of one of
the amino acids to be cross-linked during the biosynthesis of
chloroeremomycin occurred, then phenolic coupling could
take place by attack of the other amino acid on this epoxide
through a two-electron mechanism (B) to give a gem-diol inter-
mediate (Scheme 2). This mechanism is attractive because it
only requires one of the aromatic amino acids to be close to
the haem, as suggested by the crystal structure of CYP158A2.
This could be experimentally probed by labelling the hydroxyl
group on the aromatic ring with '®0. Dehydration of the gem-
diol intermediate would lead statistically to the loss of half of
this label, and provide evidence for this proposed mechanism.
Recently, Robinson et al. also suggested the possibility of an
epoxide intermediate. In an in vitro experiment under an at-
mosphere of 80, with OxyB, which catalyses the first phenolic
coupling of the linear hexapeptide attached to the peptidyl
carrier protein (PCP),">'®' they found no incorporation of
label into the product; this suggests either that the epoxide
was not formed or that the elimination of water from the gem-
diol is stereoselective. In this communication, we report a com-
plementary in vivo study using '®0-labelled 4-hydroxymandelic
acid. This approach has the advantage of being able to probe
all three phenolic coupling steps catalysed by OxyA, OxyB and
OxyC.

In addition to the epoxide and the diradical mechanisms,
two mechanisms that, to our knowledge, have not been pro-
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Scheme 2. Summary of possible mechanistic pathways discussed in this communication.
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Figure 1. The binding of two flaviolin molecules in the active site of CYP158-
A2 shows the difficulty of the formation of a radical on the upper flaviolin
molecule due to the large distance to the haem. (Generated from PDB ID:
1T93)

posed before, should be considered. Mechanism C shown in
Scheme 2 involves initial formation of a radical on one aromat-
ic amino acid followed by attack on the other aromatic moiety.
The newly formed radical abstracts the hydroxyl group from
the haem in a similar manner to the rebound mechanism pro-
posed for the hydroxylation of many compounds by P450
enzymes.'"® As the rebound mechanism C would proceed
through the same gem-diol intermediate as proposed in the
epoxide mechanism (Scheme 2B), these two mechanisms
cannot be distinguished solely by the proposed '®0O labelling
experiments. Both the rebound and diradical mechanisms
would require the catalytic iron to be close to both aromatic
rings. Although the crystal structure of CYP158A2 suggests
that this is difficult, it might not truly reflect the flexibility of
the active site and any changes in conformation as the re-
action proceeds. Lastly, mechanism D (Scheme 2) is similar to
mechanism A, except that the hydrogen atom of the phenol
moiety is lost to the Fe—OH species as part of the coupling
step rather than in a separate step. Like in the diradical mecha-
nism, no exchange of label from the phenolic hydroxyl group
would be predicted.

Chloroeremomycin contains two 4-hydroxyphenylglycine
(Hpg) residues at positions 4 and 5 that are involved in all
three phenolic coupling steps. Therefore, '®O-labelled Hpg
should be the best probe for investigating the mechanism of
OxyA, OxyB and OxyC. To obtain the appropriately labelled
Hpg we took advantage of the biosynthetic pathway dedicat-
ed to this amino acid, which goes through 4-hydroxymandelic
acid (Hma; Scheme 3).

The ['®0,’H,]-labelled racemic Hma was synthesised from
deuterated aniline via '®O-labelled phenol, as shown in
Scheme 4. The deuterium label was included so that the chlor-
oeremomycin molecules that had incorporated the labelled
precursor but lost 0 would be distinguished in the mass
spectrum from those derived solely from unlabelled precursors
(Scheme 5). Hma was produced in a yield of 20%, with an '®0
enrichment of 87% and deuterium enrichment in excess of
99% at the appropriate positions.
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HmaS

4-Hydroxy-
phenylpyruvate

4-Hydroxy-
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benzoylformate

OH

0O

OH
NH;
L-Tyrosine

Scheme 3. L-4-Hydroxyphenylglycine biosynthetic pathway.

'80H
b

J

OH

80H

HO O

OH

Scheme 4. [°H,,'®0]4-Hydroxymandelic acid synthesis. a) 0-4 °C, 30 min; 50%
HBF,, NaNO,; yield: 86 %. b) H,'®0; conc. H,SO,; yield: 26 %. c) NaOH; yield:
90 %.

Initially feeding of [*H,JHma to a culture of wild-type A. ori-
entalis was used to establish the level of incorporation of exog-
enous labelled substrate into chloroeremomycin. Three chlori-
nation states of the glycopeptide are produced by the strain—
doubly chlorinated chloroeremomycin, singly chlorinated ere-
momycin, and an unchlorinated product, dechloroeremomycin.
For unknown reasons, dechloroeremomycin was found to have
the highest incorporation of deuterium. A possible explanation
of this is that the feeding of labelled 4-hydroxymandelic acid
coincided with a reduction in halogenase activity. Nevertheless
the higher incorporation into dechloroeremomycin simplified
the analysis of results, since the unchlorinated product pres-
ents a simpler isotope pattern by mass spectrometry than the
two chlorinated products. Incorporation of [4-*H,]4-hydroxy-
mandelic acid resulted in three main additional isotopic spe-
cies compared with natural abundance by mass spectroscopy
(Table 1): a compound with an M+2 parent ion (retention of
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Scheme 5. Expected labelling from cross-linking in the chloroeremomcyin
aglycone assuming no oxygen label is lost. Actual timing of the action of
the enzymes OxyA and OxyC is currently unknown.

two deuterium atoms) from incorporation at the fourth amino
acid residue; an M+3 parent ion (retention of three deuterium
atoms) from incorporation at the fifth amino acid residue, and
an M+5 parent ion from incorporation at both the fourth and
fifth positions.

After the successful incorporation of [*H,JHma, the experi-
ment was repeated with [*H,'®OlHma. The resulting mass
spectral data (Table 1) showed multiply labelled species due to
the two different incorporation sites and the use of
[*H,,'®*0]Hma that was only 87 % enriched in '®0. As such, even
with full retention of the oxygen label, we would expect to see
the appearance of eight main species. Two of these species,
[*Hs] and [*H,,'®0ldechloroeremomcyin, would give the same
mass. To dissect the contributions of all eight species, the stan-
dard isotope pattern of dechloroeremomycin was used to pre-
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Table 1. Mass spectra of dechloroeremomycin after incorporation of
labelled 4-hydroxymandelic acid. The relative abundances of each peak
are shown.
Mass Unlabelled [*H,JHma [*H,,'®*0]Hma Base
[%] [%] [9%]™ peak
0 100 100 100 unlabelled

+1 84 80 82

+2 36 52 36 [°H,]

+3 1 44 12 [°Hs]

+4 2 26 21 [’H,'®0]

+5 63 28 [’Hs] and [*H,,'®0]
+6 43 17

+7 22 10 [’Hs,"*0]

+8 8

+9 21 [Hs,"*0,]

+10 14

+11 5

[a] Combined data from two runs.

dict from the base peak of each species how much it should
contribute through natural abundance to each subsequent
peak. Starting with the lowest mass species, this could be
repeated until all the species had been separated out, with the
exception of [*Hs] and [*H,,'®0ldechloroeremomycin, which
were treated as a single species, as the ratio of the compounds
would not affect the magnitude of subsequent daughter
peaks. The final result is shown in Table 2 (see the Supporting
Information for details of the calculation).

Table 2. Relative amounts of species.

Species Mass increase Relative abundance [%]
unlabelled 0 100

[H,] +2 0.5

[°H,] +3 0.6

[H,,'%0] +4 183

[Hsl + [°Hy, 0] +5 121

[H,,'%0] +7 5.0

[Hs,'%0] +9 17.5

In principle, it should be possible to calculate the degree of
retention of 0 by determining the ratio of either the amount
of [*H,ldechloroeremomycin to [*H,,'®0ldechloroeremomycin
or that between [*H,,'0]- and [*Hs,'®0,]ldechloroeremomycin.
The former comparison is likely to be less accurate, as the
M+2 peak is dominated by the natural isotopic abundance of
unlabelled dechloroeremomycin; therefore, the latter ratio was
used. The resulting ratio of [*H,'®0,]- to [*H,'®0ldechloro-
eremomycin over three separate experiments (3.5:1) was
slightly higher than one would expect on statistical grounds if
the '®0 enrichment remained unchanged at 87 % (which would
be 3.35:1), thus indicating essentially total retention of the
label. A negligible amount of oxygen label was lost during the
biosynthesis of the natural product; this agrees with the previ-
ous in vitro study of OxyB"® and provides new data for both
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OxyA and OxyC. The complete retention of the phenolic
hydroxyl oxygen suggests that pathways B and C, which go
through a gem-diol, are the least likely of the four proposed
mechanisms. However, the elimination of water from such an
intermediate could be completely stereoselective, as the cata-
lytic iron that donated the hydroxyl group would be in a posi-
tion to facilitate its removal. Of the other two mechanisms
consistent with the labelling studies, the diradical mechanism
A seems more awkward, as both radicals have to be generated
before coupling takes place. The single radical mechanism D is
more appealing, but would still require both phenolic hydroxyl
groups to be positioned close to the iron centre.

In conclusion, we show that oxygen labels on both the Hpg
residues of the nascent peptide chain are retained during the
biosynthesis of dechloroeremomcyin. These results suggest
that all three oxidative cross-linking enzymes react through a
similar mechanism; this is of particular interest in the case of
OxyC as it catalyses a carbon—carbon coupling rather than a
carbon-oxygen coupling as catalysed by OxyA and OxyB
(Scheme 4). Finally, these results suggest that the continuing
study to elucidate the mechanism of all three enzymes is nec-
essary if we are to fully understand the biosynthesis of this
important class of antibiotics.

Experimental Section

[2,3,4,5,6-’H]Benzenediazonium tetrafluoroborate: 98% [U-*HI-
aniline (0.91 mL, 9.98 mmol, Cambridge Isotopes) was dissolved in
a mixture of distilled water (5 mL) and 50% aqueous fluoroboric
acid (3.4 mL, Avocado Chemicals). The solution was cooled to 0°C
and a solution of sodium nitrite (0.69 g, 10 mmol) in water (1.5 mL)
was added dropwise. The suspension was stirred keeping the tem-
perature between 0 and 4°C for 30 min and then filtered. The resi-
due was recrystallised from acetone/diethyl ether to give the ben-
zenediazonium salt as a white powder (1.69 g, 86 %).

Synthesis of [2,3,4,5,6->H,'®0]phenol:"® Concentrated sulfuric acid
(125 pl) was added to a stirred paste of [*Hs]benzenediazonium
tetrafluoroborate (1.0 g, 5.1 mmol) in 97 % ['®0,]water (1 mL, Cam-
bridge Isotopes). The mixture was then heated to 65 °C until evolu-
tion of nitrogen ceased. The solution was extracted with diethyl
ether several times. The ethereal layer was washed with 1m HCl
and saturated brine, dried over magnesium sulfate, and concen-
trated under reduced pressure. The crystalline residue was purified
by sublimation to give the labelled phenol as colourless crystals
(134 mg, 26%). The final "0 enrichment was found by GC-MS to
be at least 80 %.

20]

Synthesis  of  [2,3,5,6-°H,"°0]4-hydroxymandelic  acid:"
[*H;,'®0lPhenol (94.1 mg, 0.93 mmol) was added to a solution of
sodium hydroxide (8 mg) in distilled water (0.8 mL), followed by
the dropwise addition of a solution of glyoxylic acid (92 mg,
1.24 mmol) in distilled water (100 uL). The mixture was stirred for
5h at 30°C, then adjusted to pH 6.0 by the addition of hydrochlo-
ric acid and washed with toluene to remove unreacted phenol.
The aqueous layer was then adjusted to pH 1.5, and the product
was extracted into diethyl ether by the use of continuous liquid/
liquid extraction overnight. Evaporation of the solvent under re-
duced pressure gave the labelled 4-hydroxymandelic acid (146 mg,
90%) as a white powder. The '®0 enrichment was found by mass
spectrometry to be 87%. 'HNMR (500 MHz, D,0): 6=52 (s);
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3C NMR (500 MHz, D,0): 6: 176.9 (C=0), 155.8 (C—OH), 130.1 (Q),
1284 (CD, t, Jo p=24Hz), 1153 (CD, t, Jo_p,=24Hz), 72.5 (CH).
HRMS (ESI) calcd for CyD,H,0,'®0ONa: 197.0604 [M+Nal"; found:
197.0608 (+ 2.0 ppm).

[2,3,5,6-*H]4-hydroxymandelic acid was produced by the same
method, except distilled water was used in place of [®OJH,0
during the formation of the labelled phenol.

Growth of A. orientalis: A 250 mL flask with spring containing
common streptomyces medium (CSM; 50 mL) was inoculated with
Amycolatopsis orientalis (A82846.2) from a frozen permanent stock
and grown for three days at 30°C with shaking at 300 rpm. An ali-
quot (5 mL) of this starter culture was then transferred to FermB
medium (50 mL, 30°C, 300 rpm). The culture was fed [*H,,'®0]4-hy-
droxymandelic acid (10 mg) in water (10 mL) adjusted to pH 7.0
with NaOH (0.1 m) in four portions over a period between 36-48 h
of growth. The culture was harvested at 110 h and purified as
described below.

FermB media: Anhydrous glucose (12.0 g), potato dextrin (24.0 g),
bacteriological peptone (bacto peptone, 12.0g), beet molasses
(24 g) and calcium carbonate (1.2 g) were dissolved in distilled
water (300 mL), and the pH was adjusted to 7 with 1m sodium
hydroxide solution. The medium was then autoclaved.

Isolation and purification of glycopeptides: The glycopeptide-
containing medium was purified by the use of a p-alanine-p-ala-
nine-based affinity column.

The column was synthesised as follows. CH-Sepharose 4B (2 g) was
added to hydrochloric acid (100 mL, 1 mm) and allowed to swell
before washing on a glass sinter for 10 min with hydrochloric acid
(400 mL, 1 mm). The p-alanine-p-alanine (63.8 mg, 0.40 mmol) di-
peptide was dissolved into coupling buffer (0.1m NaHCO,/0.5m
NaCl, 12 mL, pH 8.0) before being combined with the activated
resin and rotated end over end for 90 min. The resin was extracted
by filtration and washed again with coupling buffer (200 mL), then
resuspended in aqueous ethanolamine hydrochloride (25 mL, 1m,
pH 8.0). After 60 min, the suspension was filtered and washed with
five cycles of 0.1 M sodium acetate/0.5m NaCl (150 mL, pH 4.0) fol-
lowed by 0.1m Tris HCI/0.5m NaCl (150 mL, pH 8.0) alternately, and
finally left to equilibrate with sodium phosphate buffer (0.02m,
pH 7.0) before use.

The production culture was pelleted by centrifugation (6470 rpm,
50009), and the cell-free supernatant was filtered through a GF/A
glass fibre filter under suction. The filtrate was adjusted to pH 7.0
(where necessary) and loaded onto the p-alanine-p-alanine column
by using a peristaltic pump at a flow rate of 0.5 mLmin~". The
column was washed sequentially with aqueous sodium phosphate
(40 mL, 0.2m, pH7.0) and then aqueous ammonium acetate
(40 mL, 0.4m, pH 7.8), and then 10% acetonitrile in water (40 mL).
The glycopeptide was eluted with 0.1m NH,OH/acetonitrile (1:1,
40 mL), and the eluate was lyophilised.

The column was regenerated by washing with 0.4m aqueous
sodium carbonate/30% acetonitrile (80 mL, pH 11.0), and was then
re-equilibrated with sodium phosphate buffer (50 mL, 0.02m,
pH 7.0).

GC-MS analysis: GC-MS analysis of labelled phenol was performed
on a Perkin—-Elmer Autosystem XL GC connected to a Perkin-Elmer
Turbomass Spectrometer. Helium was used as a carrier gas, and de-
tection was carried out by electron impact ionisation. The column
used was a Perkin—-Elmer Elite-Pe-5MS. The method used started at
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40°C, which was held for 1 min, before heating to 230°C at a rate
of 10°Cmin~". The column was then held at 230°C for 5 min.

LC-ESI-MS analysis: Initial HPLC-ESI-MS was performed on an Agi-
lent HP 1100 HPLC system connected to a ThermoFinnigan LCQ
fitted with an electrospray ionization (ESI) source. Samples were
injected onto a Phenomenex Luna C18(2) column (250x2 mm,
5 um), eluting with a linear gradient of 0 to 60% acetonitrile (0.1%
trifluoroacetic acid) in water (0.1 % trifluoroacetic acid) over 30 min

with a flow rate of 0.3 mLmin™".

High-resolution HPLC-ESI-MS was performed on a Thermo Electron
LTQ-Orbitrap. Samples were injected onto a Dionex Acclaim
PepMap 100 column (C18, 3y, 100 A), eluting with a linear gradient
of 0 to 100% acetonitrile (0.1% formic acid) in water (0.1% formic

acid) over 28 min with a flow rate of 50 uLmin™".

Chloroeremomcyin, eremomycin and dechloroeremomycin were all
identified by high-resolution accurate mass to within 3 ppm of the
predicted mass.
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S-Adenosyl-L-Methionine Hydrolase (Adenosine-Forming), a Conserved
Bacterial and Archeal Protein Related to SAM-Dependent Halogenases

Alessandra S. Eustaquio,*™ Johannes Harle,” Joseph P. Noel,® and Bradley S. Moore®

S-Adenosyl-L-methionine (SAM) is a ubiquitous molecule that
participates in various biochemical reactions, second only to
ATP as the most frequently used enzyme substrate. The re-
cently described SAM-dependent halogenases involved in the
biosynthesis of secondary metabolites in actinomycetes repre-
sent a new family of SAM-binding proteins®®® that catalyze the
nucleophilic displacement of L-methionine (L-met) from SAM
with halides to form halogenated 5’-deoxyadenosine (5'-
XDA).** These enzymes belong to a family of over 100 arch-
aeal and bacterial proteins with no assigned function (pfam
01887, DUF62). Here we report that a DUF62 member from the
recently sequenced marine bacterium Salinispora arenicola
CNS-205 (SaDUF62, Sare_1364, genome accession number NC_
009953) has no significant halogenase, but instead SAM hydro-
lase (adenosine-forming) activity in vitro.

SAM is biosynthesized from ATP and L-met by SAM synthe-
tase MetK. Besides its well-known and essential role as a
methyl donor to nucleic acids and proteins,® the electrophilic
character of the carbons surrounding the sulfonium group of
SAM makes it also a source of methylene, amino, ribosyl, and
aminoalkyl groups, as well as 5'-deoxyadenosyl radicals." Fur-
thermore, SAM acts as a molecular effector in the riboswitch-
mediated feedback regulation of metK and methionine biosyn-
thesis genes in bacteria”® and plants.”” Yet, the regulatory role
of SAM is not limited to the met operon. SAM levels have been
shown to influence morphological differentiation and secon-
dary-metabolite biosynthesis in the soil bacteria Streptomy-
ces—high levels of SAM cause antibiotic overproduction and
inhibit sporulation—at least in part by promoting transcription
of regulatory genes.*'?

We recently reported that biosynthesis of the marine bacte-
rial natural product salinosporamide A from Salinispora tropica
involves a SAM-dependent chlorinase®™ similar to fluorinase
from the fluoroacetate-producer Streptomyces cattleya.” These
two enzymes represent yet another example of the versatility
of SAM-binding proteins,>* and are the only members charac-
terized from a family of over 100 bacterial and archaeal homo-
logues available in GenBank and assigned as “protein of un-
known function, DUF62, pfam 01887". Given their wide distri-
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bution in the bacteria and archaea domains of life (in the eu-
karya, only two proteins are found from Entamoeba species;
for E. histolytica lateral gene transfer of bacterial genes into its
genome has been suggested;'¥ accession numbers XP_
651697, E. histolytica, and XP_001734670, E. dispar) and their
relatedness to the newly described SAM-dependent halogenas-
es, we were intrigued about their function (Figure 1A). Recent-
ly, Rao et al™ reported the crystal structure of a DUF62 pro-
tein at 2.5 A resolution, MJ1651, from the archaeon Methano-
coccus jannaschii (PDB ID: 2F4N) and showed that it had no
chlorinating activity. Two other crystal structures from the
Riken Structural Genomics/Proteomics Initiative have been de-
posited in the Protein Data Bank, as PH0463 from Pyrococcus
horikoshii (1WU8, PhDUF62) and TTHA0338 from Thermus ther-
mophilus (2CW5). However, to the best of our knowledge, no
catalytic activity has been demonstrated to date.

Our previous structural studies on chlorinase SalL™ together
with those by Dong et al. on fluorinase FIA® showed that cata-
lytic-site residues of SAM-dependent halogenases include
1) conserved Asp11 (chlorinase numbering) and Asn188 in-
volved in contacts with the ribose and adenine moieties, re-
spectively, and 2) Gly131 (Ser158 in fluorinase), Tyr70 (Thr77 in
fluorinase), and Trp129 (Phel156 in fluorinase) in the halide
binding pocket. Moreover, a unique 23-residue loop in the N-
terminal domain of fluorinase also appears to affect the active-
site architecture and halide specificity in the two enzymes.

Site-directed mutagenesis on chlorinase®™ demonstrated that
replacement of Tyr70 by a less-bulky threonine residue allowed
water to enter the active site, thereby reducing turnover to
0.07 % in comparison to the wild-type enzyme. Similarly, muta-
tion of Ser158 to glycine in fluorinase also leads to hydration
of the halide binding pocket and reduction in activity."” Se-
quence alignments (Figure 1B) show that Gly131 is conserved
in DUF62 proteins, while Tyr70 is replaced by less-bulky resi-
dues including Val, Gly and lle in 127, 13 and 11 cases, respec-
tively. Therefore, we anticipate that DUF62 proteins will most
likely not act as efficient nucleophilic halogenases due to the
predicted size of the halide binding pocket and expected pres-
ence of water in the active site. Furthermore, their wide distri-
bution in bacteria and archaea suggests a role in primary
rather than secondary metabolism. In fact, one deposited
structure of an archaeal family member from P horikoshii
(PhDUF62, PDB ID: 1WU8) with 28% identity to chlorinase re-
vealed adenosine bound in the active site. That alone does not
necessarily disclose its enzymatic activity, since chlorinase also
copurifies with adenosine, but it does indeed suggest that
DUF62 proteins have a nucleoside derivative such as SAM as
substrate. The PhDUF62 crystal structure at 2.6 A resolution
also reveals a water molecule that hydrogen bonds with
Gly128, analogous to the chloride-coordinating Gly131 de-
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Figure 1. Relatedness of SAM-dependent halogenases to DUF62 proteins from different bacteria and archaea. A) Phylogenetic tree. Archaeal proteins were
used as outgroup to root the neighbor joining tree. The scale bar indicates 0.1 changes per amino acid. Values on nodes are estimates of the reliability of a
particular grouping, that is, bootstrap scores in % out of 2000 replicates. Chlorinase SalL from S. tropica, fluorinase FIA from S. cattleya, DUF62 Sare_1364
from S. arenicola (SaDUF62) and PH0463 from P. horikoshii (PhDUF62) are highlighted. Note that the characterized halogenases form a distinct clade in the ac-
tinobacteria group. B) Partial alignment. Conserved active site residues unique for DUF62 proteins are highlighted. Values on top of the alignment correspond
to SaDUF62 residue numbering. Asp11 and Asn188, involved in contacts with the ribose and the adenine ring, respectively, are conserved in all proteins (data
not shown). Accession codes for DUF62 proteins are Cm, Caldivirga maquilingensis 1C-167 (ZP_01710958.1), Ec, E. coli 101-1 (ZP_00924576), Fs, Frankia sp. Ccl3
(YP_481014), Hp, Helicobacter pylori 26695 (NP_207503), Ph, P. horikoshii OT3 (NP_142440, PDB ID 1WUS8), Pi, Pyrobaculum islandicum DSM 4184 (YP_929529),
Sa, S. arenicola CNS-205 (ZP_01648926), Tf, Thermobifida fusca YX (YP_288283), Tk, Thermococcus kodakarensis KOD1 (YP_182475), and for chlorinase
(ABP73643 and YP_001157878, PDB ID 2Q6l) and fluorinase (CAE46446, PDB ID 1RQP).

scribed for chlorinase.”’ Together with the phylogenetic analy- We decided to test the enzymatic activity of a DUF62 family
sis of members of the superfamily (Figure 1), which shows that member from the marine actinomycete S. arenicola closely re-
the characterized halogenases form a distinct clade in the acti- lated to chlorinase (SaDUF62, 35% sequence identity to SallL
nobacteria group, these data suggest divergent evolution and  on the amino acid level). Upon incubation with SAM and fluo-
possibly different enzyme activity. ride, chloride, bromide or iodide ions, no halogenase activity
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could be detected, except for the very slow formation of 5'-
iodo-5"-deoxyadenosine (5'-IDA) with a turnover (k. =0.5h"")
about two orders of magnitude lower than that of SallL
(Scheme 1). The K,, for iodide at 20 mm is 4x 10*fold higher
than the iodide concentration in seawater (0.5 pum); this indi-
cates that the iodinase activity most likely has no biological
relevance in S. arenicola.

NH,

NH,
SR 10

2 +/ - L-Met 4
7000/\/\8 J X L-Me x <N \N/)

]
chlonnasel

HO OH fluorinase

HO  OH
5.XDA
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Scheme 1. Reactions catalyzed by SaDUF62 from S. arenicola. The respective
apparent kinetic constants are an average of at least two independent
measurements. Reactions catalyzed by chlorinase from S. tropica (X=Cl, Br,
1) and fluorinase from S. cattleya (X=F, C)*'® are shown for comparison.

However, incubation of SaDUF62 and SAM showed the pH-
dependent formation (optimum at pH8) of adenosine, as
monitored by reversed-phase HPLC and LC/MS. lts turnover
(key=0.5 min~") was comparable to the 5'-chloro-5'-deoxyade-
nosine (5'-CIDA) synthase activity of SalL (k.,=0.9 min~") and
had a similar K, for SAM (1.6 um). Interestingly, chloride inhib-
its this reaction with a K; of 1 mm. S-adenosyl-L.-homocysteine
and 5'-deoxy-5'-methylthioadenosine were also tested as sub-
strates, but no activity was detected.

The reaction catalyzed by chlorinase and fluorinase has been
shown to be reversible (Scheme 1).5'% In contrast, the reversi-
bility of SaDUF62 to form SAM from adenosine and L-met
could not be demonstrated; this reflects the fact that hydrox-
ide is a poor leaving group. Moreover, ATP and AMP were eval-
uated, but to no avail. When testing against 5-IDA or 5'-CIDA
with L-met, however, SaDUF62 similarly catalyzed the synthesis
of SAM.

Neither chlorinase wild-type nor its Y70T mutant, which al-
lowed hydration of the halide binding pocket, showed any de-
tectable SAM hydrolase activity. This indicates that during evo-
lution (assuming that SAM-dependent halogenases evolved
from SAM hydrolases) not only the halide binding pocket was
restricted to avoid hydration and favor nucleophilic substitu-
tion, but also residues responsible for acid-base catalysis and
hydrolase activity were possibly mutated. As highlighted in
Figure 1B, DUF62 proteins show several highly conserved and
unique residues compared to chlorinase and fluorinase. Inspec-
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tion of the available crystal structure of PhDUF62 reveals that
these residues are appropriately positioned near C5" of adeno-
sine, allowing not only hydration of the active site (smaller resi-
dues), but also offering a possibility for acid/base catalysis
(polarizable residues). Notably, Asp68 (Tyr in halogenases) is
within hydrogen bonding distance (3.1 &) to a water molecule
that coordinates Gly128 (Figure 2A and B). Asp68 in turn forms
hydrogen bonds to Arg75 (Thr in halogenases), which coordi-
nates to His127 (Tyr). The other two available DUF62 crystal
structures (2F4N and 2CWS5) are unbound and show no elec-
tron density for the respective His127, while Asp and Arg have
the same architecture as in PhDUF62. Moreover, homology
modeling"” of SaDUF62 (35% amino acid identity to
PhDUF62) shows similar organization of the triad. Thus, the
highly conservative and perfect geometry of this Asp-Arg-His
triad (Figures 1B and 2A) suggests its role in the formation of
a reactive hydroxide ion for SAM hydrolysis. The exact mecha-
nism for water activation remains to be demonstrated. A sim-
plified proposal in which Asp acts as a base to abstract a
proton from water is depicted in Figure 2C.

Our in vitro studies on SaDUF62 together with in silico anal-
ysis of other members of this newly discovered superfamily of
SAM-binding proteins suggest that most DUF62 enzymes will
act as SAM adenosylhydrolases, while a small subclass, repre-
sented by chlorinase and fluorinase (EC 2.5.1.63), have a more
specialized function in secondary metabolism. It is noteworthy
that the salinosporamide A producer S. tropica® also contains
a DUF62 member besides SalL (StDUF62, Strop_1405, 86%
identity to SaDUF62 and 35% identity to SalL on the amino
acid level), and that inactivation of salL completely abolishes
salinosporamide A production,” thus demonstrating that
StDUF62 is unable to replace Sall’s function in vivo. Again, this
observation suggests different enzymatic activity for the two
relatives and supports our hypothesis of divergent evolution.
Therefore, as with other halogen-incorporating enzymes that
evolved from hydroxylation logic,"” SAM-dependent halogen-
ases appear to have originated from a common SAM interac-
tive hydrolase. To the best of our knowledge, the only other
SAM hydrolase reported to date is the 17 kDa SAMase (5'-
methylthioadenosine-forming) from coliphage T3 (E.C. 3.3.1.2),
which is involved in overcoming host restriction.?>??

Although of no physiological relevance, SaDUF62 does have
very slow iodinase activity in vitro. Of all halides, iodide is the
weakest nucleophile. However, its nucleophilicity should be
the least impaired by hydration. In fact, while the k., of chlori-
nase SalL wild-type for iodide is threefold lower than that for
chloride, this observation is reversed (sixfold) in SalL Y70T,
which presents a hydrated halide binding pocket. Furthermore,
the K, of SaDUF62 for iodide is tenfold lower than that of
chlorinase, thus indicating higher affinity, likely due to the
presence of polar residues, for example, Asp-Arg-His triad. The
observation that chloride inhibits hydrolase activity (K; is 45-
fold lower than the K, of Sall) also indicates relatively high af-
finity of SaDUF62 for halides. Therefore, it appears that exclu-
sion of water from the halide binding pocket and elimination
of hydrolase activity in halogenases, through bulkier and less
polarisable residues, improved halogenating turnover consider-
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Figure 2. Comparison of DUF62 protein and chlorinase active sites and proposed mechanism for hydrolytic activity. A) PhDUF62 from P. horikoshii with bound
adenosine (PH0463, PDB ID: TWU8) showing the putative Asp-Arg-His catalytic triad. Residue numbering for SaDUF62 is shown in parenthesis. Hydrogen
bonds are depicted as orange dashes, and water molecules as red dots. B) Chlorinase SalL Y70T from S. tropica with bound SAM and chloride (PDB ID:

2Q60).”! Replacement of Tyr70 by threonine allows water to enter the active site (analogous to VaL66 (70) of DUF62 proteins). The putative Asp-Arg-His cata-
lytic triad is replaced by Tyr-Thr-Tyr. C) Proposed reaction mechanism of SaDUF62. pK, values predicted with PROPKA™? are Asp, 2.1, Arg, 11.6 and His, 1.3. We
propose that Asp72 acts as a base to abstract a proton from water and that Arg79 and His130 facilitate the basicity of Asp72. The available crystal structure
of PhDUF62 depicts adenosine and a remaining water molecule H-bonded to Asp72; this suggests that more than one water molecule might be present in

the active site upon SAM binding. For simplicity, we show only one reactive water in the above mechanism.

ably at the expense of increasing K, only tenfold, with favoura-
ble overall catalytic efficiency (k./K:)-

Analysis of gene neighborhood in various members of arch-
aea and bacteria with the Integrated Microbial Genome tool
from the Joint Genome Institute (http://imgweb.jgi-psf.org/cgi-
bin/w/main.cgi) identifies no universal gene cluster. However, a
common feature is the presence of proteins involved in both
nucleotide and amino acid biosynthesis, or DNA, RNA or pro-
tein methylation. ABC transporters and regulatory genes are
also frequent, thus indicating that a possible role for this new
SAM hydrolase activity could be in regulating SAM levels by
returning its chemical components to simple building blocks
that might be reassembled back to SAM when conditions are
warranted.

Experimental Section

Chemicals: SAM-p-toluenesulfonate, 5'-chloro-5-deoxyadenosine
(5'-CIDA), L-methionine, S-(5’-adenosyl)-L-homocysteine (SAH), 5'-
deoxy-5"-(methylthio)adenosine (MTA), adenosine-5'-triphosphate
(ATP) and adenosine-5-monophosphate (AMP) were purchased
from Sigma, 5-IDA and adenosine were from Acros Organics, and
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5'-FDA and 5'-BrDA were a gift from D. O'Hagan, University of St.
Andrews. All other chemicals were of analytical grade.

SaDUF62 purification: The SaDUF62 gene from S. arenicola CNS-
205 (protein accession number YP_001536256, genome accession
number NC_009953) was amplified by PCR from total genomic
DNA using the forward primer 5'-CGT GGT TCC CAT GGC ATG GCG
TCG ACG CCC TGG ATC-3’ (Ncol site underlined) and the reverse
primer 5-GCT CGA ATT CAA GCT TTC AGC CGG CGG TGA CGC
GGA-3' (Hindlll site underlined), designed for ligation into pHIS8,*
yielding plasmid pJH1. Expression in Escherichia coli BL21(DE3), pu-
rification and removal of the amino-terminal Hisg-tag were carried
out as previously described for recombinant chlorinase SalL."”’ The
yield of soluble protein was approximately 1 mgL™", and it was
stored in phosphate buffer (50 mm, pH 7.9) and 50% (v/v) glycerol
at —20°C.

SaDUF62 activity assay: SaDUF62 and SalL reactions were investi-
gated by incubating the enzyme (10 to 2000 nm) with 1) SAM (0.5-
500 pum), 2) SAM and KX (X=F, Cl, Br, I, 10-400 mm), or 3) L-met
(0.5-100 mm) and 5-XDA (X=Cl, I, 0.3-100 um) in phosphate
buffer (50 mm, pH 7.9) at 37°C. After the reaction mixture had
been boiled for 2 min and centrifuged for 30 min to eliminate pre-
cipitated protein, the clear supernatant (100 uL) was analyzed by
HPLC, as described.”” The identity of the products was confirmed

ChemBioChem 2008, 9, 2215-2219
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by comparing the retention times with authentic standards and by
LC/(+)ESI MS. The detection limit of the HPLC assay was > 1 pmol.
The following compounds were also tested as substrates by using
SaDUF62 (2 um), but no activity was detected: 1) L-met (50—
100 mm) and either ATP, AMP or adenosine (0.2-0.5 mwm), 2) SAH
(0.4 mm), 3) MTA (0.4 mwm).

Protein in silico analysis: Homology searches were carried out
with BLAST*' homology modeling was generated with ESy-
Pred3D,""” protein structures were visualized with PyMol,*® and
phylogenetic trees were created from sequence alignments by
using ClustalX®” and visualized with TreeView.*®

Note Added in Proof

During revision of this manuscript, a similar study by Deng et al..
describing the in vitro characterization of PhDUF62 was published.
The authors show that while PhDUF62 is unable to catalyze fluori-
nation or chlorination reactions, it does convert SAM to adenosine
in vitro. Assay of the enzyme in H,'"®0 results in [5-'®OJadenosine
without labeling of the protein; this indicates that a mechanism of
the type depicted in Figure 2 is operating rather than a second
possibility through an enzyme-bound intermediate. The enzyme is
alternatively named S-adenosyl-L-methionine:hydroxide adenosyl-
transferase.

29]
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Live-Cell Fluorescence Microscopy of Directed Cell Migration on Partially
Etched Electroactive SAM Gold Surfaces

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

The ability of a cell to adhere, polarize, and migrate is influ-
enced by the complex and dynamic extracellular matrix. The
role of the extracellular matrixin directed cell migration has
been under intense investigation and is important for a
number of fundamental biological processes, including tissue
repair, immune response, embryogenesis, and cancer metasta-
sis.l" Before cells can migrate they must first polarize in re-
sponse to external cues from the local microenvironment and
establish spatial, temporal and functional asymmetry internal-
ly.? Cell polarization involves the complex interplay of various
signaling pathways that induce reorganization of the cytoske-
leton and key organelles to initiate directed migration.”) The
development of molecularly well defined model substrates
that combine sophisticated surface chemistry, microfabrication
technology, molecular biology, and live-cell fluorescence micro-
scopy imaging would allow for further investigation into these
complex cellular processes.

We believe that the most flexible model surfaces for study-
ing biointerfacial science are based on self-assembled mono-
layers (SAMs) of alkanethiolates on gold.” These surfaces have
four principle advantages over other surfaces for studying bio-
specific cell behavior: they are 1) synthetically amenable to a
wide range of terminal groups to generate many different tail-
ored surfaces,” 2)inert to unspecific protein adsorption,”
3) redox active monolayers,” and 4) compatible with several
surface spectroscopy techniques used for the characterization
of interfacial interactions and reactions.f’ However, until now,
two major limitations have hindered the study of cell biology
on SAMs. Due to gold’s fluorescent quenching, SAMs of al-
kanethiolates on gold are incompatible with the live-cell high
resolution fluorescence microscopy needed to visualize dynam-
ic features within cells.”” Additionally, the directional path of
cellular migration must be determined ex post facto because
a ligand pattern cannot be independently visualized during
migration.

To study complex cell behavior, especially directed cell polar-
ity and migration, a molecularly well-defined surface that can
be patterned with a chemoselective immobilization strategy
would be of tremendous utility. Additionally, the surface
should be compatible with live-cell high resolution microscopy
and simultaneous visualization of the cell-path trajectory.
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Herein, we introduce three new, straightforward technolo-
gies that combine synergistically to provide complete spatial
and visual control of directed cell polarity and migration. This
strategy uses: 1) partially etched gold surfaces to determine
the precise track or path of cell migration trajectory, 2) micro-
fluidic lithography (uFL) to pattern gold surfaces rapidly with a
variety of alkanethiols for biospecific cell interactions, and
3) live-cell high-resolution fluorescence microscopy on gold
surfaces to visualize internal organelle dynamics during polari-
ty and migration. To obtain ligand control over the surface and
characterize the patterning, we utilize a chemoselective elec-
troactive SAM immobilization methodology to pattern ligands
on the partially etched gold surfaces."™ We show live-cell di-
rected migration of a mammalian cell line in which the nucleus
and Golgi have been fluorescently labeled to determine the
role of cell polarity on motility. The strategy is based on the
use of microfluidic cassettes to partially etch the gold surface
and then install a monolayer on the etched regions for sub-
sequent immobilization of biospecific adhesive peptides. By
using a slightly modified inverted microscopy set-up (see the
Supporting Information),™ routine live cell fluorescence micro-
scopy is now possible on gold surfaces. This study is the first
demonstration of live-cell fluorescence microscopy of directed
cell migration on tailored gold surfaces.

The strategy to chemoselectively immobilize ligands, visual-
ize the ligand patterns, and monitor directed cell migration
through live-cell fluorescence microscopy is outlined in Fig-
ure 1. First, a polydimethylsiloxane (PDMS) microfluidic cassette
was reversibly sealed to a bare gold surface to achieve spatial
control. To partially etch and pattern the gold surfaces, a mild
tri-iodide solution (18 mm Kl, 43 mm |,) was flowed into the
microchannels and allowed to react for 10 s."? Without remov-
ing the PDMS stamp, the microchannels were subsequently
flushed with water and then ethanol by flowing each into the
channels for 10s. To form a patterned SAM on the etched
regions, we developed a new technology termed pFL. To per-
form pFL, an ethanolic alkanethiol solution containing either a
terminal ligand or reactive head group was flowed into the
channels and allowed to self-assemble on the partially etched
regions. By controlling the concentration of alkanethiol solu-
tion and duration of SAM formation, mixed SAMs and even
gradients can be patterned. It should be noted that the pFL
strategy can be used to pattern a variety of alkanethiols rapidly
onto flat or etched gold surfaces (Supporting Information).

Once the monolayer was installed onto the partially etched
regions, the microfluidic PDMS cassette was removed from the
gold surface. The etched and patterned gold surface was then
immersed in a tetra(ethylene glycol) undecane thiol (EG,C,,SH)
solution to backfill the unetched and unreacted regions of the
gold surface. The ethylene(glycol) group prevents unspecific
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Figure 1. Schematic representation of the generation of patterned, partially-
etched gold surfaces for chemoselective ligand immobilization and directed
cell migration. A) A PDMS microfluidic cassette was reversibly sealed to a flat
bare gold surface. B) A dilute tri-iodide etch solution was flowed into the
microfluidic cassette for 10 s to create a recessed, patterned gold surface.

C) Without removing the PDMS cassette, a rinsing solution of absolute etha-
nol (20 plL) and then water was flowed through the channel followed by the
addition of 1 mm hydroquinone terminated alkanethiol in EtOH for 60 s. This
generated a partial SAM on the partially etched gold regions. D) Removal of
the cassette from the gold surface exposed the partially etched SAM-pat-
terned regions and the bare gold regions. E) The entire substrate was then
immersed in 1 mm EG,C;,SH solution for 8 h to create an inert SAM back-
ground; the unetched regions were resistant to protein and cell adhesion.
Electrochemical oxidation of the hydroquinone to the quinone followed by
chemoselective coupling with RGD-oxyamine peptides resulted in a molecu-
larly defined surface, tailored for directed cell-migration studies. Cells only
adhered to the ligand-presenting regions. Directional cell migration could
be predicted and tracked by visualizing the cells and path trajectory with
standard live-cell fluorescence microscopy.

protein adsorption and cell attachment to the surface.” De-
pending on the nature of the alkanethiol used in the etch
region, an immobilization reaction or an activation/immobiliza-
tion strategy can be employed to chemoselectively install a
variety of ligands in the etched regions."® We used an electro-
active hydroquinone alkanethiol that can be electrochemically
reversibly oxidized to the quinone before subsequent reaction
with oxyamine containing ligands to generate an interfacial
oxime conjugate.’” For cell biology studies, cells can be
seeded onto the substrate for biospecific attachment to the
etched regions where the ligand pattern is localized. This
methodology allows for ligand pattern visualization on biospe-
cific-tailored surfaces that are compatible with live cell high
resolution fluorescence microscopy for directed cell polarity
and migration studies.

To characterize the thickness of the gold etch patterns gen-
erated by the flow of oxidants through the microfluidic chan-
nel, we etched several gold substrates under a range of condi-
tions (Figure 2). We first evaporated titanium (6 nm) and then
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Figure 2. Controlling the amount of gold etch and therefore gold thickness
by varying the duration of the flow of tri-iodide solution in the microfluidic
channels. Gold thickness was determined by linescanning. A) A 24 nm gold
surface on a glass slide was completely etched, and showed a patterned
gold and glass substrate; etch depth: 24 nm. B) Partially etched surface ob-
tained after 20 s flow with tri-iodide solution; etch depth: 13 nm. C) Surface
etched after 10 s flow with tri-iodide solution; etch depth: 8 nm. D) Bar
graph of etch results.

gold (24 nm) onto a thin glass coverslip and determined the
precise thickness using a quartz crystal microbalance. Three
sets of etching conditions were performed by using the micro-
fluidic cassette on a bare gold surface. The first gold surface
was completely etched away to the underlying titanium layer
by using concentrated tri-iodide solution (5m KI, 1™ 1,). The
etch depth was 24 nm, as determined by a quartz crystal mi-
crobalance during gold deposition. The second was etched for
10's by using the dilute etch solution (18 mm Kl, 4.3 mm |,),
and the third surface was etched for 20 s with the same solu-
tion. To determine the amount of gold etched, phase contrast
microscopy images were taken of the three substrates. B using
image processing software, linescans of these substrates were
used to measure the transmittance of light through the sub-
strates, which was correlated with fully etched surfaces to cal-
culate the amount of gold etched. For the 20 s etch, 13 nm of
gold was removed and for the 10 s etch, 8 nm was removed.
As controls, surfaces with each of these thicknesses were in-
dependently generated by e-beam evaporation, (characterized
by a quartz crystal microbalance) and determined to have the
same transmittance as the microfluidic/chemical partially
etched gold surfaces. These results demonstrate that gold can
be selectively etched and therefore patterned by using micro-
fludic chips, and that the etch depth thickness can be quanti-
fied with simple image processing software.

In order to characterize the quality of the SAMs on the pat-
terned, partially etched regions by pFL, a hydroquinone-tetra-
(ethylene glycol) undecane thiol (H,QEG,C;;SH) was assembled
on the surface of partially etched regions of gold (1 mm, 305s)
and backfilled with the inert tetra(ethylene)glycol alkanethiol
(EG,C;;SH; 1 mMm, 10 min). The hydroquinone group is electro-
active and can be reversibly oxidized to the quinone, which
can subsequently react chemoselectively with oxyamine teth-
ered ligands to generate an interfacial oxime conjugate (Fig-
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ure 3). Cyclic voltammograms (CV) were taken of the partially
etched surface, and these showed two distinct redox peaks at
570 and 290 mV, which is characteristic of the hydroquinone-
quinone redox couple. To demonstrate the chemoselectivity of
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Figure 3. Electrochemical characterization of a chemoselective ligand immo-
bilization strategy on a patterned partially etched gold surface. A) Bright-
field micrograph of a partially etched surface. B) Side-view representation of
a partially etched patterned SAM. In the etched regions, a hydroquinone al-
kanethiol SAM was patterned by using microfluidic lithography. C) The hy-
droquinone was activated by electrochemical oxidation to the quinone, and
subsequently treated chemoselectively with oxyamine tethered ligands to
generate a stable interfacial oxime linkage. D) Cyclic voltammetry of the sur-
face showed diagnostic redox signals for the hydroquinone-quinone and
oxime product. Integrating the waves provided a quantitative measure of
the amount of oxime product on the partially etched regions. Intersection
of crosshairs represents zero current.

the reaction, an oxyamine acetic acid was immobilized to the
surface (250 mm, 2 h). The two redox peaks shifted to 483 mV
for the oxidation and 342 mV for the reduction peak; this cor-
responds to the oxime product. The resulting redox peak shift
and peak integration allows for a diagnostic and quantitative
evaluation of reaction yield and therefore density of immobi-
lized ligand."

To verify the quality of the SAM and amount of electroactive
molecules on the partially etched region, we used cyclic vol-
tammetry within the corresponding patterned etch area.'®'
For example, the total area etched with the microfluidic cas-
sette and therefore total area of installed electroactive hydro-
quinone or oxime ligand conjugate was 0.375 cm? and the
gold surface was 2 cm® The peak area for the hydroquinone
was calculated to be 4.05 uC with the equation Q=nFAI'
(where Q represents total charge, n is moles of electrons (2), F
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is Faraday's constant, I" is molecules per surface area). From
the peak area data, our 0.375 cm? surfaces should theoretically
contain a total of 3.75x 10" electroactive molecules if a full
monolayer is present. We found experimentally that 3.38x 10"
molecules of hydroquinone were on the etched surface, which
closely approximates the theoretical calculation. This demon-
strates that an electroactive SAM can be installed rapidly by
UFL, and the density of the molecules/ligands on the patterned
surface can be precisely determined.

To observe directed cell migration on the partially etched
surface, an RGD oxyamine peptide, which is the minimum ad-
hesion peptide found in the extracellular matrix protein fibro-
nectin,™ was synthesized and chemoselectively immobilized
to the etched and patterned quinone-alkanethiol surfaces. For
cell biology studies, a mixed SAM containing H,QEG,C;,SH
(10%) and EG,C,,SH (90%) was flowed through the microchan-
nels (1 mm total, 1 min), the microfluidic cassette was then re-
moved, and the remaining bare gold regions were backfilled
with tetra(ethylene)glycol alkanethiol (1 mm) for 8 h. The sur-
face was activated with 750 mV for 10 s to oxidize the hydro-
quinone to the reactive quinone to which RGD-oxyamine was
immobilized (1 mm, 2 h). A stably transfected fluorescent fibro-
blast cell line (Rat2) containing GFP-labeled Golgi and mCher-
ry-labeled nuclei was then seeded onto the surface (Figure 4).

Directed cell
migration

Figure 4. Multiwavelength time-lapse live-cell fluorescence microscopy of
transfected Rat2 fibroblast cells during directed migration on partially
etched electroactive RGD-presenting SAM gold surfaces. The partially etched
regions appear lighter in the micrographs. A) Initial position of cells on the
etched region of the gold; red: nucleus, green: Golgi. B) An image taken

12 h after cell migration in the etched regions of the gold.

To measure the role of cell polarity in directed cell migration,
which is a fundamental question in cell motility, the relative
positional vector of the concentrated Golgi and nucleus can be
determined as the cell polarizes and migrates."™ We were in-
terested in studying the relative orientations of the Golgi and
nucleus when the cell changes direction and migrates around
corners. It is unclear how the nucleus to Golgi vector is orient-
ed during directed cell migration through a turn. A number of
different experimental observations and theories have been
proposed: 1) The vector always points in the direction of mi-
gration; 2) the vector is random and does not consistently
point in the direction of migration; 3) the Golgi remains con-
centrated, but moves to the rear of the nucleus during a turn;
it then becomes diffuse, reorients itself to the front of the
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nucleus in the direction of migration, and reconcentrates after
the turn is completed.” "> With the biospecifically etched,
patterned surfaces, the nucleus to Golgi vector can be mea-
sured as cells predictably change their direction of migration.
Upon cell seeding, the cells adhered only to the partially
etched regions of gold because the RGD ligands were localized
in these areas only. These regions appear lighter than the
thicker gold regions, and clearly show the etch pattern, ligand
pattern, and cell-path trajectory. Over a period of 12 h, cell mi-
gration was observed on the partially etched surface. The cells
stayed confined to the etched regions, and the Golgi was con-
centrated toward the leading edge of migration. Our results
suggest that the polarity vector (nucleus to Golgi) reorients
after completion of a directional turn around corners (see
movie in the Supplementary Information for an example of di-
rected migration around corners). No cells adhered to control
surfaces that were not treated with RGD-oxyamine or with a
scrambled RDG-oxyamine peptide.

In conclusion, we have developed a methodology to visual-
ize ligand patterns of SAMs of alkanethioalates on gold. PDMS
microfluidic cassettes provided spatial control over gold etch-
ing and pFL, which is the methodology used to pattern ligands
of alkanethiolates in the same etched regions on the gold sur-
face without the need for a separate pattern registration step.
Microfabrication methods to generate 3D microfluidic cassettes
will allow for the etching and/or patterning of alkanethiolates
in isolated regions on to generate complex but addressable
geometries and patterns on the surface. To characterize the
surfaces and immobilize ligands chemoselectively, a
H,QEG,C;;SH SAM was formed in the etched channels by using
a UFL strategy. The electroactive alkanethiol was used to deter-
mine the amount of ligand immobilized on the electroactive
area patterned on the substrate. Furthermore, these surfaces
were used to determine the directed polarity and migration of
a fluorescent cell line. Finally, live cell fluorescence microscopy
was used to observe both the Golgi and nucleus, in order to
monitor directed cell polarity and migration. Gradient peptide
surfaces and peptide nanoarrays are being investigated to
determine the effect of the underlying surface on cell polarity
and migration.®''® The combined ability to pattern partially
etched gold surfaces, install and pattern a variety of alkane-
thiolates and be compatible with live-cell fluorescence micro-
scopy provides a synergistic methodology that enables the ob-
servation and study of a variety of cell adhesion, migration,
and growth dynamics on molecularly tailored gold surfaces.'®

Experimental Section

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

Solid-phase peptide synthesis: Peptide synthesis of RGD-oxy-
amine was performed as previously reported."”

Electrochemistry: All electrochemical measurements were made
by using a Bioanalytical Systems Epsilon potentiostat. An Ag/AgCl
electrode served as the reference, the gold monolayer acted as the
working electrode, and a Pt wire served as the counter electrode.

ChemBioChem 2008, 9, 2220 - 2224
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The electrolyte was HCIO, (1m) and the scan rate was 100 mVs™".

All measurements were made in a standard electrochemical cell.

Microfabrication: The microchips were fabricated by using soft
lithography."? Patterns were fabricated by using masks drawn in
Adobe lllustrator CS3 and photoplotted by Pageworks onto trans-
parencies. The SU-850 (MicroChem, Newtown, USA) was patterned
by using the manufacturer’s directions, and a 100 um channel
depth was obtained with these masks. Slygard 184 (Dow Corning)
was cast onto the mold by using a 1:10 ratio of curing agent to
elastomer (w/w). The prepolymer was degassed for 15 min and
then poured over the mold. The prepolymer was cured for 1 h at
75°C. The PDMS was removed from the master and access holes
were punched into the PDMS to allow fluid flow.

Preparation of monolayers: Gold substrates were prepared by
electron beam deposition of titanium (6 nm) and gold (24 nm) on
24 mm x 100 mm glass microscope slides. The slides were cut into
1x2 cm? pieces and washed with absolute ethanol before use.

Chemical gold etch: A PDMS stamp was reversibly sealed to a
gold substrate. To chemically etch the gold surface, a solution con-
taining KI (18 mm) and |, (4.3 mm) was flowed into microchannels
for various lengths of time to partially etch the gold layer. By con-
trolling the duration of the etch conditions it was possible to con-
trol the amount of gold etched. Once the gold had been etched,
flowing water and then ethanol (30 s each) were used to clean the
microchannels.

Microfluidic lithography (uFL): For the patterned etched and elec-
troactive surface characterization, a 1 mm solution of hydroqui-
none-tetra(ethylene glycol) undecane thiol in ethanol was flowed
into the channels for 30 s to install a SAM on the etched regions.
The microfluidic cassette was then removed and the remaining
bare gold regions were backfilled with tetra(ethylene glycol) al-
kanethiol for 10 min. Cyclic voltammetry was used to determine
the amount (density) of electroactive species on the etched re-
gions. For cell biology studies, a mixed SAM that contained hydro-
quinone-tetra(ethylene glycol) alkanethiol (10%) and tetra(ethyl-
ene glycol) alkanethiol (90%) was flowed through the microchan-
nels (1 mm total, 1 min). The microfluidic cassette was then re-
moved, and the remaining bare gold regions were backfilled with
tetra(ethylene glycol) alkanethiol (1 mm) for 8 h. The surface was
electrochemically oxidized and the quinone surface was treated
with RGD-oxyamine (1 mm, 2 h) to install the peptide on the
surface for subsequent biospecific cell adhesion and migration
studies.

Oxyamine coupling reaction: The surface was activated with the
application of 750 mV for 10 s to oxidize the hydroquinone to the
reactive quinone. For surface characterization, oxyamine acetic acid
(250 mm) was added and incubated on the surface for 2 h. For cell
biology surfaces the same activating conditions were used but
RGD-oxyamine peptide was immobilized to the surface (1 mm,
2 h).

Cell culture: Histone-2B-mCherry and GFP-a-tubulin expressing
Rat2 fibroblasts were cultured in Dulbecco’s modified Eagle’s
medium supplemented with fetal bovine serum (5%) and penicil-
lin/streptomycin. Cells were removed from tissue culture flasks
with trypsin/EDTA, added to serum-containing media, and centri-
fuged. Cells were resuspended in serum-free media and plated to
the partially etched SAM-patterned substrates and incubated for
1.5 h. After a gentle rinse with PBS, cell-plated substrates were
placed in culture media for 2 h prior to imaging.
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Time-lapse microscopy: Microscopy images were obtained with a
Nikon TE2000-E microscope. To enable fluorescence visualization,
gold substrates were inverted onto the glass microscope chamber,
which contained sandwiching-polystyrene beads (25 um) that pre-
vent contact between the cells and the chamber.™ Fluorescent
images were obtained at 10 min intervals over a period of 12 h.
Data were analyzed with Metamorph imaging software.
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Saturation Transfer Difference (STD) NMR Spectroscopy Characterization of
Dual Binding Mode of a Mannose Disaccharide to DC-SIGN

Jesus Angulo,” Irene Diaz,” José J. Reina,”” Georges Tabarani,” Franck Fieschi,™ Javier Rojo,” and

Pedro M. Nieto*™

Saturation transfer difference NMR spectroscopy (STD-NMR),
together with transfer NOE, is one of the most widespread
NMR methods for the study of the interactions between small
ligands and macromolecular receptors. Originally proposed
as a technique for the rapid screening of compound libraries,
its scope has been extended to include mapping the interac-
tion epitope by determining the ligand regions in contact with
the receptor.” More recently, it has been applied to the study
of receptor-bound ligand conformations by using quantitative
STD theoretical calculations.®>" Herein, we investigate the
effect of multiple ligand-binding modes on the quantitative
analysis of STD experiments by analyzing the multimodal bind-
ing of a mannose disaccharide to DC-SIGN (Dendritic Cell-Spe-
cific ICAM-3 Grabbing Non-integrin).!”’ Our results demonstrate
that STD-NMR is sensitive to the existence of multiple binding
modes. Furthermore, we propose an approach for the quanti-
tative analysis of experimental NMR data and theoretical pre-
dictions in the case of multiple binding modes. This approach
has allowed us to confirm the dual character of the multiple
binding modes of the Mana(1—2)ManOC,H,NH, disaccharide
(Scheme 1) to DC-SIGN in solution and to elucidate the ligand
orientation in the less populated bound conformation, which
was undefined in the crystallographic study.®

The interaction between Mana(1—2)Man and DC-SIGN was
selected as a model system to verify the sensitivity of STD to
multiple binding modes. DC-SIGN, also known as CD209, is a
dendritic cell surface receptor. Specifically, DC-SIGN is a C-type
lectin receptor with a carbohydrate recognition domain (CRD)
at the C terminus able to interact with highly glycosylated pro-
teins found on several pathogens.” DC-SIGN is considered an
universal pathogen receptor and plays a key role in HIV trans
infection.® The interaction of the CRD with different carbohy-
drates has been studied both the liquid and the solid state,
and by STD-NMR.**'% Recent crystallographic structures dem-
onstrate that DC-SIGN binds mannose oligosaccharides in a
multimodal fashion within the same binding site.””
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Scheme 1. Disaccharide Mana(1—2)ManOC,H,NH,: Dashed circles indicate
the protons whose NMR signals have been used for this study.

Multiple binding modes of a ligand in a single site can be
considered a special receptor-ligand—competitive inhibitor
system, where one complex is an inhibitor of the others. As
the ligand and inhibitor(s) are the same species, the chemical
shifts and equilibrium intensities of their signals are equivalent
and undistinguishable. Therefore, the total saturation observed
in a STD experiment would be the sum of the accumulated
saturations corresponding to each binding mode.

L+P=LP,+LP,+...+LP,+...+LP,

CORCEMA-ST calculates the theoretical intensities of STD
spectra via full relaxation matrix analysis based on the three-di-
mensional co-ordinates of the complex, concentrations, and as-
sociation and dissociation rate constants.”! The saturation due
to each complex considered (derived from an alternative bind-
ing mode) can be calculated separately. Nevertheless, this ap-
proach is not directly applicable because the STD values can
be affected by cross-rebinding, where a previously saturated
ligand re-enters the binding pocket in an alternative mode, as
the initial intensities of the signals are different from those at
equilibrium. Equally, it is not possible to estimate the cross-re-
binding contribution as CORCEMA-ST does not implement al-
gorithms for multiple binding modes. When the saturation
times are short enough, the potential effect of cross-rebinding
becomes negligible. Unfortunately, under these conditions, the
quality of the experimental data is very poor due to low mag-
netization transfer from the receptor. Our approach uses the
STD initial growing rates (STD,) to avoid possible rebinding
contributions.
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lo—I
STD, (multiple-binding) = - 7 Jto
0

> (lo—ly) | (1)
’T o = Y, STD,

The experimental STD, were estimated from the initial slope
of STD verses saturation time build-up curves (STD=STD,,,,
[1—expl—Kqauration tsaturation])s @S previously described." The theo-
retical STD, values correspond to the sum of the initial grow-
ing rates calculated independently for each binding mode by
CORCEMA-ST according to Equation (1).

> W, (STD?—STOG)?
> W,((STDSVX,(”)2

NOE(R—factor) = \/

We have determined the initial slopes from STD-NMR build-
up experiments (0.5, 0.75, 1.0, 1.5, 2.0 and 3.0 s saturation
times) on a sample containing the Mana(1—2)ManOC,H,NH,
disaccharide (Scheme 1) in the presence of the soluble extra-
cellular domain (ECD) of DC-SIGN. The experimental results
have been compared with the theoretical initial slopes predict-
ed using CORCEMA-ST. The agreement between the calculated
and the experimental NMR data was evaluated using the NOE
R factor given by Equation (2), where STD, is the initial slope
and W is a weighting factor proportional to 1/STDZ® o @<
For the sake of accuracy in the present study we used only
well resolved and isolated NMR resonances of the ligand,
avoiding uncertain contributions in the case of overlapped sig-
nals. Thus, seven protons have been included in the NOE R
factor analysis (H1’, H2', H3’, of the nonreducing sugar ring,
and H1, H2, and the two H6 protons of the reducing sugar
ring, Scheme 1).

The three-dimensional structures used for the full relaxation
matrix calculations were based on the known crystal structure
of the CRD of DC-SIGN with Mana(1—2)Man (PDB ID: 2I76).””
Two different ligand binding modes in complexation with the
CRD were identified in a ratio 3:1 (major/minor). The major (M)
complex was given the coordinates described in the crystal
data,””’ however, the structure of the minor (m) complex is am-
biguous as some ligand atoms were not defined. Two possible
complex structures (m1 and m2), with differing ligand orienta-
tions, are compatible with the X-ray data (Figure 1, details are
given in the Supporting Information).

The magnitude of STD is strongly dependent on the dissoci-
ation off-rate constant, which is propagated to the equilibrium
constant (Kp), assuming that the association process (on-rate)
is controlled by diffusion."™ Since only relative affinities from
competition experiments for oligomannosides binding to DC-
SIGN are reported in the literature, a series of dissociation con-
stants in the millimolar range were considered in the CORCE-
MA calculations. In the case of the bimodal systems, for each
Kp value corresponding to the major orientation binding, the
corresponding value for the minor orientation was calculated
for a 3:1 ratio of binding modes.” The concentrations of the
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Figure 1. Structures of the DC-SIGN CRD-Mana(1—2)Man complexes used
for the calculation of the theoretical STD values showing the orientation of
the disaccharide relative to the Ca*. Only residues within 8 A from a ligand

atom are represented. Figure were prepared with PyMOL."? (

NR, nonreducing).

R, reducing;

complexes were calculated for monomodal or bimodal binding
using equations for competitive binding.

The agreement between experimental and theoretical re-
sults obtained by full relaxation calculations for each system
was assessed using the NOE R factor (Figure 2). The results for

NOE

R factor '
R

3
Kyl mm

o

—d
[
.
[,

Figure 2. Deviations between the experimental and theoretical STD, values
as a function of the dissociation constant used in the prediction. Monomo-
dal complexes: M (m), m1 (@), and m2 (A). Bimodal complexes: M+m1 (V¥),
and M4+m2 (e).

the monomodal binding of the ligand orientation m1 did not
correlate to the experimental results observed for the Kj
values considered. The data for a hypothetical monomodal
binding of the ligand orientation m2 showed improved R fac-
tors with a growing tendency for increasing K, values
(Figure 2). Conversely, the major binding mode (M) had the
smallest deviations relative to the experimental data for Kj
values above 0.5 mm (Figure 2). This observation confirms the
previous crystallographic analysis of the CRD of DC-SIGN with

ChemBioChem 2008, 9, 2225 -2227
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Mana(1—2)Man as this mode corresponds to the largest con-
tribution to the experimental data.”

Considering the bimodal systems, the combination of the
modes M and m1 led to very high NOE R factors, showing
poorer values than the major component alone. In combina-
tion with the m1 monomodal results, these results imply that
there is a negligible, if any, contribution to the multiple bind-
ing equilibrium of the ligand orientation m1 (reducing ring
bound to Ca®" site). In contrast, the contribution of the ligand
orientation m2, together with the major mode (M), to the mul-
tiple binding mode equilibrium was readily inferred from the
analysis of NOE R factor data (M +m2). The inclusion of m2 in
the calculations led to significant reductions in the NOE R
factor values for the full range of K, values considered when
compared to both individual orientations of the ligand in the
bound state: the major (M), and the minor-2 (m2). Moreover,
the lowest NOE R factor was observed in the low millimolar
range, in agreement with the K estimated from competition
experiments. !

These results refine the previous crystallographic studies by
determining the precise structure and orientation of the minor
binding mode of the disaccharide within the DC-SIGN binding
site. In this binding mode the disaccharide interacts at the
same sub-site as the major complex but the orientation of the
reducing and nonreducing sugars, imposed by the coordina-
tion of the mannose with the Ca** atom, is reversed (Figure 1).
This observation is particularly useful for further studies into
the interactions of carbohydrates with these receptors, and the
design of new ligands for DC-SIGN.

In conclusion, we have shown that STD experiments are sen-
sitive to multiple binding modes of a ligand to a single binding
site, provided that binding events fall within the fast exchange
regime. Moreover, in favorable cases, the experimental STD
initial rate can be calculated as the sum of the theoretical indi-
vidual initial rates corresponding to the binding modes with
known three-dimensional coordinates. This approach has been
used to solve the ambiguities on the binding mode of the
minor component present in crystallographic structures of a di-
mannoside ligand to DC-SIGN, defining its orientation relative
to the binding site. Considering the wide use of STD as a
method for solving the structure of bound ligands in combina-
tion with relaxation matrix analysis, our observation should be
a useful tool in further studies.

Experimental Section

The synthesis of disaccharide Mana(1—2)ManOC,H,NH, was previ-
ously described."® The ECD (corresponding to amino acids 66—
404) of DC-SIGN was overproduced as described previously."® NMR
experiments were performed on an AVANCE Bruker instrument op-
erating at 500 MHz. All NMR samples were prepared using carbo-
hydrate (2 mm) and lectin DC-SIGN ECD (40 pm; binding site molar-
ity) in D,O (150 mm NaCl, 4 mm CaCl,, 25 mm d-TRIS, pH 8.1). STD
experiments were performed at 278 K using watergate solvent sup-
pression (0.5, 0.75, 1.0, 1.5, 2.0 and 3.0 s saturation times) and a

train of Gaussian shaped pulses (49 ms and 100-60 Hz power
spaced by 1.0 ms delays). On-resonance irradiation was performed
at 0.9 ppm and off-resonance at 40.0 ppm, appropriate blank ex-
periments were carried out to assure the absence of direct irradia-
tion on the ligand. Theoretical calculations of STD were done with
the CORCEMA-ST protocol. A complete description of the pro-
posed approach and further experimental details are given in the
Supporting Information.
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Chemical Genetic Analysis of FOXO Nuclear-Cytoplasmic
Shuttling by Using Image-Based Cell Screening

Fabian Zanella,” Aranzazi Rosado,® ® Beatriz Garcia,” Amancio Carnero,

Wolfgang Link*®

FOXO proteins are direct targets of PI3K/Akt signaling and they
integrate the signals of several other transduction pathways at
the transcriptional level. FOXO transcription factors are involved
in normal cell homeostasis and neoplasia, and they are regulated
by multiple post-transcriptional modifications. In cancer research,
the regulation of the FOXO factors is receiving increasing atten-
tion as their activation has been linked to cell-cycle arrest and
apoptosis. Hence, FOXO proteins have been proposed to act as
tumor suppressors. Here, we applied a chemical biology ap-
proach to study the mechanisms that influence the intracellular
localization of the FOXO family member FOXO3a. We established
a high-throughput cellular-imaging assay that monitors the nu-
clear-cytoplasmic translocation of a GFP-FOXO3a fusion protein
in tumor cells. Nuclear accumulation of fluorescent signals upon

Introduction

Mammalian FOXO proteins are the orthologues of Candida ele-
gans DAF16, and they pertain to the O class of forkhead tran-
scription factors that have a characteristic forkhead box DNA
binding domain. FOXO proteins function as transcriptional reg-
ulators in the cell nucleus and they bind as monomers to their
consensus DNA binding sites. They are components of highly
conserved signal-transduction pathways that link growth and
stress signals to the control of gene expression. The ever-grow-
ing list of target genes for these factors contains many ele-
ments that function in metabolism, apoptosis, resistance to ox-
idative stress, and cell-cycle inhibition, and includes glucose-6-
phosphatase, phosphoenolpyruvate carboxykinase,"’ FasL,
Bim,*® MnSOD, catalase, p27""", p130, and cyclin G,.*® FOXO
factors are inactivated in a variety of cancers and indeed,
FOX03a was found mainly in the cytoplasm in human primary
breast cancer where nuclear exclusion was closely correlated
with poor survival.”! Moreover, the expression of a constitutive-
ly active form of FOXO1 diminished tumorigenesis in cells with
aberrant PI3K/Akt activity in nude mice.!! In fact, the simulta-
neous disruption of the three principal FOXO genes leads to
thymic lymphoma and haemangiomas, indicative that FOXO
factors are bona fide tumor suppressors.”

Despite these consequences of their inactivation and some-
what surprisingly, no inactivating mutations in the FOXO genes
have yet been reported. Hence, inactivation of FOXO proteins
in human cancer seems to be mainly due to aberrant upstream
signaling. Subcellular localization of FOXO proteins plays a
major role in the regulation of their activity. Nuclear-cytoplas-
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treatment with the known PI3K inhibitors LY294002, wortmannin,
PIK-75, and PI-103 was dose dependent and agreed well with the
ICs, values reported for PI3Ka inhibition in vitro. Additionally, we
identified 17 compounds from a panel of 73 low-molecular-
weight compounds capable of inducing the nuclear accumula-
tion of GFP-FOXO. These compounds include chemicals known
to interfere with components of the PI3K/Akt signaling pathway,
as well as with nuclear export and Ca**/calmodulin (CaM)-depen-
dent signaling events. Interestingly, the therapeutic agent vinblas-
tine induced efficient nuclear translocation of the FOXO reporter
protein. Our data illustrate the potential of chemical genetics
when combined with robust and sensitive high-content-screening
technology.

mic shuttling of FOXO factors is controlled by a sophisticated
signaling network that integrates information from PI3K/Akt
and stress-induced signaling pathways via the Jun N-terminal
kinase (JNK), the mammalian sterile 20-like kinase MSTI, and
the NAD-dependent deacetylase SIRT1.'” In the absence of
growth factor signaling, FOXO factors are localized in the nu-
cleus and are transcriptionally active. By contrast, FOXO tran-
scription factors are phosphorylated by several kinases in re-
sponse to growth and survival factors, including AKT, SGK, and
CK1,™ and phosphorylation by DYRK1A and IKKB has been
shown to drive FOXO factors out of the nucleus.”" Akt nega-
tively regulates FOXO proteins through the phosphorylation of
residues at three highly conserved RXRXXS/T consensus sites;
this leads to conformational changes that facilitate 14-3-3
binding and that activate CRM-1-mediated nuclear export.
Stress signals have been shown to antagonize Akt signaling by
preventing the binding of FOXO to 14-3-3 by phosphorylation
of FOXO at S207 by MST1 and the phosphorylation of 14-3-3
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Centro Nacional de Investigaciones Oncologicas (CNIO)
Melchor Fernandez Almagro 3, 28029 Madrid (Spain)
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Current address: NKI-AVL
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by JNK.'>'3 Furthermore, oxidative stress promotes Ral-medi-
ated, JNK-dependent phosphorylation of FOX04.'¥ Additional-
ly, monoubiqutination and SIRT-dependent deacetylation of
FOXO proteins in response to increased cellular oxidative
stress is thought to induce their nuclear translocation.">'® De-
spite considerable efforts, our understanding of how non-Akt-
mediated regulation of FOXO factors affects their subcellular
localization is very limited. To define the circuit that regulates
the subcellular transport of FOXO proteins, we performed
chemical genetic studies to interrogate the FOXO shuttling
system.

Results

U2foxRELOC cells respond to inhibition of the PI3K/Akt
pathway

To generate a system suitable to monitor nuclear-cytoplasmic
shuttling of FOXO protein in a high-throughput-screening
(HTS) format, we stably transfected a GFP-FOXO3a reporter
plasmid into U20S cells and prepared cell clones. As a proof of
principle, we treated U2foxRELOC cells with LY294002, a broad

W. Link et al.

spectrum PI3K inhibitor widely used to suppress the activation
of PI3K/Akt signaling. Whereas the GFP fusion protein was
present in both the cytoplasm and nucleus in U2foxRELOC
cells, with significantly more GFP in the cytoplasm than in the
nucleus, when exposed to LY294002 for 1h almost all the
GFP-FOXO3a translocated to the nucleus of these cells
(Figure 1). To analyze whether treatment with LY294002 com-
promised the integrity of the cell cytoplasm, we used cell-
tracker orange as a vital cytoplasmic counterstain. The overall
morphology of U2foxRELOC cells remained unaffected by ex-
posure to LY294002 (Figure 1F), indicating that the kinetics of
the assay allowed us to reduce the incubation time necessary
to attain unambiguous responses when cells were exposed to
different compounds. This is an important factor to minimize
the possible toxic effects that might interfere with the analysis,
as well as other indirect effects.

Dose-response analysis of PI3K inhibitors with different IC;,
values by using automated U2foxRELOC

We next explored the feasibility of extracting quantitative data
from the U2foxRELOC system by analyzing the effects of PI3K

Figure 1. Translocation of GFP-FOXO following PI3K inhibition. U2foxRELOC cells stably expressing GFP-FOXO fusion protein were seeded in 96-well plates,
incubated for 12 h, preincubated with cell-tracker orange dye, and treated with DMSO (A-C) or 20 um LY294002 (D-F). After 1 h at 37°C, the cells were
washed, fixed, and stained with DAPI in a fully automated manner by using a robotic workstation. The cells were photographed by using a BD Pathway HT
cell-imaging platform. A) and D) GFP; B) and E) GFP and DAPI merged images; C) and F) cell-tracker orange. G) a close-up view of the region in (A) outlined
by the square. 1) Close-up view of the region in (D) outlined by the square. H) and J) Corresponding cell-tracker orange images.
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inhibitors that act on the recombinant p110a protein with dif-
ferent 1Cs, values. The IC;, in vitro value of the competitive,
pan-PI3K inhibitor LY294002 is 500 nm and hence, it is about
60-fold less potent than the imidazopyridine inhibitor PIK-75
(7.8 nm), about 135-fold less potent than the synthetic selec-
tive class | PI3K inhibitor PI-103 (ICs,=3.7 nm) and about 900-
fold less potent than the fungal metabolite wortmannin (IC5,=
0.57 nm).'"”? U2foxRELOC cells were exposed to eleven different
concentrations of the PI3K inhibitors for 1 h in culture, the final
concentrations of the inhibitors ranging from 50 um to 1.6 nm.
The morphological integrity of the assayed cells was confirmed
by cell-tracker orange fluorescence of cytoplasm of viable cells
(data not shown). The data obtained from these experiments
agree well with the ICs, values for the corresponding com-
pounds in biochemical assays (Figure 2). Thus, LY294002 in-
duced nuclear translocation of the FOXO reporter protein at
50 um, and 33.3 um, and was slightly less efficient at 11.1 pum.
However, exposure of U2foxRELOC cells to 3.7 um LY294002
failed to affect the intracellular localization of the fluorescent
signal. By contrast, wortmannin triggered nuclear shuttling of
GFP-FOXO even at low nanomolar concentrations. PI-103 pro-
duced fluorescent precipitates at 50 um and 33.3 pm, visible in
both the DAPI and the GFP channel, although nuclear accumu-
lation of GFP-FOXO was also evident under these conditions.
Importantly, exposure of U2foxRELOC cells to concentrations
as low as 46 nm of PI-103 or 15 nm of wortmannin was suffi-
cient to induce the nuclear translocation of the FOXO reporter
protein. The slightly greater potency of PI-103 in comparison
with PIK-75 on the recombinant p110a protein was reflected
by the small difference in the minimal effective concentration
at which accumulation of the fluorescent signal could be de-
tected in the U2foxRELOC system. In contrast to PI-103, PIK-75
was unable to induce significant translocation of the reporter
protein at 46 nM. Hence, the U2foxRELOC appeared to be a
very sensitive system to detect inhibitors of the PI3K/Akt path-
way with different potencies.

Chemical interrogation of nuclear-cytoplasmic shuttling of
FOXO by using the U2foxRELOC-based assay

We applied a chemical biology approach to study the signaling
network that regulates the intracellular localization of FOXO
transcription factors. Accordingly, we screened a panel of com-
pounds with known biological activity in the U2foxRELOC cell
system (see Table ST in the Supporting Information for the
complete list of compounds studied). The initial test panel con-
sisted of 73 compounds known to interfere with the major
signal transduction pathways. A major concern when using
small molecules for pathway analysis is their specificity for
their corresponding target. To draw useful conclusions, it is rec-
ommended to use two structurally unrelated compounds for
each target"® and therefore, we included several independent
small-molecule inhibitors for the same molecular target wher-
ever possible. Likewise, to distinguish on target and off target
effects, different concentrations of the compounds were as-
sessed in the primary screen. We exposed U2foxRELOC cells to
equal volumes of test compounds at final concentrations in a
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range of two orders of magnitude around their 1Cy, value. As
reference compounds we used LY294002 and the nuclear
export inhibitor leptomycin B. To determine the cutoff thresh-
old for primary hits, the nuclear accumulation of fluorescence
triggered by LY294002 in the U2foxRELOC assay was defined
as 100% activity. Primary hits were defined as those samples
that have an activity above 60% and several test compounds
fulfilled these criteria (Figure 3 A).

Ras farnesyltransferase inhibitor, manumycin A was shown to
be capable of inducing FOXO translocation into the nucleus.
Several small molecule compounds known to interfere with
the PI3K/Akt pathway, one of the major signaling branches
downstream of Ras, also induced nuclear FOXO translocation.
Namely, the Akt inhibitors, Akt inhibitor VI, Akt inhibitor X, PI-
103, wortmannin, D000, and UCNO1, were active in this assay
at concentrations previously reported to affect targets related
to PI3K/Akt signaling, demonstrating the capacity of the
U2foxRELOC system to identify inhibitors of the PI3K/Akt path-
way. In contrast, known activators of the PI3K/Akt pathway in-
cluding EGFP, IGF, PDGF, and insulin produced little nuclear lo-
calization of GFP-FOXO. However, insulin was the only factor
that decreased the number of cells with nuclear fluorescent
signal below the level of vehicle-treated cells. Rapamycin, is a
widely used inhibitor of mTOR that has no effect on GFP-
FOXO localization; this indicates that the rapamycin-sensitive
mTOR complex acts downstream of the PI3K/Akt-associated
signaling events relevant for the regulation of FOXO activity.

To analyze the involvement of alternative downstream Ras
signaling pathways in FOXO translocation, we tested several
compounds previously shown to interfere with different ele-
ments in the MAPK cascade. Inhibition of Raf1, Mek1/2, JNK, or
p38a. MAP kinase upon treatment with GW5074, arctigenin,
U0126, PD98059, SP600125, JNK inhibitor VI, or SB202190, did
not induce nuclear translocation of GFP-FOXO. Conversely, the
P38 MAP kinase inhibitor SB203580 triggered the accumulation
of nuclear fluorescence, although at a concentration that has
been shown to decrease Akt activity in several cell lines.'**"
As anticipated, staurosporine, a relatively nonselective protein
kinase inhibitor that blocks many kinases to a differing extent
was capable of inducing the nuclear accumulation of the
FOXO reporter protein. We analyzed the effect of six different
tyrosine kinase inhibitors on translocation in the U2foxRELOC
assay, including tyrphostatin SU1498, tyrphostin AG 82, tyr-
phostin AG 1478, tyrphostin AG 1433, tyrphostatin SU 1498,
genistein, and PP1 analogue. Only the broad tyrosine kinase
specific inhibitor genistein induced GFP-FOXO nuclear translo-
cation.

From a subgroup of drugs currently used in anticancer che-
motherapy and known to act through different molecular
mechanisms, including etoposide, camptothecin, cisplatin, oxa-
liplatin, flavopiridol, gemcitabine, paclitaxel, and vinblastine,
only the latter drug displayed activity in the U2foxRELOC
assay. Vinblastine has been shown to activate the JNK path-
way.?" Whether FOXO translocation mediated by these drugs
is due to the activation of JNK and in turn, the phosphoryla-
tion of 14-3-3 protein, or the direct inactivating phosphoryla-
tion of FOX0O3a remains to be determined. Roscovitine is a
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Figure 2. Dose-response relationship of the nuclear-cytoplasmic shuttling of FOXO following PI3K inhibition. A) We used LY294002, wortmannin, PIK-75, and
PI-103, four structurally unrelated PI3K inhibitors that inhibit the recombinant p110a protein with ICs, values of 500, 7.8, 3.7, and 0.57 nm, respectively."”
U2foxRELOC cells were seeded in 96-well plates, incubated for 12 h, and treated with eleven different concentrations of LY294002, PIK-75, PI-103, or wortman-
nin ranging from 50 pum to 1.6 nm. After 1 h at 37°C in medium containing one of each of the compounds, the cells were washed, fixed, and stained with
DAPI and photographed by using automated microscopy. The minimal effective concentration (MEC) is the lowest dose of each corresponding compound
that induced GFP-FOXO translocation, as determined by assessing 11 different concentrations. B) The graph shows the proportion of cells exhibiting nuclear/
cytoplasmic (Nuc/Cyt) ratios of fluorescence intensity greater than 1.8 for each treatment.
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potent pan-CDK inhibitor currently undergoing phase Il clinical
testing that failed to induce FOXO protein translocation into
the nucleus. Hence, despite promoting a cytoplasmic localiza-
tion of FOXO1,”? CDK-mediated phosphorylation is not in-
volved in the nuclear—-cytoplasmic shuttling of the FOXO3a-re-
porter protein. Likewise, other CDK inhibitors, such as kenpaul-
lone, alsterpaullone, and purvalanol A, had no effect in this
assay.

As expected, exposure of U2foxRELOC cells to the nuclear
export inhibitor ratjadone A resulted in the nuclear accumula-
tion of fluorescent signal. In agreement with previous data,”*”
the calmodulin antagonists W-7, W-13, and calmidazolium
chloride (CDZ) also produced a positive result in the U2fox-
RELOC assay. The nuclear accumulation of fluorescent signal
was not attributable to shrinkage of the cell cytoplasm, as wit-
nessed by vital staining when using cell-tracker orange fluores-
cent dye (Figure 3B and data not shown).

Further analysis of the compounds that produce FOXO
relocation

After screening the initial panel of compounds, we validated
the compounds of interest to identify those whose activity was
not specific for FOXO3a nuclear translocation using independ-
ent image-based translocation assays. To rule out general per-
turbations affecting the fluorophore, we tested the hit com-
pounds using a U2gfpRELOC assay based on U20S cells stably
expressing GFP alone. GFP localization was unaffected upon
exposure to the compounds identified in the U2foxRELOC
assay (data not shown). Likewise, when analyzed in the U2nes-
RELOC assay, a cell-based system to detect inhibition of the
general export machinery, only the two known nuclear export
inhibitors, ratjadone A and leptomycin B, were shown to
induce nuclear trapping of the reporter protein (ref. [24] and
data not shown).

As specificity is closely correlated with the concentrations
used, we determined the minimal dose necessary to induce
the nuclear accumulation of GFP-FOXO for each hit compound
(Table 1). We performed dose-response experiments at eleven
different concentrations and ratjadone A, leptomycin B, PI-103,
wortmannin, and vinblastine were identified as the most
potent activators of GFP-FOXO nuclear translocation, acting in
the low nanomolar range. Submicromolar concentrations of
D000 were sufficient to induce nuclear shuttling of the report-

Figure 3. Nuclear accumulation of the GFP-FOXO reporter protein induced
by the test compounds. A) We exposed U2foxRELOC cells to three different
concentrations of the 73 compounds for 1 h. Bar graphs show the percent-
age of the cells in each well exhibiting nuclear/cytoplasmic (Nuc/Cyt) ratios
of fluorescence intensity greater than 1.8. Low, medium, and high concen-
trations are indicated by light gray, gray, and dark gray bars, respectively.
Untreated wells are indicated by U, control wells containing dimethyl sulfox-
ide, ethanol, LY294002, or leptomycin B are indicated by D, E, Ly, and L, re-
spectively. The data shown represent three independent experiments. B) The
morphology of U2foxRELOC cells remained unaffected by exposure to Akt
inhibitor X (AIX), vinblastine, or W13. U2foxRELOC cells were preincubated
with cell-tracker orange dye and exposed to the Akt inhibitor X (AIX, 5 um),
vinblastine (100 nm), or W13 (20 pm). After 1 h at 37°C, the cells were pro-
cessed as described in Figure 1.
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Table 1. The compounds capable of inducing the nuclear accumulation
of GFP-FOXO and their main molecular targets.

COMPOUND TARGET MEC [pm]@
manumycin A Ras-farnesyltransferase 1.1
LY294002 PI3K 1.1
wortmannin PI3K 0.015
PI-103 PI3K 0.046
PIK-75 PI3K 0.41

D000 PI3Kd 1.1

Akt inhibitor Akt 1.1

Akt inhibitor VIII Akt 3.7

Akt inhibitor X Akt 37

UCNO1 PDK1, other protein kinases 0.045
staurosporine protein kinases 1.1
leptomycin B CRM1 0.045
ratjadone A CRM1 0.045
genistein tyrosine protein kinases 1.1
vinblastine tubulin 0.045

w7 CaM 11

w13 CaM 1.1
calmidazolium chloride CaM 1.1

[a] The minimal effective concentration (MEC) is the lowest dose of each
corresponding compound that induced GFP-FOXO translocation, as de-
termined by assessing 11 different concentrations.

er protein whereas micromolar concentrations of manumycin
A, LY294002, Akt inhibitor, Akt inhibitor VIIl, Akt inhibitor X,
staurosporine, genistein, CDZ, W-7, and W-13 were required to
obtain the same result.

Analysis of calcium signaling

We investigated whether the nuclear accumulation of the
FOXO-reporter protein upon exposure to the calmodulin (CaM)
inhibitors W-7, W-13, and CDZ was mediated by specific inhibi-
tion of CaM. We took advantage of a closely related naphtha-
lene-sulfonamide analogue that displays a very different inhibi-
tory profile on CaM. W-7 and W-13 inhibit the CaM regulated
activity of Ca’**-modulin-dependent phosphodiesterase at ICs,
values of 28 um and 68 um, respectively.” The related W-12, a
compound that lacks chlorine, is a much less effective CaM
inhibitor™ than W-7 or W-13, and it was used to distinguish
CaM-specific inhibitory effects from nonspecific drug effects.
Indeed, W-12 failed to produce nuclear translocation of the
FOXO reporter protein even at 50 um (Figure 4B). Conversely,
the minimal effective concentrations of W-7 or W-13 necessary
to induce nuclear localization of GFP-FOXO were in good
agreement with the IC;, values reported previously for CaM
inhibition by these two naphthalene-sulfonamide analogues.
Taken together these data indicate that CaM is involved in reg-
ulating FOXO translocation.

To further study the implication of Ca®* signaling in FOXO
shuttling, we used different chemical probes capable of alter-
ing the cellular Ca®* homeostasis. When the reporter cells were
loaded with the intracellular Ca**-chelator, BAPTA-AM, we con-
firmed the nuclear accumulation of the fluorescent signal, in
agreement with a role for Ca?* signaling in mediating the nu-
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clear translocation of FOXO3a. In addition, the extracellular
Ca**-chelator EGTA also produced the nuclear accumulation of
the FOXO reporter protein, providing further evidence that in-
tracellular and extracellular Ca®* regulates the subcellular local-
ization of FOXO proteins. In contrast, the increase in cytosolic
Ca** induced by caffeine, thapsigargin, or ionomycin did not
promote the nuclear retention of GFP-FOXO, nor did they re-
store its cytoplasmic localization when applied together with
W-7, W-13, and CDZ (Figure 4 and data not shown).

The molecular mechanisms by which the CaM antagonists
exert their effect on FOXO translocation were further explored
by examining the impact of inhibiting of multifunctional calci-
um/CaM-dependent protein kinases. KN-62 and K-93 inhibit
CaMKI, CaMKIl, and CaMKIV, yet they had no effect on the sub-
cellular localization of FOXO. Likewise, when using ML-7 to in-
hibit the calcium/CaM-dependent protein kinase, myosin light-
chain kinase (MLCK), failed to induce nuclear accumulation of
the fluorescent reporter. Furthermore, inhibiting the CaM-
kinase-kinases (CaMKK), upstream activators of the calcium/
CaM-dependent protein kinases, CaMKI and CaMKIV, did not
reproduce the effect of CaM inhibition on FOXO translocation.
To explore the effect on Akt/PI3K signaling of the chemical
probes that interfere with Ca*" signaling and that induce nu-
clear FOXO localization, we monitored the phosphorylation of
Akt. In Western blots probed with a specific antibody against
Akt Ser473, a dramatic decrease in Akt phosphoylation on
Ser473 was evident upon treatment with W-7, W-13, Bapta AM,
or EGTA. These data indicate a direct relationship between
blocking CaM activity and decreased Akt phosphorylation.

Discussion

Chemical genetics has emerged as an exciting new research
field that explores the interface between chemistry and biol-
ogy. In this study, we demonstrate the potential of chemical
genetics combined with high-content screening to dissect out
the complex regulation of the subcellular localization of FOXO
transcription factors. We established U2foxRELOC, a quantita-
tive cell-based high-content screening assay that monitors the
nuclear-cytoplasmic translocation of a GFP-FOXO3a fusion
protein. Herein, U2foxRELOC was used to obtain quantitative
information about the impact of different PI3K inhibitors on
downstream signaling, to perform a large-scale chemical ge-
netic study with a panel of test compounds. We also used this
system to analyze the effect of chemical probes that modulate
Ca** signaling on the nuclear-cytoplasmic shuttling of a FOXO
reporter protein. High-throughput cellular imaging has ena-
bled us to measure the minimal effective concentration of dif-
ferent PI3K inhibitors necessary to induce nuclear shuttling of
a FOXO reporter protein. Using this approach we screened a
panel of 73 compounds with a known mechanism of action
and we identified 17 compounds that induced the nuclear ac-
cumulation of the fluorescent reporter. The majority of these
small molecules are known inhibitors of the PI3K/Akt pathway
confirming the essential role of signaling through PI3K, PDK1,
and Akt in regulating the subcellular localization of FOXO pro-
teins. Interestingly, D000 a compound claimed to specifically

ChemBioChem 2008, 9, 2229 - 2237
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Figure 4. A) Nuclear accumulation of the GFP-FOXO reporter protein following treatment with chemical probes that interfere with Ca** signaling. Bar graphs
show the percentage of cells in each well exhibiting nuclear/cytoplasmic (Nuc/Cyt) ratios of fluorescence intensity greater than 1.8. Untreated wells are indi-
cated by U, control wells containing dimethyl sulfoxide, ethanol, LY294002, or leptomycin B are indicated by D, E, LY, and LMB, respectively. We exposed U2-
foxRELOC cells to W7 (20 pum), W13 (20 um), calmidazolium chloride (CDZ, 20 um), W12 (50 um), KN62 (30 um), KN93 (30 pm), ML-7 (30 um), STO-609

(1 pgmL™"), Bapta AM (100 um), EGTA (5 mm), caffeine (4 mm), thapsigargin (200 nm), ionomycin (200 nm), and to thapsigargin (200 nwm) in the presence of
W7 (20 pum), W13 (20 pm), or CDZ (20 um). The data shown represent three independent experiments. B) Representative images of treated cells by using the
high-throughput format of the U2foxRELOC system. Images of fixed and DAPI-stained cells were taken by automated microscopy 1 h after drug exposure.
Images corresponding to U2foxRELOC cells exposed to W7 (20 um), W12 (200 pm), Bapta AM (100 um), EGTA (5 mm), KN62 (30 um), STO-609 (1 pgmL "), ML-7
(30 pm), or W7 (20 um) in the presence of thapsigargin (200 nm) are shown. C) Immunoblot analysis of total lysates from U2foxRELOC cells exposed to DMSO
(1%), W7 (20 um), Bapta AM (100 pum), EGTA (5 mm), W12 (50 um), thapsigargin (200 nm), or LY294002 (20 pm) for 1 h. A representative experiment is shown

and the relevant proteins are indicated by arrows.

inhibit p1108,%¢ was capable of inducing the translocation of
the GFP-FOXO reporter. These data are in agreement with our
previous observation that a constitutively active form of p110d
efficiently induced the activation of Akt in Rat1 fibroblasts.””
However, whether the nuclear shuttling of the FOXO reporter
protein on exposure to D000 is due to the specific inhibition
of the delta isoform of PI3K remains to be determined.

We tested an extensive panel of chemotherapeutic agents
reported to target a variety of cellular macromolecules includ-
ing topoisomerase |, topoisomerase Il, thymidylate synthetase,
DNA, tubulin, and cyclin-dependent kinases. However, the ma-
jority of these drugs failed to produce nuclear trapping of
GFP-FOXO. Although the tubulin-targeting agent paclitaxel
has been shown to induce nuclear translocation in MCF7
cells,” it had no impact on the subcellular translocation of
GFP-FOXO in the U2foxRELOC assay. These differences might
be due to the experimental setting or the different cell lines

ChemBioChem 2008, 9, 2229 - 2237
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used in these experiments. Indeed, FOXO translocation in
MCF7 cells was identified after 16 h in the presence of paclitax-
el, whereas U2foxRELOC were exposed to paclitaxel for only
1 h.28 Conversely, we identified the vinca alkaloid vinblastine
as a very potent FOXO translocating agent, active in the low-
nanomolar range. Vinblastine is a microtubule-depolymerizing
drug whose mode of action has been characterized.*® Our
data suggest that the molecular mechanisms employed for the
nuclear translocation of FOXO factors following exposure to
the small tubulin-binding molecules paclitaxel and vinblastine
differ. Paclitaxel and vinblastine bind to different sites in tubu-
lin and they promote microtubule bundling or microtubule
disassembly in vitro, respectively. Whether these contrasting
effects on microtubule dynamics account for the different be-
havior observed in the U2foxRELOC assay remains to be deter-
mined.
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The inhibition of the Ca?*-binding protein CaM produces the
nuclear accumulation of FOXO proteins in cell assays based on
the immunodetection of transiently expressed reporter pro-
tein.”®) We confirmed this observation using U2foxRELOC, a
technology based on the stable expression of a genetically
tagged FOXO reporter protein. Importantly, we extended previ-
ous data regarding the implication of Ca?*-signaling in the reg-
ulation of FOXO transcription factors by analyzing the effect of
several chemical probes in the U2foxRELOC assay and on Akt
phosphorylation.

Chemical genetic analysis of the Ca**-dependent regulation
of FOXO localization revealed the important role of intra- and
extracellular calcium concentrations. Calcium/calmodulin-regu-
lated FOXO-translocation is not directly mediated either by
multifunctional or dedicated calcium/CaM-dependent protein
kinases, or by upstream CaM-kinase-kinases. This is consistent
with a model in which low calcium concentrations decrease
the activity of CaM, in turn inhibiting Akt and the translocation
of FOXO proteins into the cell nucleus. Akt associates with
CaM in mouse mammary carcinoma cells and has been pro-
posed as a CaM-binding protein.®” However, whether a de-
crease in CaM-binding induces the nuclear translocation of
FOXO proteins by directly affecting Akt activity remains to be
explored. CaM expression is altered in several cancers and its
inhibition might be a strategy to restore the tumor suppressor
activity of the FOXO factors.

In summary, our data demonstrate that U2foxRELOC is a
sensitive and robust assay system suitable for identifying
small-molecule inhibitors of signaling events that regulate the
subcellular localization of FOXO proteins. The signaling events
identified here include PI3K/Akt signaling, nuclear export, and
calcium/CaM-dependent signaling. This work illustrates the
power of chemical genetics combined with image-based cellu-
lar screening to analyze signaling pathways. Moreover, our
data raise expectations that a more extensive chemical inter-
rogation of the nuclear—cytoplasmic shuttling of FOXO could
lead to the identification of new molecular targets and small
molecules that might aid the development of more potent
therapeutic agents to treat tumors.

Experimental Section

Compound supply and recombinant proteins: A complete list of
compounds used in the present study is given in Table 1 of the
Supporting Information. The PI3K inhibitors PIK-75 and PI-103 were
synthesized according to published patent specifications. UCNO1
and flavopiridol were kindly provided by the NCI, National Insti-
tutes of Health, cisplatin was provided by C. Navarro, minerval was
generously provided by P. Escriba, and gemcitabine was a gift from
Eli Lilly Pharmaceuticals (Indianapolis, IN). All other chemicals were
purchased from commercial sources. Akt inhibitor, Akt inhibitor VIII,
Akt inhibitor X, alsterpaullone, Bapta-AM, Bay11-7082, ionomycin,
JAK3 inhibitor VI, JNK inhibitor VIIl, kenpaullone, KN62, KNO93,
LY294002, MG132, ML-7, NL71-101, PD98059, PP1, purvalanol A,
ratjadone A, SB202190, SB203580, W-13 HCI, W-7 HCL, W-12 HCL,
and wortmannin were purchased from Calbiochem (San Diego, CA,
USA). Brefeldin, cyclosporin A, forskolin, genistein, H89, leptomy-
cin B, rapamycin, roscovitine, thapsigargin, tyrphostatin AG 1478,
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tyrphostatin SU1498, and U0126 were purchased from LC Labora-
tories. (Woburn, MA, USA); D-609, LY83583, manumycin A, pifithrin-
o cyclic, rifampicin, tyrphostin AG 82, and tyrphostin AG 1433 were
purchased from Alexis Biochemicals (San Diego, CA, USA); Caffeine,
calmidazolium chloride, EGTA, etoposide, GW5074, hydrocortisone,
nicotinamid, oxaliplatin, paclitaxel, staurosporine, STO-609, 12-O-
tetradecanoylphorbol-13-acetate (TPA), trichostatin A, and vinblas-
tine were purchased from Sigma-Aldrich.

Arctigenin, SL327 and SP6000125 were purchased from Biaffin
(Kassel, Germany); lithium chloride (LiCl) was purchased from
Merck; D000 was purchased from Labotest (Niederschoena, Germa-
ny); epidermal growth factor (EGF), and platelet-derived growth
factor (PDGF) were purchased from RELIATech A.S. (Braunschweig,
Germany) and human insulin-like growth factor-I (IGF-I) and human
insulin were purchased from Roche Diagnostics. Stock solutions of
the test compounds were deposited in three different concentra-
tions onto 96-well mother plates, transferred to multiple replica
plates, and frozen at —80°C.

Generation and maintenance of U2foxRELOC and U2gfpRELOC
cells: U2-0OS cells obtained from the ATCC were cultivated as indi-
cated. These cells were transfected at confluence with the plasmid
containing the GFP-FOXO3a fusion protein (a gift from T. Finkel) as
described by Zanella et al,*¥ or that containing EGFP alone, by
using the effectene transfection reagent (Qiagen). Selection was
performed with G418 (1 mgmL™", Calbiochem) for one week and
the resistant colonies were then cultured selecting those that best
expressed the reporter by FACS, as well as the most homogeneous
population. The selected clones, designated as U2foxRELOC or
U2gfpRELOC, were then cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma) supplemented with 10% FBS (Sigma),
antibiotics (penicillin, streptomycin), antimycoplasm (plasmocin),
and G418 at 100 uygmL™".

Compound administration and relocalization assay: The U2fox-
RELOC-based assay was formatted in 96-well plates and workflow
has been automated. All liquid handling for compound treatment,
washing, fixing, and staining steps was performed by a robotic
workstation.®" Clonal U2foxRELOC cells were seeded at a density
of 1.0x10° cellsmL™", in black-walled clear-bottomed 96-well mi-
croplates (BD Biosciences), in a final volume of 200 pL per well
distributed by using a multidrop automatic dispenser. Cells were
allowed to attach for 12 h at 37°C in an atmosphere of 5% CO,,
and each test compound was then automatically administered to
the assay plates in 2 uL by using a robotic workstation (Biomek
1000, Beckman). Treated cells were then incubated for 1 h before
the culture medium was aspired, the cells were washed with PBS
twice, and they were fixed in paraformaldehyde (100 pL, 6%) for
30 min at RT. The fixed cells were then washed twice with PBS and
stained with DAPI (Invitrogen) for 20 min at RT to define the nu-
cleus. The DAPI solution was removed by aspiration and finally, the
plates were washed with PBS twice and stored in the dark at 4°C
before analysis. Vital staining with the cell-tracker orange (CMTMR)
fluorescent dye (Invitrogen) was performed following the manufac-
turer's guidelines. As such, cell-tracker orange working solution
(5 um) was added to the assay plates and incubated at 37 °C. After
30 min the dye solution was replaced with fresh medium, and the
cells were incubated for another 30 min. Cells were then fixed and
processed as described above.

Assay readout: Assay plates were read on the BD Pathway™ 415
Bioimager equipped with a 488/10 nm EGFP excitation filter, a 380/
10 nm DAPI excitation filter, a 515 LP nm EGFP emission filter, and
a 435LP nm DAPI emission filter. Images were acquired in the
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DAPI and GFP channels of each well by using 20x dry objective.
The plates were exposed for 0.066 ms (Gain 31) to acquire DAPI
images and 0.55 ms (Gain 30) for GFP images.

Data analysis: Data was exported from the BD Pathway Bioimager
as text files and imported into the data analysis software BD Image
Data Explorer for processing. The nuclear/cytoplasmic (Nuc/Cyt)
ratios of fluorescence intensity were determined by dividing the in-
tensity of the GFP fluorescence from the nucleus by that in the cy-
toplasm. We applied a threshold ratio of greater than 1.8 to define
nuclear accumulation of fluorescent signal for each cell. Based on
this procedure we calculated the percentage of cells per well ex-
hibiting nuclear translocation. Compounds that induced nuclear
accumulation of the fluorescent reporter above 60% of the signal
obtained from wells treated with 20 um LY294002 were considered
as hits.

Western blot analysis: Subconfluent cells were incubated under
different conditions and washed twice with TBS prior to lysis. Lysis
buffer was added containing 50 mm Tris HCI, 150 mm NaCl, 1%
NP40, 2 mm Na;VO,, 100 mm NaF, 20 mm Na,P,0,, and protease in-
hibitor cocktail (Roche Molecular Biochemicals). The proteins were
resolved on 10% SDS-PAGE and transferred to nitrocellulose mem-
brane (Schleicher & Schuell, Dassel, Germany). The membranes
were incubated overnight at 4°C with antibodies specific for Akt,
phospho-Ser-473-Akt (Cell Signaling Technology), phospho-Thr32-
FOX03a (Upstate), and a-tubulin (Sigma), they were washed and
then incubated with IRDye800 conjugated anti-mouse and Alexa
Fluor 680 goat anti-rabbit IgG secondary antibodies. The bands
were visualized by using an Odyssey infrared imaging system (Li-
Cor Biosciences).
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Molecular Evolution of a Defined DNA Sequence with
Accumulation of Mutations in a Single Round by a Dual
Approach to Random Chemical Mutagenesis (DUARCheM)

Utpal Mohan and Uttam Chand Banerjee*™

Directed evolution has paved the way to a new era of protein
and nucleic acid molecules with improved and enhanced proper-
ties. The utmost important component of directed evolution is
random mutations in a defined DNA sequence. The utility of
random chemical mutagenesis in directed evolution studies is
dwindling due to the inherent flaws with whole-organism muta-
genesis and the in vitro approach. Here, we report a novel Dual
Approach to Random Chemical Mutagenesis (DuUARCheM) to in-
troduce random mutations in a defined DNA fragment. DuAR-
CheM involves in vivo chemical mutagenesis and in vitro genetic
manipulations. The resulting library revealed an accumulation of
mutations in its members. These results imply that the parent
mutation is carried in the further generations within the same li-
brary. This method might help to change random chemical mu-

Introduction

With recent advances in molecular biology, one has the possi-
bility to isolate an enzyme with a desired catalytic property by
directed evolution. In theory, the properties of an enzyme can
be altered by rational design; however, rational design is great-
ly hindered in practice by the complexity of protein function.
Although there has been a continuous advancement in our un-
derstanding of protein structure and function, it is clear that
there are many aspects of protein function that we cannot pre-
dict. In the last few years, the combinatorial approach toward
protein engineering has gathered momentum and success,
thus defining a new discipline of research that is generally re-
ferred to as directed evolution of proteins. By mimicking natu-
ral evolution, directed evolution aims to generate a protein
with new activity by screening or selecting for the desired
function from a large pool of protein variants."™ A wide varie-
ty of methods have been developed for the construction of
gene libraries. These methods include the use of physical and
chemical mutagens, mutator strains and some forms of inser-
tion and deletion mutagenesis.” Error-prone PCR, DNA shuf-
fling, one-step random mutagenesis by error-prone rolling-
circle amplification, stEP, NeXT, nonhomologous recombination
and RAISE are some of the approaches that have been used to
introduce random mutations.”™'® In vitro random chemical mu-
tagenesis has also been used many times to introduce random
mutations within a gene, although its usage has its own draw-
backs.'”*? Gradually but steadily, the usage of random chemi-
cal mutagenesis is dwindling due to the inherent problems
attached with it. Lai et al. reported the use of ethyl methane
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tagenesis because the combination of in vivo and in vitro ap-
proaches mimics the amplification and mutation that is per-
formed by PCR-based mutagenesis, and at the same time the
mutations are confined to the desired gene. Moreover, the muta-
gen pressure is greater in chemical mutagenesis than in a Taq-
polymerase-based error-prone system. Concomitant amplification
and mutation in the DuARCheM method leads to a better spec-
trum of mutants because the plasmid construct is exponentially
amplified in the presence of mutagen pressure, unlike in the in
vitro chemical mutagenesis system in which the template mole-
cule does not replicate. This work is able to nullify all the dis-
advantages that are associated with random chemical mutagen-
esis, and could make random chemical mutagenesis an indispen-
sable tool in directed evolution studies.

sulfonate (EMS) as a tool to introduce random mutagenesis in
vitro.?" Their study showed 60% transformation rates of the
EMS treated cells. This decreased transformation rate was due
to the interference of ethylated DNA with transformation effi-
ciency. Most directed evolution experiments involve either two
different methods of random mutagenesis, or they pass the
best mutant from the first round to subsequent mutation
rounds. The logic behind such a practice is that in addition to
the useful first generation mutations, there might be other
useful mutations in the second and further rounds that could
act with the earlier mutations in a cooperative manner. More
rounds of mutant generation necessitate more screening, and
this makes the process tedious. Here, we demonstrate the ac-
cumulation of mutations in a defined gene without passing it
through further rounds of mutagenesis and screening. So, the
possibility of obtaining the desired mutant without passing it
through further mutagenesis rounds increases. The present
work uses a chemical mutagen to mutate the desired gene in
vivo and is followed by in vitro genetic manipulation to ensure
that only the desired gene is affected. This approach was
found to be an efficient and easy method for introducing
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Molecular Evolution by DuARCheM

random mutations in the desired gene, and can be applied to
any chemical mutagen and any DNA sequence of interest for
directed evolution studies. This approach has been successful
in alleviating the inherent flaws of in vitro random chemical
mutagenesis and whole-cell mutagenesis. To the best of our
knowledge, this is the first report in which a dual approach
has been used to generate mutations in a defined DNA se-
quence with a chemical mutagen or any other method.

Results
The DuARCheM method

The in vivo random chemical mutagenesis of the whole organ-
ism was the traditional and most often practised approach to
induce mutations. The in vitro method of random chemical
mutagenesis has been used many times for improving enzyme
properties, but it has its own flaws, and hence, it is not gaining
popularity as a robust random mutagenesis method for direct-
ed evolution studies. In the present work, random mutations
have been successfully introduced in the desired gene se-
quence with a dual approach to random chemical mutagene-
sis. DUARCheM comprises two different approaches: in vivo
chemical mutagenesis and in vitro genetic manipulation
(Figure 1). The cells that contained the plasmid construct with
the gene of interest were treated with EMS, which was added
to the culture medium, and allowed to grow under the muta-
genic pressure.

In vive
|

1% EMS or any
chemical mutagen

Incubation at 37°C

Plasmid
isolation

DH5a cells

In vitro,

Ndel + Xht/

Ndel

R BL-21 cells
;7
T .|.
Xhol Untreated pET

vector

Transformed in

Figure 1. Schematic representation of random chemical mutagenesis of a defined gene sequence by using EMS in
the DUARCheM process. Cells that contained the pLip construct were grown in the presence of chemical mutagen
(EMS). This comprises the in vivo step of DUARCheM. Treated plasmids were isolated and digested with Ndel and

Xhol to remove the treated lipase gene from the treated vector. The treated lipase gene was then ligated with un-

The plasmid construct was isolated from EMS-treated cells
and digested with restriction enzymes to excise the gene of in-
terest. The treated gene fragment was then ligated to an un-
treated expression vector and further transformed into a suita-
ble expression host. Thus, in vivo mutations were induced and
genetic manipulations were performed in vitro to ensure that
only the defined DNA sequence is affected with EMS-induced
mutagenesis.

There was one more finding that indicated that in DuAR-
CheM, transformation efficiencies are not affected unlike the
earlier reports that used the in vitro approach. In in vitro EMS-
based mutagenesis, the ethylated DNA is not removed. This
ethylated DNA is difficult to transform and this is why 60%
transformation rates have been reported earlier® Our ap-
proach also results in ethylated DNA, but because replication
is occurring in the cell, an ethylated base is replaced by a
normal base during the next replication cycle. So there is no
effect on the transformation rate, and hence it results in a
large library of mutants. To the best of our knowledge, there is
no such report of chemical mutagenesis of a defined DNA
fragment with a chemical mutagen within the cell. The main
disadvantage of whole-cell in vivo random chemical mutagen-
esis is that the mutagenesis is indiscriminate. Thus, the con-
struct that carries the gene of interest as well as the gene
itself, and indeed the chromosomal DNA of the host cell, suffer
mutation. Mutations can eventually affect essential host genes,
which in turn could cause a reduction in genetic stability and
cell viability. To address this problem, mutations were carried
out in DH-5a cells and the plas-
mid that was isolated from them
was digested to liberate the
treated Pseudomonas aeruginosa
lipase (lip) gene, ligated with
untreated pET21b and further
transformed into BL-21 compe-
tent cells. The indiscriminate
nature of random chemical mu-
tagenesis is one of the major
reasons why it has not gained
popularity among the most fre-
quently used methods for gener-
ating random mutations. In the
in vitro chemical mutagenesis
method, the template is limited
and does not increase over time,
whereas in an in vivo system,
there is no dearth of template
because of replication in the cell.
This might be another reason
why earlier methods could not
produce a large library, which in
turn affects the quality of the
variant molecules. Apart from
the above advantages, the high
EMS concentration used in the

Treated DH5a
cells

,Llﬂll:‘

BL-21 cells

treated pET21-b vector and transformed into BI-21(DE-3) cells. This comprises the in vitro step of DUARCheM. As a

result, the physicochemical changes that are seen in the enzyme are due to the mutations that were introduced

in the gene sequence.
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EMS concentrations in in vitro condition will adversely affect
the transformation efficiency.?"

Optimisation of EMS concentration and incubation time

The reported literature connecting chemical mutagens with
DNA fragmentation led us to investigate the effect of EMS on
DNA fragmentation. The DuARCheM depends on the concen-
tration and time of growth of cells under EMS pressure. The
plasmid that was isolated from the cells was treated with dif-
ferent EMS concentrations, but for the same duration of time,
and showed different patterns of DNA fragmentation. It was
observed that with the increased concentration of EMS, the
DNA fragmentation increased. At 1% EMS concentration, there
was no DNA fragmentation. At 2% and 3% EMS concentration,
EMS led to DNA fragmentation and the fragmentation was
more in the case of 3% EMS concentration (Figure 2A). Next
we tried to optimise the time of treatment by keeping the
EMS concentration constant (1%). When the cells were incu-
bated with 1% EMS for 1, 2 and 3 h, it was found that DNA
fragmentation was visible after 2 h and increased after 3 h (Fig-
ure 2B). Therefore, cells that contained the lipase construct
(pLip) were grown in the presence of 1% EMS for 1 h for in
vivo mutagenesis. The cells were then harvested and the plas-
mid isolated. Any delay in harvesting the cells and isolation of
plasmid led to increased DNA fragmentation.

A 1% 2% 3% B) 1h 2h 3h

Figure 2. A) Optimisation of EMS concentration for DUARCheM. Cells that
contained pLip construct were grown (37 °C, 200 rpm) in the presence of dif-
ferent concentrations of EMS (1, 2 and 3%) for 1 h. The treated plasmid con-
structs were isolated and run on a 1% gel to check for DNA fragmentation.
B) Optimisation of EMS treatment time for DUARCheM. Cells that contained
pLip construct were grown (37°C and 200 rpm) in the presence of 1% EMS
for different lengths of time (1, 2 and 3 h). The treated plasmid constructs
were isolated and run on 1% gel to check for DNA fragmentation.

Mutation pattern

The mutants were picked from minimal salt media (MSM)/tri-
caprylin plates based on the colour change that was due to
the hydrolytic activity of lipase. In total 26 mutants were se-
quenced and analysed for any mutation in the defined DNA
sequence (Table 1). As expected, we obtained both transition
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as well as transversion mutations in the variants. We have
made an interesting and significant observation that the muta-
tions tend to accumulate when they are forced in vivo (Fig-
ure 3A). Some mutants showed accumulation of mutations
(Figure 3B). UM03 and UMO04 had one mutation at position
760 in the lipase gene. UM06 was found to have mutations at
nucleotide positions 526, 610 and 760. UM12 had mutations at
nucleotide positions 760, 526, 583 and 610. UM14 was found
to have mutations at nucleotide positions 136, 526, 760 and
610. UMO1 was found to have mutation at nucleotide positions
526, 610, 631 and 760. UMO05 and UM11 were found to have
mutations at positions 760 and 748. The mutation at position
760 seems to be the parent mutation. Accumulation of muta-
tions is a general phenomenon that occurs when mutants of
one round are further passed through several rounds of muta-
genesis. The main significance of this work lies in the fact that
DuARCheM results in the accumulation of mutations in a
single round of mutagenesis as mutation and cell division take
place concomitantly. Accumulation of mutations is not possible
in in vitro chemical mutagenesis in a single round of mutagen-
esis because there is no replication during the mutagenesis
procedure. In in vitro chemical mutagenesis, the gene of inter-
est is incubated with a chemical mutagen for a particular time
period. Mutations will accumulate in the in vitro random
chemical mutagenesis approach only if the mutant of the first
generation is passed through several more rounds of muta-
genesis; this results in a tedious process of more mutagenesis
and screening. DUARCheM leads to the generation of a mutant
library in which the mutants share some similar point muta-
tions in addition to other mutations. This is an advantageous
situation because it leads to a library in which there are many
mutants that differ in one or two mutations, but still carry the
parent mutations. So, studying the phenotypic effect of all
these mutants might help to ascertain the role of additional
mutations. This particular property of dual approach makes it
more effective and less tedious because the probability of
obtaining the desired mutant increases in a shorter time and
with fewer screening rounds. This property is visible because
the mutations occur simultaneously with plasmid replication
and cell duplication. The fact that each cell carries more than
one plasmid copy might also play a role to some extent in
such an observation.

Effect on hydrolytic activity of lipase by DuARCheM

We further investigated the effect of the mutations introduced
by DuARcheM on the enzymatic activity of lipase. Tricaprylin
hydrolysis was used as the primary screening system in which
the decrease in pH due to acid formation was monitored by
the change of bromothymol dye colour. Colonies were
screened by plating the DuUARCheM constructs on MSM plates
that contained substrate, dye and inducer. Among them, 26
colonies were sequenced. These colonies were further tested
for tricaprylin hydrolysis by using a 96-well format (Figure 4).
The production of tricaprylic acid due to the enzymatic activity
of the lipase results in the green colour of bromothymol to
change to yellow. UM01, UM08, UM09 and UM14 showed
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Table 1. Sequence analysis of mutants generated by one round of DuaRCheM.
Mutant Nucleotide residues Amino acid residues Mutant Nucleotide residues Amino acid residues
clone Position (bp) Substitution Position (aa) Substitution clone Position (bp) Substitution Position (aa) Substitution
UMo1 526 A—G 176 Thr—Ala UM15 406 C—A 136 His—GIn
610 G—A 204 Val—lle 434 G—C 145 Arg—Pro
631 G—A 2n Glu—Glu 533 C—G 178 Thr—Arg
760 C—G 254 Asn—Lys umie 237 G—C 79 Ser—Ser
UMO02 487 G—A 163 Ser—Asp 259 C—G 87 Leu—Val
UMo3 760 C—G 254 Asn—Lys Um17 406 C—A 136 His—GIn
UMO04 760 C—G 254 Asn—Lys 434 G—C 145 Arg—Pro
UMO5 748 A—C 250 Asn—Thr UM18 55 C—A 19 Ala—Asp
760 C—G 254 Asn—Lys 290 G—C 97 Ser—Thr
UMO06 526 A—G 176 Thr—Ala 291 C—G 97 Ser—Thr
610 G—A 204 Val —lle UM19 558 G—C 186 Glu—Asp
760 C—G 254 Asn—Lys 748 A—C 250 Asn—Thr
UmMo7 442 A—T 148 Pro—Pro 760 C—G 254 Asn—Lys
UMo8 466 A—G 156 lle —Val UM20 419 C—A 140 Thr—Asn
UM09 757 G—A 253 Ala—Thr 424 G—A 142 Asp —Asn
UmM10 232 C—T 78 Thr—Thr 439 A—G 147 GIn—Arg
UM 748 A—C 250 Asn—Thr 440 G—A 147 GIn—Arg
760 C—G 254 Asn—Lys UmM21 929 G—T 310 Ser—lle
UM12 526 A—G 176 Thr—Ala Um22 750 C—G 250 Asn—Lys
283 G—C 195 Ala—Pro 837 C—G 279 Asp—Glu
610 G—A 204 Val —lle um23 627 C—G 209 Cys—Trp
760 C—G 254 Asn—Lys UM24 757 G—A 253 Ala—Thr
UM13 217 G—A 73 Arg —His UM25 744 C—T 248 Ser—lle
UM14 136 G—A 46 Asp—Asn UM26 526 A—G 176 Thr—Ala
526 A—G 176 Thr—Ala 760 C—G 254 Asn—Lys
610 G—A 204 Val—lle
760 C—G 254 Asn—Lys

higher activity than the original lipase gene. UM01 showed
maximum hydrolytic activity and was almost yellow in colour.
UMO7 was the colony that showed the least hydrolytic activity;
it did not show any colour change and was greenish. The
enzyme activities were quantitated for all the sequenced mu-
tants (Table 2).

Conclusions

We report here a novel approach for random chemical muta-
genesis (DUARCheM) that introduces mutations in a defined
gene sequence. This approach is advantageous over in vitro
random chemical mutagenesis methods,"”?? and at par with
other random point mutagenesis methods in the following
ways:

1) Accumulation of mutations: the DuARCheM scores better
than other known random chemical mutagenesis methods
due to the accumulation of point mutations in a single
round of mutagenesis.

2) Large library size: DuARCheM scores better than other
known random chemical mutagenesis methods as transfor-
mation efficiency is not affected, unlike the previously re-
ported method.?"

3) Mutagenesis is not indiscriminate: the main disadvantage of
in vivo random chemical mutagenesis is that mutagenesis
is indiscriminate. The construct that carries the gene of in-
terest as well as the gene itself, and indeed the chromoso-
mal DNA of the host cell, suffer mutation. Mutations might

ChemBioChem 2008, 9, 2238 - 2243
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eventually affect essential host genes, which in turn could
cause a reduction in genetic stability and cell viability. In
our approach, this problem is alleviated.

4) Availability of template: there is no dearth of template mol-
ecules because replication of the template occurs in the
cell concomitantly with the mutation.

5) Added benefit: this approach has the added benefit that li-
brary size can be increased by increasing culture volume.

6) At par with PCR-based mutagenesis: this approach is at par
with PCR-based mutagenesis methods as amplification and
mutation take place concomitantly.

7) Transition and transversion mutations: EMS is capable of
introducing transitions and transversions in a given DNA
sequence. One single mutagen is enough for generating
both types of mutations; this increases the spectrum of var-
iants.

This approach could be further extended to other chemical
mutagens to introduce mutations in a defined DNA fragment.
Also, we could apply several chemical mutagens in combina-
tion with this approach to force a balance between transition
and transversion mutations in a defined DNA sequence. The
present approach could play a pivotal role in improving exist-
ing enzymes, thus driving ahead neo-Darwinism.

Experimental Section

Organism: The Pseudomonas aeruginosa strain isolated in our labo-
ratory was deposited at the Microbial Type Culture Collection
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Figure 3. A) Accumulation of mutations in DUARCheM. In the presence of EMS, the wild-type gene undergoes
point mutation. These point mutations are passed on to further variants in the same library after cell division and
plasmid replication. When the cell with the parent mutation divides, the genetic material is equally divided; this
results in two cells that have the same mutation in the gene of interest, but because both cells are grown in the
presence of mutagen, separate mutations can occur in the two cells. So, there is an accumulation of point muta-
tions within a library in a single round of mutagenesis. B) Accumulation of mutations by DUARCheM in the mutant
library after a single round of mutagenesis; few variants contain one or more common point mutations. The
parent mutant has a point mutation at nucleotide position 760 bp; the downstream variants are derived from the
parent and mutations are accumulated.
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(MTCC, Chandigarh, India; acces-
sion number: 5113). E. coli DH5a
and BL21 (DE-3) cells were used as
hosts.

Plasmid constructs and growth
conditions: The lipase gene was
PCR amplified by using the ge-
nomic DNA of P. aeruginosa MTCC
5113 as template, and inserted
into pDrive vector (Quiagen). The
935 bp lipase gene insert was ex-
cised from the pDrive vector by
using Ndel and Xhol and sub-
cloned in pET-21b (Novagen). The
Lip gene from P aeruginosa that
was cloned into the pET-21b plas-
mid was designated as pLip. E. coli,
which served as the host organism,
were grown, overnight, in Luria—
Bertani (LB) medium that con-
tained ampicillin (100 pgmL™") at
37°C.

Random chemical mutagenesis
and construction of the libraries
of variant lipase genes: To gener-
ate a library of lipase variants, mu-
tations were introduced by using
EMS. The pLip construct was trans-
formed in DH5a cells, and single
colonies were grown on LB growth
medium for 12 h at 37°C. Inocu-
lum (1%) was introduced into a
fresh LB vial and allowed to grow
until mid-log phase (OD ~1.0).
EMS was added to the culture
medium (1%) and cells were incu-
bated at 37°C. The DH5a cells
were then allowed to grow under
the EMS pressure for 1 h. Plasmid
DNA was isolated from the DH5a
cells that contained the pLip con-
struct, digested with Ndel and
Xhol, religated into untreated
pET21b, which was digested with
Ndel and Xhol, and transformed in
BL-21 cells. Transformed colonies
were treated individually as mu-
tants and were screened for
change in activity.

Expression of the pLip construct
in BL-21 cells: pET-21b-lip (pLip)
construct was expressed in BL-21
cells. The cells were induced with
IPTG (1 mm) for 6 h at 37°C. Each
mutant was picked from the LB/
ampicillin plates and induced with
IPTG (1 mm) for 6 h.

Expression of the mutant pLip
construct in BL-21 cells: On trans-
formation of BL-21 cells with EMS-
treated pLip construct, the colo-
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Figure 4. Effect of DUARCheM on the hydrolytic activity of P. aeruginosa
lipase (lip). The variants were checked for the effect of DUARCheM on the
hydrolytic activity of the lipase. A cell suspension (100 pL; 200 mgmL™") was
added to a buffer solution (150 pL; 2.5% tricaprylin, 2.0% Triton X-100 and
bromothymol) and the reaction was allowed to continue.

Table 2. Enzyme activities of all sequenced mutants.
Mutant Enzyme activity Mutant Enzyme activity
[UmL™] [UmL™
wild-type lipase 55.2 umi4 64.6
UMo1 76.4 UM15 57.9
Umo2 53.2 UM16 36.3
UMo3 26.8 UM17 58.1
UMo4 28.0 UM18 54.3
UMO05 223 UM19 40.1
UMO06 49.8 UM20 45.7
umoz 5.70 UM21 55.3
UMo8 62.1 UM22 59.4
UMO09 60.1 UM23 54.9
UM10 22.7 UM24 60.3
UM 254 UM25 534
UmM12 54.0 UM26 56.3
UM13 39.2

nies that appeared on LB/ampicillin plates were treated as the
mutant colonies. These colonies were picked and allowed to grow
in LB medium in the presence of ampicillin (100 ugmL™") for 12 h
at 37°C. Vials with LB medium (10 mL) were freshly inoculated
with culture (1%). Each vial contained a separate colony, and was
incubated to OD 0.6. Cells were induced with IPTG (1 mm) when
the OD reached 0.6. The cells in each of the vials were allowed to
grow in the presence of IPTG for 6 h.

High-throughput screening of mutants for increased enzyme
activity (specific activity): High-throughput screening was done
by using a pH-based method. Tricaprylin hydrolysis was monitored
by the change in the colour of the pH-based dye bromothymol.
The gene constructs from the DUARCheM experiments were trans-
formed into BL-21 cells and plated on MSM plates that contained
tricaprylin (2%) and IPTG (1 mm). The 96-well plate screening was
also based on the same principle. Cell suspension (100 pL;
200 mgmL~") was added to a buffer solution (150 pL; 2.5% tricap-

FULL PAPERS

rylin, 2.0% Triton X-100 and bromothymol) and the reaction was
allowed to continue.

Sequence analysis of lip variants: The sequencing of the mutant
DNA was performed at Bangalore Genie, India, by using an ABI
PRISM® 3100 Genetic Analyzer sequencer. DNA sequencing data
were processed by using the DNASTAR software package to find
the point mutations in the variants. The DNA sequences were then
translated to the corresponding proteins and compared to the
wild-type protein.
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Screening the Structural and Functional Properties of

Bicyclo-DNA: bc®*-DNA

Samuel Luisier and Christian J. Leumann*®

The synthesis of two novel pyrimidine bicyclonucleosides (bc®*-nu-
cleosides) has been accomplished. These bicyclonucleosides each
carry a lipophilic benzyloxime substituent on the carbocyclic ring
and show improved conformational similarity to 2'-deoxyribo-
nucleosides as shown by their X-ray structures. The thymine-con-
taining bc®™-nucleoside was converted into the corresponding
phosphoramidite building block and incorporated into oligodeox-
yribonucleotides by standard phosphoramidite chemistry. T, data
with complementary RNA and DNA were measured and com-
pared to corresponding cases of natural and unfunctionalized
bc-DNA. It was found that single incorporations of bc®™ residues
destabilize duplexes by roughly 5°C per modification. The desta-

Introduction

The concept of conformational restriction™ has been success-
fully applied in the past in nucleic acid chemistry and has pro-
duced analogues such as, for example, the family of the locked
nucleic acids (LNA, BNA, etc.),” the hexitol nucleic acids,”™ or
tricyclo-DNA (tc-DNA),” all of which show increased affinity
towards complementary RNA without base-pairing selectivity
being compromised. These analogues are currently regarded
as advanced generation antisense agents and are expected to
replace the phosphorothioate DNA and some of the simpler
2'-O-alkyl-RNA analogues in therapy.” Besides this, some of
these analogues have also proven to increase siRNA efficacy.”
While chemistry has provided solutions for increasing duplex
stability with target RNA and for enhancement of resistance to-
wards nuclease-induced degradation, there are still a series of
largely unsolved problems on the pathway to effective oligo-
nucleotide drugs, the most prominent ones being cellular
uptake and distribution,” as well as—depending on the mech-
anism of action—off-target effects.”

Our first-generation, conformationally restricted oligonucleo-
tide analogue bicyclo-DNA (bc-DNA; Scheme 1) shows no sig-
nificantly improved RNA affinity relative to DNA, probably due
to misalignment of one out of the six repetitive backbone tor-
sion angles (y, C4'—C5’ bond) in relation to standard duplex
DNA and RNA. This is a consequence of the preferred confor-
mation of the carbocyclic ring in bc-DNA, in which the 5-O
substituent occupies a pseudoequatorial position.

We reasoned that one way of correcting y could be through
the introduction of an sp? substituent at C(6'), causing an alter-
ation of the conformation of the underlying five-membered
ring in order to avoid A'? strain. Substituents in this position
would be expected to be sufficiently remote from the base-
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bilization was found to be due to the oxime substituent and not
to the bicyclic scaffold itself. No significant alteration of the base-
pairing selectivity as a function of the modification was observed.
With RNA (but not with DNA) as a complement the relative ther-
mal destabilization of bc™-oligothymidylates was gradually re-
duced and converted into a stabilizing interaction with increasing
numbers of consecutive modifications. While no cellular uptake
of bc™-oligonucleotides into Hela cells occurred without trans-
fecting agents, a significant increase in the transfection rate rela-
tive to unmodified DNA was observed in complexation with lipo-
fectamine.
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B-DNA like
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Scheme 1. Chemical structures and conformational preferences of bicyclo
(bc) DNA and bcox-DNA.

pairing region to avoid interference with duplex formation
(Figure 1). Furthermore, they might allow for addition of fur-
ther functionalities to oligonucleotides, which might in turn
aid in improving biological properties such as, for example,
facilitating cellular uptake.
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Supporting information for this article is available on the WWW under
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Figure 1. Energy-minimized molecular model of a DNA duplex containing
two consecutive bc®™ modifications (colored in yellow) in one strand in
either the B (top) or the A (bottom) conformation. Left: side view; right: view
along the helical axis. The hydrophobic benzyl residues are located on the
rim of the backbone and point out towards the solvent.

Here we report on the synthesis of bc®-T and bc™-C nucleo-
sides carrying a benzyloxime group at C6" (Scheme 1), on their
conformational preferences as determined by X-ray crystallog-
raphy, on their incorporation into oligodeoxyribonucleotides
by solid-phase DNA synthesis, and on their base-pairing prop-
erties with DNA and RNA and their uptake into Hela cells.

Results
Synthesis of nucleosides

The synthesis of nucleosides 8 and 13 started with the already
known ketone 2 (Scheme 2), which we had used previously for
the synthesis of amino-bc-DNA."® Ketone 2 is in turn easily
accessible from the bicyclo sugar 1, a central intermediate in
bicyclo- and tricyclo-DNA synthesis."" Addition of O-benzylhy-
droxylamine in buffered EtOH/H,O led to the corresponding
oxime 3 in 77 % yield. Nucleoside synthesis was first attempted
by the Vorbriiggen one-pot procedure."? Treatment of in situ
persilylated thymine with 3 and TMSOTf as Lewis acid at room
temperature surprisingly led to the seco-nucleoside 4, most
likely originating from a TMS-trapped ring-opened intermedi-
ate, in 64% yield. The nucleoside 7, together with its o-
anomer, was only observed in traces. Clearly, another route for

ChemBioChem 2008, 9, 2244 — 2253
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Scheme 2. Synthesis of bc™-nucleosides via acetal 3. Reagents and condi-
tions: A) NaOAc, O-benzyl hydroxylamine-HCI, EtOH/H,0 1:1, RT, 2 h, 77 %;
B) thymine, BSA, TMS-OTY, CICH,CH,Cl, 0°C—RT, 14 h, 64%.

reliable production of sufficient quantities of the -bc®-nucleo-
sides would have to be found.

An alternative strategy for constructing the nucleosidic
bond consists of the addition of a silylated base to a furanose
glycal in the presence of N-iodosuccinimide (NIS) as an electro-
philic activator.™ The intermediate iodonucleoside can then
be converted into the parent nucleoside by radical reduction.
We have utilized this two-step procedure before in the synthe-
sis of the tc-DNA pyrimidine building blocks and found it to
yield B-nucleosides exclusively.'" On the basis of this experi-
ence we next prepared glycal 5 and explored its use for f3-
nucleoside synthesis (Scheme 3).

Glycal 5 was obtained from oxime 3 by treatment with
TMSOTf at 0°C. Under these conditions, concomitant silylation
of the 3-OH function occurred. Because of the somewhat
labile TMS group, glycal 5 was used directly without purifica-
tion. NIS-mediated addition of the in situ silylated bases thy-
mine and N*-benzoylcytosine at temperatures at or below 0°C
led selectively to the iodo-B-nucleosides 7 and 12a and 12b in
yields of 40-50%. No traces of the corresponding a-nucleo-
sides could be isolated. Removal of the iodine atom with
Bu;SnH, followed by desilylation with HF-pyridine, then gave
the sugar-deprotected -bc®™ nucleosides 8 and 13. The config-
urations at their anomeric centers were unambiguously as-
signed both by "H NMR-NOE spectroscopy and by X-ray crystal-
lography (Figure 2).

The phosphoramidite building block 10 for oligonucleotide
synthesis was then prepared by standard DNA chemistry pro-
tocols. Selective tritylation of the sterically less hindered tertia-
ry 5-OH function in 8 was accomplished with 4,4’-dimethoxy-
trityl triflate™ (—9), and subsequent phosphitylation with the
suitably protected chlorophosphine proceeded smoothly to
give 10 in 87 % yield.

X-ray structures of nucleosides 8 and 13

Crystals of both nucleosides 8 and 13 were subjected to X-ray
analysis, not only for the purpose of establishing the anomeric
configuration, but mainly to map the conformational preferen-
ces of the bicyclic core structure (Figure 2, Table 1).

The oxime double bonds in 8 and 13 are in both cases E-
configured and point away from the 5'-OH group. The bicyclic
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Scheme 3. Synthesis of bc®™-nucleosides via glycal 5. Reagents and condi-
tions: A) TMSOTT, 2,6-lutidine, CH,Cl,, 0°C—RT, 4 h; B) thymine, BSA, NIS,
CH,Cl,, 0°C, 4 h, yield over two steps, 54%; C) N*-benzoylcytosine, BSA, NIS,
CH,Cl,, —20°C, 4 h, yields over two steps: 11a-+11b (41%); D) AIBN,
Bu;SnH, toluene, 100°C, 1 h, 7 (96 %), 12a (53 %), 12b (47 %); E) HF-pyridine,
pyridine, 0°C—RT, 12 h, 8 (72%), 13 (46 %); F) DMTrOTf, py, RT, 6 h, 9 (68%);
G) (iPr,N)P(CI)OCH,CH,CN, CH;CN, (iPr),NEt, 0°C—RT, 1 h, 10 (87 %).

core conformations in the two nucleosides are almost identical,
although the nucleosides crystallized in different space groups.
The carbocyclic ring in each case shows an envelope confor-
mation with C-5' out of plane. As a consequence the torsion
angle vy is in a —g orientation, as is also observed in A- and B-
DNA (Table 1). In both nucleosides 8 and 13 the furanose rings
are in 2-endo (south) conformations, with pseudorotation
phase angles (P) of 163° and 180° respectively (Table 1). A
comparison with the X-ray structures of the parent bc-T and
bc-C nucleosides shows that the introduction of the oxime
substituent resulted in a shift of the conformation of the fura-
nose ring from the 1'-exo to the 2'-endo form and to a change
in the torsion angle y from the anticlinal to the —g range. We
have interpreted this change in conformation in terms of the
5'-0 substituent escaping A'? strain with the C=N double
bond of the oxime function.
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Figure 2. X-ray structures of nucleosides 8 (bottom) and 13 (top).

Table 1. Pseudorotation phase angles and selected nucleoside torsion
angles of bc®-nucleosides 8 and 13 in relation to bc-nucleosides and nat-
ural deoxyribonucleosides in the B conformation.

Nucleoside P! y ) %

8 163° 87.6 1483 —118.1
13 180° 86.3 146.2 —-167.7
bc-T®! 128° 149.3 126.5 -112.8
bc-C 114° 156.5 1335 —107.5

dN! 144° 57 122 -19

[a] Pseudorotation phase angle. [b] Taken from ref. [9a]. [c] 5'-Terminal
bc-C nucleotide from a parallel dimer duplex (ref. [16]). [d] Average de-
oxynucleotide conformation in B-DNA (ref. [17]).

Oligonucleotide synthesis

A series of mixed-base oligonucleotides containing single or
double bc®™-T mutations (ox1-3; Table 2) were synthesized on
a 0.5-1 umol scale by standard automated phosphoramidite
chemistry (Table 2). For incorporation of the modified building
blocks the standard coupling step was extended to 6-15 min.
No further changes were necessary, and the coupling yields for

Table 2. T, data [°C] from UV-melting curves (260 nm) of modified do-
decamer duplexes with complementary DNA and RNA

Code Oligonucleotide®™  Mod X T, vs. DNA [°CI®! T, vs. RNA [°C]"
ox1 d(GGATGXXCTCGA) X=bc™-T 42.0 (—2.8) 46.5 (—1.5)
bcl X=bcT 487 (+0.6) 48.2 (—0.6)
ox2  d(GGATGTTCXCGA) X=bc™-T 43.0 (—4.5) 44,0 (-5.5)
bc2 X=bcT 490 (+1.5) 49.0 (—0.5)
ox3  d(GGAXGTTCXCGA) X=bc™T 385 (—4.5) 39.5 (—5.0)
bc3 X=bcT 479 (4+0.2) 48.0 (—0.7)

[a] T,, of unmodified oligodeoxynucleotide: 47.5°C (vs. DNA); 49.5°C (vs
RNA). [b] AT,, per modification in parenthesis.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Proposed (-elimination chemistry at the 3'-side of bc®™-nucleotides during oligonucleotide deprotec-

tion.

the modified building blocks as judged from the trityl assay
were > 90 %.

The oligonucleotides were then deprotected and detached
from the solid support. Initial concerns that B-elimination 3’ to
the bc®™-T residues, and thus strand cleavage (Scheme 4), could
occur during standard ammonia deprotection (conc aq. NH;,
55°C, 16 h) proved to be justified. Indeed, under these condi-
tions quantitative cleavage was observed, as determined by
HPLC. Corroboration of the B-elimination chemistry was pro-
vided by mass analysis of the fragments of a synthesized non-
amer (ox6, Supporting Information) containing one modifica-
tion, which were in agreement with a 5'-phosphorylated 3"-oli-
gonucleotide fragment and a 5'-fragment containing a 3'-ter-
minal bc®™ unit with either an OH or a NH, group at C3'. Clearly
a milder procedure had to be found. A series of less basic but
more nucleophilic alternatives to ammonia, including hydroxyl-
amine and hydrazine (10% in H,O or MeOH) at temperatures
from 0-50°C were tested with limited success. The best condi-
tions turned out to be conc. NH; at room temperature. Under
these conditions a half-life time of 24 h was experimentally de-
termined (Supporting Information). The best results were ob-
tained when modified oligonucleotides were deprotected with
conc. ammonia at room temperature for 4 h. Under these con-
ditions, cleavage at the site of modification could be limited to
approximately 10% as judged by HPLC. To determine the
effect of the oxime substituent on the pairing properties, oli-
gonucleotides containing unmodified bc-T residues were also
synthesized as controls. Their synthesis required no special
care during deprotection. All oligonucleotides were purified by
standard HPLC methods and analyzed by ESI™-MS (Supporting
Information).

T,, measurements

UV-melting curve analysis was performed at 260 nm with a
cooling-heating—cooling cycle at a rate of 0.5°Cmin~" in stan-
dard saline buffer at pH 7.0. All curves within a cycle, especially
those involving bc®-modified oligonucleotides, were superim-
posable, thus ruling out strand cleavage at bc® modifications
under neutral conditions. Analysis of the T,, data revealed a re-
duction in the thermal stability of a duplex containing a single
bc® modification (ox2) by 4.5°C against DNA and 5.5°C
against RNA (Table 2). The same level of destabilization per
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DNA. modification is observed in a

0 duplex containing two bc*

0=P-0 units, spaced by natural deoxy-

0 H nucleotides (0x3). On the other
Nz@:o)_-r hand, in a sequence context
BnO' - with two adjacent bc®™ units
X (ox1) the relative destabilization

X = NH; or OH per modification is considerably

reduced, especially with RNA as
the complement. This behavior
is not observed with the un-
substituted  bicyclo-nucleosides
(bc1-3), with which neither sig-
nificant stabilization nor destabi-
lization relative to DNA occurs. It
is therefore evident that the destabilization and its sequence
dependence are due to the substituent at the carbocyclic ring
and not to the bicyclic structural scaffold itself.

To determine the relative effect of the modifications on pair-
ing selectivity we measured the T, data for the singly modified
oligonucleotides with complementary DNA carrying a mis-
matched base opposite the modification (Table 3).

Table 3. T,, data [°C] from UV-melting curves (260 nm) of duplexes of
d(GGATGTTCXCGA) with DNA complements carrying a mismatched base
opposite X.

T, °C
Mismatch®®! X=dT X=bc-T (bc2) X=bc™T (0x2)
G-T 39.7 (—7.8) 37.0 (—12.0) 31.9 (—11.1)
C-T 36.0 (—11.5) 35.0 (—14.0) 32.6 (—10.4)
T-T 38.0 (—9.5) 32.0 (—17.0) 349 (-8.1)

[a] T,, values for matched duplexes; see Table 2. [b] Values in parentheses
are AT, values relative to the matched duplex.

As expected, considerable thermal destabilization of the mis-
matched duplexes was observed in all cases. There are some
differences in the special case of the G-T mismatch (wobble
pair), which is more strongly destabilized by the bc oligonu-
cleotide family. Interestingly, the high mismatch discrimination
observed for bc-DNA is slightly reduced in the bc™ series,
which closely matches that of unmodified DNA. From these
results we conclude that no major perturbation of the pairing
selectivity is induced by the bc® modification.

Motivated by the reduced destabilization in duplexes con-
taining two consecutive bc™ residues, we set out to investigate
the trend in thermal stability with extension from a single
modification within a DNA backbone to a uniformly modified
bc® backbone. We therefore prepared the two decathymidy-
lates containing five and nine consecutive bc™-T residues (ox4
and ox5, respectively). The corresponding T, values are sum-
marized in Table 4. The data clearly show that the trend to
destabilization of duplexes with complementary DNA is not
changed with an increasing number of modifications. In con-
trast, complexes with complementary RNA become gradually
more stable as the number of modifications increases. While

2247

www.chembiochem.org



www.chembiochem.org



CHEMBIOCHEM

Table 4. T,, data [°C] from UV-melting curves (260 nm) for modified
decathymidylates with complementary DNA and RNA

T, ar
Oligonucleotide® Mod. X vs. DNA vs. RNA
ox4 d(TTXXXXXTTT) X=bc>-T ca.5(-3.3) 22.6 (—0.3)
ox5 d(XXXXXXXXXt)™ X=bc>-T <5 (-3.3) 31.0 (+0.7)

[a] T,, of unmodified decathymidylate: 21.7°C (vs. DNA); 24.3°C (vs. RNA).
[b] AT,, per modification in parentheses. [c] t denotes a tricyclo-T residue
(ref. [4a]).

ox4 shows greatly reduced destabilization in RNA duplexes
(only —0.3°C per modification), ox5—which can be considered
almost a fully modified bc®™-oligonucleotide—shows stabiliza-
tion by +0.7°C per modification. Whether this result can be
generalized to any sequence, however, remains to be shown.

The effect of bc®™ modifications on duplex structure was in-
vestigated by CD spectroscopy in the cases of ox1, ox3, and
ox4 in complexation with RNA and DNA (Supporting Informa-
tion). As anticipated, no major deviations in the CD spectra
from those of the unmodified DNA/DNA and DNA/RNA duplex-
es were found, indicating no major structural changes. To
determine local structural perturbations near the sites of mo-
dification, high-resolution structural analysis needs to be per-
formed.

Cellular uptake of bc®™ oligonucleotides

To test whether the more hydrophobic natures of the bc™-T
nucleotides would favor cellular uptake we synthesized ox4
containing a fluorescein (FAM) label at its 3'-end (ox4-FAM). As
a control, the corresponding unmodified decamer d(T,,)-FAM
was prepared. These oligonucleotides were transfected into
Hela cells in the presence and absence of lipofectamine as
transfecting agent, and cellular uptake was followed by fluo-
rescence microscopy 24 h after transfection.

In the absence of a transfecting agent no uptake of fluores-
cently labeled oligonucleotides could be detected by fluores-
cence imaging in either case (data not shown), indicating that
the bc™ modification does not permit passive transport
through the cell membrane at a significant level. In complexa-
tion with lipofectamine, however, a clear advantage for uptake
of ox4-FAM relative to the control d(T,,)-FAM was observed
(Figure 3). Fluorescence was detected both in the cytosol and
in the nucleus. From these experiments we conclude that the
bc®™ modification helps cellular uptake by permitting a more
efficient packaging into cationic lipofectamine particles, most
likely due to the more hydrophobic nature of the correspond-
ing oligonucleotides.

Discussion and Conclusions

We have successfully prepared a novel bc nucleoside modifica-
tion containing a hydrophobic chemical entity in the carbocy-
clic ring. The purpose of this modification was twofold. Firstly,
it was designed to bring about a correction of the misaligned
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Figure 3. Fluorescence microscope images (left) and corresponding contour
images (right) of Hela cells 24 h after lipofectamine-mediated transfection
of d(T,,)-FAM (top) and ox4-FAM (bottom).

torsion angle y in bc-DNA to increase DNA/RNA affinity, and
secondly, the increased hydrophobicity of the corresponding
oligonucleotides was expected to improve cellular uptake. As
can be inferred from the X-ray structures of the two pyrimidine
nucleosides 8 and 13, the first goal—namely, changing the tor-
sion angle y to the —g arrangement as observed in DNA and
RNA—is indeed fulfilled. We explain this structural change in
terms of the system escaping A"? strain between the oxime
moiety and the 5’-oxygen.

Synthesis of the monomers proceeded smoothly, yielding
only the f-anomeric nucleosides. This highlights the advantage
in stereoselectivity of the NIS-induced glycal nucleosidation
over alternative nucleosidation methods such as, for example,
the Vorbriiggen procedure,"? in the bi- or tricyclo-DNA series.
Oligonucleotide synthesis with 10 proceeded with coupling
yields that were acceptable (90-93%), but significantly lower
than those obtained with natural or bc building blocks. This is
certainly an obstacle for the synthesis of longer oligonucleo-
tides and must be addressed in the future. A more serious
problem, however, is posed by the relative instability of bc™
oligonucleotides towards standard deprotection conditions,
due to elimination chemistry at the 3'-side of the modification
(Scheme 3). This is largely responsible for the fact that no
longer (> 10 nt.) fully modified oligonucleotides could be pre-
pared and also discouraged the use of the bc™-C® nucleoside
building block. Synthetically, this problem might be solved by
changing to the alloc/allyl protecting group regime, as previ-
ously introduced by Hayakawa etal.,!"® for bases and phos-
phates.

More importantly, however, we were able to verify that
under neutral, near physiological conditions in the 0-80°C
range, no strand cleavage of bc®™ oligonucleotides occurred,
thus establishing that the chemical stability is sufficiently high
for biophysical and biological measurements and applications.
Furthermore, the oxime function is compatible with oligonu-
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cleotide synthesis and deprotection chemistry, as we were not
able to isolate side products arising from oxime hydrolysis or
aminolysis.

While the structural similarity to an unmodified 2’-deoxyribo-
nucleoside was increased with this modification, this did not
materialize in increased thermal stabilities of correspondingly
modified oligodeoxynucleotides in duplexes with DNA. In addi-
tion, less destabilization, or even stabilization, was observed in
duplexes with RNA, despite the fact that the furanose confor-
mation of the bc®™ monomers had been found to be of the S-
(DNA) and not of the N-(RNA) type. From a direct comparison
with bc-modified oligonucleotides it becomes very clear that
the changes in DNA and RNA affinity are a consequence of the
substituent at C6" and not of the bicyclic core structure. From
the molecular model (Figure 1) one can exclude interference
with Watson-Crick pairing as a likely source of the destabiliz-
ing effect of the benzyloxime groups. Our current explanation
points towards the change in hydration of the duplex induced
by the hydrophobic benzyl groups. Such a perturbation of the
hydration shell is especially pronounced in the cases in which
the benzyl groups are isolated, and is less pronounced where
they are consecutively aligned with the possibility of forming a
“benzyl-zipper”. To uphold or to disprove this hypothesis, rigor-
ous thermodynamic data on duplex formation (also in organic/
aqueous solvent mixtures), as well as high-resolution structural
data relating to the modifications clearly need to be made
available.

A very interesting fact concerns the cellular uptake behavior
of the modified oligonucleotides. Although no spontaneous
penetration in the absence of a transfecting agent could be
observed, it clearly emerges that in the presence of lipofecta-
mine the bc®™ oligonucleotides have a considerable advantage
over their unmodified counterparts. We explain this as a direct
consequence of improved interaction of the more hydrophobic
oligonucleotide with the lipofectamine. Whether this is a gen-
eral feature or dependent on oligonucleotide sequence, trans-
fecting agent, and cell type cannot yet be stated and requires
more experimentation. We believe, though, that increasing the
lipophilicities of oligonucleotides to improve complex stabili-
ties with cationic lipids, and thus transfection rates, is a prom-
ising concept for further pursuit.

In comparison with natural DNA, the bc-DNA scaffold offers
additional potential for the introduction of functional ele-
ments. Here we have reported on the consequences of adding
a hydrophobic residue to bc-oligonucleotides and its effect on
the thermochemical and cellular uptake behavior. With the
modular synthesis given in Schemes 1 and 2 it seems feasible
to screen a variety of other substituents with the goal of im-
proving the chemistry and biology of potentially therapeutic
oligonucleotides.

Experimental Section

General: All reactions were performed under Ar in dried glassware.
Anhydrous solvents for reactions were obtained by filtration
through activated alumina or by storage over molecular sieves
(4 A). Column chromatography (CC) was performed on silica gel
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(Fluka) with an average particle size of 40 pm. All solvents for CC
were of technical grade and distilled prior to use. Thin-layer chro-
matography (TLC) was performed on silica gel plates (Macherey-
Nagel, 0.25 mm, UV254). Visualization was achieved either under
UV or by staining in dip solution [Ce" sulfate (10.5 g), phosphomo-
lybdenic acid (21 g), sulfuric acid (conc., 60 mL), H,O (900 mL)], fol-
lowed by heating with a heat gun. NMR spectra were recorded on
a Bruker DRX 400 or a Bruker AC 300 spectrometer at 400 MHz or
300 MHz ("H NMR) or 100 MHz (*C NMR) in either CDCl; or CD,0D.
0 in ppm relative to residual undeuterated solvent [CHC,:
7.26 ppm ('H) and 77.0 ppm ('3C); CHD,0D: 3.35 ppm ('H) and
493 ppm ("*Q)1, J in Hz. *C-multiplicities were determined from
DEPT spectra, and signal assignments are based on "*C/'H-HMBC
spectra. Proton signal assignments were based on COSY and
HMBC. 'H NMR difference-NOE spectra were recorded on a Bruker
DRX 500 instrument at 500 MHz. High-resolution electrospray ioni-
zation (ESI) mass spectra (MS, m/z) were recorded on an Applied
Biosystems Sciex QSTAR Pulsar instrument. IR spectra (# in cm™)
were recorded on a Perkin-Elmer Spectrum 1 machine. UV spectra
were measured on a Varian Cary 3E UV/Vis spectrophotometer.

6-Benzyloximino-8-tert-butyldimethylsilyloxy-5-hydroxy-3-meth-
oxy-2-oxabicyclo[3.3.0]Joctane (3): A solution of sodium acetate
(410 mg, 5mmol) and O-benzylhydroxylamine hydrochloride
(1.74 g, 11.6 mmol) in hot EtOH/H,O (2:1, 10 mL) was added to a
solution of ketone 2 (1.84 g, 4.5 mmol) in EtOH (5 mL). After stir-
ring for 2 h at RT, the mixture was diluted with AcOEt (10 mL) and
washed with sat. NaHCO; (3x20 mL), and the aqueous phase was
extracted with AcOEt (3x40 mL). The combined organic phases
were dried over MgSO, and concentrated. CC (hexane/AcOEt 4:1)
yielded the title compound 3 (1.42 g, 77%) as a colorless oil. R;
(hexane/AcOEt 4:1) 0.61; '"H NMR (CDCl;, 400 MHz): 6=7.33-7.29
(m, 4H), 5.14 (d, J=4.8 Hz, 1H), 5.08 (s, 2H), 4.4 (d, /=53 Hz, 1H),
4.28 (d, J=5.3Hz, 1H), 3.40 (s, 3H), 2.86 (d, J=19.2 Hz, 1H), 2.71
(d, J=19.3 Hz, 1H), 2.29 (dd, J,=13.2, J,=4.88 Hz, 1H), 2.09 (d, J=
13.2 Hz, TH), 0.85 (s, 9H), 0.07 (s, 3H); 0.01 ppm (s, 3H); *C NMR
(CDCl;, 100 MHz): 6=161.26 (s), 138.27 (s), 128.60 (d), 128.43 (d),
128.04 (d), 108.59 (d), 90.42 (d), 85.03 (s), 76.37 (t), 72.97 (d), 55.26
(q), 46.40 (1), 35.69 (1), 26.036 (q), 18.53 (s), —4.54 ppm (q); ESI*-
HRMS calcd for C,H;3sNOsNaSi: 430.2025 [M+Nal*; found:
430.2033.

seco-Nucleosides 4: Bis(N,O-trimethylsilyl)acetamide (BSA, 0.35 mL,
147 mmol) was added to a suspension of thymine (143 mg,
1.15 mmol) in 1,2-dichloroethane (1.5 mL), and the mixture was
stirred until a clear solution appeared. A solution of oxime 3
(61 mg, 0.15 mmol) in dichloromethane (1 mL) was then added,
the mixture was cooled to 0°C, and TMSOTf (0.1 mL, 0.45 mmol)
was added. The reaction mixture was stirred for 4h at 0°C and
then for 10 h at RT. Workup was initiated by dilution with EtOAc
(10 mL), followed by washing with sat. NaHCO; (3x 15 mL) and ex-
traction with EtOAc (3x 15 mL). The combined organic layers were
evaporated, and the residue was purified by CC (hexane/EtOAc
2:1) to give a 4:1 mixture of isomers of seco-nucleosides 4
(653 mg, 64%). R; (hexane/EtOAc 3:1) 0.41; 'HNMR (CDCl,
300 MHz): 0=8.96 (brs, 1.1H), 7.47-7.40 (m, 5H), 7.11 (d, J=
1.24 Hz, 0.8H), 7.09 (d, J/=1.2 Hz, 0.2H), 6.02-5.94 (m, 1H), 5.28-
5.18 (m, 2H), 491 (dd, J,=0.73, J,=0.31 Hz, 0.8H), 4.71 (dd, J,=
0.88, J,=0.24 Hz, 0.2H), 4.07 (dd, J,=0.32, J,=0.23 Hz, 0.8H), 3.95
(d, J=1.05Hz, 0.2H), 3.44 (s, 2.4H), 3.28 (s, 0.6H), 2.78-2.60 (m,
2H), 2.44 (dd, J,=5.79, J,=3.78 Hz, 0.8H), 2.08 (s, 3H), 1.80 (dd,
J,=7.81, ,,=1.78 Hz, 0.8H), 1.06, 0.87 (2 xs, 9H), 0.15-0.8 ppm
(5xs, 24H); *CNMR (CDCl;, 100 MHz): 6 =163.66 (s), 160.06 (s),
150.57 (s), 138.71 (s), 135.28 (d), 135.04 (d), 128.17 (d), 128.11 (d),
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128.02 (d), 127.54 (d), 127.46 (d), 111.48 (s), 84.32 (d), 80.82 (d),
79.29 (d), 75.70 (t), 75.16 (d), 73.73 (d), 56.19 (q), 55.99 (q), 41.47 (t),
39.89 (t), 37.98 (1), 37.50 (t), 26.09 (q), 25.90 (q), 18.66 (s), 12.64 (q),
12.54 (q), 2.09 (q), 1.55 (q), 0.79 (q), 0.57 (q), —4.29 (q), —4.92 ppm
(q); ESI"-HRMS calcd for C3,HssN;O,NaSis: 700.32455 [M+Nal*;
found: 700.3243.

6-Benzyloximino-8-tert-butyldimethylsilyloxy-5-hydroxy-2-oxabi-
cyclo[3.3.0]oct-3-ene (5): TMSOTf (1.9 mL, 10 mmol) was added
dropwise at 0°C to a solution of 3 (1.42 g, 3.48 mmol) and 2,6-luti-
dine (2.1 mL, 18 mmol) in DCM (7.5 mL). The mixture was allowed
to warm to RT. After stirring for 4 h the reaction mixture was dilut-
ed with AcOEt (20 mL) and washed with sat. NaHCO; (3x20 mL),
and the aqueous phase was extracted with AcOEt (3 x40 mL). The
combined organic phases were dried over MgSO, and concentrat-
ed, and the crude title compound 5 (colorless oil) was used in the
next reaction without further purification. R; (hexane/AcOEt 4:1)=
0.91; '"HNMR (CDCl;, 400 MHz): 6 =7.34-7.32 (m, 5H), 6.44 (d, J=
2.7 Hz, 1H), 5.09 (m, 3H), 4.65 (d, /=6.2 Hz, 1H), 4.46 (d, J/=6.3 Hz,
1H), 3.03 (d, J/=18.0 Hz, 1H), 2.74 (d, J/=18.1 Hz, 1H), 0.86 (s, 9H),
0.12 (s, 9H), 0.07 (s, 3H), 0.05ppm (s, 3H); *CNMR (CDCl,,
100 MHz): 6 =161.04 (s), 149.92 (d), 138.42 (s), 128.55 (d), 128.50
(d) 127.96 (d), 107.89 (d), 90.16 (d), 89.31 (s), 76.32 (t), 73.56 (d),
39.76 (t), 26.01 (q), 18.72 (s), 2.16 (q), —4.59 (q), —4.74 ppm (q);
ESIT-HRMS: calcd for Cy3H;,NO,NaSi,: 470.2158 [M+Na]*; found:
470.2145.

(6’-Benzyloximino-5'-O-tert-butyldimethylsilyl-3'-O-trimethylsilyl-
2'-deoxy-3’,5'-ethano-2"-iodo-f-p-ribofuranosyl)thymine (6): BSA
(2.1 mL, 8.7 mmol) was added to a suspension of thymine (880 mg,
7 mmol) in DCM (4 mL), and the mixture was stirred at RT until a
homogeneous solution was formed (1 h). A solution of glycal 5
(784 mg, 1.75 mmol) in DCM (3 mL) was then added, and the solu-
tion was cooled to 0°C. Solid N-iodosuccinimide (NIS, 590 mg,
2.6 mmol) was added, and the mixture was stirred for 4 h at 0°C.
The crude reaction mixture was then diluted with AcOEt (10 mL)
and washed with sat. Na,CO; (2x30 mL) and with sat. NaHCO; (1 x
30 mL). The aqueous phases were extracted with AcOEt (3%
50 mL), and the combined organic phases were dried over MgSO,
and concentrated. CC (hexane/AcOEt 7:3) yielded the title com-
pound 6 (660 mg, 0.94 mmol, 54% over two steps) as a colorless
oil. Ry (hexane/AcOEt 7:3) 0.50. "H NMR (CDCl;, 400 MHz): 5=8.23
(s, TH; H-N(3)), 7.31-7.27 (m, 5H; arom.H), 7.27 (d, J=1.2Hz, 1H;
H-C(6)), 6.41 (d, J=9.4 Hz, 1H; H-C(1"), 5.10 (s, 2H; CH,Ph), 4.62
(dd, J;,=06, J,=6.4Hz, TH; H-C(5)), 432 (d, /=6.4Hz, 1H; H-
C(4)), 3.93 (d, J=9.3Hz, 1H; H-C(2)), 2.80 (d, J=18.5Hz, 1H; H-
C(7"), 2.64 (d, J=18.5Hz, 1H; H-C(7)), 1.89 (d, J=1.2 Hz, 3H; Me-
C(5)), 0.87 (s, 9H; TBDMS), 0.20 (s, 9H; TMS), 0.12 (s, 3H; TBDMS),
0.10 ppm (s, 3H; TBDMS); *C NMR (CDCl;, 100 MHz): 6 =163.44 (s,
C(6")), 159.13 (s, C(2)), 137.88 (s, arom.C), 134.87 (d, C(6)), 128.71 (d,
arom.C), 128.68 (d, arom.C), 128.35 (d, arom.C), 111.81 (s, C(5)),
90.49 (d, C(1"), 86.00 (d, C(4)), 85.70 (s, C(3"), 76.85 (t, CH,Ph),
72.36 (d, C(5"), 35.80 (d, C(21)), 34.71 (t, C(7)), 26.18 (q, TBDMS),
19.02 (s, TBDMS), 12.83 (g, Me-C(5)), 2.05 (q, TMS), —4.09 (q,
TBDMS), —4.25ppm (g, TBDMS); ESI"-HRMS: «caled for
C,sHasN;OSiyl: 700.1735 [M+H]*; found: 700.1758.

(6’-Benzyloximino-5'-O-tert-butyldimethylsilyl-3'-O-trimethylsilyl-
2’-deoxy-3’,5'-ethano-f3-p-ribofuranosyl)thymine (7): Azoisobuty-
ronitrile (AIBN, 130 mg, 0.78 mmol) was added at RT to a solution
of nucleoside 6 (785mg, 1.12mmol) and Bu;SnH (0.48 mL,
1.70 mmol) in toluene (5 mL). After the system had been at reflux
for 1 h, the solvent was evaporated, and the residue was purified
by CC (hexane/AcOEt 3:1) to give the title compound 7 (615 mg,
96%) as a white foam. R; (hexane/AcOEt 3:1) 0.45; 'H NMR (CDCl,,
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400 MHz): 6=8.19 (s, 1H; H-N(3), 7.56 (d, J=1.1 Hz, 1H; H-C(6)),
7.33-7.29 (m, 5H; arom.H), 6.19 (dd, J;=5.8, J,=7.0Hz, 1H; H-
C(1), 5.09 (d, J=12.1Hz, 1H; CH,Ph), 5.05 (d, J=12.1Hz, 1H;
CH,Ph), 466 (dd, J,=6.0, J,=1.1Hz, 1H; H-C(5)), 423 (d, J=
6.0 Hz, 1H; H-C(4)), 2.88 (dd, J;=18.3, J,=0.7 Hz, 1H; H-C(7)),
2.62-2.54 (m, 2H; H-C(2'), H-C(7")), 1.98 (dd, J;=13.32, J,=7.12 Hz,
1H; H-C(2)), 1.91 (d, J=1.2 Hz, 3H; Me-C(5)), 0.90 (s, 9H; TBS), 0.17
(s, 9H; TMS), 0.14 (s, 3H; TBS), 0.11 ppm (s, 3H; TBS); "*C NMR
(CDCl;, 100 MHz): 6=163.824 (s, C(6)), 160.35 (s, C(4)), 150.29 (s,
C(2)), 138.04 (s, arom.C), 136.02 (d, C(6)), 128.75 (d, arom.C), 128.64
(d, arom.C), 128.28 (d, arom.C), 114.98 (s, C(5)), 89.32 (d, C(1"),
87.13 (d, C4")), 85.25 (s, C(3)), 76.75 (t, CH,Ph), 72.97 (d, C(5"),
46.51 (t, C(2')), 37.99 (t, C(7")), 26.10 (q, TBS), 18.84 (s, TBS), 12.79 (q,
Me-C(5)), 2.10 (g, TMS), —4.27 (g, TBS), —4.41 ppm (g, TBS); ESI*-
HRMS: calcd for CygHuN;OgSi,: 574.2768 [M+Na™]; found:
574.2756.

(6’-Benzyloximino-2'-deoxy-3',5'-ethano-f}-p-ribofuranosyl)thy-

mine (8): HF-pyridine (0.25 mL, 9.62 mmol) was added at 0°C to a
solution of nucleoside 7 (354 mg, 0.62 mmol) in pyridine (5 mL).
After the solution had been stirred at RT for 12 h, silica gel (about
1g) was added, and the mixture was stirred for another 15 min.
The slurry was filtered over Celite and washed with AcOEt/MeOH
(10:1), the solvents were evaporated, and the residue was crystal-
lized from MeOH (slow evaporation), to yield the title compound 8
(172 mg, 72%) as colorless needles. R; (AcOEt): 0.46; m.p.: 204°C
(decomp); '"H NMR (CD;0D, 400 MHz): 6=7.96 (d, J=1.0 Hz, TH; H-
C(6)), 7.29-7.21 (m, 5H; arom.H), 6.28 (dd, J,=8.2, ,=5.8Hz, 1H;
H-C(1")), 5.06 (s, 2H; CH,Ph), 4.53 (d, J=5.5Hz, 1H; H-C(5)), 4.13
(d, J=5.7 Hz, 1H; H-C(4"), 2.96 (d, J=19.3 Hz, 1H; H-C(7)), 2.55 (d,
J=19.2 Hz, 1H; H-C(7)), 2.39 (dd, J;=13.3, J,=5.8 Hz, TH; H-C(2),
2.12 (dd, J,=13.3, J,=8.20 Hz, 1H; H-C(2)), 1.78 ppm (s, 3H; Me-
C(5)); ®CNMR (CD,0D, 100 MHz): 6=166.72 (s, C(6"), 163.26 (s,
C(4)), 152.63 (s, C(2)), 139.52 (s, arom.C), 138.62 (d, C(6)), 129.70 (d,
arom.C), 129.47 (d, arom.C), 111.46 (s, C(5)), 89.91 (d, C(1")), 88.36
(d, C(47), 84.63 (s, C(3")), 77.54 (t, CH,Ph), 73.18 (d, C(5'), 46.70 (d,
C(2)), 38.87 (t, C(7"), 12.86 ppm (g, Me-C(5)); 'H NMR difference-
NOE (CD,OD, 400 MHz): 6=6.28—7.96 (1.9%), 4.13 (3.2%), 2.39
(6.5%); 4.53—4.13 (13.1%); 4.13—6.28 (3.0%), 4.53 (12.6%);
2.96—2.55 (29.9%), 2.12 (4.2%); 2.55—7.28 (2.2%), 4.53 (1.4%),
413 (24%), 2.96 (27.0%), 1.78 (1.0%); 2.39—7.28 (3.1%), 6.28
(14.0%), 5.06 (2.9%), 4.13 (2.8%), 2.12 (24.2%), 1.78 (1.1%); 2.12—
7.96 (10.8%), 7.28 (3.2%), 6.3 (3.2%), 5.06 (2.1 %), 4.13 (1.4%), 2.96
(5.6%), 2.42 ppm (25.2%); IR (CHCl;): #=3316, 3227, 3075, 2921,
1671, 1649 cm™'; UV: 1., (€) =264 nm (6400 mol~'dm3*cm™"); ESI*
-HRMS: calcd for C;gH,,N;O4: 388.1508 [M+H]*; found: 388.1507.

[6’-Benzyloximino-5"-0-(4,4 -dimethoxytriphenyl)methyl-2'-de-

oxy-3’,5'-ethano-f3-p-ribofuranosyllthymine (9): (4,4'-Dimethoxy-
triphenyl)methyl triflate (DMT-OTf, 953 mg, 2.1 mmol) was added
at RT in three portions to a solution of nucleoside 8 (272 mg,
0.70 mmol) in pyridine (2 mL). After stirring for 6 h, the mixture
was diluted with AcOEt (10 mL) and washed with sat. NaHCO; (3 x
15 mL), and the aqueous phases were extracted with AcOEt (3x
20 mL). The combined organic layers were concentrated, and the
crude product was purified by CC (AcOEt, 1% NEt;) to give the
title compound 9 (326 mg, 68%) as a slightly yellow foam. R;
(AcOEt): 0.66; '"H NMR (CDCl;, 400 MHz): §=8.05 (s, 1H; H-N(3)),
7.55-7.20 (m, 16H; H-C(6), arom.H), 6.80-6.74 (m, 4H; arom.H),
5.82 (dd, J;=6.68, J,=4.24 Hz, 1H; H-C(1")), 5.17 (dd, J=25.44, J,=
12.32 Hz, 2H; CH,Ph), 4.67 (d, /=5.16 Hz, 1H; H-C(4)), 3.79, 3.78
(2xs, 6H; OMe), 2.88 (dd, J,=18.88, J,=0.92Hz , 1H; H-C(7"),
2.68 (d, J=5.20 Hz, 1H; H-C(5)), 2.47 (dd, J,=14.00, J,=6.84 Hz,
1H; H-C(2), 2.38 (d, /=18.76 Hz, 1H; H-C(7")), 2.16 (dd, J,=14.16,
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J,=4.24Hz, 1H; H-C(2)), 1.89 ppm (d, J=1.04 Hz, 3H; Me-C(5));
3CNMR (CD;0D, 100 MHz): 6=163.45 (s, C(4)), 159.12 (s, C(6)),
158.81 (s, arom.C), 158.73 (s, arom.C), 149.84 (s, C(2)), 145.15 (s,
arom.C), 138.07 (d, arom.C), 136.26 (s, arom.C), 135.95 (s, arom.C),
135.35 (d, C(6)), 130.43 (d, arom.C), 130.22 (d, arom.C), 128.43 (d,
arom.C), 128.17 (d, arom.C), 127.92 (d, arom.C), 127.87 (d, arom.C),
127.01 (s, arom.C), 113.20 (d, arom.C), 113.14 (d, arom.C), 110.10 (s,
C(5)), 87.78 (s, CPh;), 86.90 (d, C(1")), 85.93 (d, C(4)), 81.53 (s, C(3")),
76.50 (t, CH,Ph), 74.79 (d, C(5)), 55.25 (g, OMe), 47.77 (t, C(2),
38.11 (t, C(7)), 1243 ppm (g, Me-C(5)); ESIT-HRMS: calcd for
CuoH39N;0gNa: 712.2634 [M+Na]*; found: 712.2638.

{6'-Benzyloximino-3'-O-[(2-cyanoethoxy)(diisopropylamino)phos-
phino]-5'-0-(4,4'-dimethoxytriphenyl)methyl-2’-deoxy-3’,5'-eth-
ano-f-o-ribofuranosyl)}thymine (10): 2-Cyanoethoxy diisopropyla-
mino chlorophosphine (CEP-CI, 0.28 mL, 1.3 mmol) was added at
RT to a solution of nucleoside 9 (312 mg, 0.45 mmol) and diisopro-
pylethylamine (DIPEA, 0.45 mL, 2.63 mmol) in acetonitrile (2 mL).
After stirring for 1 h, the mixture was diluted with AcOEt (10 mL)
and washed with sat. NaHCO; (2x10 mL) and brine (5 mL). The
aqueous phases were extracted with AcOEt (3x20 mL), and the
combined organic phases were dried over MgSO, and concentrat-
ed. CC (hexane/AcOEt 1:2 + 1% TEA) gave the title compound 10
(350 mg, 87%) as a white foam. R; (hexane/AcOEt 1:2): 0.68;
"H NMR (CDCl;, 300 MHz): 6 =7.92 (brs, 1H; H-N(3)), 7.63-7.45 (m,
7H; arom.H), 7.41-7.34 (m, 5H; arom.H), 7.24-7.22 (m, 3H; arom.H,
H-C(6)), 6.79-6.73 (m, 4H; arom.H), 5.90-5.82 (m, 1H; H-C(1"),
5.17-5.13 (m, 2H; CH,Ph), 4.66-4.59 (m, 1H; H-C(4"), 3.79, 3,78
(2 x's, 6H; OMe), 3.60-3.46 (m, 5H; H-C(i-Pr), -OCH,-), 2.85-2.73 (m,
4H; H-C(2'), H-C(7'), H-C(5), 2.45 (m, 2H; -CH,-CN), 2.18-2.04 (m,
1H; H-C(2)), 1.88, 1.83 (2xd, J=0.6Hz, 3H; Me-C(5), 1.21-
1.02 ppm (m, 12H; (CH5),CH); *C NMR (CDCl;, 100 MHz): 6 =163.73
(s), 159.49 (s), 159.11 (s), 159.05 (s), 150.11 (s), 145.50 (s), 138.50 (d),
135.74 (d), 130.77 (d), 130.56 (d), 128.73 (d), 128.55 (d), 128.22 (d),
128.18 (d), 113.51 (d), 113.48 (d), 110.35 (s), 77.58 (t), 76.84 (d),
69.93 (1), 58.05 (s), 55.54 (q), 43.75, 43.63 (2 X ), 24.81, 24.74, 24.58,
2450 (4xq), 2031 (t), 12.75, 12.67 ppm (q); *'P NMR (CDCl,,
162 MHz):  6=144.26, 143.70 ppm; ESI*-HRMS: calcd for
CuoHssNsOoNaP: 912.3713 [M+Na]*; found: 912.3705.

N*-Benzoyl-6"-benzyloximino-(5'-O-tert-butyldimethylsilyl-2"-io-
do-2'-deoxy-3',5"-ethano-f-p-ribofuranosyl)cytosine (11a+11b):
BSA (0.85 mL, 3.47 mmol) was added to a suspension of N*-ben-
zoylcytosine (600 mg, 2.80 mmol) in DCM (1 mL). After 1 h of stir-
ring at RT the reaction mixture had become clear, and a solution of
glycal 5 (314 mg, 0.7 mmol) in DCM (1 mL) was added. The mixture
was then cooled to —20°C, and N-iodosuccinimide (240 mg,
1.07 mmol) was added portionwise. After the system had been
stirred for 4 h at —20°C the reaction was quenched by addition of
AcOEt (10 mL), followed by washing with sat. Na,CO; (2x 15 mL)
and sat. NaHCO,; (20 mL). The aqueous phases were extracted with
AcOEt (3x50 mL), and the combined organic layers were concen-
trated. CC (hexane/AcOEt 7:3) yielded the title compound 11a
(88 mg ,15% over two steps) together with the 3'-desilylated prod-
uct 11b (126 mg, 26 % over two steps).

Data for 11a. R; (hexane/AcOEt 4:1): 0.33; 'HNMR (CDCl,,
400 MHz): 6=8.27 (d, J=7.0 Hz, 1H; H-C(6)), 7.98 (s, 2H; H-C(5),
arom.H), 7.65-7.51 (m, 4H; arom.H), 7.32 (m, 5H; arom.H), 6.62 (d,
J=7.8 Hz, 1H; H-C(1)), 5.10 (s, 2H; CH,Ph), 4.68 (d, J=59Hz, 1H;
H-C(5)), 4.42 (d, J=5.9Hz, 1H; H-C(4)), 4.09 (d, J=8.2Hz, 1H; H-
C(2), 2.71 (d, J=5.1 Hz, 2H; H-C(7")), 0.90 (s, 9H; TBS), 0.21 (s, 9H;
TMS), 0.16 (s, 3H; TBS), 0.14 ppm (s, 3H; TBS). *C NMR (CDCl,,
400 MHz): 6=137.73 (s, arom.C), 133.83 (s, arom.C), 129.42 (d,
arom.C), 128.84 (d, arom.C),128.70 (d, arom.C), 128.42 (d, arom.C),
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87.35 (d, C(1)), 85.89 (d, C(4")), 76.96 (t, CH,Ph), 72.82 (d, C(5),
35.04 (t, C(7")), 26.28 (q, TBS), 18.91 (s, TBS), 2.04 (q, TMS), —3.90 (q,
TBS), —4.33 ppm (q, TBS); ESI*-HRMS: calcd for CauHeN,OGSisl:
811.1820 [M+Na]"; found: 811.1811.

Data for 11b: R, (AcOEt/hexane 4:1): 0.60; 'HNMR (CDCl,,
300 MHz): 6 =8.99 (brs, 1H; H-N(4)), 8.26 (d, /=7.3 Hz, 1H; H-C(6)),
7.95-7.93 (m, 2H; H-C(5), arom.H), 7.63-7.50 (m, 4H; arom.H),
7.31-7.29 (m, 5H; arom.H), 6.67 (d, J=6.9 Hz, 1H; H-C(1")), 5.08 (d,
J=2.0Hz, 2H; CH,Ph), 4.76 (d, J=5.5Hz, 1H; H-C(5)), 4.51 (d, J=
5.1 Hz, 1H; H-C(4")), 4.38 (d, J=6.9 Hz, 1H; H-C(2")), 2.71 (s, 2H; H-
C(7), 0.91 (s, 9H; TBS), 0.17 (s, 3H; TBS), 0.15 ppm (s, 3H; TBS).
3C NMR (CDCl;, 100 MHz): 6 =176.94 (s, Bz), 158.65 (s, C(2)), 137.36
(s, arom.C), 133.33 (d, arom.C), 129.05 (d, arom.C), 128.46 (d,
arom.C), 128.36 (d, arom.C), 128.04 (d, arom.C), 127.27 (s, arom.C),
86.10 (d, C(1"), 83.02 (d, C(4), 77.20 (d, C(5"), 76.56 (t, CH,Ph),
35.78 (t, C(7')), 29.56 (t, C(2')), 25.95 (q, TBS), 18.55 (s, TBS), —4.25(q,
TBS), —4.63 ppm (g, TBS); ESI*-HRMS: calcd for Cj;H;,N,OSil:
739.1424 [M+Na]*; found: 739.1396.

N*-Benzoyl-(6'-benzyloximino-5'-O-tert-butyldimethylsilyl-3"-O-
trimethylsilyl-2'-deoxy-3’,5'-ethano-f-p-ribofuranosyllcytosine
(12a): BusSnH (0.05 mL, 0.19 mmol) was added at RT to a solution
of iodonucleoside 11a (88 mg, 0.11 mmol) in toluene (1 mL). AIBN
(9.3 mg, 0.06 mmol) was added, and the solution was heated at
reflux for 1 h. The solvents were evaporated, and the crude prod-
uct was purified by CC (hexane/AcOEt 1:2) to yield nucleoside 12a
(39 mg, 53%) as a white foam, together with traces of the 3'-desily-
lated nucleoside 12b. R, (AcOEt): 0.54; 'H NMR (CDCl;, 400 MHz):
0=28.68 (s, 1H; H-N(4)), 8.39 (d, J/=7.5Hz, 1H; H-C(6)), 7.90 (d, J=
7.3 Hz, 2H; arom.H), 7.64-7.59 (m, 4H; arom.H, H-C(5)), 7.33-7.30
(m, 5H; arom.H), 6.23 (t, J=5.8Hz, 1H; H-C(1"), 5.08 (s, 2H;
CH,Ph), 471 (dd, J,=5.5, ,,=0.8Hz, 1H; H-C(5)), 431 (d, J=
5.5 Hz, 1H; H-C(4")), 2.86 (dd, J,=13.6, J,=6.1 Hz, 1H; H-C(2), 2.73
(d, /=188 Hz, 1H; H-C(7'), 2.60 (d, J=18.7 Hz, 1H; H-C(7"), 2.33
(dd, J;=13.4, J,=5.8 Hz, 1H; H-C(2')), 0.90 (s, 9H; TBS), 0.17 (s, 9H;
TMS), 0.16 (s, 3H; TBS), 0.14 ppm (s, 3H; TBS); *C NMR (CDCl,,
100 MHz): 6 =162.46 (s, C(6'), 160.21 (s, C(4)), 137.94 (s, arom.C),
133.47 (d, arom.C), 129.37 (d, arom.C), 128.83 (d, arom.C), 128.67
(d, arom.C), 128.62 (d, arom.C), 128.36 (d, arom.C) 128.26 (d,
arom.C), 127.83 (s, arom.C), 90.27 (d, C(1"), 89.35 (d, C(5)), 85.04 (s,
C(3)), 76.75 (t, CH,Ph), 73.34 (d, C(5), 47.26 (t, C(2)), 38.46 (t,
C(7), 26.19 (q, TBS), 18.76 (s, TBS), 2.09 (g, TMS), —4.21 (q, TBS),
—4.27 ppm (g, TBS); ESI"-HRMS: calcd for CsH,,N,O.Siy: 663.3034
[M+Na]*; found: 663.3021.

N*-Benzoyl-(6'-benzyloximino-5'-O-tert-butyldimethylsilyl-2'-de-

oxy-3’,5'-ethano-f3-p-ribofuranosyllcytosine (12b): AIBN (15 mg,
0.09 mmol) was added at RT to a solution of BusSnH (0.08 mL,
0.27 mmol, 1.5equiv) and iodonucleoside 11b (126 mg,
0.18 mmol) in toluene (1 mL). The mixture was heated at reflux for
1h, and then the solvent was evaporated. Purification by CC
(hexane/AcOEt 1:2) yielded the title compound 12b (50 mg, 47 %)
as a white foam. R; (AcOEt): 0.36; '"H NMR (CDCl,, 400 MHz): 6=
8.46 (d, J=7.4Hz, 1H; H-C(6)), 7.90 (d, J=7.66 Hz, 2H; arom.H),
7.54-7.50 (m, 4H; arom.H, H-C(5)), 7.32-7.30 (m, 5H; arom.H), 6.38
(t, J=5.9 Hz, 1H; H-C(1")), 5.07 (d, J/=2.0 Hz, 2H; CH,Ph), 4.73 (dd,
J,=5.6, J,=0.7 Hz, 1H; H-C(5)), 435 (d, J=5.7 Hz, 1H; H-C(4")),
2.92 (dd, J,=13.6, J,=5.7 Hz, TH; H-C(2)), 2.86 (d, J/=18.8 Hz, 1H;
H-C(7)), 2.66 (d, J=18.8 Hz, 1H; H-C(7'), 2.12 (dd, J;=13.5, J,=
7.0 Hz, TH; H-C(2'), 2.04 (s, TH; C(3')—OH), 0.89 (s, 9H; TBS), 0.15
(s, 3H; TBS), 0.14 ppm (s, 3H; TBS); *C NMR (CDCl,, 100 MHz): § =
162.60 (s, C(6), 160.23 (s, C(4)), 137.95 (s, arom.C),133.53 (d,
arom.C), 129.39 (d, arom.C), 128.75 (d, arom.C), 128.63 (d, arom.C),
128.24 (d, arom.C), 127.82 (s, arom.C), 89.49 (d, C(1), 89.38 (d,
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C(5)), 84.03 (s, C(3"), 76.69 (t, CH,Ph), 73.61 (d, C(5"), 47.68 (t, C(2"),
38.01 (t, C(7"), 26.22 (g, TBS), 18.78 (s, TBS), —4.05 (q, TBS),
—429ppm (g, TBS); ESIT-HRMS: «calcd for C;;H3N,O4NaSi,:
613.2458 [M+Na]'; found: 613.2441.

N*-Benzoyl-(6'-benzyloximino-2'-deoxy-3’,5-ethano-B-p-ribofura-
nosyl)cytosine (13): HF-Py (0.2 mL, 7.7 mmol) was added at 0°C to
a solution of nucleoside 12a (57 mg) and 12b (43 mg, 0.16 mmol
in total) in Py (2 mL). After the system had been stirred for 12 h at
RT, silica gel (ca 0.59) was added, and after another 15 min the
mixture was filtered over Celite and washed with AcOEt (10 mL)
and DCM/MeOH (5:1, 10 mL). The solvents were evaporated, and
the crude product was purified by CC (CH,Cl,/MeOH 10:1) to give
the title compound 13 (54 mg, 46%) as colorless needles after
crystallization from MeOH (slow evaporation). R; (DCM/MeOH 10:1):
0.38; m.p.: 135°C; '"HNMR (CD,OD, 400 MHz): 6=853 (d, J=
7.6 Hz, 1H; H-C(6)), 7.94-7.91 (m, 2H; arom.H), 7.60-7.47 (m, 4H;
arom.H, H-C(5)), 7.30-7.19 (m, 5H; arom.H), 6.19 (t, J=6.1 Hz, TH;
H-C(1)), 5.06 (s, 2H; CH,Ph), 4.65 (dd, J,=5.2, J,=1.1 Hz, 1H; H-
C(5), 4.50 (s, 1H; OH), 4.27 (d, J=5.2 Hz, 1H; H-C(4')), 2.83 (dd,
J,=196, J,=1.0 Hz, 1H; H-C(7")), 2.72 (dd, J,=13.6, J,=6.4 Hz, 1H;
H-C(2')), 2.54 (d, J=19.5 Hz, 1H; H-C(7"), 2.21 ppm (dd, J;,=13.7,
J,=6.0 Hz, 1H; H-C(2")); *C NMR (CD,0OD, 100 MHz): 6 =162.74 (s,
C(6"), 146.37 (s, C(4)), 139.09 (s, arom.C), 134.10 (d, arom.C), 129.85
(d, arom.C), 129.39 (d, arom.C), 129.28 (d, arom.C), 129.15 (d,
arom.C), 128.93 (s, arom.C), 97.98 (s, C(5)), 90.28 (d, C(1)), 83.37 (d,
C(5)), 77.28 (t, CH,Ph), 73.30 (d, C(5"), 47.99 (t, C(2)), 38.99 ppm (¢,
C(77)); ESI*-HRMS: calcd for C,sH,,N,O¢Na: 499.1593 [M-+Na]*;
found: 499.1579.

Oligonucleotide synthesis and purification: Oligonucleotides
were synthesized by standard solid-phase phosphoramidite meth-
odology either on the small slider of a Polygen DNA-synthesizer
(ox1-3, bc1-3, and all natural oligonucleotides) or on the 1 umol
scale on a Pharmacia LKB Gene Assembler Special DNA synthesizer
(ox4-5 and all fluoresceine-labeled (FAM-labeled) oligonucleo-
tides). Ethyl thiotetrazole (0.25m in acetonitrile) was used as activa-
tor in the coupling step. The coupling time was extended to 6-
15 min for all modified phosphoramidites. Oligonucleotides ox1-4
and bc1-3 were synthesized on commercial DNA solid support,
whereas for ox5 tcT-solid support was used. The fluorescein-
labeled oligonucleotides were synthesized on FAM-solid support
(Roche Diagnostics). The coupling efficiencies for bc®™-T were in the
range of 90 to 93%. Deprotection and detachment of ox1-3 was
performed in conc. NH; (1 mL) for 4 h at 25°C, and for ox4-5 and
the FAM-labeled oligonucleotides for 1 h at 4°C. The crude oligo-
nucleotides were purified by ion-exchange HPLC with an Akta™
basic 10/100 system (Amersham Pharmacia Biotech) and a
DNAPAC PA200, 4x250 mm analytical column (Dionex). Mobile
phases: A) NaH,PO, (20 mm), H,O, pH 7.0; B) NaH,PO, (20 mwm),
NaCl (1.25wm), H,O, pH 7.0. Gradient: 0-50% B in 30 min (ox1-3,
bc1-3) and 0-100% B for ox4-5 and FAM-labeled oligonucleotides.
All oligonucleotides were desalted over Sep-Pak Classic C18 Car-
tridges (Waters), and were routinely analyzed by ESI~ mass spec-
trometry (Supporting Information).

Melting curves: UV-melting curves were recorded on a Varian
Cary 3E UV/Vis spectrophotometer. Absorbances were monitored
at 260 nm, and the heating rate was set to 0.5°Cmin~". A cooling-
heating-cooling cycle in a temperature range of 15-80°C or 4-
70°C was applied. T,, values were obtained from the derivative
curves with the aid of the Varian WinUV software. For temperatures
below 15°C, N, was flushed through the cuvette compartment to
avoid condensation of water. To avoid evaporation of the solution,
the sample solutions were covered with a layer of dimethylpoly-
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siloxane. All measurements were carried out in NaCl (150 mm)/
Na,HPO, (10 mm) at pH 7.0 at a total oligonucleotide concentration
of 4 um, except for ox5 versus RNA, which was measured at
0.8 um.

Cell culture and transfection analysis: Hela cells were maintained
in an incubator under CO, (5%) at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) supplemented with fetal calf
serum (FBS, 10%), penicillin (100 UmL™"), and streptomycin (Invi-
trogen, 100 ugmL™"). For transfection, 5x 10° Hela cells were
seeded onto a six-well plate for 12 h. Oligonucleotides (20 um final
conc.) were complexed with Lipofectamine (Invitrogen/Life Tech-
nologies, 10 pL) and diluted to 200 uL with Optimem (Invitrogen/
Life Technologies) at room temperature. After 30 min the complex
was diluted to a final volume of 1 mL and added to the cells for
further incubation. The medium was replaced by normal growth
medium after 5h. The cells were analyzed after 24 h by fluores-
cence microscopy (Zeiss Axiovert 135, filter 450-490 nm).

CCDC 686081 (8) and 686080 (13) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Comparison of Design Strategies for Promotion of f3-
Peptide 14-Helix Stability in Water

Esther Vaz,® William C. Pomerantz,” Matthias Geyer,” Samuel H. Gellman,®

Luc Brunsveld*™

Many short [(-peptides adopt well-defined conformations in or-
ganic solvents, but specialized stabilizing elements are required
for folding to occur in aqueous solution. Several different strat-
egies to stabilize the 14-helical secondary structure in water have
been developed, and here we provide a direct comparison of
three such strategies. We have synthesized and characterized [5-
peptide heptamers in which variously a salt bridge between side
chains, a covalent link between side chains, or two cyclically con-
strained residues have been incorporated to promote 14-helicity.
The incorporation of a salt bridge does not generate significant

Introduction

Foldamers are oligomers that can adopt predictable secondary
structures,””’ and foldamers that display stable conformations
in aqueous solution provide attractive scaffolds for develop-
ment of biologically active molecules.” B-Peptide foldamers
have received considerable attention in this respect.” These -
amino acid oligomers are typically straightforward to prepare,
and they provide access to a variety of ordered backbone con-
formations. Among the regular [-peptide conformations, the
14-helix has been most intensively studied, in terms of se-
quence/stability relationships and biological applications.*
The 14-helix is defined by the formation of j,i—2 C=0--H—N
backbone hydrogen bonds that encompasses a 14-atom ring.
14-Helical B-peptides have been shown to bind to specific pro-
teins®™ and to display antibacterial® and antifungal” activities.

Most (-peptides studied to date have been composed par-
tially or entirely of f*-amino acid residues, because protected
B*-amino acids are readily available in enantiopure form from
the analogous a-amino acids by the Arndt-Eistert process.”” p-
Peptides containing exclusively B*-residues generally fold to
the 14-helix in organic solvents, but special design features are
required to enable 14-helical folding in water.**

The first clear evidence for 14-helix formation in water was
obtained for B-peptides containing residues incorporating a
six-membered ring constraint, such as trans-2-aminocyclohex-
anecarboxylic acid (ACHC).®! These constrained residues show
14-helix propensities much larger than those of B-residues.
However, it was subsequently shown that alternative design
strategies, based entirely on B*-residues, can also generate 14-
helicity in water. Both Seebach et al.”! and Cheng and DeGra-
do"” showed that 14-helicity is promoted in aqueous solutions
by i,i+3 spacing of p*-residues bearing oppositely charged
side chains. The 14-helix has approximately three residues per
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14-helicity in water, according to CD and 2D NMR data. In con-
trast, incorporation either of a lactam bridge between side
chains or of cyclic residues results in stable 14-helices in water.
The [-peptides featuring trans-2-aminocyclohexanecarboxylic
acid (ACHC) residues show the highest 14-helical backbone stabil-
ity, with hardly any sensitivity to pH or ionic strength. The [3-pep-
tides featuring side-chain-to-side-chain cyclization show lower
14-helical backbone stability and higher sensitivity to pH and
ionic strength, but increased order between the side chains be-
cause of the cyclization.

turn; therefore, this i,i+3 spacing allows intrahelical salt
bridge formation. Initial all-B* designs featured charge-charge
interactions at two of the three helical faces of the 14-helix;
however, subsequent studies showed that residues with side
chain branching adjacent to the backbone—such as *-homo-
valine (B*-hVal)—can replace some of the charged side
chains."” Covalent linkage of two side chains at B-amino acid
positions i and i+3 through a disulfide bridge was shown to
lead to the stabilization of the 14-helix in methanol."? Cova-
lent linkage of two side chains at -amino acid positions i and
i+3 through amide bonds, as an alternative to ion pairing,
resulted in the promotion of 14-helicity in water."?

It would be valuable to know the relative helix-stabilizing
efficacies of the different strategies outlined above. However,
published examples do not allow the necessary comparisons,
because of differences in -amino acid composition and p-pep-
tide length. We therefore decided to prepare and analyze a ho-
mologous set of B-peptide heptamers (Scheme 1) that would
enable us to assess the relative extents of 14-helix promotion
provided by salt bridging, covalent side chain linkage, and
ACHC incorporation in a consistent B*-amino acid context. Al-
though it is not yet possible to quantify the population of 14-
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Stable 14-Helical 3-Peptides in Water

Salt-bridge “NH coo-
3 T
HzN-ﬁVal-ﬁL)}s-i&Om-ﬁVaI-HG\u-ﬁSer—{ﬂTyr—OH 1a
*NH, (I)OO'
H,N-pVal-BLys-BOm-pVal-fAsp-pSer-pTyr-OH  1b

Covalent bridge H O

ﬁN_u_1
H,N-pVal-pLys-pOrn-pVal-pGlu-pSer-pTyr-OH 2a
H O
N
H,N-pVal-pLys-pOrn-pVal-pAsp-pSer-pTyr-OH  2b
Cyclic units
H;N-pVal- LS gpOm-pval- [ gBSer-pTyr-OH 3

Scheme 1. 3-Peptides illustrating the three different strategies for 14-helix
stabilization in water: salt bridge formation between side chains (1a and
1b), covalent bridge formation between side chains (2a and 2b), and cyclic
residues (3), with the cyclohexyl symbol representing trans-2-aminocyclohex-
anecarboxylic acid.

helix (or of any other B-peptide secondary structure) in a given
p-peptide, we find that a combination of 2D NMR and circular
dichroism (CD) measurements allows us to draw clear qualita-
tive distinctions among the 14-helix-stabilizing strategies.

Results and Discussion
Design and synthesis of the 3-peptides

A p-peptide composed of seven residues can form two full
turns of the 14-helix containing up to five intramolecular back-
bone hydrogen bonds. We chose positions two and five to in-
corporate the different helix-stabilizing elements, and kept the
other five positions constant in order to isolate the impact of
the variable elements on 14-helicity. At positions one and four,
B3-hVal residues were incorporated, because a side chain
branch point adjacent to the backbone appears to promote
14-helicity."*'¥ Position seven is f3-hTyr; the UV absorbance of
the aromatic side chain is useful for HPLC purification and con-
centration determination. Hydrophilic residues were placed at
positions three (33-hOrn) and six (3>-hSer) to promote aqueous
solubility (Scheme 1).

[(-Peptides 1a and 1b contain complementary basic and
acidic side chains at positions two and five, respectively, which
allows formation of a salt bridge in the 14-helical conforma-
tion. Placing of the basic residue near the N terminus and the
acidic residue near the C terminus leads to a more favorable
interaction of the charged side chains with the 14-helix dipole
than would the alternative arrangement."” The B*-hOrn was
placed next to the B>-hLys in order to generate the most favor-
able charge-charge interactions in B-peptides 1a and 1b;"%"*
placement of the ornithine at position six could possibly have
resulted in significant interference with the acidic residue at
position five. The acidic residue at position five was varied be-
tween 3*-hAsp and B*-hGlu in order to determine whether the
length of the tether between the carboxylate and the back-
bone influences the contribution of ion pair formation to helix
stability. The basic lysine residue at position two had been re-
placed previously by an ornithine, without significant changes
in the stability of the helix."”

ChemBioChem 2008, 9, 2254 - 2259

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

[(-Peptides 2a and 2b were formed from precursors with
the sequences of 1a and 1b, respectively, but in 2a and 2b
the side chains from the residues at positions two and five had
been linked covalently through amide formation. In B-peptide
3, pre-organized ACHC residues occupy positions two and five.
ACHC has a stronger 14-helix propensity than any [B*-resi-
due B

All B-peptides were synthesized by previously described pro-
tocols on solid-phase, with the specific differences of the [3-
amino acids and the on-bead side chain cyclization being
taken into consideration.'*'? After purification by preparative
RP-HPLC, the expected products, identified by mass spectrom-
etry, were isolated in 9-35% yields, with >99% purity (see the
Supporting Information).

Comparisons by 2D NMR spectroscopy

2D NMR provides the strongest spectroscopic evidence for he-
lical folding in solution, through the observation of NOEs be-
tween protons from residues that are not sequentially adja-
cent. Because 2D NMR analysis is labor-intensive, we analyzed
only a subset of our B-peptides—1b, 2b, and 3—in this way.
Each was examined at a concentration of 1-2 mm in a phos-
phate-buffered H,0/D,0 (9:1, 10 mm) mixture at pH 7.4 and
10°C. TOCSY data (Supporting Information) were used for a
complete assignment of proton chemical shifts. ROESY data
(Supporting Information) were evaluated to identify medium-
range NOEs that indicate B-peptide folding. Three NOE pat-
terns involving backbone protons are diagnostic for 14-helix
formation: 1) between an amide proton and the proton at the
B-position two residues toward the C terminus [NH()—CgH-
(i4+2)], 2) between an amide proton and the proton at the f3-
position three residues toward the C terminus [NH()—CgH-
(i4+3)]1, and 3) between the axial proton at the a-position and
the proton at the 3-position three residues toward the C termi-
nus [C,H()—CgH(i+-3)] (Figure 1, top).

[(-Peptide 1b, stabilized by a salt bridge, showed mainly
sequential and intraresidue NOEs; few of the characteristic
medium-range NOEs were detected (Figure 1). The resonances
for 1b, especially those corresponding to the amide protons of
B*-hLys2 and B*-hAsp5, displayed considerable overlap (Sup-
porting Information). Poor proton resonance dispersion is com-
monly observed when the extent of folding is low. The NH(B*-
hLys2)—CgH(B>-hVal4) NOE might have been present but could
not be assigned unambiguously because of resonance overlap.

Side-chain-cyclized B-peptide 2b showed a larger dispersion
of the amide signals than 1b, indicating a higher degree of
folding of the B-peptide. Even though 2b displayed some res-
onance overlap, we were nevertheless able to assign three im-
portant medium-range NOEs involving amide protons and all
four of the possible C,H()—CgH(i+3) NOEs, for residue pairs
1/4, 2/5, 3/6, and 4/7 (Figure 1 and Supporting Information).
Among these last four NOEs, the strongest was the correlation
between B3*-hOrn3 and P*-hSer6, which suggests that the
bridged residues are particularly well ordered. Many other
medium-range NOEs involving side chain protons of 2b were
observed. These medium-range side-chain-to-side-chain and
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i~ 14-Helix

\ NH(/) - HB(i+3)
NH(i) - HB(i+2)
Ha(i) - HB(i+3)

R

Bhval BX2 phOrn phVal pX5 phSer BhTyr
—— NH()-HB(#+3)
1 — NH(7)-Hp(i+2)

NH()-HB(i+3)
NH()-HB(i+2)

l

(

(
Hau()-HPB (i+3)

(

(

2b

Hao (7)-HB(i+3)

NH()-HB(i+3)
NH()-HB(i+2)

l

Ho (7)-HB (i+3)

Figure 1. A) NOE interactions characteristic of the 14-helix, illustrated with f3-
peptide 3, and B) summary of observed NOE correlations characteristic of a
14-helix (thickness of the bars reflects intensities of the connectivities; gray
represents ambiguously assigned NOE).

side-chain-to-backbone NOEs were typically weaker than the
inter-backbone medium-range NOEs, but could be unambigu-
ously assigned and provide important information concerning
the conformational order of the side chains. Medium-range
NOEs involving the side chains were observed for the residue
couples 2/5, 3/6, and 4/7 (Table 1). The two protons at the &-
position of B*-hLys2 could be differentiated in the spectra, sug-
gesting a high degree of order in this lactam-bridged side
chain. The C4H and C.H protons of B*-hLys2 were found to cor-
relate with the backbone of f3-hAsp5. Comparable side-chain-
to-backbone medium-range NOE correlations were also ob-
served for the B*-hOrn3/B*-hSer6 couple, which is not connect-
ed through a covalent bridge. The B*-hVal4/p3*-hTyr7 couple
featured, in addition to a side-chain-to-backbone medium-
range NOE, side-chain-to-side-chain medium-range NOEs. The
aliphatic protons of B*-hVal4 featured medium-range correla-
tions with the aromatic protons of *-hTyr7. The combination
of both the typical backbone medium-range NOE pattern for a

Table 1. Medium-range side chain NOEs observed among the four differ-
ent j, i+3 residue pairs of 2b and 3 in water.
B-hval1/p*- B-hLys2/p>- B3-hOrn3/p*- B*-hVald/p?-
hVal4 hAsp5 hSer6 hTyr7
2b GHR-CHB)  CHE)-GHE)  CHA-CH7)
CyH -CgH(5)  C,HB)-CgH(6)  CH(4)-CH(7)
C.H(2)-CgH(5) CsH(3)-CgH(6) CsH(@4)—-C.H(7)
C.HR)-NH(5) CHA@-CH@)
3 GH(1)-CH4) CHA)—-CH?)
CsH(4)—-CH(7)
C,H@4)—CgH(?)
C,H@)-CH(7)
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14-helix with the additionally observed medium-range correla-
tions involving the side chains provides strong evidence for a
well ordered 14-helix structure for 2b.

The six amide protons of B-peptide 3, featuring the cyclic
residues, showed excellent dispersion between 8.1 and
7.6 ppm, which led to well-resolved TOCSY and ROESY data
and indicates a high degree of folding. A large number of
NOEs diagnostic for the 14-helix, including four correlations in
the amide region, were observed for 3 (Figure 1). Three of the
four possible C,H()—CgH(i+3) NOEs were observed; the NOE
between C,H(Orn3)-CgH(Ser6) could not be unambiguously as-
signed because of overlap between the CzH units of 3°-hOrn3
and B*-hSer6. The highest intensity was found for a connectivi-
ty at an internal position: C,H(ACHC2)-CzH(ACHCS). Fewer
medium-range NOEs involving protons at side-chains were ob-
served than in the case of 2b. The observed medium-range
side chain NOEs were limited to the residue pairs 1/4 and 4/7
(Table 1). The absence of NOEs involving the side chains of res-
idue couple 2/5 might result from the restrained nature of the
cyclic B-amino acid residue at these positions. However, the
absence of side-chain-to-backbone medium-range NOE correla-
tions for the B3-hOrn3-f*-hSer6 pair is striking, as this pair is
the same in 2b and 3. The lower number of medium-range
NOEs involving side-chains in 3 relative to 2b suggests a more
dynamic character of the side chains of 3, despite the more
rigid backbone.

No NOE inconsistent with the 14-helix conformation was de-
tected in any of the three f-peptides examined by 2D NMR. f3-
Peptides 2b and 3 featured many NOEs characteristic of the
14-helix, with additional medium-range NOEs involving the
side chains. Overall, the NMR results indicate that (3-peptides
2b and 3 have well populated 14-helical conformations in
water. 3-Peptide 1b, which could form a single intrahelical salt
bridge, does not seem to display significant 14-helicity, in con-
trast with, for example, long p-peptides that feature two se-
quential salt bridges."” The use of cyclic residues as biasing
elements (3) might preorganize the backbone to promote a
14-helix in which the side chains have a certain degree of free-
dom. The use of a covalent bridge appears to have an addi-
tional stabilizing effect on the conformations of the side
chains, as suggested by the higher number of observed
medium-range NOEs involving side chain protons for 2b rela-
tive to 3.

Comparisons by circular dichroism spectroscopy

Circular dichroism (CD) measurements were performed in
order to compare the extents of 14-helical folding among the
five p-peptides discussed here. Figure 2 shows the CD signa-
tures of each B-peptide in methanol and in aqueous sodium
phosphate buffer (10 mm, pH 7.4; all samples were evaluated
at 20°C). In methanol each heptamer displays the characteris-
tic CD pattern of a 14-helix, with a minimum around 215 nm.
The mean residue ellipticity (MRE) at 215 nm can be used as a
very approximate basis for comparing the extent of 14-helical
folding among different B-peptides.”’!

ChemBioChem 2008, 9, 2254 - 2259
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A) MRE in methanol
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B) MRE in buffer (pH 7.4)
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Figure 2. CD spectra of $-peptides 1-3 in A) methanol and B) phosphate
buffer (pH 7.4, 20°C) normalized to mean residue ellipticity (MRE).

The CD spectra of -peptides 1-3 in methanol display simi-
lar MRE values around 215 nm, which suggests that these five
B-peptides display similar extents of 14-helicity in this helix-sta-
bilizing solvent. Changing from methanol to aqueous buffer,
however, results in significant differences among the [-pep-
tides in terms of MRE at 215 nm; this suggests differences in
the favorability of 14-helical folding among these molecules. 3
Peptides 1a and 1b feature MRE (215 nm) values of around
—7000 degcm?dmol ™', with the minimum shifted to higher
wavelength for 1a. p-Peptides 2a and 2b feature MRE
(215 nm) values of around —11000 degcm?dmol™, which is
similar to the MRE values displayed by these p-peptides in
methanol. B-Peptide 3 features an MRE (215 nm) value of
around —16000 degcm?dmol™'; this minimum is the most in-
tense among all of the B-peptides analyzed in aqueous buffer.
The CD minimum at 215 nm for 3 in water is modestly but sig-
nificantly more intense than that of 3 in methanol. Overall, the
data agree well with previous observations,*® and they sug-
gest that only 2a, 2b, and 3 display significant 14-helicity in
water.

ChemBioChem 2008, 9, 2254 - 2259
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Analysis of the CD data suggests that B-peptides 1a and 1b,
which can form an intra-14-helical salt bridge, show the least
14-helicity in aqueous solution among the five heptamers we
examined. The small MRE (215 nm) in water for a heptameric
B-peptide stabilized by one salt bridge is in line with previous
results."® The lengths of the side-chains—that is, B-peptides
1a vs. 1Thb—do not produce drastic changes for these two -
peptides, but has a more fine-tuning effect. The more intense
minima near 215 nm for p-peptides 2a, 2b, and 3 relative to
1a and 1b allow us to conclude that either i, i+3 side chain
linkage or the use of preorganized ACHC residues significantly
promotes 14-helical folding relative to simple all-B> sequences
that can form a potentially stabilizing internal salt bridge be-
tween side chain groups. The lengths of the lactam bridges
differ by one CH, group between {3-peptides 2a and 2b, and
the effect on helix stability is minimal. Larger changes within
this bridging element, however, do result in significant
changes in the helix stability."® B-Peptide 3 features the most
intense CD signal at 215 nm, which might indicate that the
ACHC-based strategy is most effective among those examined
here for 14-helix stabilization.

In order to evaluate the stabilities of the 14-helices of (3-pep-
tides 1-3 under different environmental conditions, CD spec-
troscopy measurements were performed at different pH values
(Figure 3). In addition to the data displayed in Figure 2 at
pH 7.4, data were acquired at pH 1.8, 3.6, and 9.6.

Significant pH-dependent differences in 14-helical folding
were observed among the five heptamers. 3-Peptides 1a and

——1a -e1b -—+2a 2b =3

-3000

-6000

-9000 -

-12000 -

MRE / deg cm? dmol-' per residue

-15000 -

-18000 T T T T T T T r

Figure 3. Effect of pH on the stabilities of the 14-helices, expressed in MRE
at 215 nm at four different pH values.

1b each show a substantial decrease in 14-helicity with in-
creasing pH from 7.4 to 9.6, suggesting that little or no 14-
helix population remains at high pH. Decreasing the pH from
7.4 to 1.8 has a smaller effect on 14-helix population. [3-Pep-
tides 2a and 2b feature a relatively larger pH dependence of
the 14-helicity than 1a and 1b, with higher apparent popula-
tions of the helical conformations at neutral pH for series 2
than for series 1. For both series the destabilizing effect at
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high and low pH could result from interactions between the
helix macrodipole and the charged states at the N and/or C
termini. An increase in the pH results in deprotonation of the
backbone ammonium at the N terminus and loss of the stabi-
lizing interaction between the positive terminal charge and the
helix macrodipole; comparable effects result from protonation
of the C-terminal carboxylate at low pH. 14-Helical folding of
p-peptide 3, however, shows very little susceptibility to
changes in pH. This behavior is surprising, since terminal
charge-helix macrodipole interactions should be comparable
for 3 and for the other -peptides in this series. This insensitivi-
ty to pH suggests that the ACHC residues in 3 are so highly
preorganized for the 14-helical conformation that the presence
or absence of terminal charge-helix macrodipole interactions
has no effect on the extent of helix formation. This interpreta-
tion, in turn, raises the possibility that 3 approaches complete
population of the 14-helical conformation in aqueous solution,
a conclusion that is consistent with the results obtained for
other short ACHC-containing B-peptides, featuring similar MRE
values."™

We used CD spectroscopy to examine the effect of changing
ionic strength (analyzed by varying NaCl concentration be-
tween 0 and 1.6 M) on the extent of 14-helicity in pH 7.4 aque-
ous buffer (Figure 4). 3-Peptide 1b shows a strong and 2b a
mild decrease in the CD intensity at 215 nm with increasing
NaCl concentrations, which suggests that salt destabilizes the

--1b 2b =3

-3000
-6000
-9000
-12000

- /./.——-——l—-“.,_.\.

-18000

MRE / deg cm?dmol™" per residue

0.0 0.5 1.0 15
[NaCl] / v

Figure 4. Effect of [NaCl] on the 14-helix, expressed in MRE at 215 nm.

14-helical conformation. The effect of NaCl is particularly pro-
nounced for 1b, with a decrease of 77% in the intensity at
215 nm. This large effect presumably arises because the intra-
helical salt bridge available to 1b promotes the formation of
the small population of 14-helix detected in the absence of
NaCl, and the intramolecular electrostatic attraction is screened
as ions are added to the solution. 3-Peptide 2b apparently re-
tains significant 14-helicity even at 1.6 m NaCl, since the inten-
sity at 215 nm has declined by only 37% relative to aqueous
buffer without any salt. In this case the decrease might arise
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from ionic screening of the charge-macrodipole interactions.
The CD spectra of -peptide 3 show an overall loss of only 9%
of the intensity at 215 nm. This trend supports the view that a
small number of ACHC residues strongly promote 14-helix for-
mation.

Conclusions

We have conducted the first direct comparison of three dis-
tinct strategies developed to stabilize 14-helix secondary struc-
tures in [-peptides. Our results suggest that incorporation of a
small proportion of ACHC residues (two out of seven in our
system) represents the most effective way to promote 14-heli-
city in water. In addition, a covalent side-chain linkage of
appropriate length is effective at supporting the 14-helix con-
formation in aqueous solution, but is more susceptible to
changes in the environment. On the other hand, noncovalent
side-chain linkage, through formation of a single ion pair,
exerts only a weak helix-promoting effect in aqueous solution.
This last observation presumably explains the use of multiple
ion pairing interactions that have been necessary to stabilize
14-helical conformations in other systems.”'”) The necessity
for multiple ion pairs limits the number of residue positions
that can be used to achieve desired functions, such as binding
to a target biomolecule. Moreover, the use of ion pairing for
14-helix stabilization creates a high level of dependence on
environmental conditions (such as pH and ionic strength). The
findings presented here show that incorporation either of a
lactam bridge or of a small proportion of preorganized ACHC
residues results in short, helix-forming [-peptide sequences
that offer great flexibility for incorporation of functionally im-
portant side chains on a rigid backbone structure.

Acknowledgements

This work was supported by a Sofja Kovalevskaja Award from
the Alexander von Humboldt Foundation and the BMBF to L.B,
by NIH grant GM56414 and the UW-Madison NSEC, and the
Spanish Ministerio de Educacién y Ciencia (Postdoctoral Fellow-
ship to E.V.). We thank Bernhard Griewel for recording 2D-NMR
spectra.

Keywords: 14-helices - beta-peptides - conformation analysis -
cyclic peptides - foldamers

[1] a) S. H. Gellman, Acc. Chem. Res. 1998, 31, 173-180; b) K. Kirshenbaum,
R.N. Zuckermann, K. A. Dill, Curr. Opin. Struct. Biol. 1999, 9, 530-535;
c) D.J. Hill, M. J. Mio, R.B. Prince, T.S. Hughes, J. S. Moore, Chem. Rev.
2001, 701, 3893-4012.

a)R.P. Cheng, S.H. Gellman, W.F. DeGrado, Chem. Rev. 2001, 107,
3219-3232; b) D. Seebach, D. F. Hook, A. Glattli, Biopolymers 2006, 84,
23-37; ¢)C. M. Goodman, S. Choi, S. Shandler, W.F. DeGrado, Nat.
Chem. Biol. 2007, 3, 252-262.

a) M. Werder, H. Hauser, S. Abele, D. Seebach, Helv. Chim. Acta 1999, 82,
1774-1783; b) K. Gademann, M. Ernst, D. Hoyer, D. Seebach, Angew.
Chem. 1999, 111, 1302-1304; Angew. Chem. Int. Ed. 1999, 38, 1223-
1226; c)E. A. Porter, X. Wang, H.-S. Lee, B. Weisblum, S.H. Gellman,
Nature 2000, 404, 565; d) M. Rueping, Y. Mahajan, M. Sauer, D. Seebach,
ChemBioChem 2002, 3, 257-259; e) T. B. Potocky, A. K. Menon, S. H. Gell-

S

[3

ChemBioChem 2008, 9, 2254 - 2259



http://dx.doi.org/10.1021/ar960298r

http://dx.doi.org/10.1016/S0959-440X(99)80075-X

http://dx.doi.org/10.1021/cr990120t

http://dx.doi.org/10.1021/cr990120t

http://dx.doi.org/10.1021/cr000045i

http://dx.doi.org/10.1021/cr000045i

http://dx.doi.org/10.1002/bip.20391

http://dx.doi.org/10.1002/bip.20391

http://dx.doi.org/10.1038/nchembio876

http://dx.doi.org/10.1038/nchembio876

http://dx.doi.org/10.1002/(SICI)1522-2675(19991006)82:10%3C1774::AID-HLCA1774%3E3.0.CO;2-O

http://dx.doi.org/10.1002/(SICI)1522-2675(19991006)82:10%3C1774::AID-HLCA1774%3E3.0.CO;2-O

http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1302::AID-ANGE1302%3E3.0.CO;2-L

http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1302::AID-ANGE1302%3E3.0.CO;2-L

http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1223::AID-ANIE1223%3E3.0.CO;2-A

http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1223::AID-ANIE1223%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C257::AID-CBIC257%3E3.0.CO;2-S

www.chembiochem.org



Stable 14-Helical 3-Peptides in Water

ChemBioChem 2008, 9, 2254 - 2259

man, J. Biol. Chem. 2003, 278, 50188-50194; f) M. A. Gelman, S. Richter,
H. Cao, N. Umezawa, S. H. Gellman, T. M. Rana, Org. Lett. 2003, 5, 3563—
3565; g) E. P. English, R. S. Chumanoy, S. H. Gellman, T. Compton, J. Biol.
Chem. 2006, 281, 2661-2667.

a) D. Seebach, M. Overhand, F. N. M. Kuhnle, B. Martinoni, L. Oberer, U.
Hommel, H. Widmer, Helv. Chim. Acta 1996, 79, 913-941; b) D. Seebach,
A. K. Beck, D. J. Bierbaum, Chem. Biodiversity 2004, 1, 1111-1239.

a) M. Werder, H. Hauser, S. Abele, D. Seebach, Helv. Chim. Acta 1999, 82,
1774-1783; b) J. A. Kritzer, J. D. Lear, M. E. Hodsdon, A. Schepartz, J. Am.
Chem. Soc. 2004, 126, 9468-9469; c) J. A. Kritzer, N. W. Luedtke, E. A.
Harker, A. Schepartz, J. Am. Chem. Soc. 2005, 127, 14584-14585;
d) O. M. Stephens, S. Kim, B. D. Welch, M. E. Hodsdon, M. S. Kay, A. Sche-
partz, J. Am. Chem. Soc. 2005, 127, 13126-13127; e) J. A. Kritzer, O. M.
Stephens, D.A. Guarracino, S.K. Reznik, A. Schepartz, Bioorg. Med.
Chem. 2005, 13, 11-16; f) J. A. Kritzer, M. E. Hodsdon, A. Schepartz, J.
Am. Chem. Soc. 2005, 127, 4118-4119; g) J. K. Murray, B. Farooq;i, J. D.
Sadowsky, M. Scalf, W. A. Freund, L. M. Smith, J. Chen, S. H. Gellman, J.
Am. Chem. Soc. 2005, 127, 13271-13280.

a) Y. Hamuro, J. P. Schneider, W. F. DeGrado, J. Am. Chem. Soc. 1999, 121,
12200-12201; b) T. L. Raguse, E. A. Porter, B. Weisblum, S. H. Gellman, J.
Am. Chem. Soc. 2002, 124, 12774-12785; c) D. Liu, W. F. DeGrado, J. Am.
Chem. Soc. 2001, 123, 7553-7559; d) R. F. Epand, T. L. Raguse, S. H. Gell-
man, R. M. Epand, Biochemistry 2004, 43, 9527-9535.

A. J. Karlsson, W. C. Pomerantz, B. Weisblum, S. H. Gellman, S. P. Palecek,
J. Am. Chem. Soc. 2006, 128, 12630-12631.

(8]
[9]

[10]
[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

D. H. Appella, J. J. Barchi, S.R. Durell, S. H. Gellman, J. Am. Chem. Soc.
1999, 121, 2309-2310.

P. 1. Arvidsson, M. Rueping, D. Seebach, Chem. Commun. 2001, 649-650.
R. P. Cheng, W. F. DeGrado, J. Am. Chem. Soc. 2001, 123, 5162-5163.

a) S. A. Hart, A. B. F. Bahadoor, E. E. Matthews, X. Y. J. Qiu, A. Schepartz, J.
Am. Chem. Soc. 2003, 125, 4022-4023; b) J. A. Kritzer, J. Tirado-Rives,
S.A. Hart, J.D. Lear, W.L. Jorgensen, A. Schepartz, J. Am. Chem. Soc.
2005, 127, 167-178.

a) A. Jacobi, D. Seebach, Helv. Chim. Acta 1999, 82, 1150-1172; b) M.
Rueping, B. Jaun, D. Seebach, Chem. Commun. 2000, 2267-2268.

E. Vaz, L. Brunsveld, Org. Lett. 2006, 8, 4199-4202.

T.L. Raguse, J.R. Lai, S. H. Gellman, Helv. Chim. Acta 2002, 85, 4154-
4164,

a) T.L. Raguse, J.R. Lai, S.H. Gellman, J. Am. Chem. Soc. 2003, 125,
5592-5593; b) M. Lee, T.L. Raguse, M. Schinnerl, W. C. Pomerantz, X.
Wang, P. Wipf, S. H. Gellman, Org. Lett. 2007, 9, 1801-1804.

J. K. Murray, S. H. Gellman, Org. Lett. 2005, 7, 1517-1520.

D. A. Guarracino, H. R. Chiang, T.N. Banks, J. D. Lear, M. E. Hodsdon, A.
Schepartz, Org. Lett. 2006, 8, 807-810.

A.S. Norgren, P. I. Arvidsson, Org. Biomol. Chem. 2005, 3, 1359-1361.

Received: May 26, 2008
Published online on August 29, 2008

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

2259

www.chembiochem.org



http://dx.doi.org/10.1074/jbc.M308719200

http://dx.doi.org/10.1021/ol034977v

http://dx.doi.org/10.1021/ol034977v

http://dx.doi.org/10.1002/hlca.19960790402

http://dx.doi.org/10.1002/cbdv.200490087

http://dx.doi.org/10.1002/(SICI)1522-2675(19991006)82:10%3C1774::AID-HLCA1774%3E3.0.CO;2-O

http://dx.doi.org/10.1002/(SICI)1522-2675(19991006)82:10%3C1774::AID-HLCA1774%3E3.0.CO;2-O

http://dx.doi.org/10.1021/ja031625a

http://dx.doi.org/10.1021/ja031625a

http://dx.doi.org/10.1021/ja055050o

http://dx.doi.org/10.1021/ja053444+

http://dx.doi.org/10.1016/j.bmc.2004.09.009

http://dx.doi.org/10.1016/j.bmc.2004.09.009

http://dx.doi.org/10.1021/ja042933r

http://dx.doi.org/10.1021/ja042933r

http://dx.doi.org/10.1021/ja052733v

http://dx.doi.org/10.1021/ja052733v

http://dx.doi.org/10.1021/ja992728p

http://dx.doi.org/10.1021/ja992728p

http://dx.doi.org/10.1021/ja0270423

http://dx.doi.org/10.1021/ja0270423

http://dx.doi.org/10.1021/ja0107475

http://dx.doi.org/10.1021/ja0107475

http://dx.doi.org/10.1021/bi049414l

http://dx.doi.org/10.1021/ja064630y

http://dx.doi.org/10.1021/ja983918n

http://dx.doi.org/10.1021/ja983918n

http://dx.doi.org/10.1039/b101085i

http://dx.doi.org/10.1021/ja010438e

http://dx.doi.org/10.1021/ja029868a

http://dx.doi.org/10.1021/ja029868a

http://dx.doi.org/10.1021/ja0459375

http://dx.doi.org/10.1021/ja0459375

http://dx.doi.org/10.1002/(SICI)1522-2675(19990804)82:8%3C1150::AID-HLCA1150%3E3.0.CO;2-O

http://dx.doi.org/10.1039/b007503p

http://dx.doi.org/10.1021/ol061349f

http://dx.doi.org/10.1002/hlca.200290001

http://dx.doi.org/10.1002/hlca.200290001

http://dx.doi.org/10.1021/ja0341485

http://dx.doi.org/10.1021/ja0341485

http://dx.doi.org/10.1021/ol070511r

http://dx.doi.org/10.1021/ol0501727

http://dx.doi.org/10.1021/ol0527532

http://dx.doi.org/10.1039/b503237g

www.chembiochem.org




BIO

DOI: 10.1002/cbic.200800371

Constructing and Analyzing the Fitness Landscape of an
Experimental Evolutionary Process

Manfred T. Reetz* and Joaquin Sanchis™

Iterative saturation mutagenesis (ISM) is a promising approach
to more efficient directed evolution, especially for enhancing the
enantioselectivity and/or thermostability of enzymes. This was
demonstrated previously for an epoxide hydrolase (EH), after five
sets of mutations led to a stepwise increase in enantioselectivity.
This study utilizes these results to illuminate the nature of ISM,
and identify the reasons for its operational efficacy. By applying
a deconvolution strategy to the five sets of mutations and meas-
uring the enantioselectivity factors (E) of the EH variants, AAG™
values become accessible. With these values, the construction of
the complete fitness-pathway landscape is possible. The free
energy profiles of the 5!=120 evolutionary pathways leading

Introduction

Directed evolution is a useful way to engineer the properties
of proteins, including the stability, activity, substrate scope,
and enantioselectivity of enzymes as catalysts in synthetic or-
ganic chemistry and biotechnology." It involves the combina-
tion of gene mutagenesis, expression and screening (or selec-
tion). The most common mutagenesis methods are error-
prone polymerase chain reaction (epPCR),” saturation muta-
genesis,”! and DNA shuffling,”” or variations and combinations
thereof.!"” An important focus of current research is methodolo-
gy development to make this type of protein engineering
more efficient through the generation of higher-quality libra-
ries.”) Our recent contribution to this endeavor is iterative satu-
ration mutagenesis (ISM) in its two embodiments, namely the
combinatorial active-site saturation test (CAST) for influencing
substrate acceptance and/or enantioselectivity,®” and the B-
factor iterative test (B-FIT) for increasing protein thermostabili-
ty.® CASTing involves two steps. On the basis of crystallo-
graphic data or homology models of an enzyme to be engi-
neered, sites A, B, C, D, etc. around the complete binding
pocket hosting the substrate are first identified. Following this
analysis, all sites are randomized through application of satura-
tion mutagenesis. A set of focused libraries of mutants is creat-
ed and screened for substrate scope (activity) and/or enantio-
selectivity. This initial step constitutes a systematization of
earlier uses of focused libraries.””) Thereafter, the mutant gene
encoding a given improved enzyme variant (hit) is used as a
template for performing saturation mutagenesis at the other
sites, and the process is repeated as often as needed. A sche-
matic illustration of ISM is shown in Figure 1, which involves
four sites A, B, C and D, each site being “visited” only once in a
given pathway.

Tk BWILEY

) InterScience
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from the wild-type to the best mutant show that 55 trajectories
are energetically favored, one of which is the originally observed
route. This particular pathway was analyzed in terms of epistatic
effects operating between the sets of mutations at all evolution-
ary stages. The degree of synergism increases as the stepwise
evolutionary process proceeds. When encountering a local mini-
mum in a disfavored pathway, that is, in the case of a dead end,
choosing another set of mutations at a previous stage puts the
evolutionary process back on an energetically favored trajectory.
The type of analysis presented here might be useful when evalu-
ating other mutagenesis methods and strategies in directed evo-
lution.

D| C|D] Bl ¢ BD| C|Dl Al C| A/D| BD|l A Bl AC| BCl A B A
C\Df B\Df B Df AAD/ AC/ B\D/ A\ Df A\ Bf B\Cf A B
BN\C| D, A\C| D, A\ B| D, A\B| C
A B C D

WT

Figure 1. General scheme illustrating ISM as in iterative CASTing for the case
of four sites, A, B, C, and D, at which saturation mutagenesis is performed.
(Extension by visiting a given site more than once in an upward pathway is
possible.)”

This strategy is quite different from the approach in which
mutations originating from two or more libraries are simply
combined,"” which does not allow for new and potentially
highly beneficial amino acid substitutions to occur. In contrast,
ISM maximizes the probability of positive epistatic effects in
terms of additivity and/or synergism between sets of muta-
tions at each branching point (Figure 1). Moreover, in the case
of a local minimum, the ISM strategy allows for a different
pathway to be chosen when a randomization library fails to
generate any improved variants.

Iterative CASTing was first applied in a study regarding the
directed evolution of the epoxide hydrolase from Aspergillus
niger (ANEH) as a biocatalyst for the enantioselective hydrolytic
kinetic resolution of glycidyl phenyl ether (GPE, rac-1)."" The

[a] Prof. Dr. M. T. Reetz, Dr. J. Sanchis
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Miilheim/Ruhr (Germany)
Fax: (+49) 208-306-2985
E-mail: reetz@mpi-muelheim.mpg.de

Supporting information for this article is available on the WWW under

http ://www.chembiochem.org or from the author.
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wild-type (WT) leads to a selectivity factor of only E=4.6 in
slight favor of (S)-2.

J& _HO | '5_/0” . A
PhO ANEH  ppo PhO—"
rac-1 (S)-2 (R)-1

CAST analysis based on the crystal structure of the WT
ANEH" suggested six possible sites for saturation mutagene-
sis, namely A (amino acid positions 193/195/196), B (215/217/
219), C (329/330), D (349/350), E (317/318) and F (244/245/249;
Figure 2). The essential results of the saturation mutagenesis

Figure 2. Proposed CAST sites A, B, C, D, E and F in the enzyme ANEH har-
boring (S)-1 (S-GPE).

experiments from this initial study are summarized in
Figure 3.”" The chosen pathway B—C—D—F—E leads to a
highly enantioselective variant LW202, which has a selectivity
factor of E=115 (site A was not considered as part of the
chosen pathway in this study). The final enzyme variant LW202
is characterized by five sets of mutations that were accumulat-
ed in a stepwise fashion during the evolutionary process,
namely Leu215Phe/Ala217Asn/Arg219Ser at B, Met329Pro/
Leu330Tyr at C, Cys350Val at D, Leu249Tyr at F, and Thr317Trp/
Thr318Val at E, which is a total of nine amino acid substitu-
tions. In all saturation experiments, NNK codon degeneracy
was chosen (N: adenine/cytosine/guanine/thymine; K: gua-
nine/thymine), which means that all 20 proteinogenic amino
acids were used as building blocks. However, no attempt was
made to ensure full coverage of the relevant protein sequence
space by appropriate oversampling. In fact, only relatively
small mutant libraries were considered. Moreover, since variant
LW202 is already highly enantioselective, the initial study did
not include the exploration of other pathways. It is possible or
even likely that a more systematic search based on exploration
of other pathways would have provided a number of addition-
al hits characterized by different sequences, but with similarly
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Figure 3. Iterative CASTing pathway B—C—D —F—E that leads to the
highly enantioselective mutant LW202 as a catalyst in the kinetic resolution
of rac-1.”

high or even higher enantioselectivity. The overall effort re-
quired the screening of 20000 clones, which is about the same
number evaluated in an earlier study based on epPCR at vari-
ous mutation rates, leading to a selectivity factor of only E=
11.1? Thus, compared to the use of epPCR, knowledge-guided
targeted mutagenesis appears to be a superior methodology,
generating “smarter” libraries that are characterized by a dra-
matically higher frequency and quality of hits.”

In this study we have devised a general strategy for evaluat-
ing mutagenesis methods in laboratory evolution, and applied
it specifically in order to determine the reasons for the appar-
ent efficacy of iterative CASTing. Two questions are addressed:
1) When considering solely the experimentally obtained sets of
mutations (Figure 3), is the transversed pathway B—C—D—
F—E the only one that leads to variant LW202, or do other
pathways based on permutational combinations of these spe-
cific sets of mutations likewise provide that particular variant?
2) What is the nature of the epistatic interactions that occur
between the five sets of mutations along the trajectory B—
C—D—F—E, that is, to what extent do additive, synergistic
and/or antagonistic interactions operate at each step of the
evolutionary process?

Results and Discussion
Construction of all pathways in the fitness landscape

We first had to construct the 30 mutants that are relevant
when considering all combinations of the five sets of mutants
obtained successively in the experimentally transversed se-
quence B—C—D—F—E. Following the evaluation of these 30
mutants as catalysts in the model reaction rac-1—(S)-2+(R)-1,
the selectivity factors E and respective free energy values
AAG™ allow the construction of the 5!=120 possible direct
trajectories leading from the WT-ANEH to enzyme variant
LW202 (Figure 4).
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B_D BC__E
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Figure 4. The 30 possible mutants as intermediate stages between WT-ANEH
and enzyme variant LW202 based on the use of five sets of mutations. The
connecting lines indicate the original pathway B—C—D —F—E, which is
one of 120 possible trajectories (see text).

By using site-specific mutagenesis, 26 new mutants were
prepared and tested in the model reaction. Mutants corre-
sponding to B, BC, BCD and BCDF were already available from
the original study. The fitness landscape of this system consti-
tutes a six-dimensional surface (mutation sets B, C, D, E and F
are independent vectors, and AAG™ is the dependent varia-
ble), which is difficult to depict graphically. We present data of
this kind in the form of a “fitness-pathway landscape” as
shown in Figure 5. All 120 possible pathways linking the WT

T N
10
Sz‘age Y 420 110

Figure 5. Energy profile of the two types of pathways leading from the WT
to the mutant LW202: Energetically favored (green) as in the original B—
C—D—F—E (pathway 2) or D—C—F—E—B (pathway 60) and disfavored
(red) as in E-C—F—D—B (pathway 84).

(top) with the target variant LW202 (bottom), as specified by
the experimental results, are stacked. Upon mapping the free
energy profiles of these 120 mutational pathways, we discov-
ered that two different types of trajectories exist. The first type
shows a continuous decrease in the free energy, as in the origi-
nal pathway B—C—D—F—E or in the case of D-C—F—E—
B (Figure 5, green pathways). In sharp contrast, the second
type of pathway is characterized by the presence of a turning
point followed by a peak along the trajectory that is higher in
energy than at the previous evolutionary stage, indicating a
local minimum. A typical example is the case of E-C—F—
D—B (Figure 5, red pathway).

Upon exploring the complete fitness-pathway landscape,
some remarkable features were unveiled (Figure 6). Most im-
portantly, a total of 55 different pathways were found to be
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energetically favorable, which corresponds to about 46 % of all
possibilities in going from the WT to LW202 by using the five
sets of mutations. Thus, our data show that laboratory evolu-
tion based on iterative forms of saturation mutagenesis can
follow many energetically favored pathways to improved en-
zymes. Direct comparison with other systems that reach differ-
ent conclusions, such as natural evolution, cannot be made
due to the difference in experimental platforms.!'

We also note that when a local minimum in a disfavored tra-
jectory (trajectory 84 or other red pathways, Figure 6) is en-
countered and no energetically favored forward step for fur-
ther catalyst improvement can be found, the experimenter can
escape from such a “dead end”. This is possible by returning to
the previous stage and choosing another combination from
the remaining sets of mutations. For all 65 disfavored path-
ways, we did not find a single trajectory in which this strategy
would fail to put the evolutionary process back on a positive
track (Figure 6).

We also considered the first derivative of the fitness-pathway
landscape. The result of this analysis clearly supports our previ-
ous conclusion regarding the relatively high number of ener-
getically favored trajectories (Figure 7). Much of the landscape
surface is below the XY planes (green), which means that these
stages are energetically favored.

Analysis of cumulative mutational effects

Figures 6 and 7 do not reveal the details of the epistasis in any
of the pathways. Therefore, in order to understand the opera-
tional efficiency of the iterative process, complete analysis of
the interactions among the different sets of mutations is nec-
essary. We focus here on the original pathway B—C—D—F—
E as an example of an energetically favored trajectory, and
pathway 84 (Figure 5) as an example of a disfavored trajectory.
The experimental data at hand allow the calculation of the
free energy of interaction (AG,T) between any two sets of mu-
tations i and j [Equation (1)], in analogy to the case regarding
the interaction of two point mutations.™
AG;F = AAG!_—(AAG + AAG].*) (1)

exp
where AAG:Xp is the difference in the activation energy be-
tween both enantiomers experimentally obtained for the bi-
nary combination, and AAG;" and AAG;" are the experimental
energies obtained for each set of mutants separately. The
values of AG;‘ are either a measure of synergistic effects
(AG; <0), of additive effects (AG; =0, no interaction), of parti-
ally additive effects (AG; >0 and ((|AAG]| and |AAG'|)<
|AAG?_|)), or they denote antagonistic effects (AG;.F>0 and

((|AAG,.*p\ or |AAG] |)>|AAG,,,|)) as schematized in Figure 8.
All of the thermodynamic cycles were calculated from Equa-
tion (1) for the binary combination of sets of mutations (i+),
and extensively for the ternary (i+j+k), the quaternary
(i+j+k=+I) and the quinary (i4+j+k-+/+m) combinations. Specifi-
cally, set i (in blue) contributes AAG, set j (orange) contrib-
utes AAG/.*, and the expected additive increment column

(striped) reflects the sum (AAG] +AAG)). The difference be-
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Figure 7. First derivative of AAG™ at every stage of each pathway. Red areas
(above the XY plane) indicate positive slopes, that is, energetically disfavored
pathways. Yellow/orange and green areas (below XY plane) indicate negative
slopes and define steps involved in energetically favored stages. A) Side
view of surface. B) Frontal view of surface (plane X2). (x,y,z) = (pathway,
(stage, + stage,)/2, (AAG™,—AAG™,)/(stage, —stage,)).

mm AAGH (first set of mutations)
AAG*j (second set of mutations)
77z Expected additive increment (AAGH, + AAGH)

@ Experimentally found increment (AA Giew)

61
s
E
B!
K 7
&
<
<]
=2 T
o'
ij (case 1) ij (case 2) ij (case 3) ij (case 4)

Binary combinations of sets of mutations

Figure 8. Explanation of different cases that can be found in the interaction
between two sets of mutations (i and j) when the thermodynamic cycle de-
scribed in Equation (1) is calculated. Case 1) Experimentally found increment
is bigger than the expected additive increment (synergistic effect). Case

2) Experimentally found increment is equal to the expected additive incre-
ment (additive effect, no interaction). Case 3) Experimentally found incre-
ment is smaller than the expected additive increment but bigger than the
energy of the single sets (partially additive effect). Case 4) Experimentally
found increment is smaller than either one of the sets (antagonistic effect).

tween the experimentally found increment (AAG],, in green)

and the expected additive increment corresponds to the
energy of interaction (AG;.‘). The four different situations ac-
cording to the value of AG;F are illustrated in Figure 8.

In order to visualize the epistatic effects of the favoured
pathway B—C—D—F—E at each stage, we processed the
data as shown in Figure 9. The final epistatic result at each
stage is not characterized by additivity, but by synergy, and
the magnitude of the synergistic effects increases more or less
continuously in the process of reaching LW202. Any antagonis-
tic effects, as in the case of the fourth set of mutations alone,
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-25
I AAGY (first set of mutations)
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I AAGHE, (third set of mutations)
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Combinations of sets of mutations

Figure 9. Thermodynamic cycle [Eq. (1)] regarding the interaction of the sets
of mutations involved at every stage along the energetically favored path-
way B—C—D—F—E.

are purged by new combinations. These effects also become
visible when considering the selectivity factors E. For example,
in the last experimental stage of the original study involving
step E (Figure 3), the E value increases dramatically from 35 to
115, but when the set of mutations (Thr317Trp/Thr318Val) in-
troduced there is tested alone as a mutant, E=16 (Table S2 in
the Supporting Information). Similar effects were found in the
case of other energetically favored pathways.

None of the mutants, including those arising from the vari-
ous combinations of the respective sets, leads to enantioselec-
tivities higher than that of the originally evolved variant LW202
(Table S2). In agreement with the previous findings (see
above), this observation sheds light on the nature of the itera-
tive process: none of the sets of mutations that were generat-
ed during the five-step evolutionary process defined by B—
C—D—F—E is superfluous. This stands in contrast to the re-
sults of a different study based on epPCR and DNA shuffling,
in which only two of the accumulated six mutations were nec-
essary for high enantioselectivity."”

We gained further insight into the favored pathway B—C—
D—F—E by adopting the so-called “inverse thinking” ap-
proach regarding mutational effects occurring in proteins. This
type of analysis was first proposed by Mildvan."® Accordingly,
we compared the free energy of stabilization resulting from
the introduction of every set of mutations into the WT and the
free energy of destabilization resulting from the deletion of
this set in a specific mutant. This analysis was recursively per-
formed at each stage of the original pathway B—C—D—F—E.
On average, the weight of contribution to the total fitness of
every set increases in magnitude as the evolutionary process
passes to higher levels, as measured by enhanced enantiose-
lectivity (Figure 10). Clearly, the degree of cooperativity (syner-
gism) among the accumulated sets of mutations increases
with each evolutionary step, in line with our previous conclu-
sion.
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Figure 10. Analysis by the Mildvan approach.'® A) Stabilization AAG™ of the mutant relative to the WT upon the
introduction of a set of mutations. B) Destabilization AAG™ observed upon replacement of each set of mutations
by the WT amino acids at every step in the experimentally transversed pathway B—C—D —F —E.

Using our first approach, we then analyzed one of the ener-
getically disfavored pathways in Figure 6, namely number 84.
Only the essential features are highlighted here as summarized
in Figure 11. Negative epistatic effects operate at several

=251
W AAGH, (first set of mutations)

! | »_\.AGtJ (second set of mutations)

N AAGH, (third set of mutations)

-2.0 1 EEE AAGH (fourth set of mutations)

B AAGH, (fifth set of mutations)

77 Expected additive Incr. (AAG?; + AAGY + AAGY, +AAGY + AAGE )
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orp)

AAG? | Keal mol!
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0.0

E EC ECF ECFD ECFDB

Combinations of set of mutations

Figure 11. Thermodynamic cycle [Eq. (1)] regarding the interaction of the
sets of mutations involved at every stage along the energetically disfavored
pathway number 84 (E—C—F—D—B).

stages. The interaction between sites E and C constitutes a par-
ticularly strong antagonistic effect that causes a prominent
local minimum along trajectory 84 (Figure 4). The second, less-
prominent local minimum occurs in the combination ECFD, as
full additivity is not quite achieved. In the final combination,
ECFDB, a strong synergistic effect dominates as expected.

Conclusions

We have previously demonstrated that ISM in the embodiment
of iterative CASTing is an efficient method for the directed evo-
lution of an enantioselective epoxide hydrolase (ANEH),"” clear-
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of iterative CASTing. A deconvo-
lution strategy was applied so
that the five sets of mutations
originally generated in the step-
wise  evolutionary process
toward highly enhanced enantioselectivity were reconstructed
in all theoretically possible permutations. Thus, all 120 path-
ways from the WT to the best mutant LW202 were mapped on
the basis of the free energy values AAG™ obtained from the
respective selectivity factors E. Two types of trajectories exist in
ISM, namely energetically favored and disfavored pathways.
About 46% of the trajectories proved to be energetically fa-
vored; this is a high score. In the case of a disfavored pathway,
which involves at least one local minimum, it is possible to
escape from such a dead end by returning to the previous
stage and choosing a different set of mutations, thereby put-
ting the evolutionary process back on a positive track.

The information accessible by the deconvolution approach
also sheds light on another facet of the nature of ISM, namely
the way accumulated sets of mutations interact with one
another in terms of epistasis. It is possible to analyze epistatic
effects between the five sets of mutations in any of the 120
pathways, and we have demonstrated this for a favored and a
disfavored trajectory. In the case of the original favored path-
way B—C—D—F—E, synergistic effects dominated, whereas
negative epistatic influences were found to play a minor role.
Rare antagonistic effects are completely purged by the appear-
ance of new combinations, so local minima are avoided. More-
over, synergism increases as the evolutionary process pro-
ceeds. In the case of a typical energetically disfavored pathway,
we uncovered the reason for the existence of local minima,
namely the dominance of antagonistic effects. On a molecular
level, the physical reasons for positive or negative epistatic
effects in the case of the best mutant LW202 have yet to be
identified.

Statistically, the improved mutants provided by ISM, as in
iterative CASTing, are not theoretically accessible by repeating
cycles of epPCR, irrespective of the mutation rate. We have
demonstrated this experimentally in two comparative directed
evolution studies involving ANEH.”'? Random mutagenesis
based on epPCR,” which is still the most commonly employed
technique in directed evolution, is highly unlikely to provide
mutants with two or three amino acid substitutions in a
defined locus in the enzyme. Yet the accumulation of several
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mutations in a spatially focused manner effectively influences
enantioselectivity or substrate acceptance (rate) of enzymes.
This is due to the increased probability of synergistic effects
when performing saturation mutagenesis iteratively.

CASTing excludes the possibility of discovering distal muta-
tions when attempting to influence catalytic properties such as
substrate acceptance and/or enantioselectivity. Remote effects
are certainly an intriguing phenomenon in such endeavors.*'”
However, from a practical point of view, such a restriction does
not necessarily have negative consequences. The opposite ac-
tually pertains, because all experience in this study and in earli-
er reports”® shows that knowledge-guided targeted randomi-
zation is beneficial when attempting to maximize the quality
of enzyme libraries. Nevertheless, epPCR can be expected to
continue to play an important role in directed evolution. For
example, in cases in which structural information is lacking,
epPCR might well be a logical choice. The “hot spots” identi-
fied by random mutagenesis can then be used as sites for pos-
sible ISM exploration if needed.

We point out that the results of this study call for further
research in at least two areas. The scheme illustrating ISM
(Figure 1) needs to be tested more systematically in a different
model system by exploring at least a few of the possible alter-
native pathways. In contrast to the experimental platform of
this study, exploration of a more extensive protein sequence
space would allow new amino acid substitutions and enable
the discovery of sequences different from LW202,” which
could lead to high enantioselectivity in the model reaction. In
view of the present results, this appears likely. Finally, the type
of analysis presented herein can be used to evaluate other
mutagenesis methods and strategies for probing protein se-
quence space in laboratory evolution.!™

Experimental Section

Site-directed mutagenesis using the Stratagene QuikChange proto-
col® was applied in order to generate all of the required mutants.
pQEEH-based plasmids (4631 bp)"® containing the proper muta-
tions for each case were employed as templates. The sequences of
the primers used in the generation of the mutants are summarized
in the Supporting Information (Table S1). Successful amplifications
were digested with Dpnl (1 pL, 37°C, 1 h, twice). Purified plasmids
were sequenced by Medigenomix (Martinsried, Germany) using
standard primers (QEF, QEFIIl or QER).

All mutants were streaked out on LB agar plates from a glycerol
stock. After incubation (30°C, 60 h), single colonies were placed
into LB media (3.5mL), supplemented with carbenicillin
(100 pgmL ™). After incubation (30°C, 12 h), the latter precultures
(2 mL) were inoculated in fresh LB (18 mL) containing carbenicillin
and incubated until OD4, was around three. Second-generation
bacteria culture (2.4 mL) was added to a solution of sodium phos-
phate buffer (20 mm, pH 7.2, 16.1 mL) followed by the addition of
racemic glycidyl phenyl ether, rac-(1) (83.3 mm in acetonitrile,
1.5 mL). After incubation (30°C, 250 rpm), samples were withdrawn
(after 60 min) and centrifuged (13000 rpm, 20 min). The samples
(100 L) were mixed with the same volume of the internal stan-
dard solution, (R)-(+)-1-phenylbutan-1-ol, (6.66 mm in methanol).
Enantioselectivity of the model reaction induced by the protein
variants was measured by HPLC using a Chiralcel OD-R chiral
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column from Daicel Chemical Industries (Tokyo, Japan) with metha-
nol/water (7:3) (flow rate 0.5 mLmin™"). Retention time: (R)-2, tyg=
8.6 min; (5)-2, try=9.8min; (R)-1, tzy=209min; (5)-1, tze=
24.4 min.

Values for E and AAG* were calculated from equations (2)'" and
(3), respectively. Experimentally obtained (ee, ee,, conversion) and
calculated values (E, AAG®) are listed in the Table S2. The average
uncertainty of AAG™ values is +0.03 kcalmol™".

In T—ees :|
E — |:1+ees/eep — (kcat/KM)fast (2)
1+eeg (kcat/KM)sIow
I T+ees /eep

AAG* = —RTInE (3)
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But-3-ene-1,2-diol: A Mechanism-Based Active Site
Inhibitor for Coenzyme B,,-Dependent Glycerol
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Dedicated to Professor Duilio Arigoni on the occasion of his 80th birthday

Coenzyme B,,-dependent glycerol dehydratase is a radical
enzyme that catalyses the conversion of glycerol into 3-hydroxy-
propanal and propane-1,2-diol into propanal via enzyme-bound
intermediate radicals. The substrate analogue but-3-ene-1,2-diol
was studied in the expectation that it would lead to the 4,4-dihy-
droxylbut-2-en-1-yl radical, which is stabilised (allylic) and not re-
active enough to retrieve a hydrogen atom from 5'-deoxyadeno-
sine, thereby interrupting the catalytic cycle. Racemic and enan-
tiomerically pure but-3-ene-1,2-diols and their [1,1-°H,], [2-?H]
and [4,4-°H,] isotopomers were synthesised and characterised by
NMR spectroscopy. (S)-[4-"*C]but-3-ene-1,2-diol was also pre-
pared. Kinetic measurements showed but-3-ene-1,2-diol to be a
competitive inhibitor of glycerol dehydratase (K;=0.21 mm, k;=
5.0x107?s™"). With [4-*C]but-3-ene-1,2-diol it was demonstrated

Introduction

Diol and glycerol dehydratases are “radical enzymes"" that cat-
alyse the conversion of simple 1,2-diols into an aldehyde (or
ketone) and water (Scheme 1).? These enzymes were originally

OH (¢}

H H
HO%H . CHS% +H,0
H H

CHs H

Scheme 1. The diol/glycerol dehydratase reaction for propane-1,2-diol.

thought to be exclusively dependent on coenzyme B, (adeno-
sylcobalamin, AdoCbl), but the glycerol dehydratase from Clos-
tridium butyricum was recently shown to be a glycyl radical
enzyme activated by S-adenosylmethionine.® The glycerol de-
hydratases are of industrial interest because they offer a bio-
technological route to propane-1,3-diol, a building block for
polymers.*

The mechanism of action of coenzyme B,,-dependent diol/
glycerol dehydratase has been elucidated by stereochemical
studies,*® experimental” and theoretical models,® and hol-
oenzyme crystal structures.” The diol (for example, propane-
1,2-diol), bound at the active site by a potassium ion and se-
lected protein residues, is subject to attack at a C-1 hydrogen
atom by the 5’-deoxyadenosyl radical released from the co-
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that species derived from the diol become tightly bound to the
enzyme’s active site, but not covalently bound, because the radio-
activity could be removed upon denaturation of the enzyme. EPR
measurements with propane-1,2-diol as substrate generated
sharp signals after 10s that disappeared after about 1 min. In
contrast, EPR resonances appeared and disappeared more slowly
when but-3-ene-1,2-diol was incubated with the enzyme. Among
the deuterated isotopomers, only [1,1-°H,]but-3-ene-1,2-diol
showed a significantly different EPR spectrum from that of the
unlabelled diol; this indicated that coupling between the un-
paired electron and a deuterium at C-1 was stronger than with
deuterium at C-2 or C-4. The experiments suggest the formation
of the 1,2-dihydroxybut-3-en-1-yl radical, which decomposes to
unidentified product(s).

enzyme by homolysis of the Co—C o-bond. The resulting sub-
strate radical undergoes a 1,2-oxygen shift'”® enabled by the
“push-pull” effect of weakly acidic and basic groups of the en-
zyme®? It has been proposed that partial deprotonating the
nonmigrating OH at C-1 by a basic group (Glua.170 for diol de-
hydratase) facilitates migration of the C-2 OH of propane-1,2-
diol, which is partially protonated by Hisca143.%” Recent stud-
ies by Toraya and co-workers,”” including QM/MM calcula-
tions,®™ have shown that it is unprotonated Hiso143 that
assists OH migration and also stabilises intermediate radicals.
The so-formed product radical (propane-1,1-diol-1-yl) is con-
verted into propane-1,1-diol by abstracting a hydrogen atom
from the methyl group of 5-deoxyadenosine. The final step is
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A Glycerol Dehydratase Inhibitor

Path A CHHz—Ado SHo—Ado
+ +
OH . Ho
" CH,—Ade H _PH HHO  cHH—Ad 1,0 H,
H ELAS TP H HON‘T% %k,,OH e CHy - OH CHy=x ]
CHs CHs H CH™ = H HeH) H H(H)
R Tk CH,—Ado
Path B o + - o .
H éHQ*Ado H “OH H CHH,—Ado H,
HO:B Ay 220 Hos —OH & 3" Ghes
CHs ™ CH, H CHy M HHy B

Scheme 2. Mechanisms for glycerol dehydratase acting on propane-1,2-diol (path A: via the propane-1,1-diol-1-yl radical; path B: via the propanal-2-yl radi-

cal).

the enzyme-mediated stereospecific dehydration of the 1,1-
diol to propanal and water."” The overall sequence is summar-
ised for (R)-propane-1,2-diol in Scheme 2, Path A.

A variant of the mechanism described has the substrate radi-
cal eliminate hydroxide (or water) with the generation of a
formyl-substituted alkyl radical (propanal-2-yl, Scheme 2,
Path B), which recaptures the hydroxide (or water) with forma-
tion of the product-related radical." It has been proposed™
that diol and glycerol dehydratase follow the more “elaborate”
path of intramolecular 1,2-migration, validated for the dehydra-
tase by "0 labelling of the C-2 OH group,"'” because it is abso-
lutely necessary to generate a product-related radical that is a
poorly stabilised methylene radical rather than a formyl-stabi-
lised radical."” Only the former can achieve the relatively high
energy process of abstracting a hydrogen atom from 5'-de-
oxyadenosine. Calculations have recently quantified these ef-
fects."?

But-3-ene-1,2-diol is a potentially valuable molecule for
probing the mechanism of glycerol dehydratase. If this mole-
cule were perceived as a substrate by glycerol dehydratase
and followed the first two steps of the mechanism shown in
Scheme 2 (path A), this would lead from the 1,2-dihydroxybut-

3-en-1-yl radical to the resonance-stabilised"* 4,4-dihydroxy-
but-2-en-1-yl radical (Scheme 3). The latter is expected to be
unable to remove a hydrogen atom from 5'-deoxyadenosine
and may either survive as an observable species or dehydrate
to the even more stable and potentially observable 4-oxobut-
2-en-1-yl radical. All possible radicals could in principle react
with the protein. In this paper we present a study of the
behaviour of but-3-ene-1,2-diol and specifically labelled ana-
logues (*H, ™C) with recombinant glycerol dehydratase from
Citrobacter freundii™ These studies show the initial formation
of the 1,2-dihydroxybut-3-en-1-yl radical followed by time-de-
pendent inactivation of the protein.

Results and Discussion

Synthesis of (S)-but-3-ene-1,2-diol and isotopically labelled
but-3-ene-1,2-diols

Several syntheses have been reported for the enantiomeric
but-3-ene-1,2-diols.""™ For the preparation of (S)-but-3-ene-
1,2-diol, we used a starting material from the chiral pool in
order to ensure a high level of enantiopurity. The diol was pre-
pared from (+)-2,3-di-O-isopro-
pylidene-b-glyceraldehyde,

A enz enz AU readily available from b-manni-

GO o %o - = 0 tol, using a similar procedure to

T that described."™ The Wittig

\ OH step on the isopropylidene-gly-

. . x &1 ceraldehyde was performed in

/\/\OH AdoCH /Y\OH L OH the published manner!” The
OH OH R oH oroH hydrolysis of the intermediate

Adoc:sz\I/\OH
OH

Scheme 3. Possible intermediates and

ChemBioChem 2008, 9, 2268 — 2275

OH

AdOCHZ\)\/\OH

products from the action of glycerol dehydratase on but-3-ene-1,2-diol.

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

acetal [(5)-di-O-isopropylidene-
but-3-ene-1,2-diol] was done
using Dowex 50W-X8 resin (H*
form) in methanol™ (5)-[4-
"CJBut-3-ene-1,2-diol was syn-
thesised by performing the
Wittig step with the ylid derived
from ["*Clmethyl-triphenylphos-
phonium iodide, which was pre-
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24 2H OH 2H tion showed saturation behav-
\ﬁo)_\ __ NaCN %&_{N LIAIH, \F\(}_g( __ NaNO, M\ZH iour (Figure 1B): the double
© Y% TosCl © OTos © NH HCI OH reciprocal plot of k., against

Scheme 4. Synthesis of [4,4-?H,]but-3-ene-1,2-diol.

pared from ["“Cliodomethane in a similar manner to that de-
scribed for the unlabelled compound.™ (S)-[4,4-H,]But-3-en-
1,2-diol was synthesised (Scheme 4) from the cyanohydrin of
(+)-2,3-di-O-isopropylidene-b-glyceraldehyde, which was pre-
pared by a variant of the method of Ichimura.”® (R,S) [2-*H]-
but-3-ene-1,2-diol was prepared from unlabelled (R,S)-but-3-
ene-1,2-diol. After protection of the primary OH group as a
tert-butyldiphenylsilyl ether, the product was oxidised at C-2 to
the corresponding ketone, which was reduced by LiAI*H,. Re-
moval of the protecting group by treatment with tetrabutyl-
ammonium fluoride gave (R,S)-[2-H]but-3-ene-1,2-diol. (R,S)-
[1,1-*H,]but-3-ene-1,2-diol was prepared from acrolein, the cya-
nohydrin of which was protected by acetylation. After convert-
ing the cyano group to the corresponding methyl ester, the
latter was reduced with LiAI’H, to afford (R,S)-[1,1-*H,]but-3-
ene-1,2-diol.

The structures of the H-labelled but-3-ene-1,2-diols were
validated by 'H and C NMR spectroscopy. The spectra were
similar to those of unlabelled but-3-ene-1,2-diol except for the
lack of resonances from proton(s) replaced by deuterons and
the modified appearance of some resonances due to the effect
of neighbouring 2H.

Enzyme purification

Glycerol dehydratase was obtained using Escherichia coli, ex-
pression system BL21(DE3)/pET-28a+gdh."*?" The enzyme
was purified with the help of an N-terminal Hiss-tag, which
was subsequently removed by thrombin. The purification was
completed by gel filtration chromatography, which raised the
specific activity with the substrate rac-propane-1,2-diol to
16.2 Umg~". The enzyme with the Hiss-tag on was also active,
but had a lower V.., value (11.1 Umg™). The K,, value was not
significantly affected by the His-tag (191 um versus 194 um
after thrombin treatment and gel filtration chromatography).

Inhibition kinetics with rac-but-3-ene-1,2-diol

Glycerol dehydratase was kinetically characterised using rac-
propane-1,2-diol. For determination of the inhibition constant
K; and rate constant k; for inhibition, glycerol dehydratase was
incubated with various concentrations of rac-but-3-ene-1,2-diol
for 4 min at 37°C, thereby establishing the binding equilibri-
um. The inhibition process was started by addition of AdoCbl.
After various time intervals the inhibition reaction was inter-
rupted by addition of an excess of rac-propane-1,2-diol and
the remaining activity was determined under standard assay
conditions. Different inhibition times and inhibitor concentra-
tions were used. The inhibition reaction followed first-order
kinetics as can be appreciated from Figure 1A. Plotting the
inhibition rate constants (k;,,) against the inhibitor concentra-
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inhibitor concentration gave a

straight line. Assuming reversi-

ble binding followed by irrever-
sible inactivation, an inhibition constant (K) of 0.21 mm with a
rate constant (k) of 5.0x107%s™" was observed.

Noncovalent binding of the inhibitor as shown by radio-
active labelling

Glycerol dehydratase was incubated for 2.5 h with a 17-fold
excess of (25)-[4-"*Clbut-3-ene-1,2-diol. After removal of the
excess of inhibitor by membrane filtration, the resulting solu-
tion of protein was radioactive and indicated that one mole-
cule of but-3-ene-1,2-diol bound per active site. The protein
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Figure 1. A) Inhibition of Citrobacter freundii holo glycerol dehydratase by
various concentrations of but-3-ene-1,2-diol as a function of preincubation
time. No (@), 5 um (0), 10 um (X), 20 um (A), and 50 um (2) but-3-ene-1,2-
diol. B) Double reciprocal plot of the observed rate of inactivation as a func-
tion of the inhibitor concentration.
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was denatured, centrifuged and fractionated by gel filtration
giving two protein bands containing about one third of the
original radioactivity. Upon SDS-electrophoresis the eluted pro-
tein bands were devoid of radioactivity.

These results indicate that a species derived from but-3-ene-
1,2-diol and AdoCbl becomes tightly but not covalently bound
to the active site of glycerol dehydratase. This species could be
derived from the allyl radical 4,4-dihydroxybut-2-en-1-yl
(Scheme 3), the formation of which might explain the inhibito-
ry effect of but-3-ene-1,2-diol on the enzyme. The resonance-
stabilised allyl radical is unable to reabstract a H-atom from de-
oxyadenosine. Previous studies have shown the formation of
resonance-stabilised radicals from coenzyme® and substrate®”
analogues that prevent turnover and inhibit the enzyme. The
possibility that the 5'-deoxyadenosyl radical adds to the
double bond of but-3-ene-1,2-diol (see Scheme 3) is consid-
ered unlikely because this would not explain the modified EPR
resonance observed with [1,1-°H,]but-3-ene-1,2-diol (see
below).

EPR spectroscopy

Incubation of propane-1,2-diol with glycerol dehydratase for
10 s followed by rapid freeze-quench gave an EPR spectrum
consisting of a doublet composed of two sharp derivative-
shaped lines at g=2.038+0.001 and g=1.925+0.003, and an
additional broad signal with g=2.20 (see top trace in Fig-
ure 2A). These signals disappeared with longer incubation
times (Figure 2A, middle and lower traces). The spectrum
shown is very similar to that reported by Toraya et al. from
incubating diol dehydratase from Klebsiella oxytoca with pro-
pane-1,2-diol.?* The initial spectrum can be interpreted as aris-
ing from the interaction of an organic radical (g=2.00) derived
from the substrate with a low-spin Co" (g, =2.23, weak hyper-
fine coupling, and g;=2.00, exhibiting hyperfine coupling
comprising eight triplets, Aj°=10.5mT and A['=2.0 mT) with
isotropic exchange and dipolar coupling. This assumes a dis-
tance of about 10 A between the organic radical and Co"."*”

Experiments were carried out with but-3-ene-1,2-diol under
similar conditions to those described for propane-1,2-diol (Fig-
ure 2B). A strong signal appeared at g=2.002, which increased
(45 s) but then decreased upon longer incubation (2.5 and
7.5 min) with formation of signals typical for enzyme-bound
cob(Il)alamin (that is, well resolved cobalt and nitrogen hyper-
fine compared to free cob(ll)alamin). In other experiments the
cob(ll)alamin was seen to persist up to 30 min (data not
shown). The enzyme-bound cob(ll)alamin had the following
EPR parameters: g, =2.34-2.18, with resolved hyperfine cou-
plings and g, =2.00, split into eight triplets by Aﬁ°:10.2 mT
and A’H“:2.07 mT. All previously studied AdoCbl-dependent
enzymes produced such enzyme-bound cob(ll)alamin signals
upon inactivation or photolysis (particularly under aerobic con-
ditions).?*

The usual organic radical-Co" EPR spectrum exhibits dou-
blet-like lines or a structured derivative-shaped EPR spectrum
around g=2.02 due to isotropic exchange and dipolar cou-
pling.?*? The 5.0 mT line width (peak to trough) of the spe-
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Figure 2. EPR spectra recorded at 77 K of Citrobacter freundii holo glycerol
dehydratase which was incubated with A) propane-1,2-diol and B) but-3-
ene-1,2-diol at 6°C for the indicated times.

cies giving the g=2.002 EPR signal from but-3-ene-1,2-diol
bound to glycerol dehydratase/AdoCbl indicates a coupling
process, even though the g-value is identical to that of the
free-electron. Decay of this species seems to be associated
with an increase of enzyme-bound cob(ll)alamin signals. There-
fore the microwave power saturation of the g=2.002 signal
was compared with the signal at g=2.038 observed with pro-
pane-1,2-diol (Figure 3.). The g=2.002 signal could be from a
radical close to diamagnetic Co" or from a radical at a longer
distance (that is, >15 A) from Co". For these cases saturation
should occur at liquid nitrogen temperature (that is, power
P, <1 mW). However, if the radical is close to enzyme-bound
cob(ll)alamin then the power saturation will be less pro-
nounced, as for the propane-1,2-diol g=2.038 signal (that is,
P,,>1mW). Saturation of the but-3-ene-1,2-diol-induced
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Figure 3. Saturation at 77 K of the EPR signals generated by incubation of
Citrobacter freundii holo glycerol dehydratase at 6 °C with propane-1,2-diol
for 10 s [e, fit with P,,,=5.3 mW (b=1)] and but-3-ene-1,2-diol for 45 s [0,
fit with P,,=11.5 mW (b=1)]. See Figure 2A (top trace) and Figure 2B
(second trace) for spectra.

signal at g=2.002 (Figure 3) shows similar characteristics to
those of the well-characterised doublet of a coupled
system.?*# |t is therefore concluded that the g=2.002 signal
is from a species having Co" at a distance of approximately
10 A.

To help identify the species derived from but-3-ene-1,2-diol,
measurements were performed using [1,1-*H,], [2-*H] and [4,4-
2H,] isotopomers and the data compared with that for the un-
labelled diol. Only [1,1-*H,]but-3-ene-1,2-diol showed a signifi-
cantly different EPR spectrum (Figure 4), suggesting the forma-
tion of the 1,2-dihydroxybut-3-en-1-yl radical. In the study of
Toraya et al.,*” deuterium labelling at C-1 of propane-1,2-diol
also caused a significant narrowing of the signal observed with

(2RS)-but-3-ene-1,2-diol

[1,1H,]-2RS)-
but-3-ene-1,2-diol

[2-2H]-(2RS)-
but-3-ene-1,2-diol

[4,4-2H,1(25)-
but-3-ene-1,2-diol

320 325 330 335 340 345 350
B/mT

Figure 4. EPR spectra recorded at 77 K of Citrobacter freundii holo glycerol
dehydratase which was incubated at 6 °C for 45 s with the indicated iso-
topomers of but-3-ene-1,2-diol.
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unlabelled propane-1,2-diol, whereas the effect of labelling of
C-2 was barely detectable. Their findings are remarkably similar
to our results: narrowing upon deuterium labelling of C-1 and
no significant change upon labelling of C-2. The increased res-
olution observed with [1,1-H,]but-3-ene-1,2-diol compared to
[1,1-*H,]propane-1,2-diol allows the complexity of the EPR
signal to be resolved. Though we were not able to simulate
the spectrum, the shape of the signal is reminiscent of a Pake
doublet,*>?* with resolved structure reflecting the isotropic
exchange and dipole-dipole coupling parameters rather than
(or in addition to) proton hyperfine coupling. Contributions
from species other than the 1,2-dihydroxybut-3-en-1-yl radical
can additionally explain the complexity and asymmetry of the
signal.

Conclusions

We have described herein a study of the interaction of the
substrate analogue but-3-ene-1,2-diol with coenzyme B,,-de-
pendent glycerol dehydratase. The observed inactivation of
the enzyme was ascribed to the formation of the 1,2-dihydrox-
ybut-3-en-1-yl radical and possibly additional species. Genera-
tion of the 1,2-dihydroxybut-3-en-1-yl radical was indicated by
EPR spectroscopy with the aid of specifically deuterated but-3-
ene-1,2-diols. However, this radical rapidly decayed, possibly
with intermediate formation of a stabilised radical (4,4-dihy-
droxylbut-2-en-1-yl radical or 1-formylallyl—see Scheme 3) and
cob(ll)alamin, the latter being observed by EPR. Based on the
absence of effects on the EPR spectrum in the g=2 region
upon deuterium labelling of C-4, the 1-formylallyl radical
(Scheme 3) is not a major species. If a stabilised radical is
formed, it is unable to retrieve a hydrogen atom from 5'-de-
oxyadenosine and this interrupts the catalytic cycle. Species
derived from but-3-ene-1,2-diol and AdoCbl are apparently
tightly but not covalently bound to the enzyme, as shown
with the aid of radiolabelling.

Experimental Section

Materials: All chemicals, including coenzyme B,,, were supplied by
Aldrich Chemical Co., Lancaster Syntheses, or Fluka Chemie AG.
Solvents were AnalaR or laboratory grade, and were dried when
necessary according to standard procedures. Medium pressure
chromatography was carried out on Fison’s Matrix silica gel 60
(35-70 microns) with the indicated eluent. Thin layer chromatogra-
phy (TLC) was performed on E. Merck silica gel (Kieselgel 60 F254)
aluminium-backed plates. (*H;)Methyl iodide, lithium aluminium
deuteride (LiAI’H,), and thrombin were from Sigma-Aldrich; NADH
and yeast alcohol dehydrogenase (ADH) were from Roche Diagnos-
tics (Mannheim, Germany). Glycerol dehydratase was isolated as
described previously™?" from overexpressing Escherichia coli cells
containing the genomic DNA for glycerol dehydratase from Citro-
bacter freundii. Glycerol dehydratase was expressed also with an N-
terminal Hisg-tag, which facilitated purification. The His-tag could
be removed by treatment with thrombin to give glycerol dehydra-
tase of very high purity.
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Synthesis of but-3-ene-1,2-diols: (R,S)-But-3-ene-1,2-diol: This
was obtained in 28% yield by treatment of (Z)-but-2-ene-1,4-diol
with mercury(ll) sulfate.””

(5)-But-3-ene-1,2-diol:  (+)-2,3-di-O-isopropylidene-p-glyceralde-
hyde was prepared in 50-60% yield by cleavage of the diol moiety
of 1,2;5,6-di-O-isopropylidene-p-mannitol with Pb(OAc),."® The
Wittig reagent from methyl-triphenylphosphonium iodide was pre-
pared using dimsyl sodium in DMSO."” An equal volume of pen-
tane was added to the resulting solution, with vigorous stirring. A
solution of (+)-2,3-di-O-isopropylidene-p-glyceraldehyde in pen-
tane was added dropwise with stirring to the intense yellow sus-
pension. The end of the reaction was indicated by the disappear-
ance of the colour. Most of the product was in the pentane phase
and was isolated after further extractions with pentane. The by-
product, triphenylphosphine oxide, remained in the DMSO phase.
Removal of the protecting group from the isopropylidene-(S)-but-
3-ene-1,2-diol occurred quantitatively with DOWEX 50W-X8 (H*
form) in methanol™® to afford the title compound as a colourless
oil (24% overall from the Wittig step). The 'H and *C NMR spectra
of this compound were identical to that of (rac)-but-3-ene-1,2-diol.
"H NMR (300 MHz, CDCly): 6=3.43 (dd, 1H), 3.59 (d, TH), 3.9 (br,
OH), 4.2 (br, TH), 5.15 (d, 1H), 5.29 (d, 1H), 5.78 (m, 1H); *C NMR
(125 MHz, CDCl,): 6=65.8, 72.8, 115.9, 136.6.

(S)-[4-*C]But-3-ene-1,2-diol: This was synthesised in the manner
described for the unlabelled compound using ["“Clmethyl-triphe-
nylphosphonium iodide (404 mg, 1 mmol, 250 pCi, specific activity:
0.25 mCimmol "), which was prepared from triphenylphosphine
and ["*Clmethyl iodide using the procedure described for un-
labelled material." The labelled diol was analysed by thin layer
chromatography and radioautography, which both showed a spot
corresponding to but-3-ene-1,2-diol. For the inhibition experiments
13.3 puCi of the radiolabelled diol was used.

(S)-[4,4-°H,]But-3-ene-1,2-diol: This was synthesised from the cya-
nohydrin of (4)-2,3-di-O-isopropylidene-p-glyceraldehyde, which
was prepared by a variant of the method of Ichimura.”® Sodium
cyanide in H,O (2 mL) was added dropwise at 0°C to p-toluenesul-
fonyl chloride in acetonitrile and 50 mm K,HPO, (pH 7.4). The reac-
tion afforded two diastereoisomers in a 2:1 ratio, which were re-
duced with LiAI’H,. The intermediate primary amine spontaneously
eliminated tosylate giving an aziridine (Scheme 4) as a mixture of
diastereoisomers. Finally, the aziridine was transformed to (25)-[4,4-
’H,lbut-3-ene-1,2-diol (20% overall yield) by nitrosation with
NaNO,/conc. acetic acid, under which conditions the protecting
group was simultaneously removed. The 'H and "*C NMR spectra
of this compound were similar to those of authentic but-3-ene-1,2-
diol, except for the lack of the H-4 resonances and simplification of
the H-3 resonance, and the appearance of C-4 as a multiplet.

(R,S)-[1,1-*H,]But-3-ene-1,2-diol:  Acetic  anhydride (9.5 mL,
100 mmol) was added at —10°C with vigorous stirring to freshly
distilled acrolein (6.7 mL, 5.6 g, 100 mmol) in toluene (20 mL),
NaCN (7.35g, 150 mmol) in H,O (40 mL) was added dropwise
while keeping the temperature at —10°C to the resulting mixture.
After stirring for 2 h the phases were separated and the aqueous
phase was extracted with toluene (3 x5 mL). The combined organic
layers were washed with 1m acetic acid (2x5mL), saturated
Na,CO; solution (2x5mL), and H,0 (2x5mL). After drying
(MgSO,) the solvent was removed yielding 2-acetoxy-1-cyanobut-3-
ene (9.5 g, 76%). Saturated HCl in methanol (15 mL) and conc. HCl
(4 mL) were added to a refluxing solution of the nitrile in methanol
(15 mL). After boiling at reflux for 3.5 h the mixture was cooled to
0°C. The precipitated NH,Cl was filtered off and the solvent was re-
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moved. The residue was taken up in diethyl ether (30 mL) and the
solution was washed with saturated Na,CO; solution (2x5 mL) and
H,O (2x5mL). The aqueous phase was extracted with diethyl
ether (4x5 mL). The combined organic phases were dried (MgSO,)
and the solvent was removed. The crude product was fractionated
in vacuo to give methyl 2-hydroxybut-3-enoate (2.3 g, 31%) as a
clear liquid, bp 61°C at 20 mbar.

LiAI*H, (250 mg, 6.0 mmol) was added in small portions at 0°C to a
solution of the ester (730 mg, 6.38 mmol) in diethyl ether (15 mL).
After the completion of the addition, the mixture was stirred at
25°C for 25 h. The reaction was terminated by addition of wet
diethyl ether (5 mL) followed by saturated potassium tartrate solu-
tion (7 mL). The precipitated orange solid was redissolved by
adding diethyl ether (50 mL) to the mixture. The aqueous phase
was extracted with diethyl ether (4 x50 mL). The combined organic
phase was dried (MgSO,) and the solvent was removed. The crude
product was purified by medium-pressure chromatography on
silica (10 g) using CH,Cl,/CH;OH (98:2, v/v) as eluent, yielding pure
(R,S)-[1,1-°H,]but-3-ene-1,2-diol (384 mg, 71%). 'HNMR (500 MHz,
CDCly): 6=3.71 (br, OH), 4.21 (s, TH), 5.19 (d, TH), 5.32 (d, 1H), 5.81
(m, TH); ®C NMR (125 MHz, CDCl,): §=72.9, 116.5, 136.5.

(R,S)-12-?H,]1But-3-ene-1,2-diol:  Tert-butyldiphenylsilyl  chloride
(2.08 mL, 2.19 g, 7.98 mmol) was added dropwise at 20°C to (R,S)-
but-3-ene-1,2-diol (586 mg, 6.65 mmol) in dry pyridine (3 mL). After
stirring for 1 h at 20°C, CH,Cl, (20 mL) was added and the mixture
was washed with ice-cold 5% HCl (10 mL). The organic layer was
washed with water (10 mL) and dried (MgSO,). The solvent was
removed giving (R.S)-but-3-ene-1,2-diol 1-O-tert-butyldiphenylsilyl
ether (2.08 g, 93%). Oxalyl chloride (390 pL, 4.41 mmol) was added
dropwise at —78°C to DMSO (655 pL, 9.22 mmol) in dichlorome-
thane (30 mL) and the mixture was stirred for 1 h. The silyl ether
(1.31 g, 4.01 mmol) in CH,Cl, (7 mL) was added and the mixture
was stirred for 1h at —78°C. Finally triethylamine (2.8 mL,
20.1 mmol) was added dropwise. The mixture was kept at —78°C
for a further 30 min and then allowed to warm to RT. The resulting
mixture was washed with water (2x10 mL) and dried (MgSO,). Re-
moval of the solvent afforded (R,S)-1-tert-butyldiphenylsilyloxy-but-
3-en-2-one (1.23 g). The ketone (1.23 g, 3.79 mmol) in diethyl ether
(5 mL) was added to a solution of LiAI*H, (190 mg, 4.54 mmol) in
diethyl ether (20 mL) at —78°C. After stirring for 15 min the reac-
tion was worked up as before. The crude product was purified by
medium pressure chromatography on silica (10 g) using hexane/
ethyl acetate (95:5, v/v) as eluent. Tetrabutylammonium fluoride
(433 mg, 1.37 mmol) in THF (5 mL) at 20°C was added to (R,S)-[2-
’H,]but-3-ene-1,2-diol 1-tert-butyldiphenylsilyl  ether (225 mg,
0.68 mmol) in THF (10 mL). After stirring for 3.5 h water was added
(100 pL). The solvent was removed under reduced pressure and
the crude product was purified by medium pressure chromatogra-
phy on silica (10 g) using hexane:ethyl acetate (50:50, v/v) as
eluent yielding (R,S)-[2-*H,]but-3-ene-1,2-diol (36 mg, 59%) as a
pale yellow oil. '"H NMR (500 MHz, CDCl,): 6=3.43 (d, 1H), 3.61 (d,
1H), 3.77 (br, OH), 5.16 (dd, 1H), 530 (dd, 1H), 579 (m, TH);
3C NMR (125 MHz, CDCl,): 6 =66.1, 72.8, 116.5, 136.6.

Enzyme assays: Reactions were performed at 37°C in darkness in
20 mm K,HPO, buffer (pH 8.0) containing 0.1% (RS)-propane-1,2-
diol, NADH (10 pL of a solution containing 22 mgmL™"), yeast alco-
hol dehydrogenase (10 pL of a solution containing 3 mgmL™') and
10 uL of glycerol dehydratase solution. The reactions were started
by the addition of AdoCbl (0.1 mL of a 5 mm solution) to give total
volume of 0.5 mL. The decrease of the absorption at 340 nm was
measured. A mean rate for the enzymatic reaction, measured over
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the interval t=1-2 min of the assay, was used for the calculation
of the kinetic constants.

Kinetic measurements with substrates and inhibitors: For kinetic
measurements at exact substrate concentrations the enzyme was
freed from residual substrate (required for stabilisation) by dialysis
against 20 mm K,HPO, (pH 8). The kinetic constants, K., and V.
were calculated from Lineweaver-Burk plots. For measurements of
the inhibition kinetics the enzyme was preincubated with (RS)-but-
3-ene-1,2-diol for 4 min at 37°C. The reaction was started by the
addition of AdoCbl. After 1, 2, 4, and 8 min the remaining activity
was measured by addition of an excess of (RS)-propane-1,2-diol.
The experiments were carried out in triplicate at different inhibitor
concentrations (5, 10, 20, and 50 um). The inhibition reaction fol-
lowed first-order kinetics (see Figure 1A). Plotting the individual
kiops Values against the inhibitor concentration showed saturation
behaviour (Figure 1B). On the assumption that a reversible binding
is followed by an irreversible inactivation, Equations (1) and (2)
were applied for calculation of the inhibition constant K;.

[Eini) = [Eo] €7 M
ki
kiobs = W (2)

[E]l=enzyme concentration before [E,] and after inhibition [E; ]
as measured by the catalytic activity; [Il]=inhibitor concentration
in uM; K,=inhibition constant; k;=rate constant for inhibition.

The plot of the reciprocals of the observed inhibition rate con-
stants (k; ,ps) @against the reciprocals of the inhibitor concentrations
gave a straight line (Figure 1B). The inhibition constant K; was
0.21 mm (from the intersection on the x axis at —1/K) and the rate
constant for inhibition k; was 3.0 min~' (5.0x107%s™"; intersection
on the y axis at 1/k).

Inhibition with (S)-[4-'*Clbut-3-ene-1,2-diol: A solution of (S)-[4-
"Clbut-3-ene-1,2-diol (1 mL, 5.3 pmol, 1.3 uCi followed by a solu-
tion of AdoCbl (40 pL, 15 mm, 0.6 pmol) were added in the dark to
substrate-free glycerol dehydratase (30 mg, 0.15 umol, 0.3 pmol
active centres) in K,HPO, (0.6 mL, 20 mm, pH 8.0). After incubation
for 2.5 h at 37°C the solution was concentrated to approximately
one tenth with a Centricon device (<5 kDa exclusion, Millipore Ul-
trafree-4 Centrifugal Filter Unit). After four dilution/concentration
cycles with K;HPO, (20 mm), only traces of radioactivity was found
in the protein-free wash buffer. The concentrated protein solution
showed 0.075 uCi corresponding to 0.25 pCipmol™', which was
consistent with the expected value for 0.3 pmol inhibited active
centres. The concentrated protein solution was treated with SDS
and 2-mercaptoethanol followed by heating at 100°C for 5 min.
The denatured protein suspension was centrifuged at 16000g.
Two thirds of the radioactivity were in the upper layer, which was
gel filtered. The main portion of the radioactivity was found in
three peaks. In two of them, still containing about one third of the
original radioactivity, the protein was precipitated by ammonium
sulfate; the third contained no protein and was most likely re-
leased inhibitor. The radioactive protein fractions were investigated
by SDS electrophoresis. Examination of the SDS PAGE in a phos-
pho-imager revealed that the protein bands were devoid of radio-
activity.

Time-dependence of the generation of EPR signals with pro-
pane-1,2-diol and but-3-ene-1,2-diol: Aerobic reaction mixtures
were of total volume 250 puL containing 0.1 M propane-1,2-diol (or
but-3-ene-1,2-diol, unlabelled or labelled) and glycerol dehydratase
(5mgmL~") in 20 mm KH,PO, buffer, pH 8. Using glycerol dehydra-
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tase (1.25 mg, 54 U), it was calculated that under standard condi-
tions at RT the propane-1,2-diol (25 pmol) would be depleted after
28 s. To avoid the depletion of the propane-1,2-diol and generation
of detrimental amounts of propanal the mixing was performed by
rapid addition of substrate solution at 4°C to a solution of enzyme
containing a fivefold molar excess of AdoCbl, which had been pre-
incubated in the EPR tube at 6°C. The fastest time of mixing and
then quenching by immersion in ethanol, precooled in liquid nitro-
gen, was maximally 15 s. Other incubation times (45 s, 2.5 min, and
7.5 min) were more easily and reliably obtained. The experiments
were carried out in darkness to avoid formation of hydroxocobala-
min by photolysis.

EPR spectroscopy: The instrument and further EPR conditions
were identical to those previously described.”® Temperature, 77 K;
microwave power, 1.2 mW; modulation amplitude, 1.0 mT; micro-
wave frequency, 9.431 GHz.
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Studies of the Structure of the N-Terminal Domain from
the Y4 Receptor—a G Protein-Coupled Receptor—and its
Interaction with Hormones from the NPY Family

Chao Zou, Sowmini Kumaran, Stefan Markovic, Reto Walser, and Oliver Zerbe*!

Binding of peptide hormones to G protein-coupled receptors is
believed to be mediated through formation of contacts of the li-
gands with residues of the extracellular loops of family 1T GPCRs.
Here we have investigated whether additional binding sites exist
within the N-terminal domain, as studied in the form of binding
of peptides from the neuropeptide Y (NPY) family to the N termi-
nus of the Y4 receptor (N-Y4). The N-terminal domain of the
Y4 receptor has been expressed in isotopically enriched form and
studied by solution NMR spectroscopy. The peptide is unstruc-
tured in solution, whereas a micelle-associated helical segment is
formed in the presence of dodecylphosphocholine (DPC) or
sodium dodecylsulfate (SDS). As measured by surface plasmon

Introduction

Neuropeptide Y receptors, so-called Y receptors, are members
of the rhodopsin-like G protein-coupled receptor (GPCR) fami-
ly 1b. The neurohormones neuropeptide Y (NPY), peptide YY
(PYY), and the pancreatic polypeptide (PP) target a heterolo-
gous population of at least five different receptor subtypes:
Y1, Y2, Y4, Y5, and y6.I" Their physiological roles in the regula-
tion of blood pressure, memory retention, food uptake, and
seizure have been demonstrated. Y4 receptors have been
shown to play pivotal roles, for example, in cardiac function,
glucose metabolism in chronic pancreatitis patients, and medi-
ation of intestinal absorption of electrolytes and water” NPY
and PYY possess similar pharmacology, displaying nanomolar
affinities for all receptor subtypes,” whereas PP binds with
very high affinity and selectivity to the Y4 receptor.”

Little structural information is available for GPCRs. For a long
time, in fact, bovine rhodopsin was the only GPCR for which
experimental coordinates at atomic resolution had been pub-
lished,”” but very recently a structure for the PB-adrenergic
receptor has appeared.®” The data for rhodopsin confirmed
the arrangement of the seven-membered transmembrane (TM)
bundle postulated on the basis of lower-resolution cryo-EM
data,”® but also revealed the unanticipated presence of a short
antiparallel B-sheet in the N-terminal domain. In contrast, the
N-terminal domain of the f-adrenergic receptor was shown to
be disordered.”

The N-terminal domains of other GPCR (sub)families are
known to play important roles in ligand binding. Each of the
hormone receptors from GPCR family 2 contains a conserved
region, responsible for ligand binding, in the N-terminal
domain.”) The N termini from family 3 GPCRs are the largest
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resonance (SPR) spectroscopy, N-Y4 binds with approximately
50 um daffinity to the pancreatic polypeptide (PP), a high-affinity
ligand to the Y4 receptor, whereas binding to neuropeptide Y
(NPY) and peptide YY (PYY) is much weaker. Residues critical for
binding in PP and in N-Y4 have been identified by site-directed
mutagenesis. The data indicate that electrostatic interactions
dominate and that this interaction is mediated by acidic ligand
and basic receptor residues. Residues of N-Y4 are likely to contrib-
ute to the binding of PP, and in addition might possibly also help
to transfer the hormone from the membrane-bound state into
the receptor binding pocket.

among all GPCRs, usually incorporating more than 500 amino
acids.”’ Grafting and mutagenesis studies have demonstrated
that conserved serine and threonine residues in these domains
are directly involved in ligand binding."” Surprisingly, the
expressed N terminus alone can bind the ligand with affinity
similar to that of the full-length receptor."™

In contrast, the N-terminal domains of family 1 GPCRs have
received little attention, most likely because of their short
lengths, usually fewer than 70 amino acids. However, recent
studies have suggested pivotal roles of N termini from GPCRs
of this class in ligand recognition and binding."* Further-
more, mutagenesis data highlight the prominent role of
charged residues in ligand binding.'>'® Koller demonstrated
that the N terminus of the calcitonin-like receptor is not only
essential for binding to the ligands but also presents a deter-
minant for ligand specificity."” The 35 amino terminal residues
of CCR2, expressed as a membrane-bound fusion protein, bind
to its ligand with an affinity similar to that of the intact, wild-
type receptor, indicating that in that case the N terminus is
sufficient for ligand binding."® From the mutagenesis data on
the N terminus of the CX3C receptor and previous studies,
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Chen has proposed a two-step binding model involving ligand
binding followed by receptor activation. The residues located
in the N-terminal domain play distinct roles during the differ-
ent processes."

Complementarily to the biological work described above,
GPCR fragments have also been studied by NMR. Pervushin,
for example, investigated the N-terminal domain of bacterio-
rhodopsin—a protein structurally very closely related to
GPCRs—in SDS micelles,” and Ulfers studied the extracellular
domain of the neurokinin-1 receptor in DPC micelles.”" Riek
presented a high-quality 3D NMR structure of the extracellular
domain of CRF-R2f3 in complexation with the peptide antago-
nist astressin,”? Yeagle's group has determined conformational
preferences for peptides corresponding to the cytosolic
loops,”? the sixth TM helix,** and the N terminus™® of rhodop-
sin, and Pellegrini has studied the cytosolic domain™®' and the
extracellular loops® %" of the PTH1 receptor in the presence of
DPC micelles. Furthermore, we have recently determined the
conformation of a polypeptide corresponding to the seventh
TM helix of the yeast Ste2p receptor extended by 40 residues
from the cytosolic tail®® when integrated into DPC micelles.

In this work, we focus on structural studies of the isolated
41-residue N terminus of the Y4 receptor, a family 1b GPCR
that is targeted by members of the NPY family. The location of
this segment in the context of the entire human Y4 receptor is
shown in snake plot in Figure S1 in the Supporting Informa-
tion. In addition, we have investigated possible interactions
with the hormones both qualitatively and quantitatively. By
limiting the system of the study to just the N-terminal domain,
and with the help of various biophysical methods, we were
able to develop a rather detailed picture that would at present
be difficult to achieve with the entire receptor. Moreover, we
also report on the synthesis of the difficult-to-express N-termi-
nal domain, suggesting a generally useful method to produce
such polypeptides in isotopically labeled form. The structure of
N-Y4 and its topology in the presence of DPC or SDS micelles
was elucidated by high-resolution NMR techniques. While it is
unstructured in solution, in the presence of micelles a hydro-
phobic segment associates with the micelle and folds into an
a-helix. Chemical shift mapping revealed potential interaction
sites between PP and N-Y4. SPR techniques quantified the
strength of this interaction. Mutagenesis studies identified resi-
dues of PP that are likely to be important for binding N-Y4.
The data indicate that the isolated N-Y4 is capable of weakly
binding to PP, and that much of the binding affinity is due to
electrostatic interactions. To simulate the receptor milieu the
carboxyl terminus of N-Y4 was additionally conjugated to a
C12 fatty amino alcohol (dodecylphosphoethanolamine) chain,
thereby mimicking its conjugation to the first TM helix in the
whole receptor. In this lipopeptide the structure of the N-Y4
moiety was not significantly affected. The study shows that PP
associates with the flexible, central segment of N-Y4, and we
speculate that transient binding to the N-terminal domain
might facilitate transfer of PP from the membrane-bound state
into the receptor binding pocket.
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Results

Recombinant production of N-Y4

The N terminus of the Y4 receptor comprises 41 residues and
is highly water-soluble. However, attempts to express it in the
form of a soluble ubiquitin fusion in E. coli resulted in unspecif-
ic fragmentation. To circumvent this problem, the N-Y4 was ex-
pressed as a fusion product with the highly insoluble protein
ketosteroidisomerase (KSI), which resulted in accumulation of
the fusion protein in inclusion bodies. A TEV protease cleavage
site was introduced to facilitate re-
moval of the fusion partner.?>3%
The sequence recognized by the
TEV protease is ENLYFQ, with Q as
the P1’ residue. To achieve the nat-

ural peptide sequence after cleav- 1EY
age, the P1’ residue was replaced
with the first residue from the KSI-N-Y4

target sequence (here it is Met),®" ksl
and an additional GSGSGS linker
was inserted to prevent steric hin-
drance during cleavage.

A problem of the chosen strategy
was that the fusion protein must
be solubilized in detergent that is
compatible with the active pro-
tease. After extensive detergent
screening, we observed that the
ionic detergent sarcosyl solubilizes
the fusion protein while preserving
TEV protease activity to some
extent. As shown in Figure 1, cleav-
age efficiency is around 40 %, allowing recovery of about 2 mg
of N-labeled N-Y4 from 1 L of culture.

Figure 1. SDS-PAGE of the
cleavage product of the ke-
tosteroidisomerase-N-Y4
fusion after cleavage with
the TEV protease. A size
marker is shown on the left.
Note that N-Y4 cannot be
detected on the gel, due to
its small size.

The structure of N-Y4

Although the N-terminal domain is rather small, its analysis
was complicated by reduced chemical shift dispersion due to
the fact that the peptide in water is largely unstructured. Nev-
ertheless, with the aid of 3D '"N-resolved NOESY and TOCSY
spectra it was possible to assign the 'N,'H-correlation map.
Furthermore, no NOE cross-peaks between amide protons
could be detected. Recording of a second set of 2D and 3D
spectra in the presence of DPC micelles resulted in large chem-
ical shift changes in some parts of the sequence (see Figure 2).
Moreover, sequential NOEs between amide protons were seen,
as well as Ho,Hp (i, i4+3) contacts usually only observed in heli-
ces (see Figure S2). A structure calculation using restraints de-
rived from the NOESY spectra revealed the presence of a heli-
cal stretch encompassing residues 5 to 10 (Figure 3). To verify
the formation of a stable secondary structure, '°N{'"H} NOE
spectra were recorded both in the absence and in the pres-
ence of DPC. The heteronuclear NOE allows highly sensitive
measurement of the rigidity of the backbone at the corre-
sponding residue, with negative values characteristic of flexible
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Figure 2. Differences in backbone amide 'H (top) and "°N (bottom) chemical
shifts of N-Y4 in the presence and absence of DPC micelles.

Figure 3. Comparison of the structures calculated for N-Y4 in the presence of DPC (left) or SDS (right) micelles
(only bonds from backbone atoms are depicted). For purposes of clarity, bonds from disordered residues 16-41

are not shown.

parts and values larger than 0.5 usually observed in elements
of secondary structure. The ""N{'"H} NOE data show dramatic
differences in aqueous medium and DPC. Residues 1-27 have
values <0 for N-Y4 in water, whereas all of these residues
have "N{'"H} NOE values >0 in the DPC bound state (Figure 4).
Strikingly, residues 5-10 have "N{'H} NOE values >0.5. Inter-
estingly, a segment encompassing residues 26 to 33 is rather
rigid in both environments. We observed sequential amide
proton contacts in that region for almost all residues, but the
corresponding Ha,Hp (i, i+3) contacts were generally missing.
When chemical shifts of amide protons in the two environ-
ments were compared, the largest differences were observed
in that segment that obviously becomes structured in the
presence of the micelles, indicating the presence of a nascent
helix in that part. To conclude, the N terminus is largely un-
structured in the absence of a membrane, whereas a short hel-
ical stretch comprising a hydrophobic segment in the N termi-
nus of the sequence is formed in the presence of DPC mi-
celles.
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Figure 4. °N{"H} NOE values for N-Y4 in plain buffer (spheres) and in the
presence of DPC micelles (diamonds). Data were recorded on 1 mm samples
at pH 5.6, 310 K at 700 MHz proton frequency.

Considering the importance of electrostatic interactions for
ligand binding and to investigate whether (stabilizing) interac-
tions of the N-terminal domain
with the membrane head
groups might be formed, we
further initiated structural stud-
ies of N-Y4 in the presence of
SDS micelles, a negatively
charged membrane mimetic.
N{'H} NOE values rapidly re-
vealed that N-Y4 was not signifi-
cantly better structured in this
environment. Moreover, a struc-
ture calculation again revealed
the presence of an a-helix span-
ning the region between resi-
dues 3 to 10 (Figure 3). NOEs
between sequential amide pro-
tons were seen at the C-terminal end from residue 36 on, but
the corresponding Ho,HPB (i, i4+3) contacts were missing, indi-
cating that a transient helix is formed towards the C terminus.
Interestingly, this region in the full-length receptor is connect-
ed to the first TM. In general, sequential amide proton contacts
in the more flexible regions were stronger in relation to the
data recorded in the presence of DPC; this suggests that the
negatively charged surface promotes the formation of transi-
ent helical structures to a slightly greater extent. This is partic-
ularly well documented in the heteronuclear NOEs for residues
of the segment encompassing residues 19-25, which is less
flexible in the presence of SDS micelles (see Figure S9). In
general, though, the structural features of the peptide in DPC
and in SDS were similar (for more data on the SDS-recorded
sample see the Supporting Information).

Topology of membrane association

The proximity of protons of the N-terminal domain to the mi-
celle surface was probed with the aid of micelle-integrating

ChemBioChem 2008, 9, 2276 — 2284
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spin-labels. The paramagnetic moiety of 5-doxyl stearic acid
has been shown to reside in the headgroup region.?? Consis-
tently with the assumption that structuring of the N-terminal
segment is induced by binding to the micelle, signals from the
amide moieties within that segment experienced the largest
signal reduction (see Figure S10). The spin-label data indicate
that the N-terminal helix is tightly associated with the micelle,
whereas the central segment makes more transient contacts.
Motions in that region are likely limited at both ends by the
adjacent hydrophobic residues 24-30 and the membrane-
anchored N-terminal helix. It has previously been demonstrat-
ed that attenuations in helical regions of surface-associated
peptides follow periodic patterns.?*3¥ The data here indicate
that the helical region is not bound in a parallel fashion to the
micelle surface. Moreover, from the lack of a clear pattern in
the attenuation we conclude that this part is also not anch-
ored in a precisely defined mode.

We also tested whether binding of bPP to N-Y4 could possi-
bly trigger dissociation of the N terminus from the micelle.
However, no decrease in signal reduction from the spin-label
could be detected upon addition of bPP to micelle-bound N-
Y4, indicating that N-Y4-micelle contacts are largely un-
changed, even in the presence of a large excess of bPP (con-
centration ratio of N-Y4 to bPP 1:30; data not shown). This
indicates that bPP cannot initiate detachment of N-Y4 from
the micelle surface, supporting the view that the contact site
between bPP and NY-4 is not located in the helical segment of
NY-4 and hence does not interfere with micelle association.

Immobilizing the N terminus on the membrane

In the native Y4 receptor, the segment that has been studied
in this work is connected to the first TM helix. In order to ad-
dress whether anchoring of N-Y4 to the membrane at its C-ter-
minal end influences the structure or the binding properties of
the N-terminal domain, a lipopeptide in which receptor resi-
dues 1-41 were covalently linked at the C terminus to dodecy-
lethanolamine—to provide stable anchoring of the lipopeptide
in the micelles—was chemically synthesized. The lipopeptide
was prepared by standard amino acid coupling chemistry, puri-
fied, and could be tightly integrated into the DPC micelles. A
superposition of the NOESY spectra of N-Y4 and the lipopep-
tide in the presence of DPC micelles revealed that chemical
shift differences are exclusively observed in the vicinity of the
lipid attachment site. Moreover, cross-peaks between amide
protons occur at identical positions, indicating that the secon-
dary structures of the two peptides are highly similar. To con-
clude, anchoring of N-Y4 onto the micelle does not influence
its secondary structure, which is more likely to be determined
by partitioning of residues of the hydrophobic Leu-rich seg-
ment into the membrane. As is evident from Figure 4, the car-
boxy terminal segment of N-Y4 possesses high flexibility both
in the presence and in the absence of DPC micelles. Whether
this will also be true when the C terminus is linked to the first
TM helix is presently under investigation.
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Interaction between N-Y4 and neuropeptides from the NPY
family

Possible interactions between peptides from the NPY family
and N-Y4 were probed both by chemical shift mapping and by
surface plasmon resonance (SPR). PP represents a natural
ligand for the Y4 receptor, and accordingly the binding affinity
between N-Y4 and PP was measured under physiological con-
ditions (10 mm HEPES, pH 7.4, 150 mm NaCl) both in the ab-
sence and in the presence of DPC micelles. The data for chemi-
cal-shift mapping were acquired with "N-labeled NPY, PP, or
PYY and with unlabeled N-Y4, as well as by using "N-labeled
NY-4 and unlabeled neuropeptides. The shift mapping experi-
ments revealed significant shift changes in the PP/N-Y4 inter-
action studies (see Figure 5). Large changes in the PP/N-Y4
system occurred close to positions that were later on shown to
be sensitive to replacement by Ala residues (vide infra). In ad-
dition, the shift changes involving PYY and NPY are generally
much smaller than those seen with PP (data not shown).

The strength of the interaction of PP with N-Y4 was quanti-
fied by SPR in the absence of detergent, the N-terminally bio-
tinylated neuropeptides being immobilized on a streptavidin-
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Figure 5. Differences in chemical shifts of amide proton and nitrogen fre-
quencies of backbone resonances of bPP in the presence and in the absence
of N-Y4 (A) and of N-Y4 upon addition of bPP (B). Values are computed from
AS('H,"*N) =SQR[(AS'H)*4+0.2 x (A6'°N)3]. Positions at which mutations were
performed (E4K, Q19R, and E23A in PP and K13A, R20A, and K23A in N-Y4)
are indicated by gray bars.
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coated chip and the cells being flushed with solutions of N-Y4
(see Figure 6). The K, value derived from both kinetic and
steady-state analysis was 50 um for bPP, whereas binding affini-
ty for NPY and PYY was too low to be measured with this tech-
nique (>1 mm).

Measuring the binding of membrane-immobilized peptides
with N-Y4 by SPR methods is technically very challenging, and
so Kp values in the presence of micelles were measured with
the aid of NMR data, by fitting changes in chemical shifts as
derived from peak positions of the neuropeptides in
["*N,'H] HSQC spectra in the presence of varying amounts of N-
Y4. For micelle-bound bPP the K, to N-Y4 is approximately
600 um, and experiments in which varying amounts of PP were
added to N-Y4 resulted in a very similar value. Apparently, the
Kp value in the presence of micelles is much higher than in
their absence. This is not really surprising, because it reflects
the affinity of the ligand towards the N-terminal domain in the
presence of competing membrane binding, and hence ac-
counts for the difference in binding affinity between the two
sites.

NPY and PYY possess 80% sequence identity between one
another,®™™ while PP only shares about 50% homology to
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Figure 6. A) SPR sensogram of the interactions of N-Y4 with bPP at various
concentrations of N-Y4 (in the 5 to 100 pum range). B) Plot of the steady-state
value of the sensograms versus the concentration of N-Y4, used for extrac-
tion of the dissociation constant K.
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either of them. All these neuropeptides display a remarkable
separation of charges along the sequence: the positively
charged residues occur in the C-terminal half of PP from
almost all organisms sequenced so far (see Table 1). In order to

Table 1. Sequence alignment of the principal members of the NPY family
and of the N-terminal domains from the various Y receptor subtypes.
Positions in bPP and hN-Y4 replaced by other amino acids in this work
have been underlined.

pNPY: YPSKPDNPGE DAPAEDMARY YSALRHYINL ITRQRY-NH,
pPYY: YPAKPEAPGE DASPEELSRY YASLRHYLNL VTRQRY-NH,
bPP: APLEPEYPGD NATPEQMAQY AAELRRYINM LTRPRY-NH,
* * * * * * *k Kk Kk * Kk kK
hN-Y1: MNSTLFSQVE NHSVHSNFSE KNAQLLAFEN DDCHLPLAMI
hN-Y2: MGPIGAEADE NQTVEEMKVE QYGPQTTPRG ELVPDPEPEL
IDSTKLIEVQ
hN-Y4: MNTSHLLALL LPKSPQGENR SKPLGTPYNF SEHCQDSVDV M
hN-Y5: MSFYSKQDYN MDLELDEYYN KTLATENNTA ATRNSDEPVW

DDYKSSVDDL Q

identify residues that could contribute significantly to the dif-
ferent pharmacological profiles of NPY/PYY and PP at the
Y4 receptor we have aligned the sequences. Particular atten-
tion was paid to charged or aromatic residues that are known
to be generally involved in GPCR-ligand interactions. The N
termini of all Y receptor subtypes are generally negatively
charged, with the exception of N-Y4, which contains a net pos-
itive charge (see Table 1). In view of the high number of posi-
tive charges in N-Y4 and negative charges in the N-terminal
half of bPP, electrostatic interactions are likely to be responsi-
ble for binding, and such forces would also be expected to
result in the observed rather weak binding affinities.

As depicted in Table 1, common acidic residues in PP, NPY,
and PYY are located at positions 6, 10, and 15. PP mutants E4K,
Q19R, and E23A were produced by site-directed mutagenesis
in order to probe for the importance of differently charged res-
idues between PP and NPY/PYY at these positions. The dissoci-
ation constant for Q19R-bPP was only marginally reduced to
89 um, whereas binding of E4K-bPP and E23A-bPP to N-Y4
was too weak to be detected by SPR. The data indicate that it
is the additional negative charges in PP and their distribution
along the sequence that might be important for its different
binding affinities at N-Y4.

In order to verify that electrostatic interactions between
acidic residues of PP and basic residues in the N-Y4 contribute
to binding, the K13A, R20A, and K22A mutants of the N-termi-
nal domain of the Y4 receptor were synthesized and investigat-
ed by SPR. In all of these mutants, binding to bPP was signifi-
cantly reduced. The measured values of K, were 249 um (R20A)
and 281 um (K22A), whereas for K13A binding was too weak to
be detected by SPR. The combination of the mutagenesis stud-
ies performed on acidic residues of PP and basic residues of N-
Y4 suggests that the binding affinity between the two is to a
large extent determined by electrostatic interactions. In this
work we have abstained from experiments in which residues
in PP and N-Y4 were charged-reversed simultaneously, because
in those mutants electrostatics are likely to be perturbed in
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both molecules, and hence it is questionable whether activity
could have been rescued.

Discussion

The mechanism for recognition of ligands by their receptors is
of prime biological and pharmaceutical interest. Because of the
enormous problems involved in expression, purification, and
reconstitution of sufficient amounts of GPCRs, little progress in
structural studies has been made over the last decade, and so
far bovine rhodopsin and the [-adrenergic receptors are the
only GPCRs for which high-resolution X-ray data have been
published. In this work we have attempted to investigate the
structure of the isolated N-terminal extracellular domain of the
Y4 receptor, a GPCR targeted by hormones of the NPY family
that binds to PP with very high affinity. Moreover, we have
determined the interaction with PP and the other members of
the NPY family and have investigated the role of specific resi-
dues for binding.

Structural studies of GPCR fragments could possibly suffer
from the fact that interactions with the remainder of the re-
ceptor—that might be structurally relevant—are missing. With
regard to the present analysis, the N-terminal domain of the
published crystal structure of the (-adrenergic receptor was
largely unstructured, and did not display interactions with
other parts of this GPCR, and in particular not with the extra-
cellular loops. This supports our contention that the conforma-
tions of the N-terminal domains of a GPCR are not significantly
determined by interactions with the remainder of the receptor.
Such a study also allows us to define contributions of residues
from the N terminus of the Y4 receptor to ligand binding di-
rectly.

While the N-terminal domain of the Y4 receptor is largely
unfolded in solution, upon binding to zwitterionic (DPC) or
negatively charged (SDS) micelles, a hydrophobic segment
comprising residues 5 to 10 forms a rather stable a-helix, and
the nascent helix encompassing residues 26-35 is slightly ri-
gidified. The central region and the C-terminal hexapeptide
remain largely unstructured. The helical segment comprising
residues 5 to 10 is entirely made up of hydrophobic residues.
The structural data and the internal backbone dynamics of N-
Y4 in the presence of zwitterionic (DPC) and anionic (SDS)
headgroups display only minor differences, indicating that the
conformation does not depend on specific features of the sur-
rounding lipids. Both the formation of secondary structure and
the association with the membrane seem to be controlled by
the hydrophobicity of the residues and their partitioning into
the membrane.’? Strongly favorable values for the latter are
encountered only in the a-helical stretch and in the segment
between residues 24 to 30, exactly those regions for which the
spin-label data indicate proximity to the water-membrane in-
terface. Spin-label, dynamics, and structural data of N-Y4 reveal
the central segment to be rather flexible. The segregation of
N-Y4 into structured and flexible regions is very similar in the
presence of zwitterionic or negatively charged lipid head-
groups. As a consequence of these features it appears likely
that this domain can experience larger movements on the
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membrane surface, and hence could possibly undergo various
structural or translational transitions in order to interact with
the extracellular loops or with the membrane-bound ligands.
At this point we would like to mention that the N-terminal
domain of the B2-adrenergic receptor was also disordered in
Kobilka’s crystal structure®” and that the N-terminal domains
from many other class-1 GPCRs are predicted to be largely un-
folded. This indicates that the fact that N-Y4 is mainly flexible
is likely not an artifact due to the usage of a receptor fragment
but rather reflects a commonly encountered feature of these
receptors.

We have recently proposed that binding of hormones from
the NPY family to their receptors is preceded by association of
the ligands at the membrane. According to ideas originally
proposed by Kezdy and Kaiser®” ¥ and later developed by
Schwyzer into the membrane-compartment model,***? bind-
ing to the membrane reduces the search for the receptor to
two dimensions, increases the concentration in the vicinity of
the receptor, and possibly induces conformations that facilitate
receptor binding. Structural studies of porcine (p) NPY®¥ and
PYY™" and of bovine (b) PP“? bound to membrane-mimicking
dodecylphosphocholine (DPC) micelles revealed large structur-
al changes occurring during membrane association.”® From
this picture the important question that arises is how the hor-
mones enter the binding pocket once the membrane-bound
species has laterally diffused along the membrane into the vi-
cinity of the receptor. The seven-helix bundle provides a rather
rigid scaffold that most likely does not allow the necessary re-
arrangements required for direct diffusion of the membrane-
bound ligand into the binding pocket. Therefore, the hor-
mones need to detach from the membrane. Our SPR data for
binding affinities of the hormones towards phospholipid mem-
branes indicate that membrane binding is only moderate.”"
Any part of the receptor that possesses higher affinity towards
the peptides than the membrane does, and could be accessed
by a ligand that is in proximity to the membrane surface,
might help to guide the ligand into the binding pocket. The N-
terminal domains of the Y receptors are polypeptide segments
of 40-50 amino acid residues in length located in the extracel-
lular space,* and hence present potential interaction sites for
the ligands. This work now indicates that, at least for PP, transi-
ent association with the N-Y4 might be part of the cascade of
events leading to receptor activation. It should be emphasized
here that transient binding to the N-terminal domain does not
exclude structural changes in the conformations of loop resi-
dues later on, which might occur when the ligands have dif-
fused into the genuine receptor binding pockets. Such
changes or rotations of the TM helices are believed to be
important for receptor activation, and the events described
above merely serve to guide the ligand from the membrane-
bound state into the binding pocket.

Binding of PP to the N-terminal domain of the Y4 receptor—
often referred to as the PP-preferring receptor—is moderate,
with a dissociation constant of about 50 um. NPY and PYY, two
hormones from the NPY family with very similar pharmacology
and high sequence similarity with respect to one another, do
not bind to this domain. Sequence alignments reveal that PP
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overall is more negatively charged than NPY or PYY, particularly
in the N-terminal region, and our studies show that replace-
ment of E4 or E23 in PP largely abolished binding to N-Y4. Fur-
thermore, introduction of Arg into position 19 led to only mar-
ginal changes in binding affinity. The N-Y4 domain, unlike the
N-terminal domains from all other receptor subtypes, contains
a comparably large number of positively charged residues
(K13, R20, and K22), which are also relatively close to each
other in sequence. Their replacement by Ala as described
above leads to significant losses in binding affinity. To con-
clude, taking the importance of acidic PP and basic N-Y4 resi-
dues into account, we speculate that electrostatic interactions
between PP and N-Y4 are crucial for this interaction. However,
it must be emphasized that a priori it is not clear in our case
whether residues from the N terminus are interacting with resi-
dues from the extracellular loops, thereby modulating the ef-
fective charge experienced by the peptides. This question can
only be addressed experimentally with confidence when struc-
tural studies of the full-length receptor in a functional state
become available.

Unfortunately, few pharmacological data for the entire Y4
receptor are available. In the case of the human Y1 receptor it
has been proposed that an Asp residue at the interface be-
tween TM helix 6 and the third extracellular loop might con-
tribute strongly to binding of NPY™ in the full-length Y1 re-
ceptor. Because Asp at this position is conserved amongst all
Y receptor subtypes it was speculated that this residue gener-
ally contributes to binding in all subtypes. Nicole et al. investi-
gated the role of this Asp®>® in more detail“® and verified the
proposed interaction of Arg33 or Arg35 with acidic third extra-
cellular loop (EL3) residues in the other Y receptor subtypes.
Our data now indicate that in addition to the interaction de-
scribed above, additional contacts between acidic residues of
PP and basic residues of the N-terminal domain of the Y4
receptor might contribute to binding. Association of the N-Y4
with PP might therefore not only be of a transient nature,
helping the ligand to be transferred from the membrane-
bound state into the receptor binding pocket, but might also
exist in the ligand-bound state, contributing to the high bind-
ing affinity and selectivity of PP at the Y4 receptor.

Conclusions

From the data described above, we speculate that the N-termi-
nal domain of the Y4 receptor might help in transferring PP
from the membrane-bound state into the receptor binding
pocket. As proposed by us in the case of ligands of the Y re-
ceptors,”¥ PP initially associates with the membrane. Through
binding to the membrane, its effective concentration in the vi-
cinity of the receptor is increased, the search is reduced from
three to two dimensions, and conformations closer to those of
the bound state could be induced, according to the mem-
brane-compartment model.***? BIACore data for PP binding to
phospholipid surfaces indicated that binding to membranes is
moderate.*” Accordingly, an equilibrium is formed, in which
PP rapidly diffuses on and off the membrane, but mostly re-
mains in the vicinity of the membrane. When PP has diffused
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into proximity to the receptor, where interactions with the
latter can occur, it may transiently bind to N-Y4 from solution.
Whether the complex of PP and N-Y4 itself will move into the
vicinity of the extracellular loops, or whether the position of N-
Y4 is fixed by interactions with the membrane or the remain-
ing portion of the receptor is presently unclear.

A scenario in which N-Y4-bound PP would be transferred
into the binding pocket by a translational movement of parts
of the N-terminal domain is at least compatible with the exper-
imental data. These indicate that the binding region for PP is
located in its central segment, which at the same time is the
only part of N-Y4 that is not making significant contacts with
the membrane surface, and which also possesses sufficient in-
ternal flexibility to allow the necessary movements. We pres-
ently favor a view that describes the N-terminal domain as a
large flexible loop, anchored onto the membrane at the amino
terminus through the membrane-associated helix and at the C
terminus through the first TM. This view is also supported by
the recent crystal structures of the P2-adrenergic receptor, in
which the N-terminal domain is so flexible that electron densi-
ty in this part could not be traced.®” We have now initiated
work on constructs that include parts of the TM bundle to see
whether conformational preferences of N-Y4 are influenced by
the remainder of the receptor.

Experimental Section

Expression of the N-Y4 sequence as a soluble fusion to ubiquitin
resulted in heterogeneous fragmentation. In order to prevent in
vivo processing, the N-terminal domain was fused to the highly in-
soluble protein ketosteroidisomerase that is encoded in the com-
mercial plasmid pET31b, from which it was liberated by cleavage
with the TEV protease in mild detergent.

Plasmid construction, expression, and purification of N-Y4: The
cDNA of the Y4 receptor was obtained from the University of
Missouri-Rolla (UMR) cDNA Resource Center. The following two
primers were used to amplify the cDNA corresponding to N-Y4 by
PCR. Forward primer: GCGCTCGAGGGTTCCGGTTCCGGTTCC-
GAAAACCTGTACTTCCAGATGAACACCTCTCACCTGCTGGC, in which
italic letters denote a Xhol cleavage site, bold letters denote a Gly-
Ser linker sequence, and underlined letters identify a TEV cleavage
sequence. Reverse primer: CTGGCTGAGCTCACATCACGTCCACG-
GAATCCT, with italic letters denoting an Espl cleavage site. The am-
plified PCR product and the target vector, pET 31b (Novagen),
were simultaneously digested with Xhol and Espl, and ligated
together with T4 ligase. The construct was confirmed by DNA
sequencing (Synergene Biotech, Switzerland). All mutants were
constructed by site-directed mutagenesis by use of the Quik-
Change Kit (Stratagene, USA).

The fusion protein was expressed in inclusion bodies by use of the
BL21(DE3) E. coli strain. Protein expression was performed by grow-
ing cells at 37°C in minimal media containing "°N-NH,Cl as the
sole nitrogen source for ""N-labeled peptide. IPTG (1 mm) was
added to induce protein expression when the ODgy, reached 0.8,
and cells were harvested after 5-6 h. The fusion protein was puri-
fied from inclusion bodies in guanidinium hydrochloride (6 m) by
Ni-NTA affinity chromatography. After removal of GdnHCI by dialy-
sis, the precipitated fusion protein was solubilized in Tris (pH 8.0,
50 mwm) in the presence of N-lauryl sarcosine (2%) upon sonication
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to give a final concentration of 2 mgmL™". The resulting solution
was dialyzed four to six times against a 20-fold excess of Tris
(pH 8.0, 50 mm). The solution was diluted 10 times with Tris
(pH 8.0, 50 mm), and EDTA and DTT were added to give final con-
centrations of 0.5 mm and 1 mm, respectively. TEV protease was
added to give a final concentration of 100 mm, and the cleavage
mixture was kept at 4°C overnight. The target peptide was purified
by C18-RP-HPLC (Vydac, USA) and the correctness of the peptide
was verified by MALDI-TOF MS: "*N-labeled N-Y4: 4614 Da [theoret-
ical mass (for 100% labeling): 4611.1 Da].

Synthesis and purification of the neuropeptides and of unla-
beled N-terminal fragments: "*N-labeled peptides from the NPY
family were expressed as soluble fusions to ubiquitin. Ubiquitin
was liberated from the neuropeptide by use of yeast ubiquitin hy-
drolase, and C-terminal amidation was performed with the a-ami-
dating peptidyl glycine amidase (PAM). We have used the proto-
cols for expression, ubiquitin cleavage, and C-terminal amidation
many times before and have described them in great detail else-
where (for example, in Bader et al.?%),

Wild-type and mutant N-Y4 peptides and peptides from the NPY
family containing "N nuclei at natural abundance were prepared
by solid-phase peptide synthesis with use of a robot system
(ABI433A, Applied Biosystems). 2-Chlorotrityl chloride resin pre-
loaded with Fmoc-Met-OH was used to assemble the linear pep-
tide by standard Fmoc chemistry [piperidine in DMF (20%) for
Fmoc deprotection, HOBt/HBTU (4 equiv) for activation, diisopro-
pylethylamine as base, and N-methylpyrrolidone as solvent]. The
peptides were cleaved from the resin and deprotected with TFA/
water/ethane-1,2-dithiol/triisopropylsilane 95:2.5:2.5:2.5. The prod-
uct was lyophilized and purified by C18 RP-HPLC, and correctness
was confirmed by ESI-MS: wild-type N-Y4: 4556.8 Da (theoretical
mass: 4556.1 Da); K13A N-Y4: 4501 Da (theoretical mass: 4499 Da);
R20A N-Y4: 4473 Da (theoretical mass: 4471 Da); K22A N-Y4:
4501 Da (theoretical mass: 4499 Da).

In order to synthesize the N-terminally biotinylated forms, the pep-
tides were mixed with biotin-(PEO),-NHS-propionate (Molecular
Biosciences, USA) in a 1:2 ratio in phosphate buffer (pH 7.0,
100 mm), incubated for 2 h at RT, purified by C18 RP-HPLC, and
confirmed by ESI-MS. To confirm that in the case of E4K-bPP the
biotin was coupled to the N terminus instead of the side chain of
lysine, the biotinylated peptide was first digested with pepsin and
the fragment containing residues 1-16 was subsequently analyzed
by MALDI-TOF MS-MS. The result from this analysis demonstrated
that the biotin was exclusively coupled to the N terminus.

Dodecylphosphoethanolamine coupling to the carboxy terminus
of N-Y4: The peptide from solid-phase peptide synthesis was
cleaved off the resin with TFA (0.8 vol%) in DCM with all the pro-
tecting groups remaining intact. After removal of solvents, the pro-
tected peptide was precipitated in cold water, lyophilized, and
redissolved in DMF. The solution was stirred at RT for 5h with
dodecylphosphoethanolamine (3 equiv) in the presence of HATU
(1 equiv), HOAt (1 equiv), and DIEA (1.5 equiv). After extraction
with an ethyl acetate/water mixture (1:1, v/v) the lipopeptide was
deprotected under the same conditions as described above. Finally,
the lipopeptide was purified by C4 RP-HPLC (Vydac, USA) and
lyophilized, and purity higher than 95% was confirmed by MALDI-
TOF-MS [4848 Da (theoretical mass: 4847.1 Da)] and LC-MS.

NMR experiments: All samples of N-Y4 for structural studies were
measured at 1 mm concentration, [D,;]MES (40 mm) at pH 5.6. For
measurements mimicking membrane environments, [D;g]DPC
(300 mm) or [D]SDS (300 mm) were added. All experiments were
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performed at 700 MHz, 310 K with a triple-resonance cryoprobe.
Resonance assignments were initially performed in the absence of
DPC or SDS by ["N,'HI-HSQC, 3D ["N,'H]-HSQC-TOCSY (80 ms
mixing time), and 300 ms 3D [°N,"H]-HSQC NOESY experiments.
Details of the spectroscopy were similar to those described by us
earlier® Spectra were analyzed with the aid of the programs
CARA™ and XEASY¥® After nearly complete resonance assign-
ments in water had been obtained, 3D ["N,'H]-HSQC NOESY
(200 ms) was recorded in the presence of DPC, and the assign-
ments in water were adjusted to the DPC spectra. Upper distance
restraints in DPC or SDS were then derived from 50 ms 2D NOESY
spectra. Internal backbone dynamics were studied by means of a
'H-detected version of a ">N{'"H} NOE experiment. Structures were
computed on the basis of upper-distance restraints derived from
the NOESY spectra with the program CYANAP®*" by the standard
simulated annealing protocol. N{'H} NOEs were computed from
the ratio of integrals from signals in the presence of amide proton
irradiation to those in its absence.”? Chemical shifts of the "N,'H-
correlation map in the absence of DPC and SDS and full assign-
ments in their presence can be found in the Supporting Informa-
tion. Proton chemical shifts were referenced to the water line,
taken at 4.63 ppm at 310 K, from which the nitrogen scale was de-
rived indirectly through multiplication with the factor y("*N)/y('H).

The coordinates, chemical shift values, and heteronuclear NOEs of
N-Y4 in the presence of SDS and DPC have been deposited in the
BMRB database under the accession number 15708.

Membrane-association topology by use of spin-labels: In the
spin-label studies [°N,'H]-HSQC spectra of solutions of N N-Y4
(0.5 mm) containing DPC (300 mm) were measured in the absence
and in the presence of 5-doxyl and 16-doxyl stearic acid (7 mm
and 8.8 mm, respectively). Signal attenuation was computed from
the ratio of integrals from peaks in the corresponding spectra. The
signal attenuation in the presence of the spin-label is related to
proximity of protons to the label. In another set of experiments,
>N-labeled N-Y4 (0.1 mm) was mixed with various concentrations
of bPP in order to test whether N-Y4 is released from the micelle
upon interaction with PP.

Surface plasmon resonance (SPR) studies: HBS buffer [HEPES
(pH 7.4, 10 mm), NaCl (150 mm), EDTA (3.4 mm), P20 (0.005%)] was
used as the running buffer to achieve physiological pH. N-terminal-
ly biotinylated neuropeptides were immobilized onto the sensor
chip SA (BIACore, Sweden), which contains a streptavidin-coated
surface, resulting in about 200 response units (RUs) on a BIA-
core 1000 instrument (BIAcore, Sweden). Different concentrations
of N-Y4 spanning a range of 5 to 100 um were applied to the sur-
face for 30 seconds at a flow rate of 20 uLmin~" at 25°C. After
each injection of analytes, the flow cell was flushed with regenera-
tion buffer [NaCl (1 M), NaOH (50 mm)] for 30 seconds. Because un-
specific binding occurred at concentrations higher than 100 pm, K,
values larger than 100 um could not be determined precisely. Nev-
ertheless, trends in reduction of binding could still be computed
from a limited set of data points, in which values at high concen-
trations were excluded from the analysis. All sensograms were ana-
lyzed with the BIA evaluation software with use of a two-state
binding model.

Abbreviations

AM: adrenomedullin. CCR2: chemokine C-C motif receptor 2. CCR5:
chemokine C-C motif receptor 5. CX3C rec.: chemokine C-X3-C
motif receptor. CGRP: calcitonin gene-related peptide. DCM: di-
chloromethane. DIEA: diisopropylethylamine. DMF: dimethylforma-
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mide. DPC: dodecylphosphocholine. Doxyl: (4,4-dimethyl-3-oxazoli-
din-N-oxyl). DTT: 1,4-dithiothreitol. EDTA: ethylenediaminetetraace-
tic acid. ESI-MS: electrospray ionization mass spectroscopy. Fmoc:
9-fluorenylmethoxycarbonyl. GdnHCL: guanidinium hydrochloride.
GPCR: G protein-coupled receptor. HATU: 2-(1H-7-azabenzotriazol-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate. HBTU: 2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophos-
phate). HEPES: 2-[4-(2-hydroxyethyl)piperazin-1-yl]-ethanesulfonic
acid. HOBT: N-hydroxybenzotriazole. HSQC: heteronuclear single-
quantum correlation. IPTG: isopropyl 3-b-1-thiogaloctopyranoside.
Kp. dissociation constant. LC: liquid chromatography. KSI: ketoster-
oidisomerase. MCP-1: monocyte chemoattractant protein 1. MES:
2-(N-morpholino)ethanesulfonic acid. "N{'H} NOE: nuclear Over-
hauser enhancement of "°N following saturation of 'H (heteronu-
clear NOE). NPY: neuropeptide (h, human; p, porcine). N-Y4: N-ter-
minal domain of Y4 receptor. Ni-NTA: nickel-nitrilotriacetic acid.
PAM: peptidylglycine a-amidating enzyme. PP: pancreatic polypep-
tide (a, avian; b, bovine; h, human). PYY: peptide YY (h, human; p,
porcine). RU: response unit; arbitrary unit in SPR. SPR: surface plas-
mon resonance. TEV protease: tobacco etch virus protease. TFA:
trifluoroacetic acid. TM: transmembrane.
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Eyes Absent Proteins: Characterization of Substrate
Specificity and Phosphatase Activity of Mutants
Associated with Branchial, Otic and Renal Anomalies

Amna Musharraf,®! Nicole Markschies,® Kathleen Teichmann, Susann Pankratz,®
Kathrin Landgraf,” Christoph Englert,™ and Diana Imhof*®

The eyes absent (Eya) genes encode a family of proteins that
combine the functions of transcriptional cofactors, signal trans-
ducers and enzymes, namely protein tyrosine phosphatases. The
latter activity resides in the highly conserved C-terminal Eya
domain (ED). Here, we investigated the substrate specificity of the
Arabidopsis thaliana homologue (AtEya) by using low-molecular-
weight compounds and synthetic phosphotyrosine (pY)-contain-
ing peptides that correspond either to phosphorylation sites in
proteins or to peptides that were selected through the screening
of a combinatorial peptide library. AtEya displayed modest pep-
tide substrate specificity and was sensitive to charges adjacent to
pY. In general, the presence of acidic residues on the N-terminal

Introduction

The reversible tyrosine phosphorylation of proteins represents
one of the key events that cells use to regulate signal trans-
duction, gene expression and other cellular processes." Pro-
tein tyrosine phosphatases (PTPs), which exclusively remove
phosphate from tyrosine residues in proteins are critical com-
ponents in maintaining the resting level of tyrosine phosphory-
lation.® All classical PTPs include the signature motif (H/V)-
CXAGXGR(S/T), with the cysteine residue being crucial for the
catalytic activity. This conserved cysteine is required for the
nucleophilic attack on the substrate phosphate to produce
a thiol intermediate, which is subsequently hydrolysed by
water.** Recently, an additional class of tyrosine-specific phos-
phatases, the eyes absent (Eya) proteins, has been de-
scribed.®” Eya proteins employ an aspartate as the nucleo-
phile in a metal-dependent reaction, and thus clearly differ
from classical PTPs in their mode of action.”! Furthermore,
based on sequence homology the Eya proteins have been sug-
gested to belong to the haloacid dehalogenase (HAD) family
of phosphohydrolases. These enzymes are characterised by
several conserved “core residues” within three motifs (I-ll) that
form the catalytic scaffold of the active site. This HAD-specific
catalytic fold is required for the transfer of the phosphoryl
group from a specific phosphate ester to the active site Asp,
and then to a water molecule.” '

Eya genes are found in invertebrates (one gene in Drosophi-
la) and vertebrates (four genes in mammals) as well as in
higher plants (one gene in A.thaliana).""'? In humans, the
four EYA genes are expressed in distinct but overlapping pat-
terns. Eyal-3 primarily occur in organs such as branchial
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side of the phosphorylation site was critical for catalysis, whereas
basic amino acids seemed to be preferred with respect to high-af-
finity binding. We also detected significant acyl phosphatase ac-
tivity of AtEya; this suggests that Eya proteins might have further
substrates in vivo. In addition, we analysed the phosphatase ac-
tivity of a number of variants of the mouse Eyal protein that
harbours single point mutations that were associated with bran-
chio-oto-renal syndrome (BOR), branchio-oto syndrome (BO)
and ocular defects, respectively, in humans. While BOR mutations
led to a significantly reduced phosphatase activity, BO mutants
as well as those that are associated with ocular defects only dis-
played activity that was similar to wild-type levels.

arches, kidney, eye and central nervous system (CNS), whereas
Eya4 is found in the lung and CNS."¥ Eya has been shown to
act as a transcriptional cofactor by interacting with Pax6 (ho-
mologue of both Drosophila twin of eyeless and eyeless), Six
(sine oculis) and Dach (dachshund) proteins that cooperatively
regulate the formation of the respective tissues and or-
gans.'*™ Mutations in the human EYAT gene were found to
be responsible for the branchio-oto-renal (BOR) syndrome
that is characterised by branchial arch abnormalities, hearing
loss and kidney defects."''® In contrast, the branchio-oto
(BO) syndrome is ascribed to a similar combination of branchial
and otic anomalies, without the association of renal defects,"®
whereas other EYAT mutations are associated with congenital
cataracts and ocular defects (OD) only.""”

Human Eya proteins consist of an N-terminal region of 200-
300 amino acids and a conserved C-terminal domain (Eya
domain, ED) of 271-274 residues, which exhibits the phospha-
tase activity. Both animal and plant Eya proteins share a high
sequence similarity in their ED domain. In contrast, the N-ter-
minal region of the protein from A. thaliana (AtEya) is shorter
and comprises only 15-23 residues compared to the animal
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proteins.”® Although the main focus of most previous studies
on Eya proteins has been on their activity as a transcriptional
coactivator, it is generally acknowledged that the phosphatase
activity is likely to be equally important. In this respect, it is
interesting to note that most missense mutations in EYAT lie in
the conserved Eya domain (ED), which mediates protein-pro-
tein interactions as well as harbours the phosphatase activi-
ty.">1578 |t is therefore compelling to understand how modula-
tion of Eyal phosphatase activity contributes to the BOR syn-
drome phenotypes. Moreover, until now tyrosine phosphoryla-
tion was largely neglected in plants due to a lack of evidence
for a typical tyrosine phosphatase. Interestingly, recent studies
demonstrated that tyrosine phosphorylation and dephosphory-
lation might serve important functions in plant biology, for in-
stance in the regulation of stomatal movement." It is far from
clear, however, how the phosphatase activity of Eya proteins is
regulated and what physiological substrates they act on. To
understand the specific functions of these proteins and their
roles in cellular processes more knowledge about their sub-
strate specificity and mode of action is required.

Different approaches to define the substrate specificity and
subsequently to identify potential substrates of tyrosine-specif-
ic phosphatases have been described thus far, for example, the
use of synthetic peptides that correspond to known phosphor-
ylation sites in proteins or combinatorial peptide library ap-
proaches.”?! The challenge of combinatorial approaches gen-
erally has been to find a reliable method to distinguish the
dephosphorylated reaction product (Y-peptide) from a com-
plex mixture of phosphotyrosine (pY) substrates.”” Methods
such as ECLIPSE (enzyme-catalysed loss of isotope peak signal
enhancement) were developed and successfully applied to elu-
cidate the optimal substrates of classical PTPs such as SHP-1.
This approach, however, requires both a sophisticated mass
spectrometry technique and mass spectra analysis.”® In other
attempts, peptide libraries that contain nonhydrolysable pY an-
alogues have been screened against PTP1B to select substrates
on the basis of high-affinity binding.”"?? All together, these
studies revealed that classical PTPs such as SHP-1 and PTP1B
typically recognise specific residues N-terminal to pY. In gener-
al, contacts of the protein active site with 3-5 residues on
either side of pY are considered to be important for substrate
recognition 22

Previous investigations regarding the phosphatase activity
of Eya proteins focused on the effects of buffer composition,
pH and metal ions on catalytic activity and on a first assess-
ment of the phosphate-group-carrying target. It is clear from
these recent compilations that peptides that contain pY
indeed seem to be potential substrates of eyes absent pro-
teins,*® however, to what extent this activity is influenced by
the amino acid sequence surrounding pY and the size of the
peptides has not been described yet. In this report, we investi-
gated the substrate specificity of Eya proteins by using differ-
ent methods. We used the plant homologue AtEya to investi-
gate the structural requirements of ED substrates. In a first at-
tempt, a combinatorial peptide library that contains phospho-
nomethylphenylalanine (Pmp) as pY mimetic was prepared
and screened for binding to the protein. Because high-affinity

[6-8]
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peptides might or might not be good substrates of AtEya, we
carried out a kinetic analysis of the peptide dephosphoryla-
tions. This analysis was extended to further peptides derived
from EDAEpYAARG (RR-Src), which was previously suggested
to be a good model substrate for AtEya.® Thereby, the Src
peptide served as a template for truncation and amino acid re-
placement studies. The contribution of individual residues on
both sides of pY to binding and catalysis was assessed by a
spectrophotometric assay. Our results indicate that the conver-
sion of pY peptides containing acidic amino acids N-terminal
to pY is preferred, but basic residues within the peptide se-
quences had a positive effect on binding. Further, the catalytic
activity of AtEya toward phosphopeptide substrates was rela-
tively low compared to classical phosphatases, hence dephos-
phorylation of low-molecular-weight and protein substrates
has been evaluated, too. Thereby new substrates of Eya pro-
teins have been detected such as acetyl phosphate, benzoyl
phosphate and carbamoyl phosphate as well as 3-casein.

In addition, to elucidate whether loss of Eyal enzymatic ac-
tivity is the reason for the various syndromes that are caused
by EYAT mutations, we investigated the phosphatase activity
of various disease-associated Eyal mutants. Based on the high
sequence identity between the human and the mouse Eyal
(mEyal) proteins we generated mEyal constructs that harbour
most of the C-terminally located, BOR-, BO- and OD-associated
missense mutations that have been reported so far. We dem-
onstrate that BOR-associated mutations in EYAT strongly re-
duced phosphatase activity, whereas mutations that are associ-
ated with BO or ocular defects did not show significantly
changed phosphatase activity compared to the wild-type
enzyme.

Results

AtEya phosphatase activity in comparison to SHP-1 PTP
domain

Several reports indicated that the Eya domain is able to de-
phosphorylate pY peptidic and low-molecular-weight sub-
strates (pNPP) like classical PTPs, for example, PTP1B and SHP-
1% In an experiment with pNPP as a substrate it was shown
that AtEya was 10% as active as PTP1B and 1.3-times as active
as full-length SHP-1,” but the catalytic activity of full-length
SHP-1 is rather low in the native state because of the autoinhi-
bitory function of its N-terminal SH2 domain.?**? We therefore
used the phosphatase domain (PTP domain, residues 271-514)
of SHP-1 to assess which concentration of AtEya is appropriate
for the library screening and the phosphatase assays.

To test this, we monitored phosphopeptide dephosphoryla-
tions by HPLC. The Src-derived peptide EDAEpYAARG and the
EGFRggg_003 Sequence DADEpPYLIPQ were previously suggested
to be good model substrates of AtEya,® and were thus used
for the HPLC analysis first. The GST fusion protein of the SHP-1
catalytic domain (GST-SHP-1(PTP)) was applied in a concentra-
tion (5 ng/mL) that has been suitable in our previous studies
on SHP-1 substrate specificity;** however, at the same concen-
tration no dephosphorylation occurred for AtEya. With a ten-

ChemBioChem 2008, 9, 2285 — 2294
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Substrate Specificity of Eya
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using a peptide library approach.
The degenerate peptide library
XXXX-Pmp-XXXX (X=all amino
acids excluding Cys and Met, in-
cluding Nle), which contains the
nonhydrolysable phosphonome-
thylphenylalanine (Pmp) instead
of pY was synthesised and
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fusion proteins according to a
procedure that was described
earlier.® GST alone was used to
exclude false preferences with
respect to peptide binding.

We were aware of the fact
that by using Pmp, we primarily
screened for high-affinity bind-
ing partners rather than poten-
tial substrates. Nevertheless,
such information might be of
general interest because the im-
portance of the phosphatase
domain of Eya proteins has not
been clarified yet. SHP-1 was in-
troduced in this experiment to
test whether there is a correla-
tion between substrate binding

t/h

SHP-1

23.8%
10.2%

pY Y

t/'h

Figure 1. HPLC elution profiles of the dephosphorylation reaction of A) EDAEpYAARG-NH, and B) DADEpYLIPQ-
NH,. The experiments with GST-AtEya were conducted in MES buffer (20 mm) that contained MgCl, (2 mm) at
pH 5.5, and in Tris (50 mm, pH 7.4)/NaCl (150 mm)/EDTA (1 mm) in the case of GST-SHP-1(PTP). The conditions for
HPLC analysis were: 0 to 40% eluent B in 40 min (A: 0.1% TFA in water; B: 0.1% TFA in acetonitrile), flow rate at

1 mLmin~"; UV detection at 220 nm.

fold excess of GST-AtEya compared to GST-SHP-1(PTP), we
found that the peptide substrates were converted by both
enzymes, albeit to a different extent (Figure 1). Both enzymes
seem to prefer the sequence DADEpYLIPQ over EDAEpYAARG,
though the difference is marginal in the case of AtEya. In addi-
tion, whereas DADEpYLIPQ was almost completely dephos-
phorylated by the catalytic domain of SHP-1 after 60 min, only
about 15% of this peptide was converted by AtEya in the
same time period. AtEya was significantly less potent than
SHP-1(PTP) toward other peptides, too (data not shown), while
SHP-1(PTP) was found to be of similar activity as PTP1B toward
pNPP as previously described.®¥ Incubation with GST alone
revealed no pY peptide conversion.
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t/h and tyrosine dephosphorylation
with respect to the primary se-
quence context, though the
mechanism of catalysis is differ-
ent from Eya proteins; however,
the substrate specificity of SHP-1
has been well characterised in
previous studies (Table 1).123343%
The consensus sequences that were derived from the different
approaches reflect a strong preference for acidic amino acids
(D/E) at positions N-terminal to pY (—1 to —4); this is a general
feature of substrate recognition by classical PTPs.

The results of the library screen that is described herein
strongly suggest that the Eya domain indeed binds specific
peptide sequences, however, these are different from those
that are selected by the SHP-1 catalytic domain. Whereas, in
accordance with the known consensus, most sequences that
bind to SHP-1 contain one or more acidic residues (D/E) N-ter-
minal to pY (63 % of all sequences), the Eya domain selects for
large hydrophobic and/or basic amino acids (Y/F, H/R/K) at the
same positions (90% of all sequences; 57% Y/F, 71% H/R/K;
Table 1). At the positions C-terminal to pY, the results are
slightly different in that at pY+2, and to a lesser extent at
pY+3 a wider variety of amino acids were accepted compared
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Table 1. Peptide sequence selection by AtEya and SHP-1(PTP-domain)®
—4 -3 -2 -1 o +1 +2 +3 +4
AtEya
H (1.8) H (1.9) (2.0) H(1.2) - H(1.9) X9 D (1.5) V/Z (5.1)
F(1.4) R (1.5) R (1.6) 2 F (1.5 Y (1.2) Q(1.3
Y (1.4) Y (1.5) Y (1.0) F(1.2 F(1.3)
A(1.2) A(1.2) Y (1.3)

F (1.0 H(1.1)
SHP-1
E(1.1) D (1.6) Y (2.1) E(1.1) - E (1.9 H (3.2) V (2.3) V/Z (5.8)
D/E (2.0) D/E (2.1) D/E (1.6) D/E (1.9) D/E (2.7) P (1.6) Q(1.9) F/Y (1.7)
L(1.1) A(1.3) M (1.0) V (1.0) H/R (1.9) Y/F (1.6) P(1.1)
M (1.1) V(1.3) M/V/L (2.1) V/I/L(2.1) T/S (1.9)
L/M/V (3.1) V/M/L (2.1) Y/F (1.0) M/L/V (1.9)
Y (1.1) H (1.0) G (1.0
Y/F (1.7)
SHP-1 consensus sequences'®
D/E X L/Iv X - X X L/Iv B3
- - D/E (E/D/F/Z) - - - - -
D/E D/E D/E/L X - X X F/z D/EBY
[a] GST fusion proteins of AtEya and the catalytic domain of SHP-1 were screened for binding to the peptide library AAXXXXPmpXXXX-linker; M=Nle;
[b] Positions are given relative to Pmp and pY, respectively (0); [c] amino acids that occurred in more than 10% of the sequences (e.g., 18% =1.8); [d] no
strong preference; [e] consensus sequences reported for the catalytic domain of SHP-1 (Z=Leu, lle or Nle).

to the other positions. For both enzymes a strong preference
for hydrophobic residues (V/I/L/M/F/Y) was detected at posi-
tion +4. Whether this is an effect of the proximity to the linker
and resin or not has not been clarified yet. With respect to the
positions N-terminal to pY (—4 to —1), typical sequences that
bound to the catalytic domain of SHP-1 were DYDY, MDDY,
VGDD, YDEQ, FDEG, HHET, YDYD or DWYD; this is in good
agreement with the known consensus sequences.”3*3 |n
contrast, AtEya primarily recognised sequences such as FHRR,
MVRR, HQRW, YMRF, RYRK, NFHH, YHHH, HHAF, HRYT, VRAH,
RAHA, or ARFF at the same positions.

Kinetic analysis of different phosphorylated substrates

To elucidate the structural determinants of AtEya substrates by
a spectrophotometric assay, we chose the phosphopeptide
EDAEpYAARG (RR-Src) as a template (peptide 1, Table 2),
though according to the HPLC experiment, the EGFRggq gos-de-
rived peptide (20) would also have been a good candidate
(Figure 1). However, only one peptide concentration was used
for HPLC analysis; this is in contrast to the kinetic analysis of
both peptides that was previously performed by Rayapureddi
etal. who used the malachite green assay.”! In this report,
peptide 1 displayed the better substrate specificity constant
(keat/ K =0.96x10"M~'s™") versus peptide 20 (k,/K,=0.52x
10°m's7).B A drawback of this report is the fact that the
peptide substrates that were investigated comprised very dif-
ferent chain lengths, which ranged from nine to thirteen
amino acid residues and three to eight residues N-terminal to
pY. Several studies with a variety of PTPs have shown that size
and phosphotyrosine positioning in peptide substrates strong-
ly influence substrate recognition.®®*” We therefore used the
selected peptides in the same size with the exception of the
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truncated versions (7-14) of template peptide 1, which were
introduced to study the size requirements for AtEya.

Table 2 summarises the Michaelis—-Menten kinetic parameters
of pY and the pY-containing peptides with recombinant GST-
AtEya at pH 5.5 and 30°C. The K, and k. values that were
obtained for AtEya with pY are in the range of those that were
described earlier (Figure 2).®

Table 2. Kinetic constants for the hydrolysis of pY and phosphorylated
peptides by AtEya.”!
Substrate K., Keat Ko/ Kon
[mm] [s'] [x10°m's7']
pY 2.61+£0.50 6693 +509 2.56
1 EDAEpYAARG-NH, 2.01+0.10 17875+915 8.89
2 ADAEpYAARG-NH, 1.99+0.06 10143+311 5.10
3 EAAEpYAARG-NH, 1.95+0.05 10067 272 5.16
4  EDAApYAARG-NH, 2.05+0.06 4995 + 156 2.44
5 EDAEpYAAAG-NH, 1.89+0.19  11057+1095 5.85
6 EDAEpYAARA-NH, 1.85+0.06  11241+368 6.08
7 DAEpYAARG-NH, 2.69+0.10 11020+356 4.10
8 AEpYAARG-NH, 291+0.28 1514141435 5.20
9 EpYAARG-NH,  2.92+0.37 7578 £971 2.59
10 pYAARG-NH,  2.31+0.08 229679 0.99
1 EDAEpYAAR-NH, 2.06+£0.08 10443+£401 5.07
12 EDAEpYAA-NH, 207+£0.09 13838+621 6.68
13 EDAEpYA-NH, 1.89+£0.11 11169 +652 591
14 EDAEpY-NH, 1.78+£0.06 11657 +423 6.55
15  EDAEpSAARG-NH,  nd. n.d. nd.
16 EDAEpTAARG-NH, n.d. n.d. n.d.
17  ARRApYVAAA-NH, 1.37+0.08 3602 £219 2.63
18  AAKRpYIRRA-NH, 1.18£0.06 4083 +£220 3.46
19 HHRKpYHHFV-NH, 1.19+£0.02 4986 + 87 4.19
20 DADEpYLIPQ-NH, 1.99+£0.13 25934+1675 13.03
[a] This assay was conducted at pH 5.5 and 30°C by using a UV/vis spec-
trophotometer; n.d.: not detectable.
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Figure 2. Conversion of phosphorylated substrates (S) p-nitrophenyl phos-
phate (pNPP), phosphotyrosine (pY) and benzoyl phosphate by GST-AtEya
at pH 5.5 and 30 °C. The reactions follow Michaelis-Menten kinetics.

In addition, we found that reactivity toward pNPP and pY
was comparable for GST-AtEya and AtEya; this indicates that
GST had no influence on enzymatic activity. The substrate spe-
cificity constants (k./K.,) for the phosphopeptide conversions
by AtEya were not significantly different for peptides of com-
parable lengths. Nonetheless, some interesting features of
AtEya substrate recognition were observed. In comparison to
pY, with only few exceptions the K, values slightly decreased
for the peptide conversions, while k. values strongly depend-
ed on the respective substrate constitution. AtEya displayed
nearly identical K, values for peptides 1-6, but reduced k.,
values toward peptides 2-6 compared to template peptide 1.
The effect is most striking for the substitution of Glu by Ala at
position pY-1 in peptide 4. The replacement of Glu and Asp at
positions —4 and —3, by Ala in peptides 2 and 3, respectively,
also revealed slower k_, than that of peptide 1, however, this
was less pronounced than for compound 4. This indicates that
the replacement of the acidic amino acid residues N-terminal
to pY by alanine negatively influences the efficiency of peptide
conversions by AtEya. The same effect as was found for pep-
tides 2 and 3 was also observed for peptide 5, although in this
case a basic residue (R) at position +3 C-terminal to pY was
replaced.

Compounds 7-10 represent N-terminally truncated versions
of peptide 1. We observed that the truncation had a negative
effect on binding, because K, increased for these peptides.
The k., values of 7-10 decreased with truncation of the pep-
tides. In contrast, the C-terminal truncation as in peptides 11-
14 influenced the K, values in a positive manner, albeit only to
a small extent. Also, the k., for these peptides is lower than
that of peptide 1, but not as drastic as in the case of peptide
4,

The peptides 15 and 16, in which pY of peptide 1 was re-
placed by pS and pT, respectively, were introduced in the
study as a control for the pY-directed activity of AtEya. There
was no evidence for AtEya activity toward these peptides. This
is in agreement with earlier reports of using shorter pS/pT-pep-
tides in a different sequence context,® and thus indicates that
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the ED phosphatase activity indeed is tyrosine-specific in the
case of peptidic substrates.

We included three further peptides (17-19) in our study,
which primarily consisted of basic and/or hydrophobic amino
acids. In 17 and 18, pY was introduced within known sequen-
ces of typical substrates of phosphoserine/threonine phospha-
tases. At the same time, these peptides together with peptide
19 represented candidates containing amino acid residues that
were selected by the combinatorial peptide library screening.
All three peptides showed lower K, values than the other se-
quences that were investigated; this indicates higher binding
affinities compared to peptides that contained acidic amino
acids. However, considering the k., values, these peptides are
less efficient substrates for AtEya (Table 2).

Beside peptides 1-19, we also investigated the conversion
of the EGFRygs o05-derived peptide 20 by AtEya. The K, value is
similar to that for the Src-derived peptide 1, the k., value for
this sequence was increased compared to all other peptides.
This again revealed that acidic residues are important within
peptide substrates of AtEya ED, but obviously there is a prefer-
ence for basic, and to a lesser extent, hydrophobic amino acids
with respect to binding.

Previous studies on the phosphatase activity of mEya3 (ED)
excluded a phospholipid phosphatase activity of ED and pri-
marily focused on aryl phosphate (pNPP, pY) conversion.” In
addition, we found that riboflavin-5"-phosphate (FMN) was not
dephosphorylated by AtEya (data not shown); however, other
phosphate group donors might also be considered to be sub-
strates for eyes absent proteins, which is further supported by
the similarity of the Eya domain and HADs. This prompted us
to test whether AtEya is able to hydrolyse other phosphorylat-
ed substrates. In cells, 1,3-bisphosphoglycerate, carbamoyl
phosphate, succinyl phosphate and B-aspartyl phosphate rep-
resent substrates of acyl phosphatases.”® For in vitro studies
synthetic substrates such as acetyl phosphate and benzoyl
phosphate are generally used to investigate acyl phosphatase
activity.”3” Here, we found that AtEya efficiently hydrolysed
benzoyl phosphate (Figure 2), acetyl phosphate and carbamoyl
phosphate as well as a phosphoprotein, [3-casein. A clear differ-
ence between the acyl phosphates benzoyl phosphate and
carbamoyl phosphate and the aryl phosphates pNPP and pY
was visible. For example, AtEya hydrolysed benzoyl phosphate
faster than pNPP and pY and displayed a higher binding affini-
ty (Table 3). Furthermore, benzoyl phosphate displayed the
best specificity constant compared to all other substrates in-
vestigated. This suggests that the Eya domain might also rec-
ognise substrates other than tyrosine-phosphorylated proteins
in vivo.

Phosphatase activity of disease-associated Eyal mutants

Most of the disease-associated EYAT missense mutations are
clustered in the conserved ED region which possesses an in-
trinsic phosphatase activity.®” Interestingly, the majority of
these sites are conserved (D295, 5454, L472) or similar (G/A393,
D/E396) in the plant Eya homologue (AtEya) that we have
used for the studies described herein.
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Table 3. Kinetic constants for the hydrolysis of phosphorylated substrates
by AtEya.”

Substrate K Keat Keat/ Kin

[mm] s [x10°m's
PNPP 0.06+0.01 960 +42 16.0
acetyl phosphate 0.65+0.20 1094+ 106 1.68
benzoyl phosphate 0.02+0.009 1668 +99 834
carbamoyl phosphate 0.15+0.02 2836+ 101 18.9
B-casein™ 0.02+0.003 798+ 16 39.9

[a] Data were acquired by using the malachite green detection assay at
pH 5.5 and 25°C. [b] This protein represents a substrate that contains sev-
eral phosphorylated residues (pS, pT, pY).* It was not further examined
whether a single or multiple dephosphorylation reactions occurred.

We wanted to examine the effect of these mutations on Eya
phosphatase function. To this end, we selected several EYAT
mutations that are associated with BOR or BO syndrome as
well as with ocular defects that lead to amino acid changes in
the ED region (Figure 3 and Table 4). We introduced the muta-

N - -
- N kY (o2}
1 1 L )

Relative activity —pp»
=)
(=]

Eyal ED

Figure 3. BOR-associated missense mutations lead to a loss of phosphatase activity. The
positions of the amino acid substitutions included in the present study are based on the
human Eya1 protein sequence."® The phosphatase activity of BOR, BO and ocular-defect-
associated missense mutations on ED is depicted. Replacement of the nucleophilic
Asp295 to Asn inactivates mEyal phosphatase activity.*” This mutant was employed as
a negative control. ED (1.0) was used as a reference for mEyal and the mutants. The
figure represents the mean =+ SD of values obtained from three independent experi-

ments.

D295N (G393S D396G R407Q S454P L472R R514G L550P GST

Table 4. Loss of phosphatase activity in BOR-associated Eyal mutants.”

Protein Phenotype Activity relative to
GST-mEya, ED (1.0)®

mEyal - 0.61

D295N o7 0.14

G393S BOR and ocular defects!"”*) 0.16

D396G BOM 0.59

R407Q BOM" 0.50

S454p BOR"*#? 0.15

L472R BORE*42 0.15

R514G ocular defects"”* 1.24

L550P BOR!“*44 0.16

[a] MouseEyal was used instead of the human protein based on high se-

quence homology. GST fusion proteins were used in this experiment.

[b] Values are taken from Figure 3.
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tions into the background of the Eya domain of murine Eyal.
Because the mouse and human Eya1l proteins are 98.7 % iden-
tical, they can be regarded as structurally and functionally
equivalent. By using GST fusion proteins of full-length Eya1, ED
and mutants in the ED background we performed the phos-
phatase assay with pNPP as the substrate (Figure 3). The wild-
type Eya domain showed significantly higher activity than the
full-length protein. This is in agreement with what had been
published earlier®™ and suggests an inhibitory function of the
N terminus. The mutants fell in two classes: those that retained
phosphatase activity at levels that were not more than 1.7-fold
different from that of the wild-type protein, and a second
group that displayed loss of enzymatic activity. Within the first
group, the BO-associated mutants D396G and R407Q both
showed reduction of phosphatase activity whereas the mutant
protein R514G, which had been identified in a patient with
ocular defects only, showed increased activity compared to the
wild-type protein. Activities of members of the second group
were indistinguishable from those of the catalytically inactive
mutant D295N or GST itself.®” Interestingly, all mutants that
retained phosphatase activity (D396G, R407Q and
R514G) were derived from patients that displayed BO
or ocular defects only, whereas those that showed re-
duced activity (G393S, S454P, L472R and L550P) were
associated with BOR syndrome.

To determine kinetic parameters for the dephos-
phorylation of different substrates by mEya (ED) and
several mutants (G393S, D396G and R514G), we addi-
tionally performed a phosphatase assay with the
soluble proteins. The K, and k., values that were ob-
tained for the dephosphorylation of pNPP and carba-
moyl phosphate are shown in Table 5. For both sub-
strates the BOR-associated mutant G393S showed a
significant decrease in catalytic activity, whereas the
activity of the two other mutants was similar to wild-
type levels. A multiple phosphorylated protein, (-
casein, was also subjected to dephosphorylation by
mEya (ED) and the mutant proteins. Indeed, 3-casein
was dephosphorylated by the proteins, and the ratio
between mEya (ED) and the mutants was comparable
to the other substrates (data not shown). Due to
aggregation and protein precipitations at concentra-
tions higher than 1 mm kinetic parameters could not
be determined. Because [3-casein has been shown to
contain multiple phosphorylated serine residues, but also
phosphothreonine and phosphotyrosine,*! the origin of the
released phosphate was not determined; however, considering
our data that were acquired for monophosphorylated peptide
substrates (Table 2), the dephosphorylation most likely oc-
curred at phosphotyrosine residues.

Discussion

Previous studies revealed that Eya proteins belong to the HAD
superfamily of aspartate-dependent hydrolases, though se-
quence homology is restricted to the three motifs (I-lll) that
form the catalytic fold.*® These motifs are located in the
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mEyal proteins.”?

Table 5. Kinetic constants for the hydrolysis of phosphorylated substrates by mEya (ED) and several mutant

between Eya proteins and other
PTPs might yet prove to be of
physiological significance.

Substrate pNPP Carbamoyl phosphate Currently, in the absence of a
Protein Ky Keat Keat/ Kin K Keat Keat/ Kin .
(] s 0 m-T5-1] (] e B10-m-T51] crystall st!'uc.ture. .analy5|s of Eya
proteins it is difficult to discuss
mEyalep, 0.01+0.01 11249 11.2 0.14-+0.02 114+15 0.8 A .
stabilisation effects for a specific
G393S 0.01+0.01 2342 23 0.06-£0.06 15+4 0.2 ) p )
D396G 0.06+0.03 102410 17 0.1£0.01 89+ 11 09 substrate or of amino acids in
R514G 0.04£0.001 129+1 3.2 0.08+£0.005 8412 1.0 the vicinity of the phosphoryla-

[a] Data were acquired by using the malachite green detection assay at pH 5.5 and 25°C.

tion site within pY peptide sub-

highly conserved C-terminal Eya domain (ED) that exhibits a
phosphotyrosine-specific phosphatase activity. In spite of the
unknown physiological relevance of Eya phosphatase activity, a
critical question in understanding Eya function is how these
proteins recognise their substrates. In this study, we investigat-
ed the substrate specificity of the plant eyes absent homo-
logue AtEya, which shares a 39% sequence similarity with the
Eya domain of the animal proteins.

According to our data, there is a difference between peptide
sequences that efficiently associated with AtEya, and com-
pounds that represented good substrates. Whereas peptides
that are rich in hydrophobic (Y, F, V/L/I/Nle, A) and basic (H, R,
K) amino acids on either side of pY/Pmp are the preferred
interaction partners as was determined by the peptide library
screening, acidic residues (D, E) on the N-terminal side of pY
seem to be the positive determinants for pY-substrate recogni-
tion by AtEya. Our results indicate however, that the degree of
specificity is not as high as for other protein tyrosine phospha-
tases. AtEya can dephosphorylate both acidic and basic sub-
strates, though to a different extent. Of the phosphopeptides
that were examined, EGFRggs 905 (DADEPYLIPQ) was the best
pY-containing substrate, followed by other peptides with a net
negative charge. Herein, we focussed on monophosphorylated
peptides first. Whether multiple phosphorylation or substitu-
tion of multiple Asp and/or Glu residues produce an additive
effect on the reactivity of the peptides with AtEya as was
observed for the Cys-dependent protein tyrosine phosphatases
is currently under investigation.

In general, AtEya was specific for aryl monophosphate esters
(pNPP, pY) and showed no activity toward aliphatic phosphate
esters (pS, pT, FMN). Due to the similarity between the Eya
domain and the catalytic fold of HAD enzymes, we examined
whether AtEya can hydrolyse other phosphate group donors
too. We found that compared to pNPP and pY-peptides the
acyl phosphates acetyl phosphate, benzoyl phosphate and car-
bamoyl phosphate were also efficiently converted. Among
those, benzoyl phosphate was the best substrate, and, in
agreement with the observations that were discussed above,
aromatic compounds displayed a higher affinity for AtEya than
aliphatic-substituted phosphates. Thus, our data suggest that
in addition to pY-containing proteins small physiologically rele-
vant molecules like carbamoyl phosphate might also be sub-
strates of the Eya proteins. Differences in substrate specificity
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strates. Nonetheless, the central
motif Il (hhhT, h=hydrophobic)
and the N-terminal region of the
C-terminal motif [l (Kx,,hhhh)
that were suggested to be responsible for substrate binding®
provide both interaction of a negatively charged substrate
with a positively charged environment (motif Ill) as well as hy-
drophobic interactions with active-site residues of motifs Il and
lll. On the other hand, one may speculate that the library-de-
rived sequences that efficiently associated with the plant Eya
protein might represent high-affinity interaction partners inde-
pendently of a phosphorylated tyrosine. Also, regions other
than the active-site residues within ED might be involved in
these interactions. Interestingly, amino acid sequences that are
highly similar to the peptides that were identified through our
library screening can be found within well-established binding
partners of the Eya domain. It has been demonstrated that the
interaction between Eya and Six proteins (So in Drosophila) is
mediated by the highly conserved Six domain.**”! For exam-
ple, regions Sixg;_so (FRELYKIL), SiXgg o3 (LKAHYI), SiX;p5_115 (AVG-
KYRVRR) and Six;39_14; (LREWYAHNP) of human Six1 closely re-
semble library-derived peptides. We therefore speculate that
although there is no evidence for a Six homologue in Arabi-
dopsis, the binding preferences for all Eya family members
share the same characteristics.

After having characterised the phosphatase activity of the
prototypic Eya protein from Arabidopsis we also wanted to ex-
amine whether disruption of Eya’s phosphatase activity might
contribute to the different diseases that are associated with
EYAT mutation in humans. Our data show that whereas BOR-
related mutations lead to a loss of enzymatic activity com-
pared to the wild-type protein, BO and ocular-defect-associat-
ed mutations do not influence phosphatase activity significant-
ly. A similar analysis has been done before, albeit not with the
same set of mutants. Rayapureddi et al. have introduced sever-
al mutants into the background of the Eya domain of murine
Eyal and/or Eya3.® With the exception of one mutant, the au-
thors reach similar conclusions to ours, that is, mutants from
BOR patients showed a lack of phosphatase activity, whereas
mutants that are associated with ocular defects still displayed
measurable activity. The exception was mutant G393S, which
was derived from a patient with BOR and ocular defects. In our
experiments, this mutant displayed significantly reduced activi-
ty. This was also the case when Rayapureddi et al. introduced
the mutation into Eya3, but not when it was inserted into the
background of Eya1.”? It is unlikely that this is because we
have used GST-tagged proteins, because in our experiments
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there was no difference between the tagged and untagged
proteins. Mutsuddi et al. have recently introduced various mu-
tations from Drosophila and humans into GST-mouse Eya3
fusion proteins and have determined dephosphorylation of the
peptide IpYGEF*" Whereas most of the BOR mutants lacked
enzymatic activity, no clear correlation between BOR and OD-
associated mutations on the one hand, and the absence or
presence of phosphatase activity on the other hand was ob-
tained. An explanation for the discrepancy between their and
our data might be the difference in background in which the
mutants were incorporated.

In summary, our data suggest that the loss of phosphatase
activity of Eyal contributes to the BOR phenotype of human
patients, but BO syndrome and ocular defects are not caused
by loss of the enzymatic activity of Eyal. This also means that
Eyal must have other functions, which, when disrupted lead
to branchial and otic anomalies. Because these anomalies are
also found in BOR patients, this additional function must also
be hampered in BOR mutants. This activity could involve spe-
cific protein interactions of Eyal or other functions that have
not yet been identified. One additional implication of the lack
of phosphatase activity specifically in BOR patients is that the
phosphatase activity of Eyal seems to be required for normal
kidney development. This could be tested by the generation
of appropriate mouse models. In addition, the identification of
the physiological substrates of the Eya protein’s phosphatase
activity will be an important and revealing task for the future.

Experimental Section

General: Fmoc-protected amino acids, coupling reagents (HBTU,
HOBt) and Rink-amide MBHA resin were purchased from Novabio-
chem (Merck Biosciences AG, Darmstadt, Germany). TentaGel S NH,
resin and Fmoc-Pmp-OH were obtained from Activotec (Cam-
bridge, UK). Peptide synthesis reagents and solvents were of re-
agent grade from Fluka (Sigma-Aldrich). Acetyl phosphate, carba-
moyl phosphate and B-casein were purchased from Sigma. HPLC
gradient grade acetonitrile was obtained from VWR International
(Dresden, Germany) and Roth (Karlsruhe, Germany), respectively.
The a-cyano-4-hydroxycinnamic acid was from Bruker (Leipzig, Ger-
many) and trifluoroacetic acid was purchased from Solvay (Hann-
over, Germany).

Plasmid construction: To clone A. thaliana Eya (AtEya), RT-PCR was
performed by using primers AtEya forward 5-AGA GGG AAT TCA
TAA TGA TAC ATC AAA AAA GCT GGG-3' and AtEya reverse 5-GCT
TGA GCT CGA GTT ACT CTT TGC TGG AAT CAG-3' that contained
the EcoRl and Sacl sites, respectively and cDNA from seedling
leaves. The RT-PCR product was cloned into the TOPO vector (Invi-
trogen) according to the manufacturer’s instruction. After identifi-
cation of a positive clone and verification by sequencing, the insert
was released and subcloned into the expression plasmid pGEX-KG
by using EcoRI and Sacl. To generate full-length mouse Eyal and
Eyal domain (ED, amino acids 291-591) as glutathione S-transfer-
ase (GST) fusion proteins in the expression vector pGEX-KG, PCR-
mediated cloning by using pHM6 Eya1 (gift from K. Kawakami) as a
template was performed. The primers that were used were HA-
mEyals 5'-ACT GGA ATT CTG GAA ATG CAG GAT CTA ACC AGC-
3’and Eya1D/GST.s 5'-ACG TGA ATT CGG CTG CGT CGA GGT TCA-3'
both contained the EcoRI sites and Eyal/GST as 5-GAT CGA GCT
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CTT ACA GGT ACT CTA ATT CCA AGG CAT-3' which harboured a
Sacl site. The respective PCR products were then cloned into
PGEM-T Easy Vector (Promega). After identification of a positive
clone and confirmation by sequencing, the insert was released and
subcloned into the expression plasmid pGEX-KG by using EcoRl
and Sacl. Missense mutations by using reverse complementary
primer pairs were then introduced into ED by Quick Change™ Site
Directed Mutagenesis Kit (Stratagene). All mutations were con-
firmed by sequencing. The following primers (only the sense
strand primer is depicted) were used for mutagenesis. D295N: 5'-
AGA GTG TTA CTC TGG AAC CTG GAC GAG ACC ATC-3', G393S: 5'-
GCA ACT GGT GTC CGA AGT GGT GTG GAC TGG ATG CG-3,
D396G: 5'-GTC CGA GGT GGT GTG GGC TGG ATG CGG AAA CTG-3/,
R407Q: 5'-GCC TTC CGC TAC AGA CAA GTA AAA GAG ATC TAC-3,
S454P: 5-CTG AAG GCC CTC CCC CTC ATC CAC TCC C-3/, L472R:
5'-GTA ACA ACT ACG CAG CGC AGC CCA GCA TTG GC-3/, R514G:
5-ATC CAA AGG TTT GGA GGG AAA GTG GTA TAC CTT-3’, L550P:
5'-TCG GAC CTC ATG GCA CCG CAT CAT GCC TTG GAA-3".

Expression and purification of proteins: AtEya, murine Eya1l (wild-
type) and Eyal ED (Eya domain) and mutant recombinant proteins
were expressed as glutathione S-transferase (GST) fusion proteins.
E. coli BL21 (DE3) that harboured the GST-AtEya, GST-ED or the
mutant fusions encoding vector were grown to an ODg, of 0.5-0.6
and then induced with isopropyl-p-p-thiogalactopyranoside (IPTG,
1 mwm) for 3 h at 25°C. Cells were harvested by centrifugation and
resuspended in a pH 7.6 buffer that contained Tris (50 mm), NaCl
(400 mm), EDTA (1 mm), DTT (1 mm), glycerol (10%), NP-40 (0.1 %),
phenylmethylsulfonylfluoride (PMSF) and protease inhibitor cock-
tail (Roche). Lysis was achieved by sonication at 50% cycle and
50% power for 5x20 s. Following centrifugation at 10000 rpm for
30 min, clarified lysates were incubated with glutathione agarose
beads at 4°C for 1 h, after which the beads were washed exten-
sively with PBS that contained protease inhibitor cocktail. GST-
AtEya, ED and selected mutant proteins were eluted with reduced
glutathione (20 mm) in Tris pH 8.8 (100 mMm) and protease inhibitor
cocktail. In the case of the initial phosphatase assay in which we
compared murine Eyal and its mutant forms, a similar protocol
was followed except that the proteins were not eluted from the
glutathione beads.

The catalytic domain of SHP-1 (residues 271-514) was expressed as
GST fusion protein in BL21(DE3)pLys cells. The obtained protein
was purified by affinity chromatography and gel filtration on a Se-
phacryl™ 16/60 S-100 high resolution column (Amersham Biosci-
ence) by using a Pharmacia LKB GP-10 (Pharmacia LKB Biotech-
nology AB, Uppsala, Sweden) as previously described.”” The purity
of both proteins was ascertained by SDS-PAGE and by gel staining
with Coomassie and Western blotting. The protein concentrations
were determined by the Bradford method by using Roti-Nano-
quant (Carl Roth GmbH, Karlsruhe, Germany).

Synthesis of the peptide library: TentaGel S NH, resin (2.0g,
0.3 mmolg™") with a diameter of 90 um were used in solid-phase
synthesis by the Fmoc/t-butyl protection strategy. Fmoc-protected
amino acids, HBTU and HOBt (4 equiv each) in dimethylformamide
(DMF) were coupled for 1 h at room temperature. The complete
synthesis of the library was carried out according to the split-and-
pool synthesis method.* Coupling reactions were repeated once
to ensure complete reaction. According to previous reports, Ac-Gly
(5%) was added to the coupling reaction of Leu and Lys, and Ac-
Ala was added to the coupling of Nle to facilitate sequence deter-
mination by mass spectrometry as described.”® Side-chain depro-
tection of the resin-bound library was carried out with reagent K
(150 pL; reagent K contained 0.75 g phenol, 0.25 mL ethandithiol,

ChemBioChem 2008, 9, 2285 — 2294



www.chembiochem.org



Substrate Specificity of Eya

0.5 mL thioanisole) in 95% TFA (1 mL) per 100 mg resin at room
temperature for 1 h. Then, the library was washed with TFA, CH,Cl,
and MeOH before drying for storage at —20°C. The screening of
the library was carried out by using biotinylated GST-tagged pro-
teins as described.” Positive beads that bound the corresponding
protein were selected manually under a microscope. Sequence
identification of the positive beads was performed by the partial
Edman degradation (PED) method followed by mass spectrometry
as previously reported.®®

Synthesis of individual peptide substrates: The phosphorylated
peptides were synthesised by solid-phase peptide synthesis ac-
cording to the Fmoc strategy at the 0.5 g scale by using Rink-
amide MBHA resin (0.64 mmolg™"). Fmoc-Tyr(PO;H,)-OH, Fmoc-
Ser(PO(OBzl)OH)-OH, and Fmoc-Thr(PO(OBzI)OH)-OH were used for
the synthesis of the phosphopeptides. For amino acid couplings,
Fmoc-protected amino acids (4 equiv) were activated with HBTU/
HOBt (4 equiv each) in the presence of iPr,EtN (8 equiv) for 1h
(double couplings). The phosphorylated Fmoc-protected amino
acids (2 equiv) were coupled with iPr,EtN (6 equiv).”” Peptides
were cleaved from the resin by using a mixture of 95% TFA, 2.5%
iPr;SiH and 2.5% H,0 for 5-6 h at room temperature. After precipi-
tation in cold Et,O, peptides were centrifuged and washed several
times with Et,O prior to lyophilisation from H,O and 80% tBuOH.
Semipreparative purifications of the peptides were performed on a
Shimadzu LC8A HPLC instrument that was equipped with a C18
column (Eurospher 100, Knauer, Berlin, Germany) by using a gradi-
ent of 0-50% eluent B in 120 min at a flow rate of 10 mLmin™'
(eluent A: 0.1% TFA in H,0, eluent B: 0.1% TFA in 90% acetonitrile/
H,0); detection was at 220 nm.

Peptide analysis: Analytical HPLC was performed on a Shimad-
zu LC-10AT system (Duisburg, Germany) by using a Vydac 218TP54
C18 reversed-phase column (5 um particle size, 300 A pore size,
4.6x25 mm) from Macherey-Nagel (Dueren, Germany). Peptides
were eluted with the gradient 0-30% eluent B in 30 min at a flow
rate of 1.0 mLmin~', where A was 0.1% TFA in H,0 and B 0.1%
TFA in acetonitrile. Detection was at 220 nm. Peptide identity was
confirmed by MALDI-TOF mass spectrometry on a Laser Tec Re-
search spectrometer (Perspective Biosystems, Weiterstadt, Germa-
ny) by using a-cyano-hydroxycinnamic acid as a matrix.

Peptide substrate preparation: To determine the concentration of
the peptide solutions used for the phosphatase assays, amino acid
analysis and the malachite green assay (BIOMOL Research Labora-
tories, Hamburg, Germany) were performed by using hydrolysed
samples. The peptides were dissolved (4-5 mm) in 2-(N-morpholi-
no)ethanesulfonic acid (MES) buffer (pH 5.5, 20 mwm) that contained
MgCl, (2 mm). Aliquots (100 pL) of these solutions were evaporated
to dryness and hydrolysed by using 6 m HCl at 110°C for 24 h; HCl
was then removed by evaporation. The hydrolysis products were
repeatedly dissolved in H,0 and evaporated. The remaining resi-
dues were dissolved in sample dilution buffer (Onken GmbH,
Gruendau-Breitenborn, Germany) and provided for amino acid
analysis using an LC 3000 amino acid analyzer from Eppendorf Bio-
tronik (Hamburg, Germany). The same solutions were used to per-
form a malachite green assay (duplicates) to determine the content
of inorganic phosphate.”® The average of the results of both ex-
periments was used as peptide concentration for the phosphatase
assay.

Phosphatase assays: Initially we compared the efficiencies of
PNPP conversion of GST-tagged and untagged AtEya protein (GST
was removed by usage of a thrombin cleavage site). Because both
proteins behaved indistinguishably, we used only the fusion pro-
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teins for subsequent experiments. Phosphatase assays were per-
formed by employing two different techniques, namely liquid chro-
matography and spectrophotometry. In the first case, samples
were obtained from the incubation of the corresponding enzyme
(GST-AtEya, GST-SHP-1(PTP)) with the peptides (three independent
experiments) and were analysed by RP-HPLC to monitor the reac-
tion progress. The dephosphorylation was investigated at 30°C in
a total volume of 50 uL for the assay reaction. The peptides were
used in a final concentration of 0.5 mm. The reaction was initiated
by the addition of the corresponding enzyme (10 L, 50 ngmL™"
for GST-AtEya, 5 ngmL~" for GST-SHP1(PTP)). The dephosphoryla-
tion reaction was terminated by the addition of 10% TFA (50 uL)
after different reaction times (e.g., 30, 60, 120 min and 16 h). After-
wards, the solutions were centrifuged, the supernatants were re-
moved, frozen and freeze-dried. For HPLC analysis the peptides
were dissolved in doubly distilled H,O (100 pL).

The spectrophotometric phosphatase assay was performed in
quartz microcuvettes with a final reaction volume of 200 pL. Due
to the limitations of solubility, the peptides were used in concen-
trations from 0 to 4 mm. Phosphotyrosine and pNPP were used
from 0 to 8 mm, and the other phosphorylated compounds from 0
to 5 mm. Benzoyl phosphate was prepared as described,”” and the
assay was carried out according to the literature by using this acyl
phosphate.®” The molar absorption coefficients of the peptides
were determined according to Zhang et al.®" The reaction was
initiated by the addition of GST-AtEya (30 pL, 0.04-0.07 mgmL™").
The reaction progress was monitored on a UV/Vis spectrophotom-
eter (Perkin-Elmer). The initial reaction rates were calculated from
the linear region of the curves. Kinetic constants were determined
from a nonlinear regression hyperbolic fit to the Michaelis-Menten
equation by using Grafit 3.0.

The investigation of the activity of GST-mEya (wt), GST-mEya1 (ED,
271-274 amino acids) and the mutants was performed by using
two spectrophotometric assays. In the first approach, bead-bound
proteins (200 pL) were centrifuged, and the supernatant was re-
moved. The beads were then incubated with pNPP (200 uL, 2 mm
in 20 mm MES and 2 mm MgCl,) at pH 5.5 and 30°C. After incuba-
tion, the mixture was centrifuged and the absorption of the super-
natant was measured at 405 nm. An aliquot of the bead-bound
recombinant GST fusion proteins was subjected to SDS-PAGE and
subsequent Western blot analysis by using an anti-GST antibody.
Signals were quantified by densitometric analysis. The relative
values of phosphatase activity were obtained by dividing the
values for activities by the respective protein amounts. In the
second experiment, soluble GST-mEya (ED) and selected mutants
were used at a concentration of approximately 1.1 mgmL™". The
substrate concentrations varied from 0 to 2 mm in a final assay
volume of 70 pL. The reaction was started by the addition of 10 pL
of the corresponding enzyme. After 0.5, 1, 2, 3 and 5 min the reac-
tion was stopped, and an aliquot (25 pL) of the incubation mixture
(duplicate sampling) was used for malachite green phosphate de-
tection in a microtiter plate.

Abbreviations

ED: Eya domain; GST: glutathione S-transferase; HAD: haloacid de-
halogenase; pNPP: p-nitrophenyl phosphate; pY: phosphotyrosine;
pS: phosphoserine; pT: phosphothreonine; PTP: protein tyrosine
phosphatase; SHP-1: SH2 domain protein tyrosine phosphatase-1.
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Generation of New Derivatives of the Antitumor Antibiotic
Mithramycin by Altering the Glycosylation Pattern
through Combinatorial Biosynthesis

Maria Pérez,™ Irfan Baig,”™ Alfredo F. Brafia,”” José A. Salas,” Jiirgen Rohr,*® and

Carmen Méndez*®

Mithramycin is an antitumor drug produced by Streptomyces ar-
gillaceus. It consists of a tricyclic aglycone and five deoxyhexoses
that form a disaccharide and a trisaccharide chain, which are
important for target interaction and therefore for the antitumor
activity. Using a combinatorial biosynthesis approach, we have
generated nine mithramycin derivatives, seven of which are new
compounds, with alterations in the glycosylation pattern. The
wild-type S. argillaceus strain and the mutant S. argillaceus
M7U1, which has altered p-oliose biosynthesis, were used as
hosts to express various “sugar plasmids”, each one directing the
biosynthesis of a different deoxyhexose. The newly formed com-

Introduction

Many bioactive compounds are glycosylated by mono- or oli-
gosaccharide chains. Most of these sugars are 6-deoxyhexoses
(6-DOHs) derived from glucose-1-phosphate. These sugar moi-
eties are important for the bioactivity of the compounds and
they participate in the interaction with the cell target. Conse-
quently changing the sugar profile of these compounds can
result in more active compounds or compounds with im-
proved pharmacological properties. Sugar profile modifications
can be approached by chemical synthesis, chemoenzymatically,
or by combinatorial biosynthesis."™  Mithramycin (1,
Scheme 1A) is an antitumor antibiotic of the aureolic acid
family of antitumor compounds,” which has been used clini-
cally to treat hypercalcemia in patients with bone metastases
from various malignancies, Paget’s disease, and several types
of cancer, including testicular carcinoma, chronic myeloid leu-
kemia, and acute myeloid leukemia. Recently, it has been
found that mithramycin could be used in combination with
bevacizumab, a neutralizing antibody against VEGF (vascular
endothelial growth factor), as a novel antiangiogenic therapy
for pancreatic cancer and other cancers.® Furthermore, it has
been shown that mithramycin acts as a neuroprotective drug
and it has potential application for the alleviation of symptoms
underlying B-thalassemia and sickle cell anemia.”® The mecha-
nism of action of mithramycin involves its noncovalently bind-
ing to GC-rich nucleotide sequences located in the minor
groove of DNA.”"" This binding is carried out by complexes of
dimers of mithramycin together with bivalent cations such as
Mg?*, with the chromophores parallel to the sugar-phosphate
backbone and the saccharide chains partially wrapping the
DNA minor groove.”'™ During these interactions, several H
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pounds were purified and characterized by MS and NMR. Com-
pared to mithramycin, they contained different sugar substitu-
tions in the second (p-olivose, b-mycarose, or p-boivinose instead
of p-oliose) and third (p-digitoxose instead of b-mycarose) sugar
units of the trisaccharide as well as in the first (p-amicetose in-
stead of p-olivose) sugar unit of the disaccharide. All compounds
showed antitumor activity against different tumor cell lines.
Structure-activity relationships are discussed on the basis of the
number and type of deoxyhexoses present in these mithramycin
derivatives.

bonds are created among the chromophore hydroxyl groups
with the guanine amino protons determining the selectivity
for GC-rich sequences.”' As a consequence of this sequence
selectivity, mithramycin blocks the binding of proteins to GC-
rich sequences in gene promoters, and inhibits transcription of
genes regulated by these factors, such as those regulated by
the Sp1 family of transcription factors.'*'” Recent studies car-
ried out with mithramycin-Fe" complexes suggest that these
complexes promote single-stranded breakage of DNA by pro-
ducing reactive hydroxyl radicals in the presence of H,0,."®
Structurally, mithramycin consists of a tricyclic chromophore
(aglycone) with two aliphatic side chains attached at C3 and
C7, and trisaccharide (p-olivose-p-oliose-p-mycarose) and di-
saccharide (p-olivose-p-olivose) chains attached at positions
two and six of the aglycone, respectively." The aglycone is
biosynthesized through the condensation of one acetyl-CoA
and nine malonyl-CoA units. The resultant carbon chain is then
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Scheme 1. Chemical structures of A) mithramycin (1), premithramycinone
(2), premithramycin A1 (3), and mithramycin derivatives with altered glyco-
sylation profiles produced by recombinant strains of B) S. argillaceus wild-
type and C) S. argillaceus M7U1. Demycarosyl-mithramycin (4), dideolivosyl-
6-p-D-amicetosyl-mithramycin (5), demycarosyl-3D-3-p-digitoxosyl-mithramy-
cin (6), deoliosyl-demycarosyl-3C-f3-p-boivinosyl-mithramycin (7), deoliosyl-
3C-B-p-mycarosyl-mithramycin (8), deoliosyl-demycarosyl-3C-3-p-olivosyl-3D-
B-p-digitoxosyl-mithramycin (9), dideolivosyl-6-f-p-amicetosyl-deoliosyl-3C-
B-p-olivosyl-mithramycin (10), dideolivosyl-6-f3-p-amicetosyl-deoliosyl-demy-
carosyl-3C-p-p-olivosyl-3D-f-p-digitoxosyl-mithramycin (11), and dideolivo-
syl-6-B-p-amicetosyl-deoliosyl-demycarosyl-3C--p-boivinosyl-mithramycin
(12). Structural differences from mithramycin are highlighted with gray cir-
cles.

p-amicetose

. O;Q/
D-boivinose .
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Mithramycin Derivatives

aromatized, cyclized, oxygenated, and methylated to render
the tetracyclic intermediate premithramycinone (compound 2,
Scheme 1A).2% After this, five consecutive glycosylation steps
occur (together with a further C-methylation step). First, the
trisaccharide chain is formed by the sequential action of glyco-
syltransferases MtmGIV and MtmGilll, which are responsible for
the transfer of the first and second sugar residues, respective-
ly.2" No glycosyltransferase has been identified for the attach-
ment of the third sugar. However, indirect evidence suggests
that MtmGIV might be responsible for the transfer of the third
sugar.”?? Formation of the disaccharide requires the sequential
action of glycosyltransferases MtmGl and MtmGlL.*>*?>* These
glycosylation and methylation steps render a fully glycosylated
tetracyclic compound, premithramycin B. This compound has
low cytotoxic activity and its conversion by the action of oxy-
genase MtmOIV into a tricyclic compound by the oxidative
cleavage of the fourth ring is a key event in mithramycin bio-
synthesis, as it results in the formation of intermediates with
high cytotoxic activities.>")

Sugars in mithramycin seem to play an important role in its
activity, participating in the binding process of mithramycin to
DNA.”5 Consequently, changes in the sugar profile of mithra-
mycin would probably modify the antitumor activities of the
compound. In this paper we report the use of combinatorial
biosynthesis of sugar biosynthesis genes to generate novel mi-
thramycins with differences in the type and position of sugars
in the saccharide chains. Using this approach nine mithramycin
derivatives with antitumor activity were produced, seven of
which were new compounds.

Results

Modifying the sugar biosynthesis profile of S. argillaceus to
produce novel glycosylated mithramycins

In order to generate new derivatives of mithramycin with
novel saccharide profiles, the mithramycin producer strain was
transformed independently with different plasmids able to
direct the biosynthesis of different DOHs. The plasmids and
genes used are mentioned in Table 1.°°3% The rationale
behind this experiment was that by introducing these high
copy number plasmids containing DOH biosynthesis gene clus-
ters to S. argillaceus, either synthesis of already synthesized
DOHs will be facilitated (p-olivose, p-oliose, or p-mycarose) or
novel DOHs could be produced in the recombinant strains.
Assuming the possible existence of substrate flexibility for the
mithramycin glycosyltransferases, one could expect the pro-
duction of novel mithramycin derivatives with altered glycosy-
lated profiles. As four different glycosyltransferases are in-
volved in the biosynthesis of mithramycin,?"? the new mithra-
mycins could contain not only new sugars but also sugars lo-
cated at different positions of the disaccharide and trisacchar-
ide chains.

Two types of compounds were expected to be formed. On
one hand, tetracyclic compounds (premithramycin-like) known
to have low activity, and on the other hand tricyclic com-
pounds (mithramycin-like), known to be highly active. It was

ChemBioChem 2008, 9, 2295 - 2304
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Table 1. Plasmids used for the biosynthesis of deoxysugars.

Plasmid  Genes Deoxysugar Ref.

pLN2A oleU,oleY, oleL,oleS,oleE dTDP-L-rhamnose  [30]

pLN2 oleV,oleW,oleU,oleY,olel,oleS,oleE dTDP-L-olivose [30]

PLNRHO oleV,oleW,urdZ3,0leY,olel,oleS,olek, dTDP-L-rhodinose  [30]
urdQ

pFL844  oleV,oleW,eryBIV,oleY,oleL,oleS,oleE, dTDP-L-amicetose  [32]
urdQ

pFL845 oleV,oleW,urdR,oleY,oleL,oleS,oleE,urdQ dTDP-p-amicetose [32]

pFL942  mtmE,mtmD,oleV,eryBlleryBlV,eryBlll, ~dTDP-L-mycarose [31]
eryBViIl

pFL947  mtmE,mtmD,oleV,oleW,eryBlV,mtmC,  dTDP-L-chromose B [31]
eryBVil

pMP1*Ul - mtmE,mtmD,oleV,oleW,cmmUI,oleY dTDP-p-olivose [33]

pMP1*Ull mtmE,mtmD,oleV,oleW,cmmUlIl,oleY dTDP-p-oliose [33]

PMP3*BIl  mtmE,mtmD,oleV,eryBll,urdR,oleY dTDP-p-digitoxose [33]

PMP1*BIl  mtmE,mtmD,oleV,eryBll,oleU,oleY dTDP-p-boivinose  [33]

therefore convenient to have a simple way to differentiate
between these types of compounds to focus our attention on
the highly active mithramycin-like compounds. We took ad-
vantage of the absorption spectrum of both types of com-
pounds: although they absorb in similar regions of the UV/Vis
spectrum they have slightly different absorption maxima (230,
278, 317, and 411 nm for mithramycin-like compounds versus
232, 282, 329, and 424 nm for premithramycin-like com-
pounds).

After introduction of various “sugar plasmids” in the mithra-
mycin producer, selected transformants were cultivated on
R5A medium in the presence of thiostrepton and cultures
were extracted with ethyl acetate. The organic extracts were
analyzed by HPLC (Figure 1) and HPLC-MS. From the analysis
of the chromatograms we classified the plasmids into three dif-
ferent groups based on the generated compounds: 1) Plasmids
not altering the glycosylation profile: expression of some “sugar
plasmids” (pLNRHO, pFL947, pMP1*Ul, and pMP1*Ull) did not
result in the formation of new glycosylated mithramycins. A
chromatogram corresponding to the strain S. argillaceus
(pFL947) is shown in Figure 1A as a representative example of
this group; 2) Plasmids inducing formation of premithramycin-
like compounds: expression of some “sugar plasmids” (pLN24
and pLN2) resulted in the formation of some new premithra-
mycin-like compounds. S. argillaceus (pLN2A) produced a pre-
mithramycin-like compound with an m/z value in positive
mode of 559 (indicated by an empty asterisk in Figure 1B).
This is in agreement with a premithramycinone aglycone with
a mycarose moiety attached. Compounds produced by S. argil-
laceus (pLN2) (indicated by two empty asterisks in Figure 1C)
showed an m/z value of 675 for both, which is in accordance
with premithramycinone aglycones with two units of 2,6-DOHs
attached in each. Most probably they will correspond to novel
compounds containing one or two L-olivose moieties; 3) Plas-
mids inducing formation of mithramycin-like compounds: a third
group of “sugar plasmids” (pFL844, pFL942, pMP1*BlII,
pMP3*BIl, and pFL845) led to the formation of mithramycin-
like compounds (indicated by full asterisks in Figure 1 D-H).
Mass analyses of these compounds confirmed that they con-
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Figure 1. HPLC analyses of cultures of S. argillaceus recombinant strains harboring different “sugar plasmids”. s Premithramycin-like compounds. X Mithra-
mycin-like compounds. Peaks corresponding to the different compounds are indicated as follows: M: mithramycin; A: premithramycin A1; P: premithramyci-
none; peaks a-i: mithramycin derivatives purified from the recombinant strains.
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Mithramycin Derivatives

tain a tricyclic aglycone, most of them harboring four or five
DOHs attached.

Some of these compounds were selected for further purifica-
tion and characterization. In total we analyzed nine peaks (indi-
cated in Figure 1 by the letters a to i) from different recombi-
nant strains. NMR and MS structure analyses (Supporting Infor-
mation) showed that those peaks corresponded to the follow-
ing compounds (Scheme 1B): demycarosyl-mithramycin (peaks
a and d; compound 4); dideolivosyl-6-f3-p-amicetosyl-mithra-
mycin (peaks b and c; compound 5); demycarosyl-3D-3-p-digi-
toxosyl-mithramycin (peaks e, g, and i; compound 6); deolio-
syl-demycarosyl-3C-B-p-boivinosyl-mithramycin (peaks f and h;
compound 7). Three out of these four compounds are new
compounds (compounds 4, 5, and 7) whereas compound 6
has been recently described.”

The analysis of the structures in relation to the plasmids har-
bored in the different recombinant strains showed up three
different situations. Firstly, some of the compounds contained
one DOH whose biosynthesis is encoded by the “sugar plas-
mid” used. This was the case for compounds 5, 6, and 7, which
contain a p-amicetose, a D-digitoxose, or a p-boivinose residue
respectively, and those sugars are encoded by pFL845,
pMP3*BIl, and pMP1*BIl, respectively. Secondly, some com-
pounds contain DOHs that were synthesized by the concerted
action of enzymes encoded by the “sugar plasmid” and en-
zymes from the mithramycin sugars biosynthetic machinery.
This was the case of compound 5 when produced by S. argilla-
ceus (pFL844). In this case, formation of p-amicetose can be
explained by the action of a 4-ketoreductase from the host,
either MtmC involved in bp-olivose biosynthesis® or the
MtmTIll involved in p-mycarose biosynthesis,*? on the inter-
mediate NDP-4-keto-2,3,6-trideoxyglucose (compound a;
Scheme 2A). A similar situation can explain formation of com-
pound 6 isolated from two different strains harboring
pMP1*BIl or pFL942. In both cases formation of p-digitoxose
can be explained by the action of a ketoreductase, either
MtmC or MtmTIll on the intermediate NDP-2,6-dideoxy-p-gly-
cero-4-hexulose (compound b; Scheme 2A). In the case of
compound 7, formation of p-boivinose would result from the
action of 4-ketoreductase MtmU on the intermediate NDP-2,6-
dideoxy-p-glycero-4-hexulose  (compound b;  Scheme 2A).
MtmU is a 4-ketoreductase involved in the biosynthesis of bp-
oliose.? Thirdly, in one case there is no alteration in the sugar
profile but rather one of the usual mithramycin sugar is miss-
ing. This is the case of compound 4, which lacks the p-mycar-
ose residue in the trisaccharide chain.

Use of mutant S. argillaceus M7U1 to generate novel mithra-
mycins with substitutions on the p-oliose residue

Once we validated this combinatorial approach to generate
mithramycins with altered glycosylation profiles, our next goal
was to try to generate mithramycin derivatives with changes
affecting a specific sugar position in the molecule. It has been
shown that in the mithramycin—-DNA binding complex, interac-
tions between the saccharides and DNA are common. Specifi-
cally, the p-olivose and p-oliose moieties of the trisaccharide

ChemBioChem 2008, 9, 2295 - 2304
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chain interact in an antiparallel alignment with the sugar-phos-
phate backbone of C-N steps of individual strands in the com-
plex.” As these interactions could be important for the specif-
icity and activity of mithramycin, we intended to force the sub-
stitution of one of these sugars, in particular p-oliose. To do
that, we used the S. argillaceus mutant M7U1 as a host in
which the mtmU gene has been inactivated.®™ This mutant ac-
cumulates the intermediate premithramycin A1 (compound 3,
Scheme 1A) as it cannot produce NDP-p-oliose. For most of
the plasmids, the use of this mutant did not result in the gen-
eration of new mithramycin derivatives. Exceptions were
strains harboring pLNRHO or pFL844. In the case of pLNRHO,
no derivatives were found when this plasmid was introduced
in the wild-type strain (Figure 2A); however, its presence in the
mutant resulting in the detection of at least four peaks in
HPLC (Figure 2B) with the absorption spectrum characteristic
of mithramycin-like compounds. In the case of pFL845, the
number of peaks containing mithramycin-like compounds was
twice as many in the mutant (Figure 2D) as in the wild-type
strain (Figure 2C). Two compounds from S. argillaceus M7U1
(PLNRHO) (peaks j and k), and four compounds (peaks | to 0)
from cultures of S. argillaceus M7U1 (pFL845) were purified and
their structure elucidated by NMR and MS (Supporting Infor-
mation). Compound k corresponded to the previously identi-
fied compound 5 (Scheme 1B). Compound j has been recently
characterized and corresponded to deoliosyl-3C-f3-p-mycarosyl-
mithramycin (8).*¥ Compounds in peaks I, m, n, and o corre-
sponded to the new mithramycin derivatives: deoliosyl-demy-
carosyl-3C-p3-p-olivosyl-3D-B-b-digitoxosyl-mithramycin (9), di-
deolivosyl-6-3-p-amicetosyl-deoliosyl-3C-3-b-olivosyl-mithramy-
cin (10), dideolivosyl-6-p-b-amicetosyl-deoliosyl-demycarosyl-
3C-B-p-olivosyl-3D-f3-b-digitoxosyl-mithramycin  (11), and di-
deolivosyl-6-3-p-amicetosyl-deoliosyl-demycarosyl-3C-3-p-boi-
vinosyl-mithramycin (12), respectively (Scheme 1C).

As expected, as the biosynthesis of p-oliose was blocked in
mutant M7U1, all of these compounds lacked the p-oliose resi-
due and instead they contained another sugar: p-olivose (com-
pounds 9, 10, and 11), b-mycarose (compound 8), or p-boivi-
nose (compound 12). Moreover, some of the compounds con-
tained additional substitutions in the sugar profile: replace-
ment of the first p-olivose of the disaccharide chain by p-ami-
cetose (compounds 10, 11, and 12) or the b-mycarose unit
(the terminal sugar) of the trisaccharide chain by p-digitoxose
(compounds 9 and 11). The host strain synthesizes NDP-p-oli-
vose and NDP-b-mycarose, whereas NDP-bp-amicetose is en-
coded by plasmid pFL845. However, formation of p-digitoxose
and p-boivinose can be explained if the host contains a 3-ke-
toreductase activity, which will introduce the C3 hydroxyl
group in axial configuration, that is, rendering the sugar bio-
synthesis intermediate NDP-2,6-dideoxy-p-glycero-4-hexulose
(compound b; Scheme 2B). Reduction at the 4-position of this
intermediate by the plasmid-encoded 4-ketoreductase UrdR
could result in the synthesis of p-digitoxose. Formation of b-
boivinose would require the involvement of an additional host
4-ketoreductase (Scheme 2B). Unexpectedly, compound 5 con-
tains a p-oliose moiety as the second sugar of the trisaccharide
chain. Formation of this compound by the strain M7U1
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Scheme 2. Proposed pathways for the biosynthesis of the new deoxyhexoses produced in recombinant strains of S. argillaceus wild-type (A) and S. argillaceus
M7U1 (B). Compound a: NDP-4-keto-2,3,6-trideoxyglucose; compound b: NDP-2,6-dideoxy-b-glycero-4-hexulose; compound c: NDP-4-keto-2,6-dideoxy-p-glu-
cose. Gray boxes indicate enzymes codified by the “sugar plasmids”. White boxes indicate enzymes from the host. Plasmid names in bold or plain indicate
that the biosynthesis of the corresponding DOH is codified by the plasmid itself or by the concerted action of plasmid and host-coded enzymes, respectively.
Highlighted by a square is the substrate of MtmU 4-ketoreductase: DAMI, p-amicetose; DBOV, p-boivinose; DDIG, p-digitoxose; DOLV, p-olivose; DOLI, p-

oliose.

(PLNRHO) could be explained by the presence of 4-ketoreduc-
tase UrdZ3 in plasmid pLNRHO, which would act on the sugar
biosynthesis intermediate NDP-4-keto-2,6-dideoxy-p-glucose
(compound c; Scheme 2B). In accordance with this, it has been
reported that 4-ketoreductase UrdZ3 was able to reduce L-
and bp-sugar biosynthesis intermediates, rendering in this last
case a hydroxyl group in axial configuration.®
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Antitumor activity

The antitumor activity of the different mithramycin derivatives
was tested against three tumor cell lines (Table 2). Compilation
of the average Gls, (50% growth inhibition) values showed
that all the compounds, with the exception of compound 11,
were active. Compounds 6, 8, 9, 10, and 12 showed the high-
est levels of activity. Among these compounds 6 and 9 are
fully glycosylated with five DOHs, whereas compounds 8 and
10 lack one DOH, and compound 12 lacks two DOHs. Com-
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Figure 2. HPLC analyses of cultures of S. argillaceus and S. argillaceus M7U1 containing pLNRHO and pFL845. X Mithramycin-like compounds. Peaks corre-
sponding to the different compounds are indicated as follows: M: mithramycin; A: premithramycin A1; P: premithramycinone; peaks j-o: mithramycin deriva-

tives purified from the recombinant strains.

Table 2. Antitumor activity of compounds.

GISO[a] [].LM]
Tumor cell lines 1! 4 5 6 7 8 9 10 n 12
Breast MDA-MB-231 0.13 1.28 1.38 0.23 3.72 0.37 0.69 047 >10 0.40
NSCL A549 0.15 1.81 1.49 0.19 >10 0.48 0.91 0.44 >10 0.75
Colon HT29 0.22 >10 3.19 0.27 >10 0.93 5.98 0.94 >10 2.01

[a] Glso, 50% growth inhibition. [b] For comparison, values for mithramycin (M) are also shown. [c] NSCL, non-small cell lung.

pounds 4, 7, and 8, all lacking the third DOH of the trisacchar-
ide chain, but varying in the second DOH of the trisaccharide,
showed different levels of antitumor activity, compound 8
being more active than compounds 4 and 7. Similarly, com-
pounds 5 and 10, which only differ at the second position of
the trisaccharide chain showed different levels of antitumor ac-
tivity, with compound 10 being about three times more active
than compound 5.

Discussion

We have used a combinatorial biosynthesis approach to gener-
ate derivatives of the antitumor drug mithramycin with glyco-
sylation profiles different from that of the parental compound.
To do this, we provided either the mithramycin producer strain
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or a p-oliose-minus mutant with the capability of synthesizing
novel DOHs. This was achieved by introducing different “sugar
plasmids” in these strains, each directing the biosynthesis of
specific L- and p-DOHs. Nine mithramycin derivatives were pro-
duced, differing from the parental compound either in the ab-
sence of a sugar moiety, the presence of a mithramycin sugar
at an unusual position, and/or the presence of a new DOH nor-
mally not found in mithramycin. In fact, the p-boivinose- and
D-amicetose-containing compounds described herein are the
first aureolic acid derivatives with this type of DOH.

The first sugar attached during the biosynthesis of mithra-
mycin is a p-olivose in position C. Only premithramycin-like
compounds were detected, with possible exchange of a sugar
in this position. This suggests either that glycosyltransferase
MtmGIV (responsible for the incorporation of this first p-oli-
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vose) shows limited sugar donor substrate flexibility or that
the incorporation of a different DOH in this position C hinders
the growth of the saccharide chain. However, several mithra-
mycin derivatives were obtained with substitutions at the
second position of the trisaccharide chain. In these mithramy-
cins the p-oliose moiety was replaced either by p-olivose, b-
boivinose, or p-mycarose. This indicates that glycosyltransfer-
ase MtmGilll, which transfers the second sugar (normally a b-
oliose) into the bp-position, is quite flexible. In contrast, the
third position of the trisaccharide chain was only occupied
either by p-mycarose (the original sugar) or by bp-digitoxose.
This confirms that MtmGlV, which is thought to be responsible
to complete the trisaccharide chain,?? has limited sugar donor
flexibility. However, this glycosyltransferase shows broad ac-
ceptor substrate flexibility, as it was able to transfer those
sugars to intermediates with various sugars occupying this
second position (position D) of the trisaccharide chain.

The p-olivose moiety, normally at the first position of the
disaccharide chain (position A) could only be substituted by b-
amicetose. The incorporation of this DOH was quite efficient as
four out of the nine newly-glycosylated mithramycins generat-
ed in this work contained this DOH, and the production yields
of some of these compounds were quite high. In particular,
compound 5 was the main compound produced by strain
S. argillaceus (pFL844). Obviously, incorporation of p-amicetose
into position A blocks further elongation of the saccharide
chain, as this DOH lacks a hydroxyl group at C3, which is es-
sential to establish the 1,3-linkage with the next sugar. These
data suggest that the glycosyltransferase MtmGl, normally re-
sponsible for the transfer of p-olivose into the A position,
shows limited sugar donor substrate flexibility, although it effi-
ciently transfers p-amicetose, and MtmGll, which normally fin-
ishes the sugar pattern of mithramycin by adding a p-olivose
into position B, is unable to establish a 1,4-linkage. Overall, no
mithramycin derivative was ever detected with a sugar substi-
tution at the second position of the disaccharide chain (posi-
tion B), which suggests that MtmGll is also rather inflexible
with respect to its sugar donor substrate.

It is remarkable that some of the sugars incorporated in the
new mithramycin derivatives were neither fully synthesized by
the host enzymes nor by the “sugar plasmid”-encoded en-
zymes alone, but rather by a concerted action of both “sugar
plasmid”-encoded and host enzymes. This is the case for re-
combinant strains producing p-amicetose-, p-boivinose-, or b-
digitoxose-containing derivatives. Formation of these DOHs
suggests substrate flexibility for some of the enzymes involved.
For instance, the 4-ketoreductase MtmU can act on its normal
substrate NDP-4-keto-2,6-dideoxy-p-glucose and on NDP-2,6-
dideoxy-p-glycero-4-hexulose, for the biosynthesis of p-boivi-
nose.

All of the new mithramycin derivatives, with the exception
of compound 11, showed antitumor activity at the micromolar
level. Some of the new compounds bear five DOHSs, but others
lack one DOH (either in the trisaccharide or in the disaccharide
chain), or even two DOHs (one in each saccharide chain). This
indicates that the presence of all five sugars is not absolutely
essential for the antitumor activity, and that the existence of a
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disaccharide chain at C6 or a trisaccharide chain at C2 is not
compulsory for the antitumor activity. Four out of the six new
mithramycins with modifications at the second position of the
trisaccharide chain, position D, showed high antitumor activity.
Interestingly, compounds only differing in their sugar moiety
at this position show quite different antitumor activities. This
confirms the importance of the sugar p-residue as a potential
target for the generation of mithramycins with antitumor activ-
ity.

In conclusion, we have shown that a combinatorial biosyn-
thesis approach of sugar biosynthesis genes could be a potent
strategy to generate new glycosylated mithramycins with
sugar substitutions at different positions of the molecule.
Many of the new derivatives show antitumor activity, and
could be useful as anticancer drugs.

Experimental Section

Strains, culture conditions, and plasmids: Streptomyces argillaceus
ATCC 12956 (mithramycin producer) and S. argillaceus M7U1 were
used as hosts for gene expression and production.® For sporula-
tion they were grown for 7 days at 30°C on plates containing me-
dium A.*® For protoplast regeneration, the organisms were grown
on R5 solid medium plates.®” Liquid and solid media for produc-
tion and isolation of mithramycin derivatives was modified R5
medium (R5A).”® When plasmid-containing clones were grown,
the medium was supplemented with 5 or 50 ugmL™" thiostrepton
for liquid or solid cultures respectively.

DNA manipulation: Plasmid DNA preparations, restriction endonu-
clease digestions, and other DNA manipulations were according to
standard procedures for Streptomyces and for E. coli.?”*® Prepara-
tion of Streptomyces protoplasts, transformation, and selection of
transformants were carried out as described.””

HPLC analysis and purification of mithramycin derivatives:
HPLC-MS analyses were carried out using an Alliance chromato-
graphic system coupled to a ZQ4000 mass spectrometer (Waters-
Micromass), using acetonitrile and 0.1 % trifluoroacetic acid (TFA) in
water as solvents and a reversed phase column (Symmetry C18,
2.1x 150 mm, Waters). Samples were eluted with 10% acetonitrile
during the first 4 min, followed by a linear gradient from 10 to
88% acetonitrile over 26 min, at a flow rate of 0.25 mLmin". De-
tection and spectral characterization of peaks were performed with
a photodiode array detector and Empower software (Waters). MS
analyses were done by electrospray ionization in the positive
mode, with a capillary voltage of 3 kV and cone voltages of 20 and
100 V.

For purification of mithramycin derivatives, S. argillaceus (pFL844)
and S. argillaceus (pMP3*BIl) were grown in a two-step culture
method, as previously described.” The cultures were centrifuged
and filtered, and the broth was solid-phase extracted and fractio-
nated as previously described.” Fractions containing mithramycin-
related compounds (eluting between 40 and 55 min) were pooled
and dried in vacuo. These extracts were redissolved in a mixture of
methanol/DMSO (50:50, v/v) and chromatographed in a pBonda-
pak C18 radial compression cartridge (PrepPak Cartridge, 25X
100 mm, Waters). An isocratic elution with a mixture of acetonitrile
and 0.1% TFA in water (42:58, v/v), at 10 mLmin~', was used. Com-
pound d from strain S. argillaceus (pMP3*BIl) was repurified in a
semipreparative column (Symmetry C18, 7.8x300 mm, Waters)
with isocratic elution with acetonitrile and 0.1% TFA in water
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(37:63, v/v), at 3mLmin~'. Compoundsc from S. argillaceus

(pFL844) and e from S. argillaceus (pMP3*BIl) were repurified in a
similar way, but using a slightly different mixture (40:60, v/v).

In the case of S. argillaceus (pFL942), S. argillaceus (pFL845), S. argil-
laceus (pMP1*BIl), S. argillaceus M7U1 (pLNRHO), and S. argillaceus
M7U1 (pFL845), they were grown on solid R5A medium. For each
strain, one hundred agar plates were uniformly inoculated with
spores and incubated at 28°C for six days. These cultures were ex-
tracted three times with ethyl acetate, as described previously."”
The extract obtained in each case was chromatographed in a
uBondapak C18 radial compression cartridge, using acetonitrile
and water (50:50, v/v) at 10 mLmin~" in isocratic conditions. Subse-
quent purifications were performed using a SunFire PrepC18 (10 %
250 mm, Waters) column, with isocratic elution with mixtures of
acetonitrile and 0.1% TFA in water as the mobile phase, at
7mLmin~". These mixtures, optimized for every compound,
ranged from 37:63 to 50:50 (v/v).

For all purifications, whenever TFA was used in the mobile phase,
peaks were collected in flasks containing 0.1 M potassium phos-
phate buffer (pH 7.0) to neutralize TFA in the mobile phase. After
every purification step, the collected compounds were diluted four
times with water, desalted, and concentrated by solid-phase ex-
traction, being finally lyophilized. Yields obtained for the different
compounds were as follows: 12.2 mg and 8.9 mg from peaks a and
b of cultures of S. argillaceus (pFL845), respectively; 11.4 mg from
peak c of cultures of S. argillaceus (pFL844); 19 mg and 10.8 mg
from peaks d and e of cultures of S. argillaceus (pMP3*BII), respec-
tively; 8.2 mg, and 6.4 mg from peaks f and g of cultures of S. argil-
laceus (pMP1*BIl), respectively; 3 mg and 6,9 mg from peaks h and
i of cultures of S. argillaceus (pFL942), respectively; 7.3 mg and
3,3mg from peaks j and k of cultures of S. argillaceus M7U1
(pLNRHO), respectively; 6.7 mg, 17 mg, 12.2 mg and 1.7 mg from
peaks I, m, n, and o of cultures of S. argillaceus M7U1 (pFL845),
respectively.

Structure elucidation and characterization of new mithramycin
derivatives: The structures of the isolated mithramycin derivatives
were characterized by NMR spectroscopy and mass spectrometry.
Compounds identified as new were fully characterized with physi-
cochemical methods (see the Supporting Information). In general,
the following NMR experiments were used: spin systems of each
single sugar moiety was identified through H,H-COSY and 1D-
TOCSY experiments. Sugar-aglycone connections and intersugar
connections were proven through CIGAR-HMBC and/or NOE ex-
periments.”" The NOE experiments were also useful to identify
whether the single sugar moieties were found in “C;- (typical for p-
sugars) or 'C,-conformation (typical for L-sugars). Helpful saccha-
ride fragmentation patterns were observed in the ESI mass spectra
confirming the results from the NMR studies, and highly resolved
fast atom bombardment (HR-FAB) mass spectra were used to con-
firm the molecular formulae.

Determination of antitumor activity: The antitumor activity of the
mithramycin derivatives was tested against a panel of tumor cell
lines. Quantitative measurement of cell growth and viability was
carried out by a colorimetric assay, using the sulforhodamine re-
action."?
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DNA with Branched Internal Side Chains: Synthesis of
5-Tripropargylamine-dU and Conjugation by an Azide-

Alkyne Double Click Reaction

Venkata Ramana Sirivolu, Padmaja Chittepu, and Frank Seela*™

5-Tripropargylamine-2'-deoxyuridine (1a) containing two termi-
nal triple bonds was synthesized by a Pd-assisted Sonogashira
cross-coupling reaction and was subsequently converted into the
corresponding phosphoramidite building block (9) and employed
in solid-phase oligonucleotide synthesis. T,, experiments demon-
strate that the presence of covalently attached branched tripro-
pargylamine residues has a positive effect on the base pair stabil-
ity. The two terminal C=C bonds of modified DNA were function-
alized by means of Cu-mediated 1,3-dipolar cycloaddition reac-
tions (click chemistry) with azides such as 3-azido-7-hydroxycou-

Introduction

The Cu'-catalysed Huisgen-Sharpless-Meldal cycloaddition,"
click chemistry, has become a key reaction for introducing
reporter groups into carbohydrates,” proteins”® and nucleic
acids.”'¥ This reaction has been performed with DNA in solu-
tion, on solid support™ and on surfaces™ including biochip
devices."” Recently, we reported on octa-1,7-diynyl side chain
derivatives containing terminal triple bonds™*'® for fluorescent
dye conjugation by the click reaction. Fluorescent dye conju-
gates of all four DNA building blocks were prepared.'**” The
side chains were located in the 7-positions of 7-deazapurines
or the 5-positions of pyrimidines. This guarantees that bulky
dye residues protrude into the major groove of B-DNA.

We now report on the synthesis and properties of oligonu-
cleotides bearing tripropargylamine residues. For this modifica-
tion we have chosen the 5-position of 2’-deoxyuridine, giving
1a. A branched element capable of functionalization by two
molecular reporter units is thus introduced into a nucleoside.
Branched oligonucleotides have already been used as signal
amplifiers in nucleic acid quantification for the detection of
viral infections,?" for the construction of i-motif structures®?
and for various other purposes.”?? Polylabelled DNA
probes” have also been employed to amplify fluorescence
signals in hybridization studies.”® Here we compare the physi-
cal data for compound 1a, containing two terminal triple
bonds, with those for the monofunctionalized derivatives 1b
and 2. While compounds 1a and 1b can form Watson—-Crick
base pairs with dA, the recognition site of 2 is blocked by a
short linker. Normally, such functionalization is unfavourable
because base pairing is hindered. However, when such a short,
stiff linker is introduced the fluorescence can be increased.

Nucleosides 1a and 2 were converted into phosphoramidite
building blocks, and oligonucleotides incorporating these
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marin or 3'-azido-3'-deoxythymidine (AZT) both in solution and
on solid support. In particular, with the nonfluorescent 3-azido-7-
hydroxycoumarin a strongly fluorescent oligonucleotide bis-dye
conjugate was generated. For comparison, the N(3)-propargylat-
ed 2'-deoxyuridine 2 was prepared from 2'-deoxyuridine and
propargyl bromide and incorporated into DNA. The two terminal
triple bonds of 1a allow the simultaneous post-modification of
DNA by two reporter molecules and can be applied to almost
any azido derivatives (oligonucleotides, proteins, polysaccharides
etc.) including those forming dendrimeric side chains.
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oy ey
HO
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I HN
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4

modified units were prepared by solid-phase synthesis. While
the linker of 1a has a length similar to that of the already
described 1b, the linker of 2 is significantly shorter. As com-
pounds 1a, 1b and 2 contain terminal triple bonds they can

[a] V. R. Sirivolu, P. Chittepu, Prof. Dr. F. Seela
Laboratory for Bioorganic Chemistry and Chemical Biology
Center for Nanotechnology
Heisenbergstrasse 11, 48149 Miinster (Germany)
and Laboratorium fiir Organische und Bioorganische Chemie
Universitdt Osnabriick
Barbarastrasse 7, 49069 Osnabrtick (Germany)
Fax: (+49)251-53406857
E-mail: frank.seela@uni-osnabrueck.de

Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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be derivatized by Cu'-catalysed azide-alkyne Huisgen-Sharp-
less—Meldal cycloadditions. For this purpose, either a fluores-
cent dye reporter or the antiviral active nucleoside AZT (3)
were chosen (Scheme 1). The click reactions were performed
both in solution and on solid support. Both protocols result in
the difunctionalization of the side chain in a chemoselective
manner.

00 OH
J
N N xn

‘N

nucleoside }—= j—l

]

nonfluorescent \\ click

N
+ reaction %:\ o)
X
N3
4 strongly fluorescent

Scheme 1. Cu'-catalysed difunctionalization through alkyne-azide cycloaddition.

Results and Discussion
Synthesis and properties of monomers

The nucleoside 1a was synthesized from 2'-deoxy-5-iodouri-
dine (5) and tripropargylamine by means of the Pd-assisted
Sonogashira cross-coupling reaction (Scheme 2). A 1:2 ratio of
Pd(PPh;), and Cul and an excess of tripropargylamine were
used.” Only one terminal triple bond reacts, in chemoselec-
tive fashion, in this reaction, leading to the formation of the
monofunctionalized nucleoside 1a in 69% yield. The Pd-cross-
coupling reaction of 1a results in the formation of a trace
amount of the fluorescent by-product 6. Exclusive formation of
6 was achieved when 1a was cyclized in the presence of
CUl.BO]

0° N 07N
a) b)
0 — 0 —
HO HO HO
HO HO
5 1a
0 0
HN N
;j Z 1]
(e} N c) O N
0 0
HoAd HO
HO HO
7 2

Scheme 2. Synthesis of the alkynyl nucleosides. a) [Pd(PPh,),], Cul, Et;N, DMF, tripropargylamine; b) Cul, Et;N/

MeOH, 80 °C; c) propargyl bromide, K,CO,, DMF.
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Treatment of 2’-deoxyuridine (7) with propargyl bromide in
the presence of K,CO; in DMF afforded 3-propargyl-2’-deoxyur-
idine (2) in 72% yield (Scheme 2).

The introduction of alkynyl substituents at the 5-position of
the 2’-deoxyuridine moiety strongly influences the physical
properties—such as the pK, values—of the nucleoside.
When we examined the pK, data for 1a, two pK, values were
found: one for the base deprotonation (8.3) and the
other for the side chain protonation (3.3). As 2’-deox-
yuridine shows a pK, value of 9.3, the side chain of
1a decrease the pK, value of the N(3)-H component
by one unit, which should strengthen the base pair
(better H-donor).E" On the other hand, the tripropar-
gylamine moiety has a pK, value of 3.09%? (for proto-
nation), which is several units lower than that of
propargylamine (pK,=8.15),%¥ so the side chain is
not protonated under neutral conditions.

Next, building blocks based on 1a and 2 were
synthesized. The 5-tripropargylamine-2’-deoxyuridine
(1a) was converted into the phosphoramidite 9 via
the DMTr derivative 8. In a similar way, the N(3)-prop-
argylated 2’-deoxyuridine 2 was converted into the dimethoxy-
trityl derivative 10 and further transformed into the phosphor-
amidite 11 (Scheme 3). All of the synthesized compounds were
characterized by their elemental analyses or mass spectra, as
well as by their 'H and "*C NMR spectra. The *C NMR chemical
shifts are summarized in Table 1. The presence of a tripropar-
gylamine substituent at the 5-position of pyrimidine changes
the C(5) chemical shifts of compound 1a and their derivatives
consistently with the electron-withdrawing character of the tri-
propargylamine residue. From the 'H NMR spectrum of 1a the
two signals observed at 3.23 ppm (2C=CH) and 3.40 ppm 2=
C—CH,) confirmed the intact structure of the side chain. Similar
signals were also observed for the furano bicyclic nucleoside 6.
The two acetylene carbons were clearly distinguished by
3C NMR as well as by use of gated-decoupled spectra. The ter-

minal C=C atoms of the side
chains of 1a and 6 showed CH
J| coupling (e, =249-250 Hz).

0]

| N
b S

0" N
o}

Oligonucleotides

Synthesis, characterization and
duplex stability: Oligonucleotides
were prepared by solid-phase
synthesis with the phosphorami-
6 dites 9 and 11 together with
standard building blocks. The
coupling yields were always
higher than 95%. Deprotection
of the oligomers was performed
in aqueous NH; (25%) at 60°C
over 14 h. The oligonucleotides
were detritylated and purified by
reversed-phase HPLC. The homo-
geneities of the oligonucleotides
were confirmed by reversed-
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Click Reaction for Synthesis of DNA with Branched Side Chains

0
=
HN \ HN
1a i, O)\
DMTrO DMTrO/\d
HO
8
NCCHZCHZO “N(IPr),
o 0
PIIEES
) 07N b) 07N
DMTrO DMTrO
HO o
10 B 1
NCCH,CH,O™ ~N(iPr),

Scheme 3. Synthesis of the phosphoramidite building blocks. a) 4,4-Dimethoxytriphenyl-
methyl chloride, anhydrous pyridine, RT, 6 h; b) 2-cyanoethyl-N,N-diisopropylchlorophos-

phoramidite, N,N-diisopropylethylamine, CH.Cl,, RT, 1 h.

phase HPLC, as well as by MALDI-TOF mass spectrometry (see
Table S1 in the Supporting Information). The base composi-
tions of the oligonucleotides containing 1a were determined
by enzymatic hydrolysis with snake venom phosphodiesterase
followed by alkaline phosphatase and subsequent reversed-
phase HPLC chromatography (Figure 1).

Our laboratory has reported on the influences on duplex sta-
bility of various 5-substituents of pyrimidines and 7-substitu-
ents of 7-deazapurines such as halogens and alkynes.®*>” Of
these, propynyl groups are more stabilizing than alkyl groups
and the halogeno substituents.?5"

We have recently demonstrated that long-chain diynyl link-
ers such as octadiynyl residues or propargyl ether moieties
show a positive influence on duplex stability similar to that
brought about by a propynyl residue.'”™ The advantage of
such linkers is the presence of triple bonds that enhance the
hydrophilic character of the linker. The triple bonds can act as
electron donors and they can form hydrogen bonds with

ate the effect of the sterically demanding tripropar-
gylamine group on the duplex stability of DNA. For
that purpose, the nucleoside 1a was incorporated
into the reference oligonucleotides 5'-d(TAG GTC AAT
ACT)-3' (12) and 3'-d(ATC CAG TTA TGA)-5' (13) by re-
placing certain dT residues with the modified nucleo-
side 1a. Single or multiple incorporation of 1a result-
ed in small T, increases (Table 2). The space-demand-
ing side chain is thus well accommodated in the
major groove of the DNA duplex.

In a second series of experiments the oligonucleo-
tide duplex stability was studied with the N(3)-prop-
argylated nucleoside 2 replacing dT at exactly the
same positions. As would be expected, duplexes
were destabilized because the H-bonding of 2 with
dA was blocked by the propargyl residue. However,
as described later, this can have a positive influence
on the fluorescence. With regard to base-pair stabili-
ty, these results clearly demonstrate that the 5-tripro-

J water molecules. These results prompted us to evalu-

Asso dc
dg dT
dA
1a
TITT I T T (VT I T [TTTT 0T TTTTTT T T T T TTTT]T
5 10 15 20 35 40 45 50

tz/ min

Figure 1. HPLC profile of the enzymatic hydrolysis products of the oligonu-
cleotide 5'-d(TAG G1aC AAT ACT) obtained by digestion with snake venom
phosphodiesterase and alkaline phosphatase in Tris-HCI buffer (pH 8.5, 0.1 m)
at 37°C. Gradient: 20 min 100% A, 20-60 min 0-30% B in A, flow rate

0.7 mLmin~' (A= (Et;NH)OAc (pH 7.0, 0.1 m)/MeCN 95:5, B=MeCN).

Table 1. "*C NMR chemical shifts (8) of pyrimidine 2’-deoxyribonucleosides and their derivatives.”
Compd C@" C@™ c@a®™ cE® e cra® 1) cR) @) @) C(5)  triazole  C=C CH,
1a 1495  161.7 98.0 1436 84.8 d 70.1 87.69 609 87.59,79.0 428,419
77.4,76.1
2 1499  161.0 1010 1396 85.4 d 703 876 61.1 78.6, 73.0 29.7
6 1535 1384  106.1 104.1 154.1 171.5 87.8 (d 700 883 61.0 78.9, 76.4 49.1, 415
8 1494  161.7 983 1430 85.1 d 704 879 63.8 86.0, 78.9 421,411
76.9, 76.0
10 149.7  161.0 1006 1394 852¢ W 700 8599 633 78.6,72.9 29.7
19 1506  161.9 1012 1396 85.5 d 704 877 61.3 142.9 35.8
124.6
21 1495 1618 983 1435 84.8 e 70.1 87.69 609 1438 87.79,77.9 473,422
124.9
[a] Measured in [Dg]DMSO. [b] Systematic numbering. [c] Tentative. [d] Superimposed by DMSO.
ChemBioChem 2008, 9, 2305 - 2316 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2307
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pargylamine nucleoside 1a shows pairing behaviour very simi-
lar to that of dT, with a tendency towards duplex stabilization.

Mono- and difunctionalization of alkynylated nucleosides with
3-azido-7-hydroxycoumarin and their photophysical properties:
Cu'-catalysed Huisgen-Sharpless-Meldal cycloadditions were
used for the attachment of dyes to the nucleobases. The N(3)-
1,2,3-triazolyl coumarin nucleoside 19 was synthesized from
the N(3)-propargylated 2’-deoxyuridine 2 and 3-azido-7-hy-
droxycoumarin (4) in the presence of CuSO, and sodium ascor-
bate in a 3:1:1 mixture of THF/tBUuOH/H,O (80% yield). The
two terminal triple bonds of 1a were then conjugated with
the nonfluorescent compound 4, leading to the formation of a
difunctionalized click adduct 21 in 60% yield (Scheme 4). The
reaction was performed in acetonitrile by the protocol of
Sharpless and co-workers."? In this reaction a 2.5-fold excess
of the coumarin azide was used to complete a double click
conjugation.

F. Seela et al.

The effect of one dye modification versus two dye modifica-
tions was studied by use of azidocoumarin as fluorescent re-
porter group. As one-dye compounds, we chose 19, with the
rigid 1,2,3-triazolyl linked coumarin attached to the N(3)-posi-
tion of 2'-dU, and also the flexible long-chain 1,2,3-triazolyl-
linked coumarin conjugate 20 and compared their fluores-
cence properties with those of the two-dye-labelled bis-1,2,3-
triazolyl coumarin conjugate 21. The structures of the dye con-
jugates were confirmed by NMR spectroscopy and mass spec-
trometry. '"H NMR spectra of 21 revealed the disappearance of
two terminal C=C hydrogens (singlet at 3.23 ppm), whereas
the two new singlets appearing around 6 =8-9 ppm are attrib-
uted to the protons of the newly formed triazole rings. The
signal intensities of the proton signals of two triazole rings
clearly demonstrate the formation of the bis-dye adduct. The
characteristic signals of the olefinic carbon atoms of the newly
formed 1,2,3-triazole moiety were identified at §(C) =124.9 and
143.7 ppm (quaternary; Table 1).
Moreover, the structure of the

) 0
N N/\(\N
‘ /& | N=N
N0 N o
a)
o) t4— 0
HO HO o
HO HO
2 19

bl
0" N
o +a D ? =
HO H//]L\l\|
HO o N
2 0
HO
HO

Scheme 4. Synthesis of 1,2,3-triazolyl nucleoside—coumarin conjugates. a) CuSO,, Na ascorbate, THF/tBuOH/H,0,

18 h, RT; b) acetonitrile, 2,6-lutidine, Cu(MeCN),PF,, 20 h, RT

2308

www.chembiochem.org

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

Table 2. T,, values of oligonucleotide duplexes containing modified nucleosides 1a, 1b or 2.%! triazole ring carbons is clearly
Duol — buol S attested to by 'H, "*C and 135-
uplex m L uplex ml . .

P P DEPT NMR spectra displaying no
5'-d(TAG GTC AAT ACT) (12) 50 -d(TAG G1bC AAT ACT) (16) 52 signal for a quaternary carbon
3'-d(ATC CAG TTA TGA) (13) 3’ d(ATC CAG TTATGA) (13) (000 with inverted sianal of
5'-d(TAG G1aC AAT ACT) (14) 51 5"-d(TAG GTC AAT ACT) (12) 53 ) WITh an inverted signal o
3-d(ATC CAG TTA TGA) (13) 3-d(ATC CAG 1b1bA TGA) (17) the triazole carbon (dc) at
5'-d(TAG GTC AAT ACT) (12) 52 5'-d(TAG G1bC AAT ACT) (16) 55 around 124.9 ppm.
3'-d(ATC CAG 1alaA TGA) (15) 3'-d(ATC CAG 1b1bATGA) (17) The influence of the various
5'-d(TAG G1aC AAT ACT) (14) 53 5'-d(TAG G2C AAT ACT) (18) 31 ide chai HPLC bilit
3-d(ATC CAG 1a1aA TGA) (15) 3-d(ATC CAG TTA TGA) (13) side chains on mobility

- - was determined by injection of

[‘?] Measured at 260 nm. in NaCl (1wm), MgCl, (100 mm) and Na cacodylate (pH 7.0, 60 mm) with 5 umM+5 um an artificial mixture of click
single-strand concentration.

products onto the HPLC

column. From the HPLC profile

shown in Figure 2 the tripropar-

gylamine nucleoside dye conju-
OH gate 21 shows a mobility similar

to that of the octadiynyl deriva-

tive 20, while the N(3)-alkylated

adduct 19 migrates significantly
0 more quickly than 20 and 21.
The number of side chain meth-
ylene units of 20 and 21 en-
hance the hydrophobic charac-
ter relative to 19.

Coumarin dyes have been ex-
tensively studied because of
their favourable photophysical
properties. They are used as flu-
orescent probes to investigate

0] the structural dynamics of DNA,

=y 4 0 for the specific labelling of nu-
N=\ OH cleic acids and mainly as nucleo-
base specific quenchers. ¥

Moreover, it is well known that
the fluorescence properties of
the coumarin derivative 4
strongly depend on the pH
value and the solvent polarity.

ChemBioChem 2008, 9, 2305 -2316
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Click Reaction for Synthesis of DNA with Branched Side Chains
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Figure 2. HPLC profiles of a) an artificial mixture of starting compounds 2, 4 and the click product 19, b) 1b, 4 and the click product 20, and c) 1a, 4 and the
click product 21 on a RP-18 (200 x 10 mm) column. The following solvent systems were used: A) MeCN, and B) (Et;NH)OAc (pH 7.0, 0.1 m)/MeCN 95:5. Gradient

0-50 min 0-50% A in B.

Different excitation maxima are found at different pH values,
due to the formation of a phenolate anion under alkaline con-
ditions.*) Whereas 3-azido-7-hydroxycoumarin is not fluores-
cent, the 1,2,3-triazole coumarin conjugate obtained from the
terminal alkynes and 3-azido-7-hydroxycoumarin is strongly flu-
orescent

The UV-visible absorption spectra of the nucleoside conju-
gates 19-21, as well as their fluorescence spectra, were mea-
sured in Tris-HCl buffer (pH 8.5) under identical conditions
(same solutions for UV and fluorescence measurements;
Figure 3). It is apparent that in the case of nucleoside-coumarin
derivatives 19, 20 and 21 a clear differentiation in the absorp-
tion bands of the nucleobases (260-290 nm) and the coumarin
dye (393nm) can be made. The maximum absorption at
393 nm corresponds to the phenolate anion species (Fig-
ure 3A). The absorption and emission efficiencies are quanti-
fied on the basis of molar extinction coefficients (¢ [cm™~ "M '];
19=15300, 20=20300, 21=24000). The N(3)-dye conjugate
19 has a lower extinction coefficient than 20, whereas the bis-
dye adduct 21 has a higher one.

ChemBioChem 2008, 9, 2305-2316
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A reversal in the signal intensities was observed in the fluo-
rescence spectra of the dye conjugates (19 >20 > 21), with the
lowest fluorescence for the bis-adduct (Figure 3B). The fluores-
cence emission maxima for the dye conjugates are found to
be identical, with a 476 nm emission when excited at 393 nm.
Apparently, the fluorescence of bis-dye conjugate 21 was
strongly quenched. This was supported by the determination
of the quantum yield in distilled water with quinine sulfate as
standard (®;=0.53)*" resulting in the following values: 19
(P¢=0.65), 20 (P;=0.32) and 21 (P;=0.23). From the number
of dye residues one should expect the opposite behaviour.
This quenching might be the result of proximal interaction of
the coumarin labels.

The conjugate 19, with a short linker and only one dye,
showed higher fluorescence than the bis-adduct 21. Here, any
potential stacking interaction might not be possible due to the
minimal length of the linker; in addition, an enlargement of
the mesomeric system by electronic coupling between the dye
and the nucleobase through the linker moiety could make a
favourable contribution. These results led us to study the influ-
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Figure 3. A) UV/Vis spectra of nucleoside dye conjugates 19-21. B) Fluorescence excitation and emission spectra of 19-21 (2x 10™° M concentration) mea-

sured in Tris-HCI buffer (pH 8.5, 0.1 m).

ence of these nucleosides on the fluorescence properties of
single-stranded and double-stranded DNA.

Dye functionalization of oligonucleotides by the azide-alkyne
click reaction and fluorescence properties of the dye conjugates:
The click reaction was performed between the single-stranded
oligonucleotide 5-d(TAG G1aC AAT ACT) (14), containing the
dU analogue with two terminal triple bonds, and 3-azido-7-hy-
droxycoumarin (4). The reaction was performed in aqueous so-
lution at room temperature in the presence of a 1:1 complex
of CuSO,TBTA [tris(benzyltriazolylmethyl)amine] and TCEP
[tris(carboxyethyl)phosphine] to furnish the strongly fluores-
cent functionalized oligonucleotide 22 (Scheme 5). The oligo-
nucleotide 5-d(TAG G2C AAT ACT) (18), containing N(3)-prop-
argyl-2’-deoxyuridine (2) at the same position, was used in a
similar way, and the click reaction was performed as described
above to generate strongly fluorescent oligonucleotide conju-
gate 23. The 5-substituted coumarin conjugate 24 has already
been reported from our laboratory." The formation of click
products was confirmed by MALDI-TOF mass spectrometry as
well as by enzymatic hydrolysis, which revealed the complete
consumption of the starting oligonucleotides.

Next, the fluorescence properties of such oligonucleotides
(22-24) containing different side chain dye moieties (19-21)
located at the same position in the oligonucleotide sequence
were studied. According to the data discussed above, the fluo-
rescence of coumarin dye conjugates is expected to be pH-de-
pendent. In order to demonstrate this, experiments were per-
formed in buffer at pH 7.0 and 8.5. As illustrated in Figure 4,
from pH 7.0 to 8.5 significant enhancements in the fluores-
cence emission were observed for all dye conjugates. The gen-
eration of a phenolate anion of coumarin dye causes the fluo-
rescence to change. Fluorescence quenching of the two-dye
conjugate 21 and a higher fluorescence for 19 were observed
at pH 8.5 when they are present in ss-DNA (Figure 4). A similar
result was observed for the free nucleoside dye conjugates.
The excitation spectrum of the ss-DNA 22 containing bis-dye
compound at pH 7.0 shows a broad peak around 350 nm,
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which corresponds to a mixed spectrum of the neutral and the
anionic dye. From these results it can be concluded that for
the second dye conjugate it is more difficult to generate a
second anionic dye species when the first dye is already depro-
tonated. An alternative explanation for the altered excitation
spectrum in 22 could be the formation of aggregates between
the coumarin moieties.

Next, the fluorescence properties of duplex DNA were inves-
tigated at pH 8.5. In the case of oligonucleotide 23, containing
N(3)-dye conjugate 19, the fluorescence was retained upon
duplex formation at an emission wavelength of 479 nm (Fig-
ure 5A). This result was to be expected, because there is no
formation of a base pair due to the blocked N(3)-position and
the dye does not recognize the base pair if it is linked to a
single chain or a double-stranded oligonucleotide. In contrast
to this, the fluorescence of duplex containing two-dye residue
21 is significantly decreased relative to the single strand (Fig-
ure 5B), as has been reported for many other cases.

The fluorescence change upon hydrolysis of single-stranded
DNA containing one dye conjugate was determined by snake
venom phosphodiesterase/alkaline phosphatase digestion. The
fluorescence emission was recorded at different time intervals.
In the case of ss-DNA containing N(3)-dye nucleoside 19 (Fig-
ure 6A), an increase in the fluorescence emission was found
after complete enzymatic digestion. The HPLC profile of the
reaction products obtained after enzymatic digest shows the
formation of a clean click digestion pattern (Figure 6B).

Click conjugation of oligonucleotides with AZT performed on
solid support: Here we demonstrated Huisgen-Sharpless-
Meldal cycloaddition on solid support with the CPG-bound oli-
gonucleotide 25 (Scheme 6) and the antivirally active AZT (3).
For this purpose the CPG-bound hexamer oligonucleotide 5’-d-
((5'-O-(Me0),Tr)GCA 1aGC) was used as a starting material. The
(MeO),Tr protecting group was preserved on the CPG-bound
oligonucleotide, and the click reaction was performed as de-
scribed above to form the crude click functionalized oligomer
26. The excess starting materials and the reagents were re-

ChemBioChem 2008, 9, 2305 -2316



www.chembiochem.org



Click Reaction for Synthesis of DNA with Branched Side Chains

HO
0O
0
N—N
W
& UN
OH
=
N/A\T/AtN / ;
0 o] N=N
Z NN Z S
HN //) HN
0~ N 0" N
(0] + 4 a) » o
5-d(T-A-G-G)-O 0—d(C-A-AT-ACT) 5-d(T-A-G-G)-O O—d(C-A-A-T-A-C-T)
14 22
nonfluorescent fluorescent
O
(e} N:N .
Cs O
[@]
N0 No |
0O + 4 L), o
A / OH
5-d(T-A-G-G)-O 0—d(C-A-AT-ACT) 5-d(T-A-G-G)-O D—d(C-A-A-T-A-C-T)
18 23
nonfluorescent fluorescent OH
N [¢]
N C
0 = (¢} N
Z 7 N
HN | HN |
oA N
o) 4 _9 o
5'-d(T-A-G-G)-O 0-d(C-A-A-T-A-C-T)-3' 5'-d(T-A-G-G)-O 0-d(C-A-A-T-AC-T)-3
16 24
nonfluorescent fluorescent

Scheme 5. Formation of oligonucleotide dye conjugates by click reactions. a) CuSO,-TBTA, TCEP, H,0/DMSO/tBuOH, RT.

moved by washing the crude matrix-bound 26 with MeOH/
H,O (1:1). Thereafter, the solid support was removed by stan-
dard deprotection conditions (25% aqueous ammonia solu-
tion, 60°C for 14 h). During this procedure the protecting
groups attached to the nucleobases were also removed. The
5’-O-dimethoxytrityl oligonucleotide was then further purified
by reversed-phase HPLC (RP-18 column). The (MeO),Tr group
was then removed from the oligonucleotide, and further purifi-
cation (see Experimental Section) yielded 27. The structure of
the ligated product was confirmed by MALDI-TOF-MS
(Table S1) and by enzymatic hydrolysis (Figure 7). The click
product moves more slowly than the starting nucleoside. The

ChemBioChem 2008, 9, 2305-2316
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advantage of a click reaction on a solid support is that one can
easily remove unwanted starting materials and reagents, which
makes the purification easy, and clean click products were
formed.

Conclusions

Double click reactions have been performed on nucleosides
and oligonucleotides containing a 5-tripropargylamine side
chain, bearing two terminal triple bonds, at the 5-position of
2'-deoxyuridine. For this, 5-tripropargylamine-2’-deoxyuridine
(1a) was prepared from the corresponding 5-iodo nucleoside
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Figure 4. Fluorescence excitation and emission spectra of A) 1.0 um single-stranded oligonucleotide 23, B) 24, and C) 22 measured at room temperature in
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d(TAG G19C AAT ACT) (23, 4 um) with snake venom phosphodiesterase followed by alkaline phosphatase in Tris-
HCI buffer (pH 8.5, 0.1 m). B) HPLC profile of the enzymatic hydrolysis products of 23 in Tris-HCI buffer (pH 8.5,

0.1 m) at 37°C. Gradient: 20 min 100% A, 20-60 min 0-30% B in A, flow rate 0.7 mLmin~' [A= (Et;NH)OAc (pH 7.0,

0.1 m)/MeCN 95:5, B=MeCN].

and tripropargylamine by the Pd-assisted Sonogashira cross-
coupling reaction. For comparison, alkynyl residues with only
one terminal triple bond in the 5-position (1b)® or at the
N(3)-position of 2’-deoxyuridine (2) were also used. The nucleo-
sides were converted into phosphoramidite building blocks,
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and oligonucleotides were pre-
pared by solid-phase synthesis.
It was found that the sterically
demanding 5-tripropargylamine
residue (1a) is well accommo-
dated in the DNA duplex and
that the 1a-dA base pair is as
stable as the dT-dA pair. Such
nucleosides and oligonucleo-
tides containing tripropargyla-
mine derivatives were further
functionalized with the non-
fluorescent azidocoumarin 4 by
Huisgen-Sharpless—Meldal click
chemistry to generate a set of
highly fluorescent bis-coumarin
conjugates. The conjugation of
oligonucleotides containing
branching elements with AZT
(3"-azido-3'-deoxythymidine) on
a solid support by click chemis-
try was also demonstrated. Of
the various bioconjugates, the
ss-DNA containing a rigid N(3)-
1,2,3-triazolyl one-dye nucleo-
side 19 was found to be more
fluorescent than those contain-
ing bis-dye adduct 21 or a dye
conjugate 20 with a flexible
linker. Apparently, the coumarin
residues of the branched two-
dye conjugate shows self-
quenching.

Our branched oligonucleo-
tides still form stable base pairs
with the “clickable” moieties

protruding into the major groove of duplex DNA. The advant-
age of this methodology is the difunctionalization of both ter-
minal triple bonds in 1a, which can be simultaneously em-
ployed in the click reaction. Even space-demanding residues
are nicely accepted because the formation of triazole units

ChemBioChem 2008, 9, 2305 -2316
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Figure 7. HPLC profile of the enzymatic hydrolysis products of oligonucleo-
tide 5-d(GCA1a**'GC) 27 obtained by digestion with snake venom phos-
phodiesterase and alkaline phosphatase in Tris-HCI buffer (pH 8.5, 0.1 m)

at 37°C. Gradient: 20 min 100% A, 20-60 min 0-30% B in A, flow rate

0.7 mLmin™" [A= (Et;NH)OAc (pH 7.0, 0.1 m)/MeCN 95:5, B=MeCN].

drives the reaction towards the difunctionalized conjugates,
resulting from the excellent Cu(l) ligand-binding properties of
tripropargylamine derivatives."® No more adducts were detect-
ed. Simultaneous incorporation of two reporter molecules is
thus achieved (proteins, carbohydrates or lipids). Furthermore,
dendrimeric side-chain units can be constructed from the
branching unit by click conjugation with azido compounds car-
rying branched triply bonded side chains.*® The water toler-
ance and the orthogonal character of this methodology allow
it to be performed either on solid support or in solution.

Experimental Section

General: All chemicals were purchased from Acros, Aldrich, Sigma
or Fluka (Sigma-Aldrich). Solvents were of laboratory grade. Thin-
layer chromatography (TLC): aluminium sheets, silica gel 60 Fs,,
0.2 mm layer (VWR International, Darmstadt, Germany). Column
flash chromatography (FC): silica gel 60 (VWR International, Darm-
stadt, Germany) at 0.4 bar; Sample collection with an UltroRac Il
fractions collector (LKB Instruments, Sweden). UV spectra: U-3200
spectrometer (Hitachi, Tokyo, Japan); A.., (¢) in nm. NMR Spectra:

ChemBioChem 2008, 9, 2305-2316
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Avance 250 or Avance 300 spectrometers (Bruker, Karlsruhe, Ger-
many), at 250.13 or 300.15 MHz for 'H and C; 6 in ppm relative to
Me,Si as internal standard or external 85% H;PO, for 3'P. J values
in Hz. Elemental analyses were performed at the Mikroanalytisches
Laboratorium Beller (G&ttingen, Germany). Electron spray ioniza-
tion (ESI) MS for the nucleosides: Bruker-Daltonics-MicroTOF spec-
trometer with loop injection (Bremen, Germany).

Fluorescence measurements: All measurements were performed
in double-distilled water at room temperature. Absorption spectra
were measured with a U-3200 UV/Vis spectrometer. In order to
avoid inner filter effects the sample was not allowed to exceed 0.1
at the excitation wavelength in standard quartz cuvettes with a
path length of 1 cm. Fluorescence spectra were recorded in the
wavelength range between 320 and 600 nm with a Fluorescence
Spectrophotometer F-2500 (Hitachi, Tokyo, Japan). For all calcula-
tions the water background was subtracted from the sample. The
fluorescence quantum yields were determined with quinine sulfate
in H,50, (0.1, fluorescence quantum yield 0.53)“? as a standard
through the following relationship [Eq. (1)]:

¢f,sample = gZsfvstandard X (Fsample/Fstandard) X (Astandard/Asample) (1)

where @, is the unknown fluorescence quantum yield of the
fluorophore, F is the integrated fluorescence intensity, and A is the
absorbance in 1 cm cuvettes, never exceeding 0.1 at and above
the excitation wavelength.

Synthesis, purification and characterization of the oligonucleo-
tides: The oligonucleotide synthesis was performed on a DNA syn-
thesizer, model ABI 392-08 (Applied Biosystems, Weiterstadt, Ger-
many) at 1 umol scale with the phosphoramidites 9 and 11 by the
synthesis protocol for 3'-(2-cyanoethyl phosphoramidites) (user’s
manual for the 392 DNA synthesizer, Applied Biosystems, Weiter-
stadt, Germany). The coupling efficiency was always higher than
95 %. After cleavage from the solid support with aqueous NH; solu-
tion (25%) for 14-16 h at 60°C (during this process the amine pro-
tecting groups of the nucleobases [adenine, cytosine with tBPA (4-
tert-butylphenoxy)acetyl protecting group and guanine with iB
(isobutyryl)] were removed. The purification of 5'-dimethoxytrityl
oligomers was carried out by reversed-phase HPLC (Merck-Hitachi-
HPLC; RP-18 column; gradient system [A=(Et;NH)OAc (pH 7.0,
0.1 M)/MeCN 95:5, B=MeCN]: 3 min 20% B in A, 12 min 20-50% B
in A and 25 min 20% B in A; flow rate 1.0 mLmin~". The purified
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“trityl-on” oligonucleotides were treated with dichloroacetic acid in
CH,Cl, (2.5%) for 5 min at 0°C to remove the 4,4'-dimethoxytrityl
residues. The detritylated oligomers were purified again by re-
versed-phase HPLC (gradient: 0-20 min 0-20% B in A; flow rate
1 mLmin™"). The purification of click-functionalized oligonucleo-
tides 22 and 23 was performed in trityl-off mode by reversed-
phase HPLC (gradient: 0-25min 0-30%B in A, flow rate
0.8 mLmin™"). The oligomers were desalted on a short column (RP-
18, silica gel) and lyophilized on a Speed-Vac evaporator to yield
colourless solids, which were frozen at —24°C.

Melting curves were measured with a Cary 100 Bio UV/Vis spectro-
photometer with a heating rate of 1°Cmin~". The enzymatic hy-
drolysis of the oligonucleotides containing 1a and 19 was per-
formed with snake venom phosphodiesterase (EC 3.1.15.1, Crotallus
adamanteus) and alkaline phosphatase (EC 3.1.3.1, Escherichia coli
from Roche Diagnostics, GmbH, Germany) in Tris-HCl buffer
(pH 8.5, 0.1 M) at 37°C, and was analysed by reversed-phase HPLC
(RP-18, at 260 nm) showing the peaks of the modified and un-
modified nucleosides (Figure 1). Quantification of the constituents
was made on the basis of the peak areas, which were divided by
the extinction coefficients (e,,) of the nucleosides: dA=15400
(H,0), dC=7300 (H,0), dG=11700 (H,0), dT=8800 (H,0), Ta=
3700 (MeOH), 19=11000 (MeOH). The molecular masses of the oli-
gonucleotides were determined by MALDI-TOF Biflex-Ill mass spec-
trometry (Bruker Saxonia, Leipzig, Germany) and with an Applied
Biosystems Voyager DE PRO instrument with 3-hydroxypicolinic
acid (3-HPA) as a matrix. The detected masses were identical with
the calculated values (Table S1). The amount of DNA was calculated
on the basis of the extinction coefficients of modified and unmodi-
fied monomers with use of an average hypochromicity of 20%.

1-(2-Deoxy-[3-p-erythro-pentofuranosyl)-5-{3-[di(prop-2-ynyl)ami-
no]prop-1-ynyl}uracil (1a): [Pd(PPh;),] (163 mg, 0.14 mmol), anhy-
drous Et;N (344 mg, 3.4 mmol) and tri(prop-2-ynyl)lamine (1.8 g,
13.7 mmol) were added successively to a suspension of 5-iodo-2'-
deoxyuridine (5, 500 mg, 1.41 mmol) and Cul (54 mg, 0.28 mmol)
in anhydrous DMF (7 mL). The mixture was stirred at room temper-
ature under argon, and the reaction was allowed to proceed until
the starting material had been consumed (TLC monitoring). The re-
action mixture was concentrated, and the residue was purified by
FC (silica gel, column 15%3 cm, CH,Cl,/MeOH 94:6) to give the
product 1a (350 mg, 69%) as a colourless, amorphous solid. TLC
(CH,Cl,/MeOH 9:1): R;=0.62. 'H NMR ([DJDMSO): 6=2.1 (m, 2H;
H-2"), 3.23 (s, 2H; 2 x C=CH), 3.40 (s, 4H; 2x CH,), 3.56 (s, 2H;
CH,), 3.63 (m, 2H; H-5), 3.78 (m, 1H; H-4'), 422 (m, 1H; H-3'), 5.11
(t, J=5.0 Hz, 1H; 5-OH), 5.25 (d, J=4.2 Hz, 1H; 3'-OH), 6.10 (t, J=
6.4 Hz, 1H; H-1), 8.2 (s, 1H; H-6), 11.63 ppm (s, 1H; N3-H); UV
(MeOH): A5 (8)=230 (12100), 291 nm (12800 mol~'dm*cm™); el-
emental analysis calcd (%) for C,gH;oN;O5 (357.13): C 60.50, H 5.36,
N 11.76; found: C 60.64, H 5.45, N 11.65.

1-(2-Deoxy-[3-p-erythro-pentofuranosyl)-3-(prop-2-yn-1-yl)uracil

(2): A solution of propargyl bromide (0.65 mL, 5.84 mmol) was
added to a solution of 2'-deoxyuridine (7, 1.0 g, 4.38 mmol) and
potassium carbonate (1.66 g, 12.0 mmol) in DMF/acetone (1:1, v/y,
22 mL), and the system was stirred at 50 °C for 3 days. The reaction
mixture was filtered and evaporated to dryness. Distilled water
(40 mL) was added to the residue, and the solution was extracted
with CH,Cl, (50 mL). The organic layer was washed with saturated
NaCl (50 mL), dried over Na,SO, and then concentrated. Purifica-
tion by FC (silica gel, column 15x3 c¢cm, CH,Cl,/MeOH 9:1) gave 2
(840 mg, 72%) as a colourless foam. TLC (CH,Cl,/MeOH 9:1): R,=
0.43. "H NMR ([Dg] DMSO): 0 =2.04-2.20 (m, 2H; H-2), 3.11 (s, TH;
C=CH), 3.56 (m, 2H; H-5), 3.80 (m, 1H; H-4), 4.23 (m, 1H; H-3'),
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4.50 (s, 2H; CH,N), 5.05 (m, 1H; 5-OH), 5.29 (d, J=3.1 Hz, 1H; 3'-
OH), 5.83 (d, /=8.1Hz, 1H; H-5), 6.18 (t, J=6.6 Hz, 1H; H-1'),
7.97 ppm (d, J=8.1Hz, 1H; H-6); UV (MeOH): A,., (¢)=263 nm
(8800 mol~'dm*cm™"); elemental analysis calcd (%) for C;,H,,N,Os
(266.09): C 54.13, H 5.30, N 10.52; found: C 54.20, H 5.26, N 10.48.

3-(2-Deoxy-f3-p-erythro-pentofuranosyl)-6-{3-[di(prop-2-ynyl)ami-
nolmethyl}-3H-furo[2,3-d]pyrimidin-2-one  (6): Cul (50 mg,
0.26 mmol) was added to a solution of compound 1a (250 mg,
0.70 mmol) in Et;N/MeOH (3:7, v/v, 30 mL), and the mixture was
heated at reflux for 12 h. The solvent was evaporated in vacuo,
and the crude product was purified by FC (silica gel, column 15 x
3 cm, CH,Cl,/MeOH 93:7) to give 6 (200 mg, 80%) as a colourless,
amorphous solid; TLC (CH,Cl,/MeOH 9:1): R;=0.55. "H NMR ([D]-
(DMSO): §=2.05 (m, 1H; H,2), 2.40 (m, TH; Hy-2), 3.25 (s, 2H;
2 x C=CH), 341 (s, 4H; 2x CH,), 3.62 (m, 2H; H-5), 3.68 (s, 2H;
CH,), 3.92 (m, 1H; H-4'), 422 (m, TH; H-3'), 5.12 (t, J/=5.20 Hz, 1H;
5-OH), 5.28 (d, J=4.28 Hz, 1H; 3'-OH), 6.16 (t, J/=6.10 Hz, 1H; H-
1), 6.64 (s, 1H; H-5); 8.76 ppm (s, 1H; H-4); UV (MeOH): 4,,,, (€)=
244 (12400), 329 nm (6400 mol'dm*cm™"); elemental analysis
caled (%) for CgH,oN;0;5 (357.13): C 60.50, H 5.36, N 11.76; found: C
60.39, H 5.44, N 11.66.

1-[5-0-(4,4’-Dimethoxytrityl)-2-deoxy-f3-p-erythro-pentofurano-
syl]-5-{3-[di(prop-2-ynyl)amino]prop-1-ynyl}-uracil (8): Compound
Ta (240 mg, 0.67 mmol) was dried by repeated co-evaporation
with anhydrous pyridine (2x5 mL) before dissolution in anhydrous
pyridine (8 mL). 4,4-Dimethoxytrityl chloride (300 mg, 0.88 mmol)
was then added to the remaining solution in three portions at
room temperature with stirring for 6 h. MeOH (2 mL) was then
added, and the mixture was stirred for another 30 min. The reac-
tion mixture was dissolved in CH,Cl, (2x50 mL) and extracted with
aqueous NaHCO; solution (5%, 100 mL) followed by H,0O (80 mL),
dried over Na,SO, and then concentrated. Purification by FC (silica
gel, column 15x3 cm, CH,Cl,/acetone 1:1) gave 8 (340 mg, 77 %)
as a colourless foam. TLC (CH,Cl,/MeOH 94:6): R;=0.52. 'H NMR
([Dg] DMSO): 6=2.2 (m, 2H; H-2'), 3.22 (s, 2H; 2 x C=CH), 3.30-3.40
(8H; H-5', 2 x CH,, CH,), 3.73 (s, 6H; 2 x OCH5), 3.91 (m, 1H; H-4'),
4.27 (m, 1H; H-3'), 534 (d, J/=3.7 Hz, 1H; 3'-OH), 6.10 (t, J=6.2 Hz,
1H; H-1), 6.86-7.41 (m, 13H; H-arom), 7.92 (s, 1H; H-6), 11.68 ppm
(s, TH; N3-H); UV (MeOH): A,.. (¢)=233 (32000), 284 nm
(12400 mol~'dm?*cm™"); elemental analysis calcd (%) for CyH;,N;0,
(659.26): C 71.00, H 5.65, N 6.37; found: C 70.94, H 5.75, N 6.40.

1-[5-0-(4,4’-Dimethoxytrityl)-2-deoxy-f§- p-erythro-pentofurano-
syl]-5-{3-[di(prop-2-yny)amino]prop-1-ynyl}-uracil 3'-(2-cyanoeth-
yl)-N,N-diisopropylphosphoramidite (9): A stirred solution of 8
(170 mg, 0.26 mmol) in anhydrous CH,Cl, (3 mL) was pre-flushed
with argon and treated with (iPr),EtN (85 pL, 0.51 mmol), followed
by 2-cyanoethyl-N,N-diisopropylphosphoramidochloridite (107 L,
0.46 mmol). After stirring for 1 h at room temperature, the solution
was diluted with CH,Cl, (30 mL) and extracted with aqueous
NaHCO; solution (5%, 20 mL). The organic layer was dried over
Na,SO, and concentrated. FC (silica gel, column 10x2 cm, CH,Cl,/
acetone 80:20) gave 9 (140 mg, 63%) as a colourless foam. TLC
(CH,Cl,/acetone  95:5): R=0.67. *PNMR (CDCly): 150.25,
149.6 ppm; elemental analysis calcd (%) for C,gHs,NsOgP (859.37): C
67.04, H 6.33, N 8.14; found: C 66.88, H 6.45, N 8.25.

1-[5-0-(4,4’-Dimethoxytrityl)-2-deoxy-f3-p-erythro-pentofurano-

syll-3-(prop-2-yn-1-yl)uracil  (10): Compound 2 (560 mg,
2.10 mmol) was dried by repeated co-evaporation with anhydrous
pyridine (2x5 mL) before dissolving in anhydrous pyridine (10 mL).
4,4'-Dimethoxytrityl chloride (900 mg, 2.66 mmol) was then added
in three portions to the remaining solution at room temperature

ChemBioChem 2008, 9, 2305 -2316
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with stirring for 5 h. MeOH (2 mL) was then added, and the reac-
tion mixture was dissolved in CH,Cl, (2x50 mL) and extracted with
aqueous NaHCO; solution (5%, 100 mL) followed by H,0 (80 mL),
dried over Na,SO,, and then concentrated. Purification by FC (silica
gel, column 15x3 cm, CH,Cl,/acetone 94:6) gave 10 (1.06 g, 89 %)
as a colourless foam. TLC (CH,Cl,/acetone 95:5): R;=0.68. '"H NMR
([Dg] DMSO): §=2.20-2.25 (m, 2H; H-2), 3.13 (s, 1H; C=CH), 3.16-
3.34 (m, 2H; H-5'), 3.73 (s, 6H; 2 x OCH;), 3.89 (m, 1H; H-4), 430
(m, TH; H-3'), 450 (s, 2H; CH,N), 537 (d, /=43 Hz, 1H; 3’-OH),
5.52 (d, J=8.1 Hz, 1H; H-5), 6.18 (t, J=6.2 Hz, 1H; H-1'), 6.87-7.39
(m, 13H; H-arom), 7.72 ppm (d, J=8.0 Hz, 1H; H-6); UV (MeOH):
Amax (€) =265 (11000), 234 nm (22000); elemental analysis calcd (%)
for C53H3,N,0, (568.22): C 69.70, H 5.67, N 4.93; found: C 69.61, H
5.70, N 4.85.

1-[5-0-(4,4’-Dimethoxytrityl)-2-deoxy-§- o-erythro-pentofurano-
syll- 3-(prop-2-yn-1-yl)uracil 3'-(2-cyanoethyl)-N,N-diisopropyl-
phosphoramidite (11): A stirred solution of 10 (500 mg,
0.88 mmol) in anhydrous CH,Cl, (8 mL) was pre-flushed with argon
and treated with (iPr),EtN (200 uL, 1.2 mmol), followed by 2-
cyanoethyl-N,N-diisopropylphosphoramidochloridite ~ (0.86 mmol,
200 pL). After stirring for 45 min at room temperature, the solution
was diluted with CH,Cl, (30 mL) and extracted with aqueous
NaHCO; solution (5%, 20 mL). The organic layer was dried over
Na,SO, and concentrated. FC (silica gel, column 10x2 cm, CH,Cl,/
acetone 9:1) gave 11 (400 mg, 59%) as a colourless foam. TLC
(CH,Cly/acetone  9:1):  R=0.77. 3P NMR (CDCl): 150.39,
149.92 ppm.

Preparation of click nucleoside 19 from 2 by Cu'-catalysed cyclo-
addition: Sodium ascorbate (freshly prepared 1m solution in
water, 570 pL, 0.56 mmol) was added to a solution of compound 2
(100 mg, 0.37 mmol) and 3-azido-7-hydroxycoumarin (4, 87 mg,
0.43 mmol) in THF/H,O/tBUOH (3:1:1, v/v, 4 mL), followed by the
addition of copper(ll) sulfate pentahydrate (7.5% in water, 465 L,
0.139 mmol). The emulsion was stirred for 18 h at room tempera-
ture, concentrated and subjected to FC (silica gel, column 10x
3cm, CH,Cl,/MeOH 9:1). From the main zone, compound 19
(140 mg, 80%) was isolated as a yellowish solid. TLC (CH,Cl,/MeOH
9:1): R=0.32. '"HNMR ([Dg] DMSO): 6=2.07-2.14 (m, 2H; H-2),
3.56 (m, 2H; H-5'), 3.79 (m, 1H; H-4), 423 (m, 1H; H-3'), 5.06-5.28
(m, 4H; 5-OH, CH,, 3'-OH), 5.82 (d, J=8.1 Hz, 1H; H-5), 6.20 (t, J=
6.6 Hz, 1H; H-1'), 6.84-6.91 (m, 2H; H-arom), 7.74 (d, J=8.6, 1H; H-
arom), 7.98 (d, J=8.1 Hz, 1H; H-6), 8.40 (s, 1H; C=CH), 8.55 (s, 1H;
H-arom), 10.89 ppm (s, 1H; OH); UV (MeOH): 4,,., (€)=257 (11 000),
346 nm  (17400); HRMS-MALDI: m/z: 49216 [M+Na]™;
C,HsNsOgNa ™ caled 492.11.

Preparation of difunctionalized nucleoside 21 from 1a by Cu'-
catalysed cycloaddition: 2,6-Lutidine (33 pL, 0.283 mmol) was
added to a mixture of compound 1a (100 mg, 0.28 mmol) and 3-
azido-7-hydroxycoumarin (4, 140 mg, 0.69 mmol) in acetonitrile
(2mL), followed by the addition of Cu(MeCN),PF; (5.3 mg,
0.014 mmol). The reaction mixture was stirred for 20 h at room
temperature, concentrated and subjected to FC (silica gel, column
10%x3 cm, CH,Cl,/MeOH 9:1). From the main zone, compound 21
(128 mg, 60%) was isolated as a yellowish solid. TLC (CH,Cl,/MeOH
9:1): R,=0.28. 'HNMR ([D;] DMSO): 6=2.13-2.17 (m, 2H; H-2),
3.50-3.61 (4H; H-5', CH,), 3.78 (m, TH; H-4), 3.93 (s, 4H; 2 x CH,),
4.24 (m, 1H, H-3), 5.14 (1H; 5-OH), 5.26 (1H; 3’-OH), 6.10 (t, J=
6.5 Hz, 1H; H-1'), 6.88-6.91 (dd, J=8.6 Hz, 4H; H-arom), 7.71-7.74
(d, J/=8.5Hz, 2H; H-arom), 8.28 (s, 1H; H-6), 8.49 (s, TH; C=CH),
8.58 (s, TH; H-arom), 10.81 (s, 2H; OH), 11.63 ppm (s, N(3)-H); UV
(MeOH): A, (8)=291 (9200), 346 nm (22000 mol~'dm*cm™);

ChemBioChem 2008, 9, 2305-2316

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

HRMS-MALDI: m/z: 786.18 [M+Na]*; calcd for Ci4H,oN,O;;Na™
786.19.

Huisgen-Sharpless-Meldal [3+2] cycloaddition performed in
aqueous solution with oligonucleotide 14 and nonfluorescent
coumarin azide 4: CuSO,TBTA ligand complex (50 pL of a 20 mm
stock solution in tBuOH/H,O 1:9), tris-(carboxyethyl)phosphine
(TCEP, 50 uL of a 20 mm stock solution in water), NaHCO; (20 mm,
30 pL), 3-azido-7-hydroxycoumarin (4, 70 pL of a 20 mm stock solu-
tion in THF) and DMSO (50 pL) were added to the single-stranded
oligonucleotide 14 (39 nmol), and the reaction was run at room
temperature for 30 h. The click product 22 was further purified by
reversed-phase HPLC in trityl-off mode. The isolated yield of the
click product 22 was greater than 55%. The molecular masses of
the oligonucleotides were determined by MALDI-TOF spectra
(Table S1).

Huisgen-Sharpless-Meldal [3+2] cycloaddition performed in
aqueous solution with oligonucleotide 18 and nonfluorescent
coumarin azide 4: CuSO,TBTA ligand complex (30 uL of a 20 mm
stock solution in tBuOH/H,O 1:9), tris-(carboxyethyl)phosphine
(TCEP, 30 uL of a 20 mm stock solution in water), NaHCO; (20 mm,
20 pL), 3-azido-7-hydroxycoumarin (4, 50 pL of a 20 mm stock solu-
tion in THF) and DMSO (30 pL) were added to the single-stranded
oligonucleotide 18 (38 nmol), and the reaction was run at room
temperature for 30 h. The click product 23 was further purified by
reversed-phase HPLC in trityl-off mode. The isolated yield of the
click product 23 was greater than 55%. The molecular masses of
the oligonucleotides were determined by MALDI-TOF spectra
(Table S1).

Huisgen-Sharpless-Meldal [3+2] cycloaddition with 25 and AZT
(3) performed on solid support: The single-stranded oligonucleo-
tide 25 attached to a solid support (30 mg, 36 umolg™' loading
500 A) bearing the (MeO),Tr-protected residue as well as the nucle-
obases adenine and cytosine with tBPA (4-tert-butylphenoxy)acetyl
protection and guanine with isobutyryl (iB) protecting groups was
suspended in an aqueous solution of H,O/DMSO/tBuUOH (3:1:1, v/y,
70 pL). To this were added CuSO,-TBTA ligand complex (40 pL of a
20 mm stock solution in tBuOH/H,O 1:9), tris-(carboxyethyl)phos-
phine (TCEP; 40 uL of a 20 mm stock solution in H,0), NaHCO,
(30 uL, 20 mm), AZT (3; 60 puL of a 20 mm stock solution in diox-
ane/H,0 1:1), DMSO (40 uL), and the reaction mixture was stirred
at room temperature for 24 h and then concentrated. The crude
modified CPG-bound 26 was washed with H,O/MeOH (1:1, w/v,
4 mL), followed by treatment with aqueous NH; solution (25 %) for
14 h at 60°C. During this procedure the oligonucleotide attached
to the solid support as well as the protecting groups of the nucleo-
bases were removed. The “trityl-on” oligonucleotide was purified
by reversed-phase HPLC (see above). The detritylated oligonucleo-
tide was further purified by reversed-phase HPLC to give 27. For
MALDI-TOF see Table S1.
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Site-Specific Chemical Modification of Proteins with a
Prelabelled Cysteine Tag Using the Artificially Split Mxe

GyrA Intein

Thomas Kurpiers and Henning D. Mootz*®

The selective modification of proteins with a synthetic probe is of
central interest for many aspects of protein chemistry. We have
recently reported a new approach in which a short cysteine-con-
taining tag (CysTag) fused to one part of a split intein is first
modified with a sulfhydryl-reactive probe. In a second step, pro-
tein trans-splicing is used to link the labelled CysTag to a target
protein that has been expressed in fusion with the complementa-
ry split intein fragment. Here, we present the generation and bio-
chemical characterisation of the artificially split Mycobacterium
xenopi GyrA intein. We show that this split intein is active with-

Introduction

The chemo- and regioselective introduction of synthetic moie-
ties into proteins is of fundamental importance in basic protein
research as well as in many medicinal and biotechnological ap-
plications. For example, appropriately placed biophysical
probes, such as fluorophores and other spectroscopic labels,
allow for the study of protein—protein interactions, protein
folding and protein dynamics. Attachment to polymers or a
solid phase can improve the properties of protein-based thera-
peutics and catalysts. Several approaches have been devel-
oped to prepare chemically modified proteins (for reviews see
refs. [1]-[4]). Each of these techniques has certain advantages
and limitations with respect to the nature and number of syn-
thetic moieties, specificity and yield of their incorporation, and
experimental complexity and cost. Another important criterion
is the invasiveness of the method; that is, minimal addition of
extra residues or auxiliary chemical moieties is desired to pre-
serve the functional integrity of the protein under investiga-
tion.

Important recent techniques for protein modification include
reprogramming of the cellular biosynthetic machinery,™ chemi-
cal ligation reactions like native chemical ligation (NCL),"” and
expressed protein ligation (EPL)® as well as the enzymatic
modification of fused proteins or peptide tags.”’ These tech-
nigues usually have high selectivity, but might require complex
experimental setups or suffer from a limited choice of synthet-
ic building blocks. In contrast, traditional bioconjugation ap-
proaches take advantage of the reactivity of functional groups,
such as amino acid side chains within proteins.>® Lysine and
cysteine are most widely used for chemical modification. Sev-
eral chemoselective reactions are known to address the amino
or thiol moiety under mild conditions. Conveniently, a large
number of useful bioconjugation reagents, for example, N-hy-
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out a renaturation step and that it provides a significant im-
provement for the CysTag protein-labelling approach in terms of
product yields and target protein tolerance. Two proteins with
multiple cysteine residues, human growth hormone and a multi-
domain nonribosomal peptide synthetase, were site-specifically
modified with high yields. Our approach combines the benefits of
the plethora of commercially available cysteine-reactive probes
with a straightforward route for their site-specific incorporation
even into complex and cysteine-rich proteins.

droxysuccinimide and maleimide or haloacetamide derivates,
have been reported over the years and are commercially avail-
able. However, a general problem for reactions on amino acid
side chains is their lack of regioselectivity. When more than
one of the targeted amino acid is present in the protein of in-
terest (POI), it is challenging or impossible to achieve a reac-
tion exclusively at the desired residue. Differences in reactivity
can stem from the electronic environment within the protein
structure or spatial accessibility. Given the unique reactivity of
the cysteine side chain, its selectivity towards certain functional
groups, and its low abundance in proteins, this residue is in
most cases the best choice for chemo- and regioselective pro-
tein modification. Although additional cysteines can be elimi-
nated by site-directed mutagenesis, this is often undesirable
and inapplicable to proteins that contain essential cysteines.
To expand the experimentally facile approach of cysteine
bioconjugation to proteins that contain multiple and essential
cysteine residues, we have recently reported a new general
technique that circumvents the regioselectivity problem by in-
corporating a protein trans-splicing step in the bioconjugation
procedure.”” Our approach involves first the bioconjugation of
a unique cysteine in a peptide sequence fused to an auxiliary
split intein (for reviews on inteins and protein splicing see
ref. [8]-[11]). In a second step, this cysteine-labelled auxiliary
protein is incubated with the POI fused to the complementary

[a] T. Kurpiers, Prof. Dr. H. D. Mootz
Technische Universitdt Dortmund, Fakultdt Chemie-Chemische Biologie
Otto-Hahn-Strasse 6, 44229 Dortmund (Germany)
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Supporting information for this article is available on the WWW under
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Figure 1. Site-specific chemical modification of proteins. The principle of the CysTag labelling approach is shown.
A prelabelled peptide sequence with a unique cysteine (CysTag) is linked to a POI through protein trans-splicing.
This reaction is catalysed by N- and C-terminal intein fragments (Int" and Int). CysTag labelling is performed prior

H. Mootz and T. Kurpiers

therapeutic human growth hor-
mone (hGH) and of a 123 kDa
multidomain nonribosomal pep-
tide synthetase. Thus, in combi-
nation with cysteine-selective la-
belling reagents, the presented
split intein provides a general
and easy-to-perform approach
for the chemo- and regioselec-
tive chemical modification of
proteins.

to the protein splicing reaction such that additional cysteines in the POI are not affected. For reasons of clarity, ad-
ditional fusions of FKBP-His, to the C terminus of Int" and of MBP to the N terminus of Int® are omitted in this il-

lustration.

split intein fragment (Figure 1). The chemically modified pep-
tide sequence is linked to the POI through a peptide bond by
protein trans-splicing. In this way, a labelled cysteine tag
(CysTag) can be regio- and chemoselectively attached to a POI.
This technique comprises some unique features: 1) native cys-
teines in the POI are not affected; 2) low concentrations of the
POI-intein fusion protein are sufficient for effective labelling
due to the affinity of the split intein pieces; 3)the protein
trans-splicing reaction is highly selective and enables specific
labelling of crude proteins in complex mixtures, such as cell ly-
sates.”’ For this approach to be successful, the split intein aux-
iliary itself must be free of cysteine residues. This is especially
noteworthy, since the best characterised split intein, the na-
tively split Ssp DnaE intein from Synechocystis spp. PCC6803,
has a catalytic cysteine in each half of the intein."? We chose
the artificially split Ssp DnaB intein,”” which contains a serine
residue at the (+1) position of the C-terminal intein fragment
(Int). This artificially split intein has the additional advantage
that the two intein fragments are spontaneously active in pro-
tein trans-splicing when mixed under native conditions,™
without the need for a renaturation step, in contrast to all
other artificially split inteins reported so far."*'* However, one
would expect the individual fragments of artificially split pro-
teins to display more unfolded regions and show a higher ten-
dency towards insolubility, which are potential disadvantages.
Even though the intein fold seems to be quite tolerant to this
kind of backbone engineering, these considerations might also
apply to artificially split inteins. In fact, when fused to more
delicate proteins of interest, the split DnaB intein described in
our first report was found to either affect the solubility of the
fusion protein or to show reduced activity in protein trans-
splicing. Therefore, we were interested in identifying a more
robust split intein for the CysTag labelling approach.

In this work, we report the generation, biochemical charac-
terisation and protein modification ability of a new artificially
split intein based on the Mycobacterium xenopi gyrase sub-
unit A (Mxe GyrA) intein. The split Mxe GyrA intein was found
to be highly active in protein trans-splicing without the re-
quirement for a renaturation step. It proved beneficial in terms
of solubility and robustness in protein trans-splicing when
fused to various proteins of interest. We report the intein-
mediated regioselective cysteine modification of the protein
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Results and Discussion

Rationale for the choice of
splitting the Mxe GyrA intein

In order to create a new artificially split intein with improved
properties we hypothesised that artificially split native mini-in-
teins should prove beneficial in terms of solubility and expres-
sion levels. Native mini-inteins are relatively rare, because most
inteins (“maxi-inteins”) contain an inserted homing endonu-
clease domain. This domain can be excised on the DNA level
to give an artificial mini-intein, as reported, for example, for
the Mtu RecA" Sce VMA!”'® and Ssp DnaB inteins." Com-
pared to a native mini-intein, exposed hydrophobic patches
and constraints from the introduced linker sequence might
arise at the former intein—endonuclease junction. We therefore
turned to the native mini-intein of the M. xenopi gyrase A (Mxe
GyrA). Here, the N- and C-terminal intein regions (Int" and IntS,
respectively) are connected by a short flexible linker region
(see Figure 2 and Figure S1 in the Supporting Information for
an illustration of the three-dimensional structure of the Mxe
GyrA intein).?” Earlier work showed that an insertion in this un-
structured flexible loop region was tolerated.”” Importantly,
the C-terminal nucleophile essential for the protein splicing
pathway is a threonine residue and thus qualifies the GyrA
intein for our cysteine-labelling approach outlined above. Fur-
thermore, a number of beneficial properties were reported for
the GyrA intein. It is part of a commercial vector used in
numerous laboratories for the tag-free purification of proteins
and preparation of protein thioesters.”? Additionally, the GyrA
intein exhibits great promiscuity towards the N-extein se-
quence, and intein fusion proteins can be refolded from inclu-
sion bodies.”

The artificially split GyrA intein is robust in protein trans-
splicing with purified proteins

To generate the two intein halves necessary for protein trans-
splicing we split the GyrA intein between residues Arg119 and
Gly120 on the DNA level (Figure 2), and thereby created a 119
amino acid (aa) N-terminal intein fragment (Int") and a 79 aa
C-terminal intein fragment (Int%). The first two adjacent resi-
dues of the natural N-terminal extein sequence (positions —1
and —2) and the three residues of the natural C-terminal
extein sequence (positions +1 to +3) were retained in our
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Figure 2. Sequence alignment of split inteins. Shown are the sequences of the herein described Mxe GyrA intein, the artificially split Ssp DnaB intein without
the endonuclease domain and the naturally occurring split Ssp DnaE intein. Conserved sequence motifs are indicated and split positions are highlighted by

arrows and boxes.

constructs. The resulting Int® is free of cysteines. The single
cysteine for protein labelling was added in a short peptide
sequence to the C-terminal extein (Ext) sequence
(T[+1]EAGSCS; CysTag). To introduce handles for affinity purifi-
cation and extein sequences to follow the splicing reaction,
the Int" and Int® halves were each fused on the DNA level to
maltose binding protein (MBP) and a hexa-histidine tag (His)
at their N and C termini, respectively. Additionally, to prevent
the larger Int" fragment from potential aggregation and mini-
mize exposure of hydrophobic regions, which might cause
misfolding, a FKBP domain was added at the C terminus. The
initial constructs thus comprised the sequences MBP-GyrA"-
FKBP-His, (1) and MBP-GyrA®-CysTag-Hiss (3; Figure 1).These
proteins were produced in Escherichia coli and purified from
the soluble fraction as described in the Experimental Section.
Protein splicing activity was analysed by mixing the comple-
mentary proteins at equimolar concentrations and monitoring
the formation of the reaction products by SDS-PAGE. Figure 3A
shows that the expected splice product band (4) and the
bands that correspond to the other excised intein fragments 6
(GyrAN-FKBP-His,, 27.2 kDa) and 7 (MBP-GyrAS, 51.9 kDa) of the
reaction were observed and increased in intensity over time.
Interestingly, an additional protein band was observed at
~100 kDa (Figure 3 A, marked with “#”"), which occurred almost
immediately after both proteins were mixed, reached a maxi-
mum after 30 min and then disappeared completely after 2 h.
Because of its transient nature, we assume that this band cor-
responds to a branched intermediate (calcd mass=96.6 kDa;
see Figure S2 for a schematic illustration of the mechanism of
protein trans-splicing and branched-intermediate formation).
This interpretation is consistent with the detection of this
band by an anti-His antibody (data not shown), the incorpora-
tion of the fluorescent signal when a fluorophore-labelled
CysTag was used in the splicing reaction (see below) and its
stability against boiling for 10 min in denaturing SDS-PAGE
loading buffer, which argued against a noncovalent complex
of the intein fragments. Furthermore, after excision of the pro-
tein band from the gel, tryptic digestion, and MALDI-TOF MS
analysis, we identified several tryptic fragments from all parts
of the two proteins 1 and 3 except for those that correspond-

ed to the GyrA" and FKBP fragments (data not shown). The
latter fragments would be present in a noncovalent complex
but not in the branched intermediate. A branched intermedi-
ate was previously detected for the Psp Pol intein from Pyro-
coccus sp. GB-D.*¥

Densitometric analysis of the splice reaction revealed that
splice product 4 was formed with a yield of up to 70% (Fig-
ure 3B). When one of the proteins was used in more than two-
fold excess, almost complete consumption of the complemen-
tary protein was observed (data not shown). The splice reac-
tion was essentially complete after 4 h. Because of the forma-
tion of the intermediate we could not fit the data to simple
first order kinetics. The temperature profile of the reaction
shows that the highest yields were obtained between 20-
30°C, while significant activity was also observed at tempera-
tures as low as 12°C (Figure 3C). Even at 4°C almost the same
high yields could be obtained when the reaction was allowed
to proceed for more than 24 h (data not shown).

A comparison to the previously reported split Ssp DnaB
intein revealed the superior properties of the GyrA intein: al-
though the splice product is formed faster in case of the DnaB
intein, the product yields reached only 40-50% (Figure 3B).
The temperature profile of both inteins is similar, but for the
GyrA intein higher yields were generally obtained (Figure 3C).
Moreover, we found that the split GyrA and DnaB inteins are
orthogonal. No product formation was observed when the
split intein constructs were incubated in either of the two het-
erologous combinations, but both pair-wise splice products
were identified when all four constructs were combined (Fig-
ure S3). These findings are particularly interesting with respect
to the overall charges of the Int" and Int® fragments. For the
natively split Ssp DnaE intein electrostatic attractions were sug-
gested to be important for fast association.”™ A similar explan-
ation could hold true for the artificially split DnaB intein. Iso-
electric points (pl) were calculated to be 9.5 and 3.8 for the
DnaB" and DnaB“ fragments, respectively, resulting in opposite
charges at pH 7. However, for the GyrA® and GyrA® intein
fragments pl values of 5.5 and 5.4 were calculated, respective-
ly; this indicates that other parameters, like local charges or hy-
drophobic interactions, must account for the initial association.
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Figure 3. Biochemical characterisation of the artificially split Mxe GyrA intein. A) Analysis of the protein trans-splicing reaction of MBP-GyrA"-FKBP-His, (protein
1) with unlabelled MBP-GyrA“-CysTag (protein 3) on a SDS-PAGE gel stained with Coomassie brilliant blue. The splice product MBP-CysTag (4) as well as the
other expected products 6 (GyrAM-FKBP-Hise) and 7 (MBP-GyrA) of the reaction are indicated. The band indicated with “#” corresponds to the assumed
branched intermediate; “*": protein contaminants B) Time-course of the formation of splice product (SP) and the branched intermediate (IM) determined by
densitometric analysis of data as presented in A). For comparison, the respective data for a protein trans-splicing reaction of the split Ssp DnaB intein are
shown."® C) Temperature dependence of the protein trans-splicing reaction of the split Mxe GyrA intein after 4 h and comparison to the split Ssp DnaB

intein.

Exploring the split Mxe GyrA intein for regioselective
cysteine bioconjugation of target proteins

We next examined the accessibility of the introduced thiol
group in the CysTag sequence of protein 3 to modification re-
agents and the compatibility of this modification with splicing
activity of the split GyrA intein. We labelled protein 3 with vari-
ous reagents and observed the expected transfer of the la-
belled CysTag to the Ext" sequence in the splicing reaction
with protein 1 (Figure 4A and B for protein 3 labelled with io-
doacteamide-fluorescein; 3-Fl). The yields of the splicing reac-
tions with modified protein 3-FI were indistinguishable from
those obtained with unmodified protein 3. In addition to the
previously reported protein modifications,”’ we also tested the
suitability of our approach for the modification of proteins
with polyethylene glycol (PEG) moieties. Protein 3 was treated
with a PEG5000 maleimide derivative with a yield of about
75% (Figure 4C). In a splicing reaction with 1, the pegylated
splice product 4-PEG was observed at a size of 50 kDa along
with an almost complete consumption of pegylated starting
material (Figure 4D).
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Preparation of labelled human growth hormone

To further evaluate the potential of the split GyrA intein for the
CysTag protein labelling methodology we focussed on the
modification of more challenging protein targets. Human
growth hormone (hGH) is a commercially interesting protein
therapeutic. It is a single chain polypeptide of 191 aa with four
cysteine residues that form two disulfide bridges, which con-
nect Cys53 and Cys165 as well as Cys182 and Cys189.26%"
These cysteines prohibit the incorporation of synthetic labels
through conventional cysteine bioconjugation, because under
the reducing conditions required for the reaction they would
be also converted into the free thiol form and chemically
modified. Our CysTag approach introduces an additional, pre-
modified cysteine and therefore circumvents this problem.
Due to the poor solubility of hGH and high expression-level
demands, the recombinant protein is usually directed into in-
clusion bodies when it is expressed in E. coli. It was therefore
not surprising that a hGH-Int" fusion protein (construct 2,
hGH-GyrAN-FKBP-His,, 50.1 kDa) was found to be insoluble
after lysis of the E. coli expression host (data not shown). An at-
tempt to refold the protein by renaturation from 8wm urea by
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Figure 4. Chemical labelling of the CysTag and transfer by protein trans-
splicing by using the artificially split Mxe GyrA intein. A) Modification of the
CysTag protein 3 with 5-iodoacetamido-fluorescein (IAF). Shown is the analy-
sis of the protein by SDS-PAGE stained with Coomassie brilliant blue (left,
Coom.) and under UV illumination (right). B) Analysis of the protein trans-
splicing reaction of protein 1 with 3-Fl is shown on the Coomassie brilliant
blue stained (left) and UV illuminated (right) SDS-PAGE gel; “*": denotes a
minor protein impurity also modified with fluorescein, that can also be seen
in A). C) Modification of the CysTag protein 3 with polyethylene glycol 5000
maleimide (PEG) is visualized on a SDS-PAGE gel. D) Analysis of the protein
trans-splicing reaction of protein 1 with 3-PEG monitored with Western blot
analysis by using an anti-His antibody. After 4 h the protein 3-PEG was com-
pletely consumed and splice product MBP-CysTag-PEG5000, 4-PEG, was
formed. A small amount of unlabelled splice product MPB-CysTag (4) was
also visible as a result of some remaining unlabelled protein 3 in the reac-

ngn,

tion mixture; “*”: minor protein impurity also recognised by the antibody.

using a simple dialysis protocol failed. We therefore added the
complementary CysTag intein fragment 3 to construct 2 in 8m
urea before dialysis and subject-
ed the entire reaction mixture to

o ) . o 2+3 | 2+3-FI
dialysis against protein splicing \Da=__ | =+ dialysis
buffer at 4°C. After the last 70 .
buffer exchange, the reaction ig;:ﬁd-—-{?ﬂ
mixture was incubated for an 40’ -H-v\?_
additional 2 h at 25°C and then
analysed by SDS-PAGE. Fig- 307 L5
ure 5A shows that the expected 25 4 e 5R1
splice product, hGH-CysTag, was 20 3
formed under these conditions Chomassia

independently of whether the
unmodified Int®~CysTag protein
3 or fluorescent protein 3-Fl was
used. Since the protein hGH-Int"
(2) was used in a twofold excess
in these reactions, the comple-
mentary protein 3 was almost
completely consumed in the re-
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action. To further verify the correct identity of the splice prod-
uct, the band assigned to the fluorophore-labelled hGH-
CysTag (5-Fl) was excised from the gel, digested with trypsin
and analysed by MALDI-TOF mass spectrometry. Figure 5B
shows the masses of trypsin digest fragments. Most predicted
fragments could be unambiguously identified, together with
the fragment that contained the splice junction and the fluo-
rescent label (peptide YTEAGSC(FI)SHHHHHH, [M+4H]" .=
2026.878 m/z, [M+H]" e =2027.017 m/z). Similar experiments
with the split DnaB intein were unsuccessful, because only
negligible amounts of splice product could be obtained
(<10%). Thus, these results demonstrate that poorly soluble
proteins that require purification under denaturing conditions
can still be submitted to our CysTag approach with the new
split GyrA intein in combination with a renaturation protocol.

Preparation of a labelled 123 kDa nonribosomal peptide
synthetase (NRPS)

We were also interested in the regioselective labelling of a
multidomain nonribosomal peptide synthetase (NRPS). These
enzymes produce a huge collection of peptidic secondary me-
tabolites with broad structural diversity and biological activity
(for example, cyclosporin and vancomycin) through a protein
template mechanism.”® NRPSs can be chemoenzymatically la-
belled on their peptidyl-carrier protein (PCP) domain by using
a suitable CoA derivative and a 4’-phosphopantetheinyl trans-
ferase.”” However, this procedure blocks the substrate binding
site on the 4’-phosphopantetheine prosthetic group (Ppant)
and therefore renders the enzyme catalytically inactive. We fo-
cused on TycA, which represents the first module of the pro-
tein assembly line for the cyclic decapeptide antibiotic tyroci-
dine ABY TycA is composed of three semi-autonomous do-
mains, which are responsible for the activation (adenylation, A-
domain) and binding (peptidyl carrier, PCP-domain) of phenyla-
lanine, and its epimerization into the p-stereoisomer (epimeri-
zation, E-domain). The enzyme is 1088 aa long (122.7 kDa) and
contains a total of five cysteines that prohibit specific, single-
B)

2 + 3-FI
2342.3

2026.9

Intens./a.u.

2262.3 2687.5

1012141618 20222426 x10miz

UV light

Figure 5. Preparation of fluorescein-labelled hGH. A) SDS-PAGE gel analysis of the reaction of hGH-GyrAN-FKBP-
Hisg (2) with complementary Int® constructs 3 or 3-FI by using Coomassie brilliant blue staining (left) or UV illumi-
nation (right). The reactions were performed by mixing 2 in buffer containing urea (8 m) with 3 or 3-Fl, and subse-
quent removal of the denaturant by dialysis. Samples taken before (—) and after (+) dialysis are indicated. B) Con-
firmation of the identity of the splice product hGH-CysTag-fluorescein (5-Fl). The splice product band marked with
5-FI was excised, digested with trypsin and analysed by MALDI-TOF mass spectrometry. All signals could be as-
signed to tryptic fragments of the expected splice product including the fragment that contained the splice junc-
tion (YTEAGSC(FI)SHHHHHH = calcd [M*]1=2027.017 m/z; obs [M*]1=2026.878 m/z). For the assignment of the
other fragments see the Experimental Section.
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site labelling with conventional cysteine bioconjugation meth-
ods. For these reasons, TycA is an ideal yet demanding target
to show the strengths of selective labelling through the
CysTag-intein approach. However, in this case the previously
reported split DnaB intein also proved to be inappropriate
since only very low splicing yields of <10% could be obtained
(data not shown).

To test the new split GyrA intein, fusion protein 8 (Fig-
ure 6A; Strep-TycA-GyrAM-FKBP, M,,=152 kDa) was generated
and purified from the soluble fraction after lysis of the E. coli
expression host. Note that 8 harbours an N-terminal strep-
tag Il sequence but no C-terminal Hiss-tag, whereas the com-
plementary CysTag-intein construct 3 only has a C-terminal
Hise-tag. As a consequence of this arrangement, only the de-
sired splice product 9 possessed both affinity tags (Figure 6 A).
This allowed the straightforward purification of labelled TycA
from the reaction mixture with two consecutive chromatogra-
phy steps. Purified 8 and fluorescein-labelled 3-FI were mixed
in an equimolar ratio at a concentration of 10 pum. Splice prod-
uct formation proceeded to >60% yield after 4 h as visualized
by SDS-PAGE (Figure 6B). Subsequently, the reaction mixture
was applied to a Ni?"-NTA and a strep-tactin matrix (Fig-
ure 6C). The splice product 9-FI could be bound and eluted

His,

H. Mootz and T. Kurpiers

(Figure 6C, lane 2) from the Ni*"-NTA column and was essen-
tially pure after binding and elution from the strep-tactin
matrix (Figure 6C, lanes 5 and 6).

Enzymatic activity of selectively labelled 9-Fl was assayed by
D-Phe-L-Pro dipeptide formation of TycA with TycB1, which
represents the next module in the tyrocidine NRPS assembly
line. In this assay condensation of p-Phe with L-Pro results in
the linear dipeptide bound at the Ppant moiety of TycB1. Due
to the high Xaa-Pro peptide bond content in the cis conforma-
tion, this peptide rapidly cyclises to give the p-Phe-L-Pro-dike-
topiperazine (dFP-DKP)." In this way, the enzyme is regener-
ated for the next elongation cycle. Module TycB1, which con-
sists of a condensation, an adenylation, and a PCP domain, as
well as a TycA control for comparison were expressed and pu-
rified as described elsewhere.®? Post-translational modification
of the apo-enzyme with the prosthetic group Ppant is required
for enzymatic activity. Thus, holo-enzymes of TycA, TycB1 and
fluorescein-labelled TycA (9-Fl) were produced by incubation
of the apo-enzymes with coenzyme A and phosphopantethein-
yl transferase Sfp for 1 h at 37°C. In the dFP-DKP formation
assays, holo-TycB1 was incubated either with fluorescein-la-
belled holo-TycA (holo-9-Fl) or with a recombinantly produced
positive control holo-TycA and with the substrates L-Phe, L-Pro

protein

trans-splicing

B) C)
Ni-NTA Strep
Oh 4h 0Oh 4h 1 2|3 4 5 @
kDa KDa s
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854 ] 182_ 9-Fl
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Figure 6. Preparation of a fluorescein-labelled multidomain NRPS. A) Schematic presentation of the reaction to generate labelled TycA, depicting the double-
tag purification strategy. TycA consists of a phenylalanine-specific adenylation domain (A), a peptidyl-carrier protein (PCP) and an epimerisation domain (E).
B) Analysis of the protein trans-splicing reaction between TycA-GyrA“-FKBP (8) and complementary GyrA® protein 3-FI on a Coomassie brilliant blue stained
(left) or UV illuminated (right) SDS-PAGE gel. The splice product TycA-CysTag-fluorescein (9-Fl) was formed in high yields. C) Purification of 9-FI from the re-
action mixture by two consecutive steps by using Ni**-NTA and a strep-tactin affinity matrix to give essentially pure protein (lanes 5 and 6). Lane 1: flow-
through of the Ni**-NTA column; lane 2: elution fraction of the Ni**-NTA column; lanes 3 and 4: flow-through and washing fractions of the strep-tactin col-
umn; lanes 5 and 6: fractions eluted from the strep-tactin column with desthiobiotin. The fraction shown in lane 6 was used for the enzyme assay described

in Figure 7.
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and ATP. Figure 7 shows the HPLC analysis of the reaction mix-
tures. A peak at 18.7 min corresponded to the dFP-DKP prod-
uct, as confirmed by mass spectrometry ([M+H]* ., =245;

o]
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Figure 7. Enzymatic assay for the TycA-NRPS. Fluorescein-labelled apo-TycA
(9-Fl) was converted into the holo form by incubation with Sfp and coenzy-
me A (data not shown). Upon incubation of holo-9-Fl with holo-TycB1 in the
presence of substrates L-Phe, L-Pro and ATP, the cyclic dipeptide p-Phe-Pro-
diketopiperazine (DKP) was formed. The product was detected by reversed
phase HPLC at a retention time of 18.7 min (see trace 3). The product identi-
ty was further confirmed by MALDI-MS (not shown). A control reaction with
recombinant control protein holo-TycA was performed under identical con-
ditions (trace 2). For a negative control ATP was omitted (trace 1).

[M+H]* ,.a=245; data not shown). Indeed, integration of the
product peaks from the two reactions revealed that the
amount of product formed was indistinguishable, regardless of
whether labelled enzyme obtained from the split-intein CysTag
approach or recombinant control protein was used. In negative
control reactions, in which either ATP or one of the amino
acids or enzymes were omitted, dFP-DKP formation was not
detected. These results demonstrate that the labelled TycA
protein (9-Fl) was completely intact and enzymatically active.
Fusion of the split intein fragment and the subsequent protein
splicing reaction to append the prelabelled CysTag peptide se-
quence is thus an efficient and suitable approach for the selec-
tive chemical modification of large and complex proteins.

Conclusions

There is great demand for technologies that allow the selective
incorporation of synthetic moieties into proteins. Some of the
very powerful existing approaches, like chemical ligation and
the tRNA suppressor strategies, are experimentally demanding
and therefore difficult to perform in nonspecialised laborato-
ries. Also, most of the required reagents have to be synthes-
ised individually because they are not commercially available.
In contrast, a huge portfolio of reagents with useful labels is
commercially available for traditional amino acid side chain
conjugation. To expand the scope of potential applications of
these reagents we have recently developed a strategy in which
a premodified cysteine-containing peptide sequence (the Cys-
Taqg) is appended to a POl by protein trans-splicing (Figure 1).
This allows the site-selective modification of a protein that
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contains multiple cysteine residues by using straightforward
biochemical methodology.

In this work, we have shown that the split Mxe GyrA intein
is a superior tool for protein trans-splicing and is compatible
with the CysTag approach. We report for the first time an artifi-
cially split version of this intein that is highly active without
the need for a denaturation step. Both the protein therapeutic
hGH, which is difficult to express and insoluble, and a 123 kDa
multifunctional NRPS were successfully labelled with high
yields. The split GyrA intein will also be useful for the segmen-
tal isotopic labelling of proteins® and for further investigation
of the mechanism of protein splicing. Particularly interesting is
the rapid accumulation of the branched intermediate; this indi-
cates that asparagine cyclisation is the rate-determining step
in this case.

It is noteworthy that the fusion intein fragments excise
themselves during the protein trans-splicing reaction. Thus,
the sequence ultimately added to the POl is only a short pep-
tide tag. Such a minimal extension can be advantageous for
the positioning of chemical cross-linkers or fluorophores for
inter- and intramolecular FRET studies. These potential applica-
tions can hardly be realised with the same level of spatial con-
trol with alternative techniques, such as alkyl guanine transfer-
ase (AGT), acyl- or peptidyl-carrier protein (ACP/PCP), that are
geared to the labelling of a larger fusion protein. Furthermore,
using our described CysTag approach, it is also conceivable
that the cysteine-containing peptide sequence represents a
larger part of the POL. If this is the case, the label can be intro-
duced at an internal position (S. Brenzel, H.M., unpublished re-
sults). Finally, the approach might also be extended to other
amino acid side chains or peptide motifs.

We believe that the herein described CysTag approach for
selective protein labelling technology will be a powerful and
easy to perform methodology to incorporate diverse synthetic
moieties into a wide array of proteins.

Experimental Section

General: 5-lodoacetamido-fluorescein (IAF) was purchased from
Molecular Probes and polyethylene glycol 5000 maleimide (PEG)
was from IRIS biotechnology. Ampicillin was used at a concentra-
tion of 100 pgmL". Standard protocols were applied for DNA clon-
ing. PCR was performed with Phusion polymerase (Finnzymes). Oli-
gonucleotides were purchased from Operon (Cologne, Germany).
All plasmids were verified by DNA sequencing. Standard chemicals
were from Sigma-Aldrich (Munich, Germany), Roth (Karlsruhe, Ger-
many) or AppliChem (Darmstadt, Germany).

Plasmid construction

Plasmids pAl13, pTK118, pTK120 and pTK130 for the expression of
proteins 1, 2, 3 and 8, respectively, were prepared as follows.

pAl13: The GyrAN encoding fragment was amplified with PCR by
using plasmid pTXB1 (NEB) as a template and oligonucleotides 5'-
ATA GAA TTC CGC TAC TGC ATC ACG GGA GAT GCA CTA GTT GCC-
3" and 5-ATA TCT AGA GCG GGC AAA ACC TGC ACA GTC GAC GC-
3’ (restriction sites underlined) and ligated into pSB13."¥

pTK120: The GyrA® coding region was amplified with PCR by using
the same pTXB1 template vector DNA and oligonucleotides 5'-ATA
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ACT AGT GGA AAA CCC GAA TTT GCG CCC-3' and 5-TTT GGA TCC
GGC TTC AGT ATT GTG GCT GAC GAA CCC-3' and ligated into
pSB13. The DnaB"-FKBP coding region was replaced by the coding
region for FRB from plasmid pSB15, which could subsequently be
deleted by using restriction enzymes Xbal and Spel followed by re-
ligation. The cysteine was introduced by site-directed mutagenesis
with oligonucleotides 5-CAA TAC TGA AGC CGG ATC CTG CGG
TCA TCA CCA TCA CCA TCA C-3' and the reverse complement. Se-
quencing revealed an additional point mutation, which led to the
final Cys-tag with the amino acid sequence TEAGSCSHHHHHH.

pTK118: The DNA fragment encoding hGH was amplified from the
cDNA by using oligonucleotides 5-ATA CCA TGG GAT TCC CAA
CCA TTC CCT TAA GC-3" and 5-ATA GAA TTC GAA GCC ACA GCT
GCC CTC CAC-3' and ligated into pAl13.

pTK130: TycA was PCR amplified from chromosomal DNA of Bacil-
lus brevis ATCC8185 with oligonucleotides 5-AAT GCT AGC ATG
TTA GCA AAT CAG GCC-3' and 5-TTA GAA TTC GCG CAG TGT ATT
TGC AAG-3' and placed—by using restriction enzymes Nhel and
EcoRl—in a plasmid that encoded the N-terminal strep-tag Il se-
quence. The strep-tag lI-TycA encoding region was excised with
restriction enzymes Ncol and EcoRl, and ligated into pAl13 to give
pTK117. The Hiss-tag was deleted by site-directed mutagenesis of
pTK117 by the QuikChange protocol (Stratagene) and by using oli-
gonucleotide 5-CTA GTT ATG GAT CCA GAT AAC TAG TCA CCATCA
CCA TCA C-3' and the reverse complement.

Protein expression and purification: E. coli BL21 cells were trans-
formed with the respective expression plasmids and grown in LB
medium containing ampicillin at 37°C to an ODg, of 0.7. At this
point the temperature was lowered to 30°C or 25°C and expres-
sion was induced by the addition of isopropyl-p-thiogalactopyra-
noside (IPTG) to a final concentration of 0.4 mm. After 3-5 h the
cells were harvested by centrifugation, resuspended in Ni*"-NTA
loading buffer (50 mm Tris/HCI, pH 8.0, 300 mm NaCl, 1 mm EDTA)
for proteins 1, 2 and 3 or strep-tag loading buffer (100 mm Tris/
HCl, pH 8.0, 150 mm NaCl, 1 mm EDTA) for protein 8 and frozen at
—80°C. For protein purification the cell suspension was thawed on
ice and lysed by two passages through an emulsifier (Avestin
EmulsiFlex C5). Insoluble material was separated from the soluble
supernatant by centrifugation at 30000g for 30 min. For proteins 1
and 3 the soluble fractions were applied to a Ni*"-NTA affinity
column and purified as described previously.” Protein 8 was
loaded on a strep-tactin column. After being washed with loading
buffer, 8 was eluted with strep-buffer containing desthiobiotin
(2.5 mm). Protein 2 was purified from the insoluble fraction of the
E. coli lysate under denaturing conditions by solubilization in buffer
containing urea (8 m) and subsequent Ni**-NTA-chromatography.
Protein concentrations were determined by using the calculated
molecular extinction coefficient at 280 nm.

CysTag labelling and protein trans-splicing: Int® constructs la-
belled at the CysTag were prepared as previously described.”!
Shortly, the single cysteine in purified protein 3 (MBP-GyrA®-
CysTag-His,, 53.3 kDa) was reduced with DTT prior to the modifica-
tion reaction. After being quenched with excess DTT, labelled pro-
tein could be used for subsequent splicing reactions. Proteins con-
taining the complementary intein fragments were mixed in equi-
molar concentrations (4 um each) in splice buffer (50 mm Tris,
300 mm NaCl, 1 mm EDTA, 2 mm DTT, pH 7.0) when not stated oth-
erwise. At indicated time points samples were taken, mixed with
4x SDS-PAGE loading buffer to quench the reaction and boiled
before being applied to a gel. For quantitative analysis, gels were
stained with Coomassie brillant blue and relative intensities of pro-
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tein bands were densitometrically determined by using the pro-
gram “Scion Image” (http://www.scioncorp.com). Measurements at
different temperatures were performed by mixing the Int" con-
struct with DTT and splice buffer, and preincubating this mixture at
the respective temperature for 5 min prior to starting the splicing
reaction by adding the complementary Int® construct. The reac-
tions were allowed to proceed for 4 h before being quenched and
analysed. Time- and temperature-dependent measurements were
performed in duplicate.

Construct 2 (in buffer containing 8 M urea) was mixed in a twofold
excess with labelled or unlabelled protein 3 (in buffer without
urea) in a final volume of 200 pL; this resulted in a final concentra-
tion of ~6 M urea. DTT was added to a final concentration of 2 mm
and the reaction mixture was transferred into a dialysis tube (mo-
lecular weight cut-off of 3.5 kDa). Next, the reaction was dialysed
at 4°C against splice buffer (50 mm Tris/HCl, pH 7.0, 300 mm Nadl,
2 mm DTT, 1 mm EDTA), overnight, and two more times for 30 min,
followed by a final dialysis step for 30 min at room temperature.
The reaction mixture was then incubated for an additional 2 h at
25°C before being analysed on a SDS-PAGE gel. The fluorescent
band of splice product 5-FlI was excised, digested with trypsin and
analysed by MALDI-TOF mass spectrometry. The resulting spectrum
is shown in Figure 5B. Assigned fragments are as follows: obs:
2687.466 = YSFLONPQTSLC(PAM)FSESIPTPSNR  (hGHy¢s  calcd:
2687.277); obs: 2342.297 =LHQLAFDTYQEFEEAYIPK (hGH,, 4
calcd: 2342.134); obs: 2262.276 =SVFANSLVYGASDSNVYDLLK
(hGHyy_1,,, calcd: 2262.1288); obs: 2026.878=YTEAGSC(FI)SHH-
HHHH (splice junction with fluorescein modification, calcd:
2027,017); obs: 1489.779 =FDTNSHNDDALLK (hGH,5 1¢0, calcd:
1489.692); obs: 1361.794=DLEEGIQTLMGR (hGHy;5 100 calcd:
1361.673); obs: 979.583 =LFDNAMLR (hGH,,_,5, calcd: 979.503);
PAM: acrylamide adduct, FI: fluorescein-modified.

Labelled TycA (9-Fl) was prepared by mixing equimolar amounts
(final concentration 4 pm for each protein) of proteins 8 and 3-Fl
in a total volume of 1 mL splice buffer. The reaction mixture was
incubated at 25°C for 12h and then applied to a Ni*"-NTA-
column. Unreacted protein 9 was found in the flow-through,
because it was the only protein without a Hisg-tag in the reaction
mixture. After three washing steps with Ni**-NTA buffer containing
5mmMm, 20mm and 40 mm imidazole, proteins were eluted with
buffer containing 250 mm imidazole. Elution fractions were pooled
and dialysed three times against strep-tag buffer (100 mm Tris/HCl,
pH 8.0, 150 mm NaCl, 1 mm EDTA) before being loaded on a strep-
tactin column. After being washed with 10 column volumes of
loading buffer and all other proteins were removed, 9-FI was
eluted with strep-tag buffer containing desthiobiotin, and sub-
sequently dialysed against assay buffer (50 mm HEPES, pH 8.0,
100 mm NaCl, 1 mm EDTA, 2 mm DTT, 10 mm MgCl,).

Enzymatic assay for TycA: Apo proteins 9-Fl, TycB1-Hiss and the
TycA-His, control (1 um each) were converted into their holo form
by incubation with coenzyme A (100 um) and recombinant Sfp
(25 nm) for 1 h at 37°C. For dFP-DKP formation holo-9-FI was incu-
bated with holo-TycB1 (500 nm for each protein) in the presence of
100 um L-Phe and 100 um L-Pro at 37°C for 2 h in a final volume of
200 pL. The reaction was started by adding ATP to a final concen-
tration of 2 mm. For the TycA-Hisg; control the same conditions
were applied. Negative controls were performed by omitting either
ATP, an amino acid or an enzyme. Each reaction mixture was then
quenched by the addition of methanol (1 mL), precipitated pro-
teins were separated by centrifugation (16000g, 15 min) and
supernatants were transferred to a fresh tube. The solvent was
removed under vacuum, the residue was dissolved in methanol

ChemBioChem 2008, 9, 2317 -2325
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(100 uL, 30%, v/v) and used for HPLC analysis. Separation of the
reaction products was achieved by using a EC 150/4.6 Nucleodur
C18 column by applying an isocratic method at a flow rate of
0.6 mLmin~" with 30% buffer B (0.045% formic acid/methanol, v/v;
buffer A: 0.05% formic acid/water, v/v) as previously described.®¥!
The products were identified by detection at 210 nm, collected,
and used for a MALDI-TOF analysis.

Abbreviations

CysTag: cysteine tag, dFP-DKP: bp-Phe-L-Pro-diketopiperazine,
DnaB“/DnaB": C- and N-terminal fragment of the split Ssp DnaB
intein, Ext/Ext": C- and N-extein, FKBP: FK506 binding protein, Fl:
fluorescein label, GyrA%/GyrA: C- and N-terminal fragment of the
split Mxe GyrA intein, hGH: human growth hormone, Hisy: hexahis-
tidine tag, IntInt": C- and N-terminal split intein fragment, MBP:
maltose binding protein, NRPS: nonribosomal peptide synthetase,
PEG: poly(ethylene glycol) (and -maleimide label), POI: protein of
interest, Ppant: 4'-phosphopantetheine, Strep: strep-tag ll, TycA:
tyrocidine synthetase A.
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Synthesis and Biological Characterisation of Targeted

Pro-Apoptotic Peptide

Stéphanie Foillard,” Zhao-hui Jin,” Elisabeth Garanger,”” Didier Boturyn,*"
Marie-Christine Favrot,” Jean-Luc Coll,” and Pascal Dumy*®

We report herein the synthesis and in vitro assay of new, multi-
meric RGD-peptide conjugates for cell-targeted drug delivery. We
generated a peptide scaffold comprising two functional domains,
one a tumour blood vessel “homing” motif and the other a pro-
grammed cell-death-inducing peptide sequence. RGD peptides
were selected to direct the molecular conjugate to a,f3; integrin-
containing tumour cells. The pro-apoptotic (Lys-Leu-Ala-Lys-Leu-
Ala-Lys), peptide was found to be nontoxic outside cells, but

Introduction

Conventional chemotherapy causes serious side effects in pa-
tients due to its toxicity to normal cells and noncancerous tis-
sues. The selective delivery of bioactive molecules to the site
of disease might be one avenue toward better treatment.”
However, this strategy relies on pathologic markers that are ac-
cessible from the bloodstream. The discovery of targeted mol-
ecules (ligands, monoclonal antibodies) could offer an oppor-
tunity to concentrate the drug of interest close to or inside the
tumour cells. In this context, most researchers are focusing on
targeting the a,f3; integrin receptor. This protein plays a key
role in cancer, especially in tumour angiogenesis and metasta-
sis, and in regulating intracellular signalling, cell migration, cell
proliferation and cell survival’® The o,f; integrin receptor
binds to extracellular-matrix proteins such as vitronectin and fi-
bronectin through recognition of the ubiquitous triad se-
quence Arg-Gly-Asp (RGD). This peptide sequence has served
as the basis for the development of potent and selective integ-
rin peptide ligands. In the last decade, rational screening of
RGD-containing peptides has led to the discovery of the highly
active peptide cyclo[-Arg-Gly-Asp-p-Phe-Val-] by Kessler and
co-workers.®# This peptide displays high affinity (2 nmolL™")
for the a,f3; integrin receptor of vitronectin and low affinity
(>2000 nmolL™") for the a,,B; integrin receptor (present on
platelets) of fibronectin.”’ It is worth noting that the N-alkylat-
ed analogue cyclo[-Arg-Gly-Asp-b-Phe-(N-Me)Val-] (Cilengitide)
is currently being investigated in phase Il clinical trials as an in-
hibitor of angiogenesis.” Furthermore, it is well known that ex-
changing valine for lysine in the cognate cyclopentapeptide
has no significant influence on biological activity.” Therefore,
modification of the lysine side chain has led to the synthesis of
numerous RGD-containing conjugates for tumour therapy”
and imaging.”! Besides allowing for the conjugation of bioac-
tive molecules, the use of a multivalent ligand results in high
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toxic when internalized into targeted cells as it disrupted the mi-
tochondrial membrane. The synthesis of these targeted pro-apop-
totic conjugates was carried out by assembling three different
units (that is, scaffold, RGD units and pro-apoptotic peptide)
through chemoselective ligations. We show that one compound
displays significant biological effect in a,f3; integrin-containing
tumour cells.

specificity and has become a rule for the design of RGD conju-
gate compounds.”

Following this concept, we previously designed a tetrameric
RGD peptide with desirable biological properties."®" These
compounds are based on a cyclic decapeptide scaffold con-
taining two independent functional domains: a clustered
ligand domain for cell targeting and an effector domain for de-
tection and/or therapy in a spatially controlled manner. The re-
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gioselectivity of this sytem is easily tunable, and is dependent
upon the protecting groups chosen for the Pro-Gly se-
quence. Extensive studies with scaffolds containing one to
16 RGD peptide ligands have highlighted the utility of clus-
tered ligands." For instance, after modification of the effector
domain with near-infrared fluorochromes, peptide scaffolds
containing four RGD ligands are very efficient in specifically tar-
geting tumour neovasculature as well as a,[f;-expressing
metastases in murine animal models."™ Cellular uptake was
shown to occur in vitro through integrin-receptor-mediated
endocytosis by early endosomes.""" These results emphasize
the interest of using our sophisticated molecules as vectors for
a targeted drug delivery.

We then focused on the synthesis of monomeric and tetra-
meric RGD-containing drug conjugates and their biological
evaluation in of3; integrin-expressing cells. To this end, we en-
visioned using a programmed cell death-inducing peptide
such as (Lys-Leu-Ala-Lys-Leu-Ala-Lys), (KLA) as a scaffold." This
molecule has been shown to be nontoxic outside of cells, but
is toxic when internalized by targeted cells, as it disrupts the
mitochondrial membrane."® Synthesis of these bifunctional
conjugates involves the chemoselective ligation of RGD ligands
and KLA peptides to the upper and the lower faces of the scaf-
fold, respectively (Scheme 1). With these molecules in hand,
we concentrated our work on assessing activity and validating
the potency of the clustered compounds.

Results and Discussion

Design and synthesis of bifunctional conjugates

Based on previous results,"®" we reasoned that a tetrameric

RGD-containing template would be suitable for specific target-
ing and selective delivery of bioactive compounds. In this con-
text, several compounds (1-8) were designed (Scheme 1): cy-
clodecapeptides 1-4 and 7-8 were decorated with either
cyclo[-Arg-Gly-Asp-p-Phe-Lys-], an o,f; integrin ligand, or
cyclo[-Arg-BAla-Asp-D-Phe-Lys-], a nonsense peptide. The intro-
duction of an additional methylene group (B-alanine substitu-
tion for glycine) inhibits the adhesion of this peptide to o,f3;
integrin.'” To evaluate the advantages of our multivalent
ligand architecture over monomeric RGD-containing peptides
for drug delivery, we prepared monomers 5 and 6 in parallel.

A modular synthesis was adopted to construct the bifunc-
tional molecules (Scheme 1). We chose chemoselective reac-
tions to ligate different moieties on the peptide scaffold.
Stable oximes were utilized to connect the aldehyde-bearing
“homing” RGD motif to the scaffold displaying four aminooxy-
acetyl residues (Aoa). Oxime formation is highly efficient, com-
patible with a wide variety of chemical functions and occurs
between unprotected fragments without the need for cou-
pling reagents and with minimal chemical manipulation.'
Moreover, the oxime linkage is stable in vitro and in vivo and
does not trigger any immune response.” At the bottom face
of the peptide scaffold, a cleavable disulfide bridge was used
to carry the pro-apoptotic KLA peptide inside the targeted cell.
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X=D  ¥-D XD, Rt Rt XD,
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- ~y !
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Scheme 1. Modular synthesis of conjugates 1-6. a) Pd(PPh;),, PhSiH;, CH,Cl,, 30 min; Boc-Cys(NPys)OH, PyBOP, DIPEA, DMF, 30 min; b) 70% TFA, CH,CN, H,0,

12 or 13, 30 min; ¢) 16 or 17, PBS pH 4.8/DMF (1:3), 5 min; d) 90% TFA, 2.5%
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It is well known that disulfide bridges are reduced enzymatical-
ly by thioredoxines in the cytosol and in late endocytic com-
partments.”™ Thus, they have been used to improve the effi-
ciency of targeted drug delivery.?" To avoid degradation of the
pro-apoptotic peptide by proteases inside cells, we used KLA
peptide 17, which is amide protected at the C terminus. KLA
peptide 16, which contains an C terminus carboxylic acid, was
used as a negative control.

All peptides were prepared through a combination of solid-
and solution-phase syntheses, according to methods already
developed in our group.'®?>%! The convenient choice of lysine
side-chain modifications and their relative positioning within
the peptide primary sequence provide cyclodecapeptide 10,
which contains adequate protected attachment sites pointing
to opposite faces of the template backbone. As illustrated in
Scheme 1, four lysines bearing protected aminooxy functionali-
ty and one N*-Alloc protected lysine were appended to the
upper and lower face of the scaffold backbone sequence, re-
spectively. In order to introduce the protected aminooxy
groups during solid-phase peptide synthesis (SPPS), we have
recently developed building block 9 through protection of the
aminooxy functionality with the 1-ethoxyethylidene group
(Eei).”™ The use of the Eei group avoids side reactions such as
overacylation at the amino site of the monoprotected amino-
oxy function, which is observed with classical Boc-protected
aminooxy moieties under SPPS coupling conditions. We have
shown that Eei is stable under standard SPPS conditions and
can be removed by using a dilute solution of TFA.”Y Placement
of glycine at the C-terminal end of the linear decapeptide H-
Lys(Eei-Aoa)-Lys(Alloc)-Lys-(Eei-Aoa)-Pro-Gly-Lys(Eei-Aoa)-Ala-
Lys(Eei-Aoa)-Pro-Gly-OH was necessary to prevent epimeriza-
tion during the subsequent head-to-tail cyclization steps. This
reaction was performed in DMF under high dilution with ben-
zotriazol-1-yl-oxytripyrrolidino-
phosphonium hexafluorophos-

D. Boturyn, P. Dumy et al.

[-alanine analogue were cyclized under high dilution, followed
by TFA deprotection and sodium periodate oxidation as previ-
ously described.”*

To append targeting elements to scaffold 11, we performed
amniooxy deprotection and chemoselective ligation of pep-
tides 12 or 13 in one pot since oxime formation occurs by an
acid-catalyzed mechanistic pathway.”®’ Aminooxy groups are
highly reactive towards carbonyl-containing compounds such
as volatile aldehydes or ketones,”” and we preferred to trap
these groups during their deprotection. Consequently, a slight
excess of aldehydic compound 12 (2 equiv per aminooxy
group) was added to an acidic solution containing scaffold 11.
The reaction was complete after 20 min at room temperature.
RP-HPLC purification furnished the RGD-containing intermedi-
ate 14 with satisfactory yield (60% overall yield from com-
pound 10). The same procedure was applied to obtain the
control scaffold 15. Key intermediates 14 and 15 were charac-
terized by ES-MS, and the observed molecular weights were in
excellent agreement with the calculated values. It must be
noted that these intermediates can be utilized to carry a broad
panel of thiol-containing biologically relevant molecules.

To introduce a disulfide bridge and prevent undesired ho-
modimerization, we chose to use 3-nitro-2-pyridinesulfenyl
(Npys)-activated/protected cysteine.”® This group is stable
over a wide pH range, and the reaction can be monitored
spectrophotometrically through titration of the released 3-
nitro-2-pyridinethiol.”” To tether homodisulfide compounds,
disulfide bridges were formed under mildly acidic conditions
under argon for 5 min. Reactions were carefully monitored by
HPLC (Figure 1A), and products 1-4 were directly recovered
after RP-HPLC purification in good yields (~80%). All conju-
gates were characterized by ES-MS, and deconvoluted masses
were in good agreement with calculated masses (Figure 2B).

phate (PyBOP) to give cyclo- A) A
decapeptide 10, as reported 201
earlier."”

Removal of the Alloc group 151
was carried out by using a well- 1.01 5
established Pd%PhSiH; proce-

251 ; ; 0.5 1 14
dure.”” Consecutive coupling of - 17
Boc-Cys(NPys) with PyBOP af- 0.0~
forded the key intermediate cy- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
clodecapeptide 11 in quantita- t/min
tive yield. Since Eei is not stable B) AU
- iti x10°" [ar+81%"
under  RP-HPLC  conditions 5
- [A+9]7" 7158 AT 7+
(0.1% TFA), the crude product 6363 Eﬂ? 9]
was used for the subsequent O‘Sj ’
step. By using a similar synthe- i —_—
sis scheme, integrin ligand 12 0.4+ - [ar+10)""* ['954'1} =
and nonsense peptide 13, both - (M1 5208572'8 L ﬂi:s:],
bearing a glyoxylyl aldehyde 0.0- ssalks ; .L . T 2 b :
group on the lysine side chain, 200 400 600 800 1000 1200 1400
miz

were prepared. Linear peptide
H-Asp(tBu)-p-Phe-Lys[Boc-Ser-
(tBu)]-Arg(Pmc)-Gly-OH and its

fied compound 3.
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Figure 1. A) RP-HPLC profile of the reaction mixture containing compound 3 after 1 min. B) ES-MS analysis of puri-
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Control monomers 5 and 6 were synthesized using a similar
method.”®  Cyclo[-Arg(Pmc)-Gly-Asp(tBu)-p-Phe-Lys[Boc-Cys-
(NPys)]-] (18) was first incubated under acidic conditions, and
then the deprotected cyclopentapeptide was added to the
thiol-containing peptides 16 or 17. Products 5 and 6 were ob-
tained after RP-HPLC purification. Control compounds 7, 8 and
cyclopentapeptide cyclo[-Arg-Gly-Asp-b-Phe-Lys-] 19, which
lack KLA motifs, were prepared as previously described."

Biological evaluation of RGD-peptide conjugates

The use of a tetravalent RGD-containing molecule capitalizes
on the fact that multimeric ligand presentation improves
ligand-receptor interactions."® Previous biological studies
have shown that multivalent RGD compounds are clearly inter-
nalized in ayf; integrin-expressing cells"®” and were consistent
with an integrin receptor-mediated endocytosis pathway."" To
date, fluorescent compounds have been easily exploited to
target different cells or tissues and successfully applied to the
noninvasive optical imaging of metastasis and tumours in
mice.™ Therefore, we took advantage of our KLA conjugates
as a scaffold for drug delivery.

All compounds were examined for cytotoxicity towards the
ayP; integrin-expressing murine mammary adenocarcinoma
cell line (Ts/Apc). Ts/Apc cells were grown for one week in cul-
ture plates and maintained at an appropriate temperature and
gas mixture (37°C, 5% CO,) in a cell incubator. As expected,
conjugates 2 and 8 containing the RBAD nonsense sequence
do not induce cell death. Surprisingly, conjugate 4 triggers
around 50% cell death as compared to the control PBS-treated
cells (Figure 2). We hypothesize that longer exposure time (one
week) of cells to compounds results in minor internalization of
peptides through an integrin-independent fluid-phase uptake
process (pinocytosis). Monomer RGD ligands 5, 6 and 19 were
found to be less potent than their multivalent analogues, com-
pounds 1, 3 and 7, respectively, at a concentration of 5 pm;
this emphasizes the beneficial effect that the RGD ligand clus-
ter has on the scaffold. In particular, in contrast to treatment
with 3, which was lethal, after incubation with monomer 6,

Surviving
Fraction
1.0 -
0.8 -
0.6
0.4 1

0.2

0.0

1956 713

1956
(20 1)

& without (KLAKLAK) B(KLAKLAK):COOH #(KLAKLAK);NH,

Figure 2. Evaluation of Ts/Apc colony survival by using 5 um of conjugates
(except when specified); control bar represents surviving fractions from
culture plates incubated without addition of conjugate.
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more than 30% of cells were still alive. It was necessary to in-
crease the concentration of 6 to 20 um to get a similar result
to that observed with 5 pm of 3. Even at 20 um 6, as shown in
the culture plates (Figure 3, inset), we still observe some living
Ts/Apc colonies. In contrast, the plate containing the conjugate
displaying the greatest biological activity, 3, has no living colo-
nies present. Moreover, 3, which bears an amide at the C ter-
minus of the KLA moiety, evades enzyme degradation and ex-
hibits a longer duration of action, while unprotected 1 is rapid-
ly degraded by proteases. It is well attested that the C termi-
nus can be protected from protease degradation through the
use of an amide instead of a carboxylic acid, or by use of b-
amino acids instead of natural L-amino acids.®” Consequently,
the biological activity of compounds 1 and 5 is very low and
approximately the same as those of their respective analogues,
7 and 19, which lack the KLA moiety. Their resulting activity
comes from the known cytotoxic effect of the RGD residue.?"

Finally, to test whether apoptosis was indeed the mecha-
nism of cell death, Ts/Apc cells were treated with
Hoechst 33342 dye. Cells undergoing apoptosis display nuclear
condensation and DNA fragmentation. These events can be
detected by staining with Hoechst and subsequent fluores-
cence microscopy. As shown in Figure 3, compound 3 triggers

control
|7
1
=3

10 +

Incidence of apoptosis index/%

Figure 3. Apoptosis assays by Hoechst 33342 staining using 5 pm of conju-
gates on Ts/Apc cells; control bars represent assays without addition of
conjugate.

significant apoptosis in o,f; integrin-expressing Ts/Apc cells
after 12 h, while cells treated with compounds 1 and 7 do not
show any signs of apoptosis. As mentioned above, conjugate
1 exhibits a reduction in its biological activity due to proteoly-
sis. Consequently, when colonies are treated with compounds
1 or 7 cell death results essentially from the RGD residues.
Altogether, these results suggest that our scaffold would be
highly effective for the delivery of therapeutic agents through
a specific receptor-mediated endocytosis pathway. This ap-
proach could be essential for delivery of biologically relevant
biomolecules such as peptides, proteins and nucleic acids,
since most of these compounds cannot cross the cellular
membrane. For instance, a protein such as the highly toxic
ricin A might be a good candidate for tumour-targeted drug
delivery.®? Nevertheless, chemical modifications of some bio-
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molecules will be necessary to increase their stability and bio-
logical activity.

Conclusions

The chemical strategy presented here is based on peptide syn-
thesis and chemoselective ligations. It is very flexible, modular
and was adapted to prepare a series of compounds. From bio-
logical studies, we show that a tetrameric RGD-containing scaf-
fold bearing an apoptosis-inducing peptide through a cleav-
able bond offers an interesting outlook for tumour-targeted
drug delivery. Because the chemical assembly of these scaf-
folds is convergent and the scaffold domains are well separat-
ed, synthesis of more sophisticated systems that are required
for in vivo studies should be facile. By adapting the corre-
sponding domain on the scaffold, it might be possible to
target different cells or tissues due to the increasing number
of selective ligands selected in vivo.®?

Experimental Section

General: Protected amino acids, Sasrin™ and chlorotrityl resins
were obtained from Advanced ChemTech Europe (Brussels, Bel-
gium), Bachem Biochimie SARL (Voisins-Les-Bretonneux, France)
and France Biochem S.A. (Meudon, France). PyBOP was purchased
from France Biochem and other reagents were obtained from
either Aldrich (Saint Quentin Fallavier, France) or Acros (Noisy-Le-
Grand, France). RP-HPLC was performed on a Waters system
equipped with a Waters 600 controller and a Waters 2487 Dual Ab-
sorbance Detector. The purity of peptide derivatives was analyzed
on an analytical column (Macherey-Nagel Nucleosil 120 A 3 mm
C18 particles, 30x4.6 mm) by using the following solvent system:
solvent A, water containing 0.09% TFA; solvent B, acetonitrile con-
taining 0.09% TFA and 9.91% H,0. A flow rate of 1.3 mLmin' was
employed and UV absorbance was monitored at 214 nm and
250 nm simultaneously. A preparative column (Delta-Pak 100 A
15 mm C18 particles, 200x 2.5 mm) was used to purify the crude
peptides (when necessary) by using an identical solvent system at
a flow rate of 22 mLmin™". ESI mass spectra were recorded on an
Esquire 3000 (Bruker) spectrometer. The analysis was performed in
the positive mode for peptide derivatives using 50% aqueous ace-
tonitrile as eluent.

Peptide synthesis: Assembly of all protected peptides was carried
out using a Fmoc/tBu strategy either manually in a glass reaction
vessel fitted with a sintered glass frit or automatically on a synthe-
sizer (348 Q synthesizer, Advance ChemTech). Coupling reactions
were performed by using, relative to the resin loading, 1.5-2 equiv
of N-a-Fmoc-protected amino acid activated in situ with 1.5-
2 equiv of PyBOP and 3-4 equiv of DIPEA in DMF (10 mLg™' resin)
for 30 min. Manual syntheses were controlled by Kaiser and/or
TNBS tests. N-o-Fmoc protecting groups were removed by treat-
ment with a piperidine/DMF solution (1:4; 10 mLg™' resin) for
10 min. The process was repeated three times, and the complete-
ness of deprotection was verified by the UV absorption of the pi-
peridine washings at 299 nm.

Cyclization Reactions: All linear peptides (0.5 mm) were dissolved
in DMF, and the pH was adjusted to 8-9 by addition of DIPEA.
PyBOP (1.2 equiv) was added and the solution was stirred at room
temperature for 30 min, as described earlier"™ Solvent was re-
moved under reduced pressure. The residue was dissolved in a
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minimum of CH,Cl, followed by precipitation with ether to obtain
the peptide. It was then triturated and washed three times with
ether to yield crude material, which was used without further
purification.

Building block 9: Amino acid 9 was prepared following the proce-
dure previously described.?¥

Synthesis of decapeptide scaffold 10: The linear peptide H-Lys-
(Eei-Aoa)-Lys(Alloc)-Lys-(Eei-Aoa)-Pro-Gly-Lys(Eei-Aoa)-Ala-Lys(Eei-
Aoa)-Pro-Gly-OH was prepared on a 2-chlorotrityl chloride® resin
(2.0 g, loading of 1.1 mmolg™") by using the building block 9 and
by following the reported strategy.”?” The peptide was obtained as
a white solid powder (2.27 g, 1.26 mmol). The cyclization reaction
was carried out as described aboveusing the crude linear peptide
(85 mg, 47 umol). Peptide 10 was obtained as a white powder
(79 mg, 47 pmol, 57%). RP-HPLC (C18, 214 nm, 5-100% B in
15 min) t;=10.8 min; ESI-MS calcd for C;5H;,5N50,,: 1675.9, found
m/z 1698.4 [M+Na]*.

Synthesis of decapeptide scaffold 11: Peptide 11 was prepared
following the previously reported procedure® starting from pep-
tide 10 (20 mg, 12 pmol). The fully protected peptide 11 was ob-
tained as a white solid powder (22.8 mg, 11.7 umol, 98 %). RP-HPLC
(C18, 214 nm, 5-100% B in 15 min) t;=12.1 min; ESI-MS calcd for
CaaH136N5,04,5,: 1948.9, found m/z 1988.2 [M+K]*.

Synthesis of pentapeptides 12 and 13: RGD-containing penta-
peptides 12 and 13 were prepared as previously described.?

Synthesis of decapeptide scaffold 14: Peptides 11 (5 mg,
2.57 umol) and 12 (18 mg, 23.3 umol) were dissolved in TFA/H,0
(250 pL, 7:3). The mixture was stirred for 20 min and the product
was purified by RP-HPLC affording the conjugate 14 as a white
powder (7.3 mg, 1.55 pmol, 60%). RP-HPLC (C18, 214 nm, 5-100%
B in 15 min) tz=7.7 min; ESI-MS calcd for C;;9H,6,Ns053S,: 4133.9,
found m/z 4134.7 [M+H]".

Synthesis of decapeptide scaffold 15: Peptides 11 (7.0 mg,
3.59 umol) and 13 (13.7 mg, 17.4 umol) were dissolved in TFA/H,O
(2 mL, 7:3). The mixture was stirred for 1 h and the product was
purified by RP-HPLC affording the conjugate 15 as a white powder
(13.5 mg, 2.84 umol, 79%). RP-HPLC (C18, 214 nm, 5-60% B in
15 min) tg=10.4 min; ESI-MS calcd for Cig5H,6Ns50535,: 4189.9,
found m/z 4191.0 [M+H]™*.

Synthesis of peptide 16: The linear peptide 16 was assembled on
H-Lys(Boc)-2-chlorotrityl® resin (500 mg, loading of 0.8 mmolg) ™' by
using the general procedure. Peptide was released from the resin
by using a solution of TFA/EDT/TIS/H,O (90:5:2.5:2.5) for 3 h. The
product was purified by RP-HPLC (5-100% B in 30 min) and ob-
tained after lyophilization as a white powder (225 mg, 0.13 mmol,
43%). RP-HPLC (C18, 214 nm, 5-60% B in 15 min) t;=8.7 min; ESI-
MS calcd for CyoH,4N,30,5S: 1741.3, found m/z 871.6 [M+2H]*",
581.1 [M+3HP*", 436.2 [M+4H]*", 349.1 [M+5H]*.

Synthesis of peptide 17: The linear peptide 17 was assembled on
Rink-amide resin (300 mg, loading of 0.7 mmolg)~" using the gen-
eral procedure set. Peptide was released from the resin using a so-
lution of TFA/EDT/TIS/H,O (90:5:2.5:2.5) for 3 h. The product was
purified by RP-HPLC (5-60% B in 30 min) and obtained after lyo-
philization as a white powder (159.5 mg, 60.0 umol, 29 %). RP-HPLC
(C18, 214 nm, 5-60% B in 15 min) t;=10.7 min; ESI-MS calcd for
CyoH150N240,5: 1739.1, found m/z 1739.9 [M+H] ™.

Synthesis of pentapeptide 18: Cyclo[-R(Pmc)-G-D(tBu)-f-K-] was
prepared as previously described.”® This peptide (50 mg,
48.1 pmol) was dissolved in DMF (6 mL) and the pH was adjusted
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to 9 with DIPEA. PyBOP (42.1 mg, 80 pmol) and Boc-Cys(NPys)-OH
(30.4 mg, 80 umol) were added, and the reaction mixture was
stirred for 30 min at room temperature. The peptide 18 was ob-
tained as a white powder (43.1 mg, 36.4 umol, 76%). RP-HPLC
(C18, 214 nm, 5-100% B in 15 min) ty=9.5 min; ESI-MS calcd for
Cs3H74N;,045S;5: 1182.5, found m/z 1182.5 [M+H]™.

Synthesis of conjugate 1: Compound 16 (3.3 mg, 1 umol) was
added to a solution of compound 14 (4.6 mg, 1 pmol) in DMF/
phosphate buffer (3:1; 200 pL, 0.01 M, pH 4.8). The reaction mixture
immediately became bright yellow. The mixture was stirred for
10 min at room temperature and immediately purified by RP-HPLC
(20-60% B in 40 min). After lyophilisation, compound 1 was ob-
tained as a white powder (6.4 mg, 0.9 umol, 90%). RP-HPLC (C18,
214 nm, 5-60% B in 15min) t;=11.0 min; ESI-MS calcd for
Cys3H405N76045,: 5718.0, found m/z 5719.8 [M+H]*.

Synthesis of conjugate 2: Compound 16 (2.8 mg, 1.1x10° mol)
was added to a solution of compound 15 (5.0 mg, 1.1x 107 mol)
in DMF/phosphate buffer (3:1; 200 pL, 0.01 m, pH 4.8). The reaction
mixture immediately became bright yellow. The reaction was
stirred for 15 min at room temperature and immediately purified
by RP-HPLC (5-60% B in 30 min). After lyophilisation, compound 2
was obtained as a white powder (6.0 mg, 8.4x 10~ mol, 76 %). RP-
HPLC (C18, 214 nm, 5-100% B in 15 min) tz=7.9 min; ESI-MS calcd
for Cys,H413N76060S5: 5774.1, found m/z 5776.7 [M+H]1*.

Synthesis of conjugate 3: Compound 14 (15 mg, 3.19 umol) and
peptide 17 (9.4 mg, 3.56 umol) were dissolved in DMF/phosphate
buffer (3:1; 700 uL, 0.01 m, pH 4.8) under argon. The reaction mix-
ture was stirred for 5 min at room temperature under argon. The
product was purified by RP-HPLC (5-60% B in 30 min), affording
compound 3 as a white powder (20.3 mg, 2.82 umol, 88%). RP-
HPLC (C18, 214 nm, 5-100% B in 15 min) tz=7.9 min; ESI-MS calcd
for Cys3Ha06N5006sS,: 5717.0, found m/z 5718.1 [M+H]*.

Synthesis of conjugate 4: Compound 15 (10.0 mg, 2.10 umol) and
peptide 17 (6.2 mg, 2.34 umol) were dissolved in DMF/phosphate
buffer (400 pL, 0.01 m, pH 4.8) (3:1) under argon. The reaction mix-
ture was stirred for 5 min at room temperature under argon. The
product was purified by RP-HPLC (5-60% B in 30 min), affording
compound 4 as a white powder (12.3 mg, 1.70 umol, 81%). RP-
HPLC (C18, 214 nm, 5-100% B in 15 min) tz=28.0 min; ESI-MS calcd
for Cys7H414Ng00gS,: 5773.1, found m/z 5775.8 [M+H]*.

Synthesis of conjugate 5: Peptide 18 (41.8 mg, 35.4 umol) was
treated in TFA/CH,Cl, (5 mL, 9:1) solution. The mixture was stirred
for 50 min and the product was purified by RP-HPLC, affording
Cyclo[-Arg-Gly-Asp-p-Phe-Lys[Cys(NPys)l-] as a white powder
(16 mg, 14.7 pmol, 42%). RP-HPLC (C18, 214 nm, 5-100% B in
15 min) t;=7.3 min; ESI-MS calcd for C;5H,gN;,0,0S,: 860.3, found
m/z 860.4 [M+H]".

Cyclo[-Arg-Gly-Asp-p-Phe-Lys[Cys(NPys)]-] (2.3 mg, 1.9 umol) and
peptide 16 (5mg, 2 umol) were dissolved in DMF/phosphate
buffer (400 pL, 0.01 M, pH 4.8) under argon. The reaction mixture
was stirred for 5 min at room temperature under argon. The prod-
uct was purified by RP-HPLC (5-60% B in 30 min), affording com-
pound 5 as a white powder (3.7 mg, 1.1 umol, 56%). RP-HPLC
(C18, 214 nm, 5-60% B in 15 min) tz=10.5 min; ESI-MS calcd for
Ci09H193N330,6S,: 2444 .4, found m/z 2444.2 [M+-H]1*.

Synthesis of conjugate 6: Cyclo[-Arg-Gly-Asp-p-Phe-Lys[Cys-
(NPys)]-] (5 mg, 4.59 pmol) and peptide 17 (12.3 mg, 4.64 pmol)
were dissolved in DMF/phosphate buffer (600 uL, 0.01m, pH 4.8)
under argon. The reaction mixture was stirred for 5 min at room
temperature under argon. The product was purified by RP-HPLC

ChemBioChem 2008, 9, 2326 - 2332

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

(5-60% B in 30 min), affording compound 6 as a white powder
(12.3 mg, 3.43 pmol, 75%). RP-HPLC (C18, 214 nm, 5-60% B in
15 min) tg=10.4 min; ESI-MS calcd for CiuH;04N3,0,5S,: 2443.4,
found m/z 2443.0 [M+H]".

Synthesis of RGD-containing decapeptides 7 and 8: RGD-contain-
ing decapeptides 7 and 8 were prepared as previously
described."™

Synthesis of RGD-containing pentapeptide 19: cyclo[-Arg-Gly-
Asp-p-Phe-Lys-] 19 was prepared as previously described.”

Evaluation of TSA colony survival: One day before treatment, 200
Ts/Apc cells were seeded in Petri dishes with RPMI 1640 medium
supplemented with 10% Fetal Bovine Serum (FBS), penicillin
(50 UmL™"), streptomycin (50 mgmL™") and B-mercaptoethanol
(2.5%107"m) and incubated at 37°C in a 5% CO, atmosphere. The
culture medium was removed and replaced for 1 h with appropri-
ate medium without (3-mercaptoethanol, antibiotics and FBS. Cells
were treated with different concentrations of (KLAKLAK), conju-
gates and control peptides. After one week incubation, cell colo-
nies were washed twice with PBS and cells were fixed with ethanol
for 15 min. Cell colonies were then dried (15 min at 37°C) and
stained with 1% methylene blue in phosphate buffer (10 mm
pH 8.5) for 15 min. After water washing, Petri dishes were dried
and cell colonies were counted.

Apoptosis assays: Twenty-four hours before transfection, 10* Ts/
Apc cells per well were seeded in 96-well assay plates with RPMI
1640 medium supplemented with 10% fetal calf serum, penicillin
(50UmL™"), streptomycin (50 mgmL™") and B-mercaptoethanol
(0.25m) and incubated at 37°C under 5% CO, atmosphere.
Medium was removed and replaced for 1 h in appropriate medium
without f-mercaptoethanol, antibiotics and FBS. Cells were treated
with different concentrations of (KLAKLAK), conjugates and control
peptides. After 6 or 12 h of incubation, cells were washed twice
with PBS and cells were fixed with 0.5% paraformaldehyde at
room temperature for 5-10 min. Cells were then stained for 5 min
with Hoechst 33342 (5 um). Cell nuclei were observed by
microscopy.

Abbreviations

Alloc: allyloxycarbonyl, Boc: tert-butoxycabonyl, Cy5: cyanine 5,
DIPEA: diisopropyethylamine, DMF: dimethylformamide, EDT: etha-
nedithiol, Fmoc: 9-fluorenylmetoxycarbonyl, NPys: 3-nitro-2-pyridi-
nesulfenyl, PMC: 2,2,5,7,8-pentamethylchroman-6-sulfonyl, PBS:
phosphate buffered saline , PyBOP: 1H-benzotriazol-1-yloxytris(pyr-
rolidino)phosphonium hexafluorophosphate, RP-HPLC: reversed-
phase, high-performance liquid chromatography, SPPS: solid-phase
peptide synthesis, TFA: trifluoroacetic acid, TIS: triisopropylsilane,
TNBS: 2,4,6-trinitrobenzenesulfonic acid
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