J. Med. Chem2007,50, 5135-5146 5135

Rational Design, Structure, and Biological Evaluation of Cyclic Peptides Mimicking the
Vascular Endothelial Growth Factor

Victor Goncalves;*8 Benoit Gautier,*8 Pascale Corit” Serge Bouazi#” Christine Lenoir; Christiane Garbay$
Michel Vidal,**8 and Nicolas Inguimbert*$

Universite Paris Descartes, UFR bioidécale, Laboratoire de Pharmacochimie Moldaire et Cellulaire, 45 rue des Saintsieés,

Paris, F-75006, France, INSERM U648, 45 rue des Sainte®eParis, F-75006, France, Unersite Paris Descartes, UFR de pharmacie,
Laboratoire de Pharmacologie Chimique etitgdque, 4, aenue de I'Obseratoire, Paris, F-75006, France, and INSERM U640,

Paris, F-75006, France

Receied June 15, 2007

Angiogenesis is the development of a novel vascular network from a pre-existing structure. Blocking
angiogenesis is an attractive strategy to inhibit tumor growth and metastasis formation. Based on structural
and mutagenesis data, we have developed novel cyclic peptides that mimic, simultaneously, two regions of
the VEGF crucial for the interaction with the VEGF receptors. The peptides, displaying the best affinity for
VEGF receptor 1 on a competition assay, inhibited endothelial cell transduction pathway, migration, and
capillary-like tubes formation. The specificity of these peptides for VEGF receptors was demonstrated by
microscopy using a fluorescent peptide derivative. The resolution of the structure of some cyclic peptides
by NMR and molecular modeling has allowed the identification of various factors accounting for their
inhibitory activity. Taken together, these results validate the selection of these two regions as targets to
develop molecules able to disturb the development of cancer and angiogenesis-associated diseases.

Introduction VEGF 55 Monomer 1 )
VEGFR-1 d2

Angiogenesis is the new blood vessel formation from a pre-
existing endothelial structure. During embryonic development,
endothelial cells are particularly active, while during adult life
they are usually limited to physiological processes such as
wound healing and menstrual cycle. The deregulation of
angiogenesis is involved in several pathologies including cancer,
ischemic, and inflammatory diseases (atherosclerosis, rheuma-
toid arthritis, or age-related macular degeneratighConse-
quently, the research for drugs able to disrupt abnormal ,

. . ) . VEGFR-1 d2 Ligand-receptor
angiogenesis constitutes an essential research3ffeld. VEGF Monomer 2 interface

Angiogenesis is'tuned by'pro—arllgio.genic and antiangiogenic Figure 1. X-ray structure of VEGE 109 in complex with VEGF-R1
factors, and the shift from this equilibrium leads to pathological 5
angiogenesis. Among these factors, the vascular endothelial
growth factor (VEGF also called VEGF-A) plays a major role  compared to VEGF-R2 (166700 pM)7 Different biological
in angiogenesi8 VEGF and its structural homologues, VEGF-  roles have been suggested for these two receptors. VEGF-R2
B, -C, -D, -E, and -F and PIGF (placenta growth factor), are js the major mediator of the mitogenic, angiogenic, and
homodimeric glycoproteins that belong to the cystine knot
protein class (Figure 1). There are at least eight known human 2 apbbreviations: Acm, acetamidomethyl; AcOH, acetic acid; COSY,
isoforms of VEGF-A resulting from the alternative RNA  correlation spectroscopy; DCM, dichloromethane; DIPERN -diisopro-
splicing. The predominant isoform in humans is named VEGF _ PYEIYISTIne: DU ameiiriais DS, ametysufose DO%,
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kinase receptors, VEGF receptor 1 (VEGF-R1, Flt-1) and VEGF like tyrosine kinase-1; ERK, extracellular signal-regulated kinase; FBS,
! ’ foetal bovine serum; Fmoc, fluorenylmethyloxycarbonyl; HBTU, O-

receptor 2 (VEGF-R2, I_(DR*).These recgptors are located at benzotriazoleN,N,N',N'-tetramethyl-uronium-hexafluoro-phosphate; Hca,
the surface of endothelial cells and various tumor cell types. L-(7-hydroxycoumar-4-yl)alanine; hF, homophenylalanine; HMP resin,
VEGF6s binds to VEGF-R1 (16:30 pM), with higher affinity 4-(hydroxymethyl)phenoxymethyl-copoly(styrene-1%divinylbenzene) resin;
HNTG, hepes-NaCl-triton-glycerol; HOBN-hydroxybenzotriazole; HU-
VEC, human umbilical vein endothelial cell; g, immunoglobulin; KDR,
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permeability-enhancing effects of VEGE In contrast, VEGF-

R1 is a negative regulator of angiogenesis during early develop-
ment, but plays an important role in angiogenesis under
pathological condition&? Recent studies have shown that both
are necessary for human tumor growth and metastasis forma-
tion10.11 Another tyrosine kinase receptor, VEGF receptor 3,
responsible for lymphangiogenesis, has been proved to be also
involved in tumor angiogenesis and growtMore recently,
neuropilin-1 (NP-1), a nontyrosine kinase receptor of VEésF

has been identified on endothelial and tumor cells. NP-1 acts
as a co-receptor, enhancing the activity of VEGF!RZon-
sidering the central role displayed by the system VREGVEGF
receptors in pathological angiogenesis, these proteins constitute
attractive and well-established targets for the development of
antiangiogenic therapies aiming to disrupt their interaction. One
prominent example is the humanized recombinant monoclonal Figure 2. X-ray structure of VEGF fragments ¥®7 (magenta) and
antibody called bevacizumab. It has been approved as a61-68 (gray) in complex with VEGF-R1 d2. The colored surface
therapeutic antiangiogenic agent, in particular, for treatment of represents the electrostatic potential of VEGF-R1 d2 surface.
metastatic colorectal and non-small cell lung cartiéédost of
chemical approaches are constituted by the inhibition of the
VEGF receptors tyrosine kinase activity and several compounds
are currently under clinical evaluatidhNevertheless, most of . o 4 .
them are not specific and inhibit other tyrosine kinase receptors. prOpOS.ed a peptide mimicking tiehelix 1.6_27 region?and
Other methods inhibiting the VEGF activity are to produce according tq _structura_l and mutagene_3|s data, t_hey suggested
soluble VEGF-R1 or VEGF-R2, acting as a VEGF tayEGF f[hat thg affinity of t.hIS fragment relied essentially on the
receptor specific ribozym&,and RNA aptamers against VEGF. interaction of the residues F17, M18, Y21, Q22, and Y25 with

: o the receptors. After forcing the domain to adopt a helical
On the other hand, several peptides binding to the extracellular . . = .
domain (ECD) of the receth)oPconstituted gby seven immuno- SrUcture in solution, surprisingly, the peptide (Ac-KVKEMD-

globulin (Ig)-like domains have been reported to modulate VYQRSYCHP-NH,) revealed to act as an agonist of both

. . ... VEGF-R1 and VEGF-R2.
VEGF-dependent angiogenesis. A large number of them exhibit
antagonist behavior and only few acts as agonists. Most of these Up to now, the loop 6268 (CNDEGLEC) has never been

: . . : -~ “used to design inhibitors. Yet, the X-ray structure of VEGhy
antagonists were discovered either by phage display screening " ) . S .
or combinatorial peptide librarig€:20 Svith VEGF-R1 d2 showed that the residue D63 participates in

) ) ) _ . the unique direct charge-mediated interaction existing between
Despite the numerous reports. dealing with the_character}zatlonthe ligand and it receptors (with R224 of VEGF-R1). Moreover,
of the VEGF/VEGF receptors interface, the rational design of {he glanine-scan analysis of VEGF mutants highlighted that the
peptides modulating this interaction is relatively rare. A first region 63-67 of VEGF constitutes a hot-spot for VEGF-R1
approach, developed by Jia et @l consisted in testing the  pinging, as confirmed by the 30-fold decrease of affinity

affinity for the VEGF receptors of 12-amino acid peptides gpserved for the mutations D63A/EGAA/EGTA.
corresponding to fragments of VEG5 Among identified Herein, we report the rational design of the first cyclic
antagonist peptides, the most effective one was based on thepeptides based on the structure of the regior-&2, their
sequence 1122 (HHEVVKFMDVYQ-NHy) of VEGFige and optimization and the NMR study of two active and inactive
exhibited an 1G, of 424M on a competition binding assay with  hentides accounting for their different activity. Furthermore, a

VEGF-I'?%. Other rational strategies for the discovery of VEGF  fiyorescent peptide was synthesized to verify the specificity of
receptor ligands are based on the knowledge of the structure ofihe interaction on endothelial cells. Finally, the antagonist

the interface between VEGF and VEGF-R1,2. These strategiesactivity of the most active peptides was verified on different

were made possible thanks to the availability of deletion studies cg|| assays.

performed on the ECD of VEGF-RE,?7 of crystallographic

structures of VEGgs alone® or in complex with VEGF-R1 Results and Discussion

domain 22 (VEGF-R1 d2), as well as the structure of PRSF Testing of the Peptide Fragments 6368 and 16-27 as

in interaction with VEGF-R1 d2. In addition, site-directed potential VEGF Receptor Antagonists.In the first instance,

mutagenesis experiments allowed the identification of VEGSF e searched to define if the VEGF sequences® and 16-

binding determinants with VEGF-R1 and VEGF-RZ? 27 could constitute templates for the design of VEGF receptors
These studies showed that VEGF binds as an antiparallelantagonists. In this purpose, we synthesized, first, the linear

homodimer to two copies of VEGF receptors and that the ECD peptidel (SNDEGLES), based on the sequence of the region

2 is mainly responsible for VEGF binding. The surface of 61-68, by standardN®>-Fmoc chemistry on HMP resiif. To

interaction is represented by about 65% for the monomer 1 andavoid oxidation issues, the cysteines 61 and 68 were replaced

35% for the monomer 2 of the VEGF, respectively (Figure 1). by two serines. Couplings were carried out with in situ-activating

The fragments of the monomer 2 directly in contact with the reagents (HBTU, HOBL in the presence of DIPEA) to generate

receptor are thgs-sheet 46-48 and the loop 7991. The HOBt esters (Table 1).

sequence 7993 was used as a model by Zilberberg et al. to  Furthermore, in the VEGF, the region C6C68 adopts a

design a 17-amino acid cyclic peptide, cyclo-VEGI (head-to- pseudocyclic structure, with onl5 A separating the thiol

tail c[DFPQIMRIKPHQGQHIGE]-NH),3%32which proved to functions of the N- and C-terminal cysteines (Figure 2).

be an antagonist of VEGF receptors with ansd©f 12 uM Therefore, we searched to mimic the active conformation by

measured on BAE cells. On the other hand, the VEGF synthesizing a cyclic peptide constrained by a disulfide bridge.

monomer 1 (65% of the surface of contact) interacts mainly
with the receptors through two fragments: the N-terminal
o-helix 16—27 and the loop 6168 (Figure 2). D’Andrea et al.
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Table 1. Sequence and Inhibitory Potency of the PeptitleS and
SP5.2on VEGF-R1

entry sequence activity at 40012
1 SNDEGLES 24.3t 3.9
2 Ac-c[CNDEGLEC]-NH, 39.8+1.3
3 KFMDVYQRSYCH-NH, 47.3+6.5
SP5.2 NGYEIEWYSWVTHGMY-NH> 99.2+ 0.4

aActivity corresponds to the percentage of biotinylated VE&F
displaced by the indicated concentration of peptide on VEGFR-1. In this
assay, VEGIgs displayed an Ig of 387 & 60 pM.

Scheme 1.Synthesis of the Peptid2
H
HzN-Cys[Acrn)—Asn(Trt}—Asp{tBu)—Glu(tBu]—GIy—Leu-GIu{tBu}-Cys(Acm)—N—o
Ac;0/ MeOH
H
CH3CO-Cys(Acm)-Asn(Trt)-Asp(tBu)-Glu(tBu)-Gly-Leu-Glu(tBu)-Cys(Acm)—N—()
I / DMF, 5h, RT

H
CH3CO-Cys-Asn(Trt)-Asp(tBu)-Glu(tBu)-Gly-Leu-Glu(tBu)-Cys — N—o
s—s |

TFA, Hy0, thioanisole 84:1:5, 3h, RT

CH3CO-Cys-Asn-Asp-Glu-Gly-Leu-Glu-Cys-NH,

5—§

Cysteines were introduced aS-acetamidomethyl (Acm)-

protected amino acids, because treatment of such residues blé

iodine results in simultaneous removal of the sulfhydryl

protecting groups and disulfide bond formation (Scheme 1).
Preliminary experiments demonstrated that iodine oxidation of

the peptide containing a cysteine residue with a fléeamino
function was sluggish, thus we chose to perforid-acylation
of C61 with acetic anhydride before oxidizing the peptide.
Moreover, a systemic issue in oxidizing cysteine-containing

peptides is the formation of dimer and polymer products due

to cross-reaction between peptide chains. To limit this problem
the cyclization was performed on resin (substitution: 0.6 mmol/
g) with an excess of iodine in DM#.1n this way, each peptide

chain supported by the resin was relatively separated from the

others, favoring intrachain resin-bound reaction by taking
advantage of the pseudodilution phenomeffolRinal peptide

2 (Ac-c[CNDEGLEC]-NH,) was obtained after cleavage and
deprotection of the resin, with thioanisole and triisopropylsilane
(TIPS) as scavengers.
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Scheme 2.Synthesis of the Peptide
O O(Allyl)
T
Fmoc-Tyr(tBu)-Tyr(tBu)-Asp(tBu)-Glu(tBu)-Gly-Leu-Glu(tBu)-Glu —N --o

Pd{PPhs)s . 3 h., argon
CHCI3/AcOH/NMP 37:2:1, RT

OTOH
H

Fmoc-Tyr(tBu)-Tyr(tBu)-Asp(tBu)-Glu(tBu)-Gly-Leu-Glu(tBu)-Glu—N

J

Piperidine 20% / NMP, 3h, RT
0._.OH

H
HaN-Tyr{tBu)-Tyr(tBu)-Asp(tBu}-Glu(tBu)-Gly- Leu—GIu(tBu)—Glu—N—o

HBTWHOBt, DIPEA, NMP
12h, RT

H
HN-Tyr(tBu)-Tyr(tBu)-Asp(tBu)-Glu(tBu)-Gly-Leu-Glu(tB U)-G[U—N—o

o]
TFA/TIPS/H,0 95:2.5:2.5
3h RT

J
HN-Tyr-Tyr-Asp-Glu-Gly-Leu-Glu-Glu-NH;

(o]

the accuracy of choosing the sequence-6& as a template
for developing antagonists of the VEGNEGF receptors
interaction.

Optimization of the Peptide 2 by Rational Design of New
yclic Peptides.Considering the weak affinity of the peptide

2 for the receptor 1, we searched to improve its activity by
targeting simultaneously the domains of interaction-6& and
16—27. Indeed, mutagenesis data sRbthat alanine-substitu-
tion of the three aromatic residues F17, Y21, and Y25 of VEGF
leads to a decrease of the affinity of the mutant compared to
the wild type protein. As the loop 6168 is in close proximity
with the aromatic residues Y21 and Y25, we hypothesized that
the amino acids C61 and N62, not essential for the interaction,

' could be advantageously replaced by two aromatic amino acids.

Therefore, the cyclic scaffold of the 6B8 region was
conserved as well as the determinant residues for interaction
(D63, E64, and E67) and two new aromatic residues were
introduced to mimic the position of the tyrosines in tiadelix
(Figure 2). Given the fact that the cysteines needed to be
suppressed, we replaced the previous disulfide bridge by a
lactam cyclization between the free amino-function of the
N-terminal aromatic residue and the side-chain carboxylic acid

As references for screening assays, we also synthesized thgunction of a glutamic acid introduced in place of C68. In

peptide3 (KFMDVYQRSYCH-NH,), which corresponds to the
sequence of thex-helix 16-27, and the peptideSP5.27

addition to limit the backbone flexibility, this modification tends
to increase the biological stability of the cyclic peptides. Based

identified by phage-display library screening and described in g this general scaffold, we synthesized a series of peptides

the literature as a VEGF-R1 antagonist.
Peptides affinity for VEGF-R1 was evaluated by a chemi-

differing by the nature of the amino acids used in position 61,
62, and 66, and the length of the cyclic backbone.

luminescent assay relying on competition between the tested As previously, we chose to perform cyclization with the

compound and biotinylated VEG§s for binding to recombinant
receptor 8 (Table 1). The linear peptideappeared as a weak
ligand of VEGF-R1 with 24% inhibition of VEGfgs binding

at 400uM. As expected, the cyclization of this peptide led to
a small increase of its binding properties with 40% inhibition
observed at the same concentration for the pegtidée peptide

3, mimicking the a-helix, was slightly more potent (47% of
inhibition at 400uM), while SP5.2was clearly active with an
ICso Of 28 uM. Unlabeled VEGHgs was used as internal control
and exhibited in this assay anggof 387 + 60 pM. Taken
together, the results obtained for the pept&dand 3 confirm

peptides anchored on resin to prevent formation of byproducts.
The synthesis was carried out on Rink amide MBHA resin using
Fmoc chemistry (Scheme 2). Amino acids were introduced with
acid-labile protecting groups, except for the C-terminal glutamic
acid whose side chain was protected by an allyl group. Once
the elongation was completed, the allyl protecting group was
removed by Pd(0)-catalyzed allyl transfeusing Pd(PP%)4 in
CHCIs/AcOH/NMP (37:2:1) under argon atmosphere. Nfe
Fmoc group was then eliminated by piperidine treatment in
NMP, and the lactam cyclization was performed overnight using
traditional reagents, HBTU/HOBt/DIPEA in NMP/DCM. The
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Table 2. Sequence and Inhibitory Potency of the Peptided2 on VEGF-R1

entry sequencée activity at 100uMb ICs0° (uM)
4 c[homoPhe-homoPhe-Asp-Glu-Gly-Leu-Glu-Glu]-NH 0.0+2.6 N/D
5 c[homoPhe-homoPhe-Asp-Glu-Gly-Leu-Glu]-NH 349+ 0.1 N/D
6 c[Phe-Phe-Asp-Glu-Gly-Leu-Glu-Glu]-NH 37.9+6.6 N/D
7 c[Tyr-Tyr-Asp-Glu-Gly-Leu-Glu-Glu]-NH 57.1+23 39.9+ 16.6
8 c[Tyr-Trp-Asp-Glu-Gly-Leu-Glu-Glu]-NH 48+ 4.3 N/D
9 c[Glu-Tyr-Asp-Glu-Gly-Leu-Glu-Glu]-NH 06+7.0 N/D
10 c[Tyr-Tyr-Asp-Glu-Gly-Tyr-Glu-Glu]-NH 16.6+ 5.2 N/D
11 c[Tyr-Hca-Asp-Glu-Gly-Leu-Glu-Glu]-NH 1.7+3.9 N/D
12 c[homoPhe-Hca-Glu-Gly-Leu-Glu-Glu]-NH 87.3+1.4 19.3+ 6.8

ahomoPhe, homophenylalanine; Hca, L-(7-hydroxycoumar-4-yl)alafiAetivity corresponds to the percentage of biotinylated VEggBisplaced by
the indicated concentration of peptide on VEGF-RMN/D = not determined.

remaining side chain protecting groups were then removed, andTable 3. NMR Chemical Shifts of the Peptidesand 7
the peptide was cleaved from the resin under acidic conditions. chemical shifts (ppm)

We first synth_esized the pe_ptide _ Which possesses two residues  NH oH BH others
homophenylalanines as aromatic amino acids. Indeed, based on
docking studies, it appeared necessary to introduce a relatively

(A) Peptide4 in 10% DMSOds, 10% DO,
and 80% HO at 293 K, pH 4.1

long side chain on these positions to mimic the distant location g1 808 4.25 1.94 yCH, 2.13, 2.71;
of the original Y21 and Y25. Unfortunately, once tested on our €H 7.27,7H 7.26;
competition assay, the peptiderevealed to be inactive on EH7.35
VEGF-R1 at 100uM (Table 2). We searched if we could hF2 8.45 403 2.08 Vﬁ';zzzf3|;|27'7222;_
improve the affinity for the receptor by restricting the flexibility ZH 7'.32’77 o
of the cyclic backbone. With this aim, we constructed the peptide D3 857 4.47 2.82,2.89
5 where E67 was suppressed. This peptide appeared as a weak E4 815 427 1.94 yCH,2.16, 2.34
ligand of VEGF-R1 with 35% inhibition of VEGfgs binding fg 78915 jgg 3.95 63 CH 1.56-5CH.0.64
at 100 uM. Based on these results, we pr_oposed that the - 830 422 197 ZCHz 211, 2_43 ’
inactivity of the peptidel may not be necessarily related to the ES 822 422 1194 y1CH, 2.13, 2.4;
excessive length of the backbone but rather to the too distant y2CH,7.18, 7.48
position of the aromatic rings carried by the homophenylala- (B) Peptide7 in 10% DMSO#ds, 10% D;O,
nines. Thus, we synthesized the pept&jenhich bears two and 80% HO at 293 K, pH 4.24
phenylalanines in place of the homophenylalanines and whose Y1 8.05  4.45 2.72,2.9  0H7.00,eH6.77
E67 was conserved in the backbone. This peptide proved to be gg g'gg iis %‘%‘; 2‘2‘2 OH 7.05;¢H 6.80
as active as the peptice E4 8.14 426 1.95,216  yCH,2.37
Therefore, we chose to conserve this eight-amino acid G5 8.18 3.82,3.94
backbone and to study the effect of the nature of the aromatic L6 7.96  4.32 1.65 yCH 1.58;0CH30.84
amino acids on the affinity of the cyclic peptides. We E; g'gg 2 1i9§2' Zilé}4 VCCHﬁ 22'4216_
synthesized the peptid@and8 whose aromatic residues were, ' ' fi1.82, 1. 7117 30
V2 2 1. sl

respectively, \_(Y and YW. The inherent id_ea was that the pept?de = Peptidest and7 were prepared in 10% M/H,0 and 10% DMSO at
7 could m'm'c the Y2_1 and Y_25 amino ac_'ds pr_esent In pH 4.1 and 4.24, respectively. These values were referenced to the water
VEGF65, While the peptid contains the two amino acids W21 signal at 4.8 ppm and were determined from*DTOCSY spectra recorded
and Y25 found in the PIGF. The peptideappeared to be the  at 293 K and 600 MHz.
most active one on VEGF-R1 displacement assay, with g IC
of 40 uM, whereas the peptid® was unable to compete with  peptides affinity seems to be strongly dependent on the nature
biotinylated VEGHes binding even at 10@:M. We followed of the aromatic amino acids present on their sequence, because
the structure-activity relationship study by testing the affinity = modifications of steric hindrance can induce loss of the activity
of the peptided with the same sequence as that for peplide  (see the peptidé compared to the peptidy. A comparison of
except the first tyrosine residue, which was replaced by a the peptides7 (tyrosine-tyrosine) and10 (glutamic acid-
glutamic acid because in the VEGF the Y25 is close to the side tyrosine) tends to prove that the affinity is dependent on the
chain amino function of K171 from VEGF-R1 d2. This presence of two aromatic residues at these positions, probably
modification was supposed to introduce a supplementary to establish the hydrophobic interactions originally existing
electrostatic interaction between the carboxylate function of the between Y21 and Y25 and the residues L221, L204, and F172
glutamic acid and the K171 amino function, but unfortunately, of the receptors. Moreover, the presence of an H-bond donor/
the peptide showed to be inactive on VEGF-R1. A final assay acceptor function on the cycle of the second aromatic residue
resulted in producing the peptid® bearing two tyrosines as  seems important for interacting with the amino function of K171.
aromatic residues and where L66 was replaced by another To identify the factors favoring the binding of the cyclopep-
tyrosine with the aim to establish a nemstacking interaction tides on the VEGF-R1 and how this binding could perturb the
with the nearby Y199 within the receptor. Although conserving interaction between the VEGF and its receptor VEGF-R1, the
a weak affinity to VEGF-R1, the peptide0 was less active peptidesA and7 have been studied by NMR and the peptide
than the previous peptidé which was shown to have the highest affinity, was docked on
To sum up this structureactivity relationship study, the  VEGF-R1 to compare the formation of the complexes.
results obtained above confirmed our rational approach because 1D and 2D Proton NMR Experiments on the Cyclic
the introduction of aromatic amino acids in the initial cyclic Peptides 4 and 7.The 1D proton NMR spectra performed on
scaffold led to a strong improvement of the peptide affinity, the two cyclic peptided and7 show very well-resolved spectra
compared to the isolated fragmer2snd 3. However, cyclic with no overlaps, making the assignment easy to complete
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Figure 3. H NMR spectra representing the correlations betweenpkbtons (vertical 1D spectra) and amide protons (horizontal 1D spectra) in
a NOESY experiment (2D spectra), with a 250 ms mixing time. Spectra were recorded in a solvent miKiDegdADMSO-ds (80:10:10), at pH
4.1 and 4.24, respectively, for the two cyclic peptidg#\) and7 (B), at a temperature of 293 K. Intraresidual and sequential correlations between
NH(i + 1) and Hx(i) protons can be followed from residue Y1 or hF1 to E8. Red crosses show the correlation between the first (Y1 or hF1) and
the last (E8) residues in the cyclic peptide.

(Table 3). In particular, '[h.e amide regions (Figure 3A,B) are Table 4. Structural Statistics for the Peptidésand 7
well-resolved for both pept_ldeh(7.9Q to 8.57 ppm) and (7.96 peptided peptide?
to 8.39 ppm). The aromatic region is less well-resolved for the
peptide4 (7.22 to 7.35 ppm) compared to peptidg6.77 to

(a) Restraints for Calculation

total NOE restraints 100 89
7.05 ppm; Table 3). The 2D proton NMR spectra allowed us to jniraresidue 62 63
identify the different spin systems thanks to the TOCSY and sequential 31 25
DQF-COSY experiments. Those spin systems have been (i—jl=1)

sequentially correlated through the nuclear Overhauser enhance-medium range 7 1

ment spectroscopy (NOESY) experiment that gives the correla- == o
tion between amino acids through space (Figure 3A,B). For each (b) Structure Statistics
- . . . rmsd
peptide, the NOESY experiment has confirmed that the peptide 45 (4) (2.043.34)x 10°  (1.94-2.45)x 1073
is cyclic by observing a distance proximity between the hF1- pond angles?) 0.51-0.6 0.49-0.53
(HN) and the E8(ld) in the peptide4 (red cross in Figure 3A) improper torsions?) 0.3-0.34 , 0.26-0.28 ,
and between the Y1(HN) and the E8{Hat a less extentinthe ~ NOE restraints (A) (3.094.9)x 1072 (3.7-4.94)x 10°
peptide? (red cross Figure 3B). This particular correlation can (c) Final Energies (kcal/mol)
i i i i E total 21.2-26.39 19.8422.3
2; e\ﬂo!er'lced otnlyttt)y mctre::lslr:gt r:he rs]cale ofI thﬁ f;spectrad(_Flg.ure E bonds 0.56.1.49 0.49.0 77
). is important to note that the chemical shift spreading is g ;nqjes 0451322 822938
more significant for the peptidd compared to the peptide E improper angles 1.031.385 0.75-0.87
7 in the amide region as well as for theoHegion (Figure E van der Waals 2333 1.33-2.99
3A,B). Because the majority of the amino acids are identical ENOE 4.79-12.02 6.12-10.87
within the two molecules except residues 1 and 2, we conclude ‘ (d) Ramachandran Plot
that the two tyrosines replacing the two homophenylalanines resf'dues g} most ) 20 38
: avorable regions (7o
produce an effept on the global conformatlon of pepfide residues in additional 56 2
NMR Analysis and NOE Restraints. DQF-COSY and allowed regions (%)
TOCSY experiments were used to identify the spin systems, residues in generously 24 16

and NOESY experiments were used for sequential and long-  allowed regions (%)
range distance assignméftNo major overlaps occur in the  residuesindisallowed 0 4
h . . . R . regions (%)

amide or aliphatic regions, and characteristic intraresidual and _
sequential connectivities have been identified for all residues . (e) Atomic rmsd (A) on the Backbone Atoms

f the peptidest and 7 (Figure 3). The analysis of the NOEs paiwise 0.26:0.15 0-58£0.44
0 pep 9 ’ y ) to mean structure 0.250.12 0.47+0.37
allows to state that the two molecules adopt a different
conformation because the number of NOEs identified on the number of intraresidual constraints is equivalent for both
peptide4 (100) is more important than the one observed for peptides, the number of medium range constraiits {| < 4)
peptide7 (89). Of these distances, 62 are intraresidual, 31 are is higher for the peptidd than for peptide7. These medium
sequential, and 7 are medium range j| < 4) for the peptide range constraints are undoubtedly at the origin of the different
4, while 63, 25, and 1 were found for peptide While the folds adopted by the two peptiddsand?. It is unexpected that
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residues are found in the allowed regions for the peptjdehile

4% of the residues (over 10 structures) were located in a
disallowed region (Table 4d). The superimposition of the 10
lowest energy structures on their backbone atoms shows a good
convergence of the structures for both peptidesnd7 (Figure
4A,B). The pairwise rmsd has been calculated for each family
of structures and evaluated, respectively, to G:26.15 A and
0.58 + 0.44 A on the backbone atoms from residues 1 to 8.
The same measure performed relatively to the averaged
structure, on the whole backbone atoms, gave a rmsd of 0.25
+ 0.12 A and 0.47+ 0.37 A for the peptidest and 7,
respectively (Figure 4A,B). Input data for structural calculations
and statistics are listed in Table 4.

According to the structural statistics, the final energies, and
the Ramachandran plot results (Table 4), the two structures
possess a good quality with a better convergence of the
structures in the case of peptideompared to peptideé (Figure
4A,B). These results could be due to a higher flexibility of
peptide7 and could explain why peptidewould be more active,
by having a higher capacity to adapt to the VEGF-R1 target,

/ compared to peptidd. The substitution of the two homophe-
Figure 4. Comparison of the 3D structures of the cyclic peptides  nylalanines by the tyrosines could account for the higher
and7. (A and B) Superimposition on the backbone atoms of the 10 capacity of peptid€ to adapt on the target VEGF-R1.
best structures of the cyclic peptiddgcyan) and7 (green), in line The amino acid side chains seem to point outside of the cyclic

representation with the averaged structure in the stick representation. - . . ; . :
(C and D) Superimposition, on the backbone atoms, of the averagedpept'des except for residues E4 in peptiand L6 in peptide

structures of the cyclic peptidi(cyan) and? (green) with the structure /- Which orients to the inside of the cycle. hF2 and Y2 are
of the fragment VEGF(6168) (magenta) in the stick representation. directed to the outside of the molecule while the hF1 and Y1

are folded under and above the plan of the cycle of peptide
the replacement of two homophenylalanines by two tyrosines and peptide?, respectively (Figure 4A,B). The folding of the
implicates such a modification on the backbone atoms and onhF1 under the plan of the cycle could prevent the interaction of
side chain orientation. These data make us to conclude that thepeptide4 with the receptor VEGF-R1, while the folding of Y1
presence of one tyrosine or both of them is necessary to obtainabove the cycle does not prohibit the interaction with the
an adequate conformation, providing an efficient inhibitory receptor VEGF-R1 but rather could stabilize this interaction.

activity for peptide 7. Moreover, the different number of The rmsd between the averaged structure of peptided

restraints will have a consequence on the convergence of thethe VEGF fragments 6168 or 63-67 gives, respectively, a

structures (Table 4). value of 2.68 A and 2.43 A on backbone atoms. The same
Structural Analysis of the Cyclic Peptides 4 and 7.The calculations between peptideand VEGF fragments 6168

3D structure calculations were performed using X-PLOR. and 63-67 were evaluated to 1.69 A and 1.59 A, respectively

Out of 200 calculated structures, for each peptide, 10 were (Figure 4C,D). These results show a better convergence between
selected according to their low overall energy and their weak peptide7 and the fragment VEGF compared to pepédd@hese
number of distance restraint violations. None of the structures data could account for the higher affinity for the VEGF-R1
exhibited an NOE violation greater than 0.2 A and all of them observed for peptid@ compared to peptidé.

revealed a good covalent geometry, with no bond or angle Analysis of the Intramolecular Hydrogen Bonds within
violations. The Ramachandran plots show that 100% of the VEGF and the Peptides 4 and 7.To bring an explanation

VEGF-R1

e

Docking before minimization Docking after minimization

Figure 5. Superimposition of the average cyclic peptiflégreen) with the VEGF fragment 6568 (magenta) in the complex with VEGF-R1,
which the surface is colored according the electrostatic properties of the amino acids. (A) The complex between VEGF-R1 andhpsptiole
been energy minimized. (B) VEGF(6568) and VEGF(16-27) were removed and the complex formed between the cyclic pepadd VEGF-R1
was minimized without introducing NMR distance restraints. A slipping of the pefgtioleer VEGF-R1 is observed, allowing Y2 of peptideo
replace Y21 of VEGF 1627.
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VEGF

Figure 6. Comparison of the hydrogen bond network (in dotted lines) within the complexes formed between (A) VEGF-R1 and/meptid@)

VEGF-R1 and VEGF(6168). The receptor VEGF-R1 is represented as a blue trace and amino acid sidechains involved in hydrogen bonds (K171,

H223, and R224) are in stick representation. The peptjda stick representation is colored in green and shows the amino acids implicated in
hydrogen bonds (D3, E4, and E7). The domains of VEGF-@8 and (6168), are colored in magenta.

concerning the different affinity and activity observed for peptide
7 and peptidel regarding VEGF-R1, the hydrogen bond network
has been investigated for each peptide. Peptidees not have
any intramolecular hydrogen bond, while peptitdisplays four
intramolecular hydrogen bonds established as follows:yM)(
E4(Cel), Y2(HN)/E8(Cr1), G5(HN)/E4(Q1), and E7(HN)/E7-
(Oel). Only two intramolecular hydrogen bonds were found
within VEGF fragment 63+68: L66(HN)/D63(0) and G65-
(HN)/D63(031). It appears that, resulting from the formation

The difference between peptideand peptide’ concerning
their capacity to inhibit the interaction between VEGF and its
receptor VEGF-R1 is clearly related to their conformation and
their ability to adapt on the target VEGF-R1. First, the peptide
4 family has a better convergence than pepfidevith lower
pairwise rmsd calculated on the whole backbone atoms, assum-
ing that peptidet is less flexible than peptidé Moreover, the
larger number of medium range NOEs found for pepfideuld
contribute to the rigidity of peptidé comparatively to peptide

of the cyclic peptide, the hydrogen bonds have been modified 7. These results show that the flexibility of the peptide is

in peptide?. In spite of that, peptidé and VEGF 6168 show
a similar backbone conformation, in particular, if the corre-
sponding fragments VEGF 637 and peptide7(3—7) are
compared.

Docking of Peptide 7 on the VEGF-R1 ReceptorFinally,
to compare the relative affinities of peptide and VEGF

certainly necessary for an interaction with the VEGF-R1
receptor.

Second, the conformation of peptideis closer to VEGF
fragment 6168 than peptidet, with a rmsd of 1.69 A and
2.68 A, respectively, calculated on the whole backbone atoms.
This result confirms that the interaction with VEGF-R1 needs

concerning VEGF-R1 and to identify the factors necessary for a flexibility of the peptide to adapt its target and inhibit the

the interaction, peptid€ has been docked on the VEGF-R1

interaction with its original ligand.

receptor and the complex has been submitted to energy Third, the presence of the tyrosines instead of the homophe-

minimization using the X-PLOR program. During the minimi-
zation, the VEGF-R1 d2 atom position was maintained fixed
with the “constraints-fix” statement in X-PLOR, while the atoms
of peptide7 were free to move, and the constraints within
peptide?, identified by NMR, have not been used. The results
show that peptide/, docked on the VEGF-R1, slips on the
surface of the VEGF-RL1 receptor after minimization (Figure
5A,B), forms three hydrogen bonds with VEGF-R1, K17Z )
E7(Cel), H223(H)1)/D3(0)1), and R224¢H21)/E4(G:2), and
stabilizes this interaction (Figure 6A). The same analysis

nylalanines seems to be of first consequence for the inhibitory
activity of the peptider. While the presence of the homophe-
nylalanines in peptidd does not provide the inhibition of the
interaction between VEGF and VEGF-R1, their replacement by
tyrosines in peptid@ supplies the inhibition. Peptidédisturbs

not only the interaction of the domain VEGF 668 with
VEGF-R1, but also the interaction of thehelix 16—27 with
VEGF-R1 because Y2 of peptideprevents the contact of Y21
within VEGF(16-27) with the receptor VEGF-R1 by taking
its place. This interaction seems to be directed by the hydro-

performed on the complex formed between the corresponding phobic properties of the aromatic cycle of Y21 able to interact

VEGF fragment 6+68 and VEGF-R1 shows that only two
hydrogen bonds exist: R224(122)/D63(Q1) and R224(M)/
D63(Ho2) (Figure 6B). The distribution of the hydrogen bonds,
within the complex VEGF-R1/peptid&, could explain its
affinity for the VEGF-R1 and the inhibitory properties of this
cyclic peptide. All together, these data explain why the cyclic
peptide7 has such an efficient inhibitory activity compared to
peptide4 and, thus, how it could disturb the interaction between

with L204 of VEGF-R1 and be reinforced by the ability of Y2-
(OH) to form a hydrogen bond.

Finally, another tyrosine, Y25, inside the VEGF segment 16
27, seems to be important for the interaction with the VEGF-
R1 receptor. The optimization of the inhibitory properties of
peptide7 could go through a modification of its backbone to
force the Y1 to locate on VEGF-R1 instead of Y25 of VEGF-
(16—-27) and to destabilize further the interaction between

VEGF-R1 and VEGF by adapting on the receptor as a result of VEGF-R1 and VEGF, increasing the inhibitory activity of
the formation of these hydrogen bonds. Moreover, Y2 in peptide peptide7.

7 seems to disturb the interaction of thehelix 16—27 with
VEGF-R1, by taking the place of Y21 of VEGF (Figure
5 B). Finally, the interaction between peptidand VEGF-R1

is mediated by hydrophobic contacts between Y2 of peptide
with L204 of VEGF-R1. This hydrophobic interaction was
already observed in the complex VEGF/VEGF-R1 (Figure
6A,B).

Microscopy Imaging of a Fluorescent Cyclic PeptideAfter
having demonstrated the binding properties of the cyclic peptides
to VEGF-R1, we attempted to verify on a cellular model whether
these peptides were specific to the VEGF receptors and, in this
purpose, we developed a fluorescent-tagged peptide. However,
because of the relative sensibility of our peptides to modifica-
tions of their sequence, it appeared that the use of common
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Figure 8. Inhibition of VEGF-induced p44/p42 ERK phosphorylation.
Starved HUVEC, at confluence, were incubated with peptidel2,
andSP5.2at 100uM over a period of 20 min and then stimulated by
VEGF at 130 pM for 10 min. Western blot analysis was performed
with antiphospho-p44/p42 ERK and antitubulin. The figure shown

is representative of three independent experiments.

reference for our activity tests, presented the same inhibition
profile at 100uM as that of the peptide and12. This result
validates the antagonist properties of peptidlaad12 and their
ability to disrupt the signal transduction induced by VEGF.

Peptides Inhibit VEGF1¢s-Induced Cell Migration. Because
designed peptides were able to block VEGF-induced ERK

Figure 7. Imaging microscopy of VEGF receptor-specific binding of phosphorylation, we used the wound healing aSdayconfirm
peptidel2 on HUVEC. Cells were incubated with or without 10 th_e po_tentlal_ antagonist effect of peptld@sand 12 on_ Ce.”.
of peptide12 in the presence or absence of an excess of VEGF (2.60 Migration (Figure 9). These peptides completely inhibited

nM) over a period of 30 min. (A) Pictures taken by contrast phase VEGFiesinduced cell migration at 10&M. Moreover, the
with a biphotonic confocal microscope. (B) Fluorescence pictures by peptide 7 inhibited, in a dose-dependent manner, VEgsF

excitation at 700 nm with a biphotonic confocal microscope. induced cell migration, with a non-negligible effect at 281
voluminous fluorescent dyes, such as the fluorescein introducedand @ maximum effect at 50M.

by El-Mousawi et al. foISP5.2labeling3” might lead to a loss Inhibition of VEGF 1esInduced Capillary Tube Formation
of activity. Thereby, we chose to insert in the peptide;@&@- on Matrigel. As the peptid& inhibited cell migration mediated

hydroxycoumar-4-yl)alanine (Hca), which is a fluorescent amino by VEGF in a dose-dependent manner, it should also be able
acid derivative developed by Brun et“dIThis fluorophore is to block the VEGHssinduced endothelial cell differentiation.
particularly well suited as it constitutes a good isostere of This phenomenon was analyzed through the capillary tube
tyrosine or tryptophan. In addition, it is available as M formation assay on Matrigel, a substrate mimicking basal
Fmoc-protected amino acid allowing its introduction in the membrane. Once HUVEC were seeded on Matrigel, VEGF
sequence by classical SPPS. First, we synthesized the compounstimulation (518 pM) induced a capillary tube network com-
11 based on the sequence of peptilewhere an Hca was  posed of cells that migrated and extended to join themselves
incorporated in place of the second tyrosine. This peptide did (Figure 10). Comparatively, the negative control without
not displace VEGF binding even at 1@0/. By contrast, the VEGF650nly showed unstructured capillary tube drafts due to
peptidel2 (aromatic residues: hF-Hca) showed to be the most the establishment of junctions between cell clusters. In the
active peptide of the series, exhibiting ansd®©f 19.3+ 6.8 negative control, capillary tube walls were constituted by many
uM. Thus, we used the peptide2 to perform biphotonic  cells, while in the presence of VEG, they were formed by
microscopy experiments on human umbilical vein endothelial a very few extended and differentiated cells. The treatment of
cells (HUVEC). First, we verified that no autofluorescence HUVEC by peptide7 clearly inhibited the endothelial cells
occurred in the absence of the peptide Then, after treatment  tubulogenesis. Indeed, the number of branching junctions formed
by 100uM of peptide 12 over a period of 30 min, a strong by HUVEC on Matrigel was decreased by the action of peptide
blue fluorescence was observed around the cells, demonstrating in a dose-dependent manner, with unstructured capillary tubes
the binding properties 012 on HUVEC. The incubation of  formation similar to the negative control wh&was used at
HUVEC with the peptidel2 and an excess of VEGF during 100 uM and an almost complete capillary tube network at
the same time period induced disappearance of the fluorescence; 2. 5 ;M.
These results highlight the VEGF receptor-specific binding of
12 on HUVEC (Figure 7) and, by extension, the VEGF receptor- conclusion
specificity of the series of cyclic peptides. Moreover, it allows
us to consider this peptide as a valuable pharmacological tool Up to now, most chemical approaches aimed to disturb
for studies on the cellular becoming VEGF receptors or VEGF-VEGF receptor interactions rely on the identification
internalization of VEGF receptors. of peptides isolated by screening of random libraries or phage
Peptides Inhibit VEGFes-Induced VEGF Receptors Sig- display method. As a result, little structural information is
naling. After having confirmed on HUVEC the specific binding  available which renders the optimization process difficult.
of the peptidel2 on VEGF receptors, we investigated whether Herein, we have exploited the available structural and mutagen-
the peptides and12, which exhibited the best Kgvalues on esis data to rationally design peptides exhibiting antiangiogenic
the binding assay, displayed antagonist activity on HUVE cells. properties. These peptides were built to mimic, simultaneously,
Because the activation of ERK 1/2 pathway is required for the the two VEGF regions constituted by tlehelix 16-27 and
proliferative and migratory effects of VEGF on endothelial the loop 61-68, which remained until now unexploited. As a
cells#* we examined the effects of these two peptides on result of this rational design, we obtained a series of cyclopep-
VEGFesinduced activation of ERKs 1/2 pathway. Each peptide tides; the best ones were active at-2® uM on VEGF-R1.
tested at 10«M caused a significant inhibition of VEGEs These results can be positively compared to the low affinity
induced activation of ERKs 1/2 (Figure 8P5.2 chosen as displayed by the peptides targeting only one of these regions.
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Figure 9. Effect of the peptides on VEGF-induced cell migration in a wound healing assay. Confluent monolayers of starved HUVEC were
wounded using a tip, and a set of photos was taken at this time. Then HUVEC were treated with 130 pM of VEGF alone or with the peptides at

the indicated concentrations and a second set of photos was @aldater. In the control, HUVEC were incubated with medium 2% FBS. The
photos shown are representative of three independent experiments.

VEGF 518 pM
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- foe ;. -' ey
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Figure 10. Representative microphotographs of HUVEC on Matrigel showing the effects of p&ptideapillary tube formation. HUVEC were

treated with 518 pM of VEGF alone or with pepti@eat the indicated concentrations. Photos were taken after 14 h with a camera atigal
magnification. The photos shown are representative of three independent experiments.

Moreover, the synthesis of a cyclic peptide incorporating the Materials and Methods

fluorescent 7-(hydroxycoumar-4-yl)alanine allowed us to verify  General. Rink amide MBHA resin and HMP resin were
that these peptides were specific to the VEGF receptors presenpurchased from Novabiochem. HBTU, HOBt, DMAP, DCC, and
at the surface of endothelial cells. DIPEA were from Applied Biosystems. Pd(Pfpfwas from Fluka.

The resolution of the structure of the cyclic peptideand? All amino acids, from Novabiochem or Bachem, wéleterminal-

: . protected by Fmoc and their side chains were protected as
by nuclear magnetic resonance (NMR) and molecular modeling ?ollows: Arg{N-Pmc), AsnK-Trt), Asp(O-All). ASp(O-t—B[l)J), Cys-

using NMR restraints has permitted the obtainment of various (s1y) cysGAcm), GIn(N-Trt), Glu(O-All), Glu(O-t-Bu), His-
information explaining the inhibitory activity of peptid@. (N-Trt), Lys(N-Boc), SerO-tBu), Thr(O-tBu), Trp(\-Boc), and
Following the determination of their 3D structure, their con- Tyr(O-tBu). Fmoc-Hca-OH was kindly provided by Dr. Emman-
formation has been compared with the one of the VEGF uelle Braud (University Paris Descartes, France). Peptide synthesis
fragment used as a model to design the cyclic peptide inhibitors. solvents and acetonitrile for HPLC were analytical grade and were
The comparison of their isolated structure and superimposedgﬁﬂ;’igggo:lrom commercial sources and used without further
\g';h :r(;ie\:)%g,':(%la_)?ggj gsgm;nz;g;;;sr?ﬁgor;méﬁézgg/i?Fthe General Procedure for Peptide SynthesisAll peptides were

. . . - . synthesized by Merrifield stepwise solid-phase synthesis on an
biological activity of each peptide. The docking of peptide ~ Applied Biosystems 433A automated peptide synthesizer using

which exhibited the higher inhibitory activity with VEGF-R1  standard scale (0.25 mmdtastMocchemistry. Coupling reactions
and the minimization of the complex, let us propose that the were performed using Fmoc amino acids (4 equiv), activated with
inhibitory activity of peptide7 is facilitated by its flexibility HBTU (4 equiv), and HOBt (4 equiv) in the presence of DIPEA
by interactions taking place within the complex and stabilized (8 equiv) for 1 h. Fmoc removal was effected by treating the resin
by hydrogen bonds between peptitiand VEGF-R1. Finally, with 20% piperidine in NMP for 15 min. Peptides were cleaved

; i ; i ; from resin with simultaneous removal of side chain protecting
Hl]gtg&ptldf?ﬁgzlbgsg atr:)taign?]?é?tt z(g:/\gtréog\?grigﬂ}ﬁ?a:i;g"ﬁ; groups by treatment with 15 mL of TFA/water/TIPS (95:2.5:2.5
aoly, It . mphe . vlv; Method A), TFA/thioanisole/water (94:5:1 v/v; Method B), or
angiogenesis processes such as signal transduction, migrationr s yater/EDT/TIPS (94:2.5:2.5:1 viv; Method Cxf8 h atroom
and differentiation on Matrigel. The evaluation of the antitu- temperature. The filtrate from the cleavage reaction was evaporated,
moral and antiangiogenic activities of these peptides, in vivo, precipitated in cold diethyl oxide, collected by centrifugation, and
is in progress. lyophilized. - _ _
All together, these results illustrate how specific inhibitors _ Peptides Purification and Analysis. Crude peptides were

) ; ' purified by semipreparative RP-HPLC on a Nucleosil C18 column
c?nhbe ratlorllally des;}gned;hrpuhgh_the strl:cture/fun_ctl_on study (Vydac, 5um, 10 x 250 mm) with a gradient program (solvent A
_O the c_:omp e_X a_md OVY the -|n ibitor could be optimized by is water with 0.1% TFA and solvent B is 70% acetonitrile aqueous
inspection of its interaction with VEGF-R1. These data could ¢g|ution with 0.09% TFA) at a flow rate of 2 mL/min with UV
help to propose new molecules targeting the complex formed detection at 214 and 254 nm. Fractions were analyzed by RP-HPLC
between VEGF and VEGF-R1. on a Nucleosil C18 column (Vydac, &m, 4.6 x 250 mm) at a
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flow rate of 1 mL/min and the pure fractions were collected and  Peptide c[FFDEGLEE]-NH, (6). Yield, 9.2%; HRMSm/z calcd
lyophilized to yield the final peptides as highly purifiegt $5%) for CysHs9NgO15Na, 988.4028; found, 988.4036 [M NaJ'; tr =
white or off-white solids. The identity of peptides was checked by 19.4 min (16-90% of solvent B in 30 min, purity 94%).
electrospray mass spectrometry (MS) or by high-resolution elec- Peptide c[YYDEGLEE]-NH, (7). Yield, 13.2%; HRMSm/z
trospray mass spectrometry (HRMS). calcd for GsHsdNgO17Na, 1020.3927; found, 1020.3915 [MNa]*;
Peptide SNDEGLES (1).Synthesis was performed following  tr = 14.0 min (16-90% of solvent B in 30 min, purity 98%).
the general procedure on a HMP resin (substitution: 1.14 mmol/g, Peptide c[YWDEGLEE]-NH, (8). Yield, 8.2%; MSm/z calcd
218 mg). Cleavage and deprotection from the resin was realizedfor Ca7HsoN1¢O16, 1020.4; found, 1021.6 [M+ H]*; tr = 17.04
with method A. Yield after purification, 6.4%; M8vz calcd for min (10-90% of solvent B in 30 min, purity 90%).
CaHs1NgO1g, 849.3; found, 850.7 [M+ H]*; tg = 8.2 min (106~ Peptide c[EYDEGLEE]-NH; (9). Yield, 16.8%; MSm/z calcd
30% of solvent B in 20 min, purity 99%). for C41Hs7N¢Og, 963.4; found, 986.5 [M- Na]*; tg = 12.47 min
Peptide Ac-c[CNDEGLEC]-NH,, (2). Synthesis was performed ~ (10-90% of solvent B in 30 min, purity 97%).
on a Rink amide MBHA resin (substitution: 0.61 mmol/g, 410 mg)  Peptide c[YYDEGYEE]-NH; (10). Yield, 7.5%; MSm/z calcd
with cysteines introduced as Fmoc-Cys(Acm)-OH protected amino fOr CagHs:NgO1s, 1047.4; found, 1070.3 [M- NaJ"; tg = 7.9 min
acids. The peptide was synthesized following the general procedure,(20-80% of solvent B in 30 min, purity 99%).
and the Ne-terminal amino function was capped by a 20 min ~ Peptide c[YHcaDEGLEE]-NH; (11). Yield, 1.0%; MS mz
treatment with 10 mL of an acetic anhydride mixture (0.5 M acetic calcd for GeHedNgO17, 1065.0; found, 1088.5 [M+ Nal*; tr =
anhydride, 0.125 M DIPEA, and 0.015 M HOBt in NMP). Then 13.4 min (26-50% of solvent B in 30 min, purity 98%).
the resin was suspended in 150 mL of DMF and 50 mL of a solution ~ Peptide c[hFHcaDEGLEE]-NH; (12). Yield, 1.0%; MSm/z
of iodine in DMF (10 equiv, 632 mg) were added dropwise over calcd for GdHeiNgO1g, 1064.1; found, 1064.2 [M- H]*; tr = 18.06
30 min. The solution was stirred vigorously over a peri68 o at min (10-90% of solvent B in 30 min, purity 95%).
room temperature. The solution was filtered and the resin was Chemiluminescent Competition Assay on VEGF-R1.The
washed with 100 mL of DMF and DCM. Deprotection and cleavage assay was performed as previously described by Goncalved®t al.
of the resin were realized according to method B. Yield after Briefly, a fixed amount of biotinylated VEGEs (131 pM) was

purification, 3.6%; MWz calcd for G4HssN1¢016S,, 920.3; found, incubated with the tested peptide in the presence of recombinant
921.7 [M+ H]*; tr = 5.2 min (26-80% of solvent B in 30 min, human VEGF-R1 adsorbed on a 96-well microplate. The biotiny-
purity 97%). lated VEGHhgs remaining after wash steps was detected by

Peptide KFMDVYQRSYCH-NH » (3). Synthesis was performed chemiluminescence thanks to HRP-conjugated streptavidin.
on a Rink amide MBHA resin (substitution: 0.61 mmol/g, 410 mg) MR Experiments and Data ProcessingSamples for NMR
following the general procedure. Deprotection and cleavage of the 8XPeriments were prepared by dissolving 1 mg of the cyclic peptide

resin were realized according to method C. Yield after purification, N the solvent mixture p0/D,0/DMSO-ds (80:10:10). The pH of

3.0%; MSnVz calcd for GoHioMN2cOwsS,, 1574.7; found, 1576.3  the sample was set to 4.1 and 4.24 for the peptidiesnd 7,
[M + H]*: tr = 10.5 min (26-60% of solvent B in 20 min, purity respectively. NMR experiments were carried out on an Avance
98%). ’ ’ Bruker 600 MHz proton spectrometer. Total COSY, TOCSW¥jth

. . a mixing time of 70 ms, double quantum filtered spectroscopy,
Peptide NGYEIEWYSWVTHGMY-NH , (SP5.2).Synthesis ) . L .
was [?erformed on a Rink amide MBHA rés(in (sub)stit)lljtion' 0.61 %%Fl%%)sg;ﬁg 7ang ;‘%Es\fz)a"lgat five ?lfferegt mlx;]ng tlmesi (50_’|_

: " , , , an ms) were performed on the samples. Two-
gqnnclotltllgeésalgenz)gf)t;cgl?xir:wgvf/rf]e?egfenaﬁirzaédpraogfo%ﬁé Et)oe ?rz%tti(géoré_dimemional spectra were acquired at 293 K, with 2048 real points
Yield after purification, 1.0%; M3z calcd for GeH1odN2:0s6S in t2, a spectral width of 6010 Hz and 512 tl_ increments. The
2032.9: found 20341' M+ i_|]+_ tr = 20.2 min (26-80% o’f transmitter frequency was set to the water signal. The solvent
solve-nt’ B in 3(‘) min burity 91 3%)R ' resonance was suppressed using a 3-9-19 pulse sefuenty

; ) . saturation of the water signal during the relaxation delay of 1.6 s
General Procedure for Synthesis of Cyclic Peptides 412. between free induction decays. For all experiments, the temperature

The linear sequence of amino acids was assembled on Rink amidey a5 controlled externally using a temperature control system (BCU
MBHA resin (substitution: 0.70 mmol/g, 350 mg) according t0 g5 Bryker). All data were processed using XWINNMR software
the general method for peptide synthesis, except that the C-terminal gy ker). A7/6 phase-shifted sine bell window function was applied
residue was a Fmoc-Glotallyl)-OH and the terminaN°-Fmoc and data were zero filled once prior to Fourier transformation in
protecting group was conserved at the end of the synthesis. Afterpoih dimensions t1 and t2. The final size of the frequency domain
assembling the peptide, tkallyl protecting group on the glutamic  arices was 2048 points im: and w, dimensions. For all
acid was removed by the following protocol: the resin was swollen gy perimentstH frequency scale was directly referenced to water.
in 30 mL of DCM/ACOH/NMP (37:2:1 v/v) and the suspension  The gata were then analyzed with the Felix program (Accelrys,
was bubbled with argon for 30 min. Then 870 mg of Pd®P(3 San Diego, CA).

equiv) were added and the solution was stirred3ch atroom Structure Calculation of the Cyclic Peptides. The input

temperature under an argon atmosphere. The suspension was filterelisiance restraints were deduced from the measurement of the NOE
and the resin was washed with a solution of 0.5% DIPEA in NMPjnansities in the NOESY data sets at five mixing times, at the
(50 mL), a solution of diethyldithiocarbamate (0.5 g in 100 mL e mperature of 293 K, by integration of the peaks into distances
NMP), DMF (2 x 10 mL), and DCM (2x 10 mL). The Fmoc by a R-6 dependency and a tolerance of 20% to take into account
group was then removed with 20% piperidine in NMP (30 min at ne errors of integration. The distances were calibrated using the
room temperature) and the resin was washed with NMP. Next the istance between thgl/52 protons of glutamate residues of 1.76
peptidyl resins were stirred overnight with a solution of coupling & measured in peptid@ and81/32 protons of the aspartic residue
reagents (8 mL NMP+ 0.25 ni. 2 M DIPEA in NMP + 2.5 mL for the peptidet. No dihedral torsion angle restraints or hydrogen
100 mM HBTU in NMP) at room temperature. The resin was ponds were introduced during the calculations. The “structure
washed with NMP and DCM, and the deprotection and cleavage getermination was done using standard protocols of distance
was performed with method A. geometry and simulated annealing to embed and optimize initial
Peptide c[hnFhnFDEGLEE]-NH; (4). Yield, 17.0%; HRMSm/z structures and performed with X-PLOR 34842 on an SGI O2

calcd for G7HsaNgO1sNa, 1016.4311; found, 1016.4339 [ivINa]"; R12000 workstation. These structures were optimized further with
tg = 22.1 min (16-90% of solvent B in 30 min, purity  restrained molecular dynamics simulations, which were carried out
97.6%). in vacuo with a distance-dependent dielectric constant. The dynam-
Peptide c[hnFhFDEGLE]-NH; (5). Yield, 6.9%; HRMSnvz ics were initiated at 5 K and the temperature was increased gradually
calcd for G,HseNgO1oNa, 887.3915; found, 887.3927 [M Na]*; to 1000 K in 5.0 ps and then equilibrated for 1.0 ps. The force

tr = 24.5 min (16-90% of solvent B in 30 min, purity 93%). constants for the distance restraints were kept at 2.0rko#l-A—2
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during these stages and were subsequently scaled up to a final valu¢TBS) containing 0.1% Tween 20 (TBST) and 5% FBS &G4

of 30 kcatmol~1-A~2 over 6.0 ps. The system was then allowed to  overnight. After treatment with the primary antibody, the membrane
evolve for 20.0 ps at 1000 K and then slow-cooled to 300 K in was washed three times with TBST, then incubated with anti-rabbit
14.0 ps and equilibrated for 10.0 ps. The coordinates saved everylgG-horseradish peroxidase conjugates (Amersham Biosciences,
0.5 ps in the last 4.0 ps were averaged. The resulting structuresBuckinghamshire, Angleterre; 1:6000) fb h atroom temperature,
were submitted to a conjugate gradient minimization until a final and washed three times with TBST. The immunoblots were
gradient of 0.1 kcamol~1-A~2 was reached. Out of 200 calculated visualized by enhanced chemiluminescence (Amersham Bio-
structures, the 10 best structures were selected based on the criteriaciences).

of acceptable covalent geometry, low distance restraint violations, Wound Healing Assay.HUVEC were seeded in six-well plates
and favorable nonbonded energy. All dynamics were carried out coated with a solution of 0.5% gelatin and were allowed to grow
with a time step of 1.0 fs. The quality of the structures was evaluated to confluence. Complete medium was replaced by medium contain-
with PROCHECK! and INSIGHT Il (Accelrys) software was used  ing 2% FBS, and incubation was continued overnight. A linear
to visualize the structures. The quality of the structures was wound was drawn in the monolayer of cells. A set of digital photos
monitored by pairwise root-mean-squared deviation (rmsd) values was taken of each wound with a camera (Digital Sight, DS-L1,

and listed in Table 2. The final refined structures of the cyclic Nikon, Japon) at 109 original magnification. The wells were
peptides in solution exhibit no distance violations larger than 0.2 washed with PBS, and medium containing 130 pM VE&GHn

A (Table 2). Input restraints statistics are listed in Table 1.
Docking of Peptide 7 on VEGF-R1.To discover the factors
favoring the binding of peptidé on VEGF-R1 and how this binding
could perturb the interaction between the VEGF and its receptor,
VEGF-R1, peptid& has been docked on VEGF-R1. In a first step,
peptide7 has been superimposed with the VEGH&8) fragment,

the presence or absence of peptides at/d0vas added. After 6
h, a second set of photos was taken at the same place in the same
conditions.

Capillary Tube Formation on Matrigel (In Vitro Angiogenesis

Assay).The formation of capillary tube-like structures by HUVEC
was analyzed on 96-well plates coated with growth factor reduced

then the VEGF(6168) has been removed, and the complex formed MATRIGEL matrix (BD Biosciences, U.S.A.). Matrigel was thawed

between VEGF-R1 and peptidehas been minimized in a second

at 4°C. Then 75uL/well of Matrigel was distributed and allowed

step. The coordinates of VEGF-R1 have not been allowed to move to solidify at 37°C over a period of 1 h. HUVEC were seeded on
during the minimization and were maintained fixed with the the polymerized Matrigel (X 10* cells/well) in medium containing
“constraints-fix-statement” in X-PLOR, while the atoms of peptide 59 FBS, with 518 pM of VEGF in the presence or absence aif

7 have been free to move and to adapt to VEGF-R1. The NOE the indicated concentrations. The plate was incubated &C37

constraints identified previously within peptidehave not been

and tube formation was observed after 14 h under a phase-contrast

employed during energy minimization. The obtained structure of microscope. Digital pictures were then taken with a camera (Digital

the complex and the position of peptid®n VEGF-R1 have been
analyzed, and the hydrogen bond network has been identified
between peptidd and VEGF-R1.

Cell Line and Culture. HUVEC were obtained as a gift from

Sight, DS-L1, Nikon, Japon) at 40original magnification.
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Supporting Information Available: H NMR spectra of com-

pounds4 and7 in DMSO-ds; table of purity for the target com-
pounds 1-12 and SP5.2 and HPLC analysis for the target
compoundsl—12 and SP5.2 This material is available free of

for 6 h. After this time, cells were washed three times with PBS CNarge via the Internet at http://pubs.acs.org.

and fixed with 4% formaldehyde. Cells were washed three times
with PBS, and slides were mounted using mounting medium
Vectashield Hard set (Vector Laboratories, Burlingame). The
binding betweerl2 and HUVEC was analyzed with a biphotonic
confocal microscope (Leica TCS SP2 AOBS, laser 2 photons:
Tsunami, Spectra Physics; Institut Jacques Monod, France). Experi-
ments were repeated two times with identical results.

Western Blot Analysis. Experiments were realized in six-well
plates coated with a solution of 0.5% gelatin. HUVEC, at
confluence, were starved in 2% FBS-supplemented M199 overnight,
followed by 5 h in 0% FBS-supplemented M199. HUVEC were
treated for 20 min by compounds at the indicated concentrations
in 0% FBS-supplemented M199 and then stimulated by VEGF
at 130 pM during 10 min. Cells were washed three times with ice-
cold PBS, and the reaction was terminated by the addition of 100
uL of ice-cold lysis buffer HNTG : Hepes 50 mM, NaCl 150 mM,
glycerol 10%, Triton 100 1%, EGTA 1 mM, Mgell mM, Na-

VO, 1 mM, NaF 1 mM, and one protease inhibitor cocktail tablet
(Complete, Roche). Equivalent amounts of proteins from each lysate
were resolved in 12% SDS-polyacrylamide gel and then transferred
onto nitrocellulose membranes (Bio-Rad Laboratories). The trans-
blotted membrane was incubated with antiphosphorylated-g24
ERK MAPK antibody (Cell Signaling Technology, Beverly, MA,
Etats-Unis; 1:1000) and with ang-ubuline (Santa Cruz Biotech-
nology, Californie, Etats-Unis; 1:1000) in Tris-HCI buffered saline
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