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ABSTRACT

Physiological and pathological angiogenesis is Iganegulated by the binding of the
vascular endothelial growth factor (VEGF) to itsceptors (VEGFRS). Antagonists of
VEGFR are very attractive for the treatment of dgses related to excessive angiogenesis.
Our previously designed C-terminal alkylated cygleptides [YKDEGLEE]-NHR (R = alkyl,
arylalkyl) disrupt the interaction between VEGF avilGFRs in biological assays. In this
paper, we described the structural studies of itdifg of one of these cyclic peptides named
Peptide3 to the VEGFR1 domain 2 (VEGFR1-D2). The moleculiacking and NMR
mapping identified the binding site on VEGFR1-D2&eTanti-angiogenic effect of our peptide
was evaluated by an experiment of VEGF-induced fabraation in two cell lines, retinal cell
type RF6/A and vascular endothelial cell type HUVE&®me new peptides were also
synthesized and compared by an ELISA-based assayder to verify their ability to disrupt
the formation of the complex VEGF-A/VEGFRIn conclusion, the structural studies of
Peptide 3 with VEGFR1-D2 will help the design of more effiot VEGFR antagonist.
Moreover, Peptide3, with improved receptor binding affinity, could lmore suitable for

VEGPFR targeting bioimaging studies once labelled.
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1. INTRODUCTION

Angiogenesis, the formation of new blood vesselmfrpreexisting vasculature, is a
fundamental physiological process during fetal dgwment and tissue repair [1,2]. The
process is tightly regulated by pro- and anti-aggiac factors. Abnormal angiogenesis is
involved in various pathological disorders, inchglivascular insufficiency (myocardial
infarction, limb ischemia and arteriosclerosis) awmascular overgrowth (hemangiomas,
retinopathies, and vascularized tumors) [3-5]. Aggnesis is mediated by the effectors
belonging to the vascular endothelial growth fademily (VEGF-A, B, C, D and PIGF

(placental growth factor)), among which, VEGF-A {ally named VEGF) represents as the

most effective isoform [6].

VEGF-A is a dimeric glycoprotein that exerts it®f@angiogenic effects through the binding
to three structurally related tyrosine kinase rémepp(VEGFR1, VEGFR2 and VEGFR3J] [
and two co-receptors, neuropilins 1 and 2 (NRP1 HRP2), lacking cytosolic catalytic
activity [8]. While VEGFR1, VEGFR2 and NRP1 are implicatedamgiogenesis, VEGFR3
and NRP2 are predominantly involved in lymphangreges. Blocking the interaction
between VEGF and its receptors for therapeuticdiagnostic purposes has been an intense

research subject during the past decades, leadingdays to clinic treatments [9].

The molecules able to block the interaction betw®&GF and its receptors are called
antiangiogenic agents or antagonists. They canféméewith angiogenesis in various manners.
Antibodies that specifically bind to VEGF (bevacdizab) or VEGFRs (ramucirumab) can
prevent their interaction and VEGFRs phosphorytdtiotivation [10]. Moreover, a soluble
fusion protein which combines ligand-binding elemsertaken from the extracellular
components of VEGFR1 and VEGFR2 fused to the Ftigroof IgG, aflibercept, can mimic

VEGFR and trap circulating VEGF [11]. Most othergaogenesis inhibitors, including the
3



wide family of tyrosine kinase inhibitors, among ielin sorafenib and sunitinib, inhibit

VEGFR tyrosine kinase activity and the downstreaignading pathways, blocking

angiogenesis [12,13]. All these antiangiogenic &gyane now employed in clinical treatment
of cancer patients, alone or combined with conesati chemotherapeutic cytotoxic agents
[14]. However, protein drugs, including antibodi@gth good target specificity are of high

production cost and low metabolic stability. Corsedy, small tyrosine kinase inhibitors have
low target specificity. Thus, synthetic chemicaiipdified peptides become more and more
attractive, because they show better bioavailgbéitd metabolic stability than proteins and
better target specificity than small moleculé$-[L7]. To develop peptide antagonists, two
strategies have been adopted so far, the firstione rationally design peptides based on
protein structures and the second one is basedesdreening of randomly expressed or
synthesized peptide libraries. In our study, wepaeid the first strategy to design VEGFRs

antagonists by mimicking VEGF receptor binding epés conformations.

VEGFR1 and VEGFR?2 are structurally related homoésgwconsisting of seven extracellular
ligand binding Immunoglobulin (Ig)-like domains (EE17), a transmembrane domain and a
cytoplasmic domain, including a tyrosine kinase dom[18]. The X-ray structure of the
complex between VEGF dimer and the domain 2 of VEGRFV/EGFR1-D2 (PDB accession
number: 1FLT), shows that VEGF interaction inteefag defined by a discontinuous surface
[19]. The binding residues belong to three regiohboth VEGF monomers: The N-terminal
helix (a1), the loop joining the stran@8 andp4 (Loop 2, as indicated in Figure 1) of one
VEGF monomer and the loop encompas$ii@ndp6 strands (Loop 3, as indicated in Figure
1) of the second VEGF monomer (Figure 1). With eespo VEGFR1-D2, the VEGF binding

residues are situated at the bottom of C-end caingriof3a’, fc, a-turn betweeref3f, p3f

and g strands (Figure 1). Later in 2017, S. MarkoviceWler et al. solved the structure of



the complex formed between VEGF-A and the compmateacellular domain of the receptor
VEGFRL1 [20]. They showed that VEGF-A binds not otdythe VEGFR1-D2, but also to
VEGFR1-D3. While thex1-helix binds only to D2, the2-32 loop (Loop 1, as indicated in
Figure 1) binds to D3, Loop 2 and Loop 3 bind btwihD2 and D3. In the structure of the

complex, VEGFR1 D2 and D3 domains bind to VEGF-Awgimilar interface area.

Figure 1. Co-crystalized structure of VEGF-A homodimer lwand gold) in
interaction with two VEGFR1-D2 (green) [19]. Thegien of one VEGFR1-D2
involved in interaction with VEGF-A is in red. BOWEGFR1-D2 interact with VEGF-
A dimer in the same manner. The regions of VEGFifed in interaction with
VEGFRL1 are circled, among them, Loop 1 (circlebiown dash line) interacts with

VEGFR1-D3 (not shown).

Several groups of researchers, including us, haseldped conformational constrained
peptides reproducing thel-helix [2123] the hairpinf5-p6 (Loop 3) [24-27] or the loop3-

B4 (Loop 2) [28-30] of VEGF regions involved in VEBE binding. Such constrained



peptides can modulate VEGF biological responseeR8¢ our group has also reported that
cyclic peptides reproducing the loop connecry{32 (Loop 1) of VEGF were effective in
VEGFRL1 binding, probably throughe interaction with VEGFR1-D3 [31]. On the othankl,

peptides mimicking VEGFR1-D2 have also been deezldpr VEGF binding [32-34].

Although a variety of peptides have been develdpedeveral groups, only few structural
binding data are available. In 2010, D'Andrea'sugrareported the expression and
characterization of the uniformfyN labeled D2 domain of VEGFRIN-VEGFR1-D2) [35].
The interaction betweeiN-VEGFR1-D2 and three cyclic peptides, two derifren Loop 2
and the other mimicking thel helix of VEGF, has been studied by nuclear magnet
resonance (NMR) [29,36]. However, the cyclic pegsidierived from Loop 2 [28,29] could
be contaminated by traces of metal catalyst sine& synthesis utilized palladium (Pd°) for
functional group deprotection before cyclizatione\Wave discovered later that divalent
metals can trigger VEGFR1-D2 dimerization [37]. $hwe firstly optimized the synthetic
method without using metal catalyst. The solid ghpeptide synthesis and solution phase
cyclisation minimized also N-terminal guanidinytatidescribed in the previous synthesis. At
the same time, we improved the affinity of cyclieptides able to bind VEGFR1 by C-

terminal substitution [30].

In this paper, we describe the structural studigdhebinding to VEGFR1-D2 of one of these
C-terminal substituted cyclic peptides (PeptRjePeptidel6 in the previous article [30])
(Figure 2) Firstly, 2D NMR experiments of Peptidalone were performed, then docking
studies of the peptide structure on VEGFR1-D2 weneied out. Finally, Single Transition-
to-Single Transition Polarization Transfer (ST2-P®) [*H, ™NJ-TROSY [38] two-
dimensional on the uniformly°N labeled VEGFR1-D2 in the absence or presencéef t

binding peptide were realized. The Kalue of the interaction was also estimated by NMR
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The anti-angiogenic properties of Pepti@ewere evaluated by microtube formation on
Matrigel of retinal cell type RF6/A (rhesus macagumeroid-retinal endothelial cells) and of
vascular endothelial cell type HUVEC (human umhiligein endothelial cells) for potential
retinopathies and cancer treatment. Several nelic@eptides, derivatives of Pepti@ewere
also synthesized and their structure-activity retethip was studied by ELISA displacement

tests.
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Figure 2. Chemical structure of cyclic Pepti@dPeptidel6 in the previous article [30]).
The residues of amino acids were numbered, thasegicin between Yand the side

chain of B was shown in brackets in Table 1.
2. RESULTS AND DISCUSSION

Cyclic peptide [YYDEGLEE]-NH (Peptidel in Table 1) mimicking simultaneoustyl and
L2 has been developed in our laboratory [28]. Treptide was modified by replacing Fyr
with a Lys residue, obtaining the [YKDEGLEE]-Nldeptide (Peptid® in Table 1) which
lost somewhat its receptor binding affinity, asaldeed by Gautieet al [28]. Starting from
this latter peptide, we have reported a series-tdr@inal modified cyclic peptides, some of
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them showing improved VEGFR1 binding affinity in HA displacement test. The peptide
[YKDEGLEE]-NHCH,CH,Ph(3,4-diOH), Peptid& in Table 1, showed a better affinity with

respect to C-terminal unmodified cyclic peptRIE0].

Peptidel [Y'Y’D’E'G°L°E'E’]-NH,,
Peptide? [Y'K’D*E'G°L°E’'E?]-NH-,
Peptide3 [Y'K°D*E'G°L°E’E?]-NHCH,CH,Ph(3,4-diOHj

Table 1 Cyclic peptides mimicking VEGF-A binding to VEGER[28-30]. The
brackets in the peptide sequences indicate thésayicn between the main chain of Y

and the side chain of E
2.1 NMR study of Peptide 3 in solution

Proton NMR 2D spectrum performed on the cyclic juep8 shows overlaps betweerf Knd
D3 G and E, L® and B, giving less spreading chemical shifts than thafsBeptidel [28].
The amide region (Figure 3) is well resolved forimoracids ¥, E* and C-terminal LDP
(LDP: dopamine) between 7.6 and 8.46 ppm, but aotHe amino acids ¥ D?, G, L®, E’
and E. The black cross on Figure 3 showed the proximityvben the residues'YE® and
LDP®, as Peptid& was cyclized between the amigup of Y and the side chain carboxylic

group of B which carrying the LDPresidue at its C-terminal.



Figure 3: '"H NMR NOESY spectra of the amide region (horizorsgctrum) and the
Hq (vertical spectrum) of Peptid® The spin systems were identified by 2D TOCSY

[39] and DQF-COSY [40] experiments and were sedakytcorrelated across space

thanks to the 2D NOESY experiment [41].

Intraresidual and sequential connectivities werenidied for all residues of Peptid&.

TOCSY [39] and DQF-COSY [40] experiments were u$adspin system identification.
9



NOESY [41] experiment was used for sequential amugdrange assignments. 88 NOE
restraints were identified on Pepti8eof which 59 are intraresidual and 29 sequential. No
medium range NOEs (Ji-f 4) were observed. Cyclic pepti@seems to be less rigid than
Peptidel, the lattershowed one medium range NOE (}<j§) on its NOESY spectra [28].
Ramachandran plot analysis shows tia¥ angles are found in additional allowed region
(100%) for Peptide8, while for Peptidel, indeed®/¥ angles are found in most favoured

regions (38%) and residues in additional allowegiams (42%) [28].

Based on data obtained from TOCSY, DQF-COSY and SMExperiments, the 3D
structure calculation was performed using the @ogK-PLOR [42].The X-PLOR software,
originally developed by Axel Briinger, is now beidgveloped by Ad Bax group at the NIH.
This program makes it possible to integrate NMRadaich as distances, dihedral angles,
coupling constants, paramagnetic or dipolar relaratlata or residual coupling. X-PLOR is
therefore particularly well suited to the calcuwati of structures from NMR datdlen
structures of low calculated overall energy and kmeamber of distance restraint violations
were selected out of 200 calculated structures.eNohthese structures exhibited NOE
violations greater than 0.2 A. The two aromatigsinTyr (Y* of Peptide3) and C-terminal
residue LDP (formula shown in Figure)? are flexible and have different orientationseTh
average structure of Pepti@ein solution was calculated from the 10 best stmes which
were then superimposed (Figure 4A). The pairwissdrgalculated on the ten best structures
was evaluated at 0.66 + 0.21 A on the backbone stivom residues 1 to 9. The rmsd
calculated on the whole backbone atoms for eacictsitre to the average one was evaluated

at0.64 +0.14 A.

The averagestructure of Peptid8 (Figure4B, in salmon colgrwassuperimposed with that

of the original Peptidé (Figure4B, in teal-blue coldt In fact, the backbone atoms are well
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superimposed between residues 1 to 8 with a rmdds&2 A. Among the common residues
of both peptides, the side chains of Asmd GId have slightly changed their orientations,
while residues Leéuand GId showed obviously different orientations. The corgmn
between Peptida and Peptidd showed that the Lysuperimposes well with T§in Peptide

1. In previous NMR studies, replacing the Twmd Tyf by two homophenylalanine had
changed peptide conformation [28]. It appears Heae the replacement of Tyby Lys” and
the C-terminal alkylation have oriented the struetof the peptide in solution to a more stable
conformation. However, according to the Ramachangidt, cyclized peptides are still
flexible and can adopt suitable conformation te@niact well their target protein. Thus, to test

this hypothesis, the docking of Peptlen VEGFR1-D2 was realized.

Figure 4: (A) The average structure of Pepti@l¢bold stick in salmon color) obtained
by the superimposition of 10 lowest energy strieguout of 200 calculated structures.
(B) Superimposition of the average structures gitides3 (salmon) [28] andL (teal-

blue).
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2.2 Docking of Peptide 3 on VEGFR1-D2

To analyze the peptide receptor binding details,dbmplex of Peptid8 in interaction with

VEGFR1-D2 was built with the X-PLOR program basedlee VEGFR1-D2 structure solved
by NMR in the literature (PDB code: 1QSV) [43]. Ing energy minimization, the average
structure of Peptid8 was used, but not the constraints identified byRNiithin Peptide3.

Atom positions of VEGFR1-D2 were kept fixed and theptide atoms were free to move.
The manual docking started with a structure deteechiby NMR and the side chains of
peptide were free to adapt to the receptor dutiegformation of the complex. The model of
the complex thus obtained by docking shows thati@p binds to the surface of VEGFR1-
D2 comprising the loofc-Bc’, the turn betweefef3f andg (Figure 5C). The structures of
the free peptide in solution as determined by NMf@ & complex with the receptor after
docking were quite similar and the rmsd between ftee and the bound peptide was

calculated to 0.14 A.

In the VEGF/VEGFR1-D2 crystalized structure [19je tCy§-Cys*® (Loop 2) fragment of
VEGF interacts with VEGFR1-D2 through 2 H-bondsiween the As side chain of
VEGF-A and the residue’® of VEGFR1-D2 (Figure 5A). Peptidehas 3 H-bonds between
the side chains of ASpGIu* and GId and residues ¥, H**® and R** of VEGFR1-D2,
respectively [29] (Figure 5B). Peptidhas different H-bond interaction network. One H-
bond between the C-terminal NH of LB&nd the side chain CO of 3 of VEGFR1-D2, one
between the side chain of %and the backbone CO of?f, one between the backbone CO

of Asp® and the side chain of?® and one between the side chain CO of *%spd the

12



backbone NH of B* As already observed in the previous reports [@82eptide cyclization
or residue variation modify peptide’s H-bond netkoBesides the H-bond interactions,
hydrophobic interactions were expected inducedhieyG-terminal aromatic ring of Peptige

with the hydrophobic residues and I*""close to D™,

Loop BB Q(
> Loop B.-B;

FLTX W61-W68 FLTX Peptl FLTX Pept3
R224(HH22) D63 (0OD1) K171(HZ2) E7(QE1l) D175(0D2) LPD9 (HN)
R224 (HE) D63 (0D2) H223 (HD1) D3 (0OD1) T222(0) K2(HZ3)
R224(HH22) E4 (OE2) R224(HH22) D3(0)
R224 (HN) D3(0D2)

Figure 5. (A) Loop 2 of VEGF (Cy¥-Cy<®) in the crystallographic complex with

VEGFR1-D2 (FLTX): two H-bonds were determined [1@) Theoretical structure of

the complex between Peptideand VEGFR1-D2 after docking and minimization with
XPLOR: three H-bonds were determined. (C) Theoaétstructure of the complex

between Peptid@ (and VEGFR1-D2 after docking and minimization wiPLOR:

four H-bonds were determined.

The convergence of the structures is similar foptidle 1 and for Peptide8 (Table S1 in
supporting information) with a slightly better valfior Peptidel that could be explained by

greater flexibility of Peptid8.

The docking experiments showed that Pep8deinds to several regions of VEGFR1-D2

identified in complex with VEGF (loofsc-3c’, turn betweenBe{3f and Bg) (Figure 5C)
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[19,43]. Further structural studies were then catel by NMR to confirm the ligand-

receptor interaction, using theN labeled VEGFR1-D2 [35].

2.3 NMR mapping of the interaction between Peptid8 and VEGFR1-D2

A progressive variation of th# and™N chemical shifts of several signals of the 2D*N

HSQC spectra of VEGFR1-D2 was observed (Figurep@nurogressive addition of O to 8

equivalents of the unlabeled Peptigl¢o *°N-VEGFR1-D2 (260 pM in 50 mM Tris buffer,

150 mM NaCl and pH = 7.2).
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Figure 6: Overlay of fH, ®N] HSQC spectra of°N-VEGFR1-D2 (260 pM) with
increasing amount of Peptid(0 to 8 eq). The regions of VEGFR1-D2 in interawti
with Peptide3 were identified according the chemical shift pesation of the'H and

15N resonances of amino acids involved in the intévac

VEGFR1-D2 residues having their chemical shiftstypbation ASHN,, > 0.1 ppm), under
Peptide3 addition were identified. ThaSHN,, were calculated for the amidéN and*H
resonances using the equatitiHNa, (ppm) = [(0.101*A8N)? + (ASHN)? Y2 whereASN and
ASHN represent the differences between free and baednical shifts [44)Figure S1
supporting information). The normalized chemicaftsHA6HN,,) variation of amide NH and

15N within **N-VEGFR1-D2 at 1, 4 and 8 equivalents of Pep8aeere shown in Figur@.

0.30

AB(NH),, 1eq
W AB(NH),, deq
ABINH)..8ea

AL Wl

ARSI I NN RO AN AR TS B R ERR RN AR RENRARERERIAANIASAARRRRARRRRANANAININIINANNANNRAR

Residue Number

Figure 7. Histograms of the normalized chemical shit®HN,,) variation of amide

NH and®N within *®N-VEGFR1-D2 at 1, 4 and 8 equivalents of Pep8deising the

equationASHN,, (ppm) = [(0.101*AN)? + (ASHN)?¥2[44].
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These residues include® 115, 1€ T4° (Ba’), R™®3 (Bd), N'*¢, T"% E**! (Be-turnff), G
(Bf), L*% H?* (Bg). The mapping of the disturbed residues on VEGBR1structure
resolved by NMR (PDB code: 1QSV) [43] showed tw@asate zones. The first one

Composed of E4, |145’ |l46, T149, T198, E201, GZOB, L221, H223,

and the second one composed of
R'™3 N° (Figure8A). The N-terminal E° and M were not selected due to their high
mobility in solution [43] and are not exposed ie ttegion mapped by all other residues:’
was neither selected since its chemical shift tiaria were overlapped with those of*%
The H' and I**°> were also excluded since different chemical shiftues have been
observed in different buffer at different pH [3All residues situated ofia’, Be-turnf3f and
g are located on the surface of VEGFR1-D2 in canigihh VEGF-A, in agreement with the
regions identified by co-crystallization of the colex of VEGF/VEGFR1-D2 (PDB code:
1FLT[19]) (Figure 8B). Our results confirm that Pepti@leloes interact with VEGFR1-D2.
The results are somewhat different from those abtawith Peptidd and its analogue [29],
so we conclude that the conformations of this seakcyclic peptides is very sensitive to
residue modification and thus their interactionnWEGFR1-D2 is different. Therefore, L2ys

replacement and C-terminal modification in Pept®leould alter the conformation of the

peptide, the orientation of its side chains and fkeimode of binding to the receptor.

N-term
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Figure 8: (A). Regions comprising residues of VEGFR1-D2 identifigdNMR (E***
|145 |146 T149 T198 p201 203 ) 221 223 RIS and N9 by chemical shift perturbation
after addition of Peptid® are colored in red and mapped on the 3D structdire
VEGFR1-D2 resolved by NMR (PDB: 1QSV) [43]. (B). dens comprising residues
of VEGFR1-D2 in interaction with VEGF-A identifidoly co-crystallization (Y*°, E***,
|142, F>143, |145, H147, K171, F172, P173, Y199, KZOO, |202, L204, N219, L221, H223 and §24) are

colored in red (PDB: 1FLT) [19].

The X-ray complex VEGF/VEGFR1-D2 shows two proliesidues B and B involved in
interaction with VEGF-A, but the proline residuesnot be identified itH-°N HSQC NMR
spectra due to their absence of amide protons.oAdth the residues of VEGFR1-D2 in
interaction with Peptide8 identified by NMR are not identical to those idéatl in the
VEGF/VEGFR1-D2 co-crystalized complex, they aregheor residues situated @a’, [3e-
turn{f3f and g. Since the size of the peptide is much smallan tthat of VEGF, it is not

surprising that fewer receptor residues were ifiedtduring the interaction.

The studies of interactions between Peptidand *®N-VEGFR1-D2 carried out by NMR
experiments confirm partially the ligand binding aeb proposed by molecular docking. The
docking predicts 3 residues {# T°%* and R?) of VEGFR1-D2 having 4 H-bonds with
Peptide3. 'H-"N HSQC NMR spectra of ligand-protein binding idéeti more residues
implied in binding, including 11 residues™( 115 1146 T4 R!83 N9 T1% p201 G203 | 221
and H?) havingASHN,, > 0.1 ppm during peptide titration.*5 and ?? having ASHN, <
0.1 ppm were not selected, but they belong to #pige binding regions. Our results show
that Peptide3 can partly mimic VEGF binding to VEGFR1-D2, buethinding surface on the
receptor is limited by the weak molecular size i peptide. Moreover, Pepti@has also

much lower affinity than VEGF-A for VEGFR1-D2.
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Recently, we have reported that divalent metal icas induce VEGFR1-D2 dimerization
through chelation of residues *¥ and H*® of two VEGFR1-D2 monomers [37].
Homodimeric X-ray structures of VEGFR1-D2 have thesn obtained using Zn C¢** and
CU*" ions. Moreover, the VEGFR1-D2 homodimer interactmmnface is composed of an
important part of the VEGFR1-ligand binding surfak®R studies have shown that€dan
also induce the dimerization of VEGFR1-D2 in saatiAs the previous synthesis of Peptide
1 utilized Pd° [28], it is possible that the obsehmerturbation of VEGFR1-D2 residues by
this peptide may be partly due to traces of meiatamination. In our new synthetic pathway
[30], no metal catalyst was used, so we can exdleeffect caused by metal ion in Peptide

3 binding studies.
2.4 NMR determination of K4 of Peptide 3

Although diverse types of peptides have been deeelas VEGFR antagonists, few of them
have been analyzed in receptor binding structunadies [28,29,45,46]. Only one direct
receptor binding affinity has been measured by NJ@&. Most of the VEGFR antagonist
binding assays were based on measuring competitiility of peptides to displacé®
labeled VEGF to living cell membrane VEGFRs [22,47]biotin labeled VEGF from the
VEGFR [48], or on inhibition of VEGFR1 binding toBGF-A [49,50]. The NMR titration of
the ®N-VEGFR1-D2 by Peptid8 enables the determination of the dissociation temnsKy
for Peptide3 by evaluating the variation of tHel and**N chemical shifts 48) of VEGFR1-
D2 in the presence of peptide, following equattdg.c = (Admaxa) / 2+ [B + X - ((B + X)* -

4X)1’2] where B = 1 + K/[Plo, AdMax, is the normalized chemical shift deviation at

saturation, X represents the ratio of the ligarngp(fle3) and [P} is the total concentration
of the protein [51]. Based on different amino ac&bidues having the coefficient of

determination Rof 0.7 - 0.8, the Kwas estimated as 621 + 1(¥ (Figure 9).
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Figure 9: Calculated variation of chemical shiiAd) of VEGFR1-D2 residues upon
increasing concentration of Pepti@e The dots represent ti®HN,,, where AGHN,y
(ppm) = [(0.101*A8N)? + (ASHN)?*?, the solid lines represent fitted curves based on
AScaic = (A®MaXy) / 2+[B + X - (B + X)* - 4X)*¥ where B = 1 + {/[P]io;, ASMadey is

the normalized chemical shift deviation at satoratiX represents the ratio of Peptide
3/[Plt and [P].t is the total concentration of the proteithe curves of the best fit

solution of the quadratic function describe a Jnfnplex formation.

The ligand-binding NMR data to its receptor suggdstt Peptide3 could bind to the

VEGFR1-D2, on part of the binding surface of VEGFw#th however low binding affinity.

In fact, the recent resolved structure of VEGF-Aniteraction with VEGFR1-D2-D7 revealed
that the loopB3-B4 (Loop 2) of VEGF-A that we mimicked, mainly indéets through its

Asp®® (Asp’ in Peptide3) with R?**in VEGFR1-D2 and R°in VEGFR1-D3. However, the
Glu®* of VEGF-A (GIU in Peptide3) does not interact with VEGFR1-D2, but with residu
R?®L R % and N*° in VEGFR1-D3 [20]. Thus, the designed peptideand 3 might
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interact not only with VEGFR1-D2 but also with VEBE-D3 which cannot be observed in

our NMR experiments with VEGFR1-D2.
2.5 Inhibition of VEGF 165 induced capillary tube formation on Matrigel.

The anti-angiogenic effect of Peptidewas evaluated by its ability to inhibit microtube
formation of endothelial cells on Matrigel. As paltbgical angiogenesis is observed in
retinopathies and in tumor development, two cakdi were used, one of retinal angiogenesis
(cell line RF6/A, rhesus macaque choroid-retinalathelial cell) and the other of classical
vascular angiogenesis (cell line HUVEC, human uindlilvein endothelial cell).

The capillary tube formation of RF6/A cells and HB® on Matrigel were induced by
VEGF-A (30 ng/mL). At 50 uM, Peptid8d inhibits effectively the microtube formation of
both cell lines on Matrigel. Tube like structuregres quantified by manual counting and

presented as the percentage of control (without MHGigure 10A and 10B).
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Figure 10 Peptide3 (50 uM) reduced VEGF-induced tube formation in RE€ell (A)
and HUVEC (B). Tube like structures were quantifibd manual counting and

presented as the percentage of control (without ME@ = 2 for RF6A (A) and n = 3
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for HUVEC (B)). Data = Means SEM. ***P<0.001 versus contrdf"P<0.001 versus

VEGF.
2.6 New analogues of Peptide 3

Cyclic peptide [YYDEGLEE]-NH (Peptidel) has been designed to mimic simultaneously
al and Loop 2 regions of VEGF [28]. With the aimlabel this Peptiddl, its Ty’ was
replaced by Lys, leading to Pepti@elYKDEGLEE]-NH,. Lys residue created a potential
labeling site but conferred to the peptide a demdaeceptor binding affinity [29]. Starting
from Peptide2, with the aim to perform a new peptide tag fot oehging study, we designed
and synthesized a series of C-terminal modifiedicymeptides, some of which showed an

increased binding affinity in ELISA displacemergttg30].

Peptide3 had shown improved affinity compared to PeptRleAs the original Peptidd
showed better receptor binding affinity than TysLseplacement in Peptide we replace
back the Ly% by Tyrz to obtain Peptide4 and by homoPhe to obtain Pepthiléo investigate
the effect of aromatic ring at this position (TaB)e Moreover, docking study of Peptitien
VEGFR1-D2 showed that the cycle size is smallen that of L2 fragmenftCNDEGLEC®)
in the complex of VEGF-A/VEGFR1-D2, so an Asn residof VEGF-A L2 was inserted

between Tyrand Asp of Peptide3, generating Peptidé (Table 2).

All peptides, including the new peptidéss, and6 in Table 2 were synthesized as previously

described, without using metal catalyst [30].
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Peptide Sequence Displacemen

100 pM (%)
1 [Y Y DEGLEE]-NH; 19.3+4.7
2 [Y KDEGLEE]-NH, 14527
3 [Y KDEGLEE]-NHCH,CH,Ph(3,4-diOH) 48.4+4.38
4 [Y Y DEGLEE]-NHCH,CH,Ph(3,4-diOH) 50.0 + 1.4
5 [Y hFDEGLEE]-NHCH,CH,Ph(3,4-diOH) 15.4+ 2.6
6 [Y YNDEGLEE]-NHCH,CH,Ph(3,4-diOH) 247 +25

Table 2 Sequence of cyclic peptides used in ELISA and thdiibitory potency.
Displacement represents the percentage of btVE&#Hadied by the peptides at 100 uM.

The values are reported as the average of tedtsexd each in triplicate.
2.7 ELISA VEGFR1 binding assay

The peptides were evaluated at 100 uM for theiaciy to displace biotinylated VEGF-A
(btVEGF) from VEGFR1 by an ELISA assay [48]. Thesuks were reported in Table 2.
Displacement represents the percentage of btVE§#atied by peptides at the concentration
of 100 uM. As we have already reportBeptide3 showed improved affinity compared to
Peptide2 [30] (Table 2). When we replaced again the “Lyessidue with Tyr, the C-end
modified Peptide4 also showed an improvement over the unmodifiedtieed. We
concluded that in the series of C-end modified igegt an aromatic ring at position 2 (fyr

is not important for receptor binding. However, theplacement of Lys by
homophenylalanine (hPhe or hF) (Pepti)e which has been used in previous structure-
activity studies of the original peptide [28], pakes the loss of affinity. We supposed that a
residue at this position does not necessarily meside chain with an aromatic ring but with a
function that can establish favorable ionic or log#m bond interaction with the receptor (as

it is the case of Tyr or Lys but not of hPhe). Assertion at position 6 in Peptidiedid not
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influence obviously the affinity of the cyclic paf¢ 2, moreover it decreased peptide’s ability
to displace VEGF in respect to PeptideThus, the larger cycle is not favorable for the

receptor binding in this series of peptides.

Peptide3 remains the most interesting peptide since ther@inhal modification improved its
inhibitory potency of the interaction between VE@GRd VEGFRs, and the Lysesidue can
serve as labeling or conjugation site for furthedifications, such as chromophore or DOTA
conjugates for imaging studies [52], and for smadlecules conjugates to improve antagonist

activity.

It is extremely important to note here that the nwrcial btVEGF does not have always the
same biotinylation level for different batches dhdt the number of biotin molecules linked
to one VEGF is never determined. The quantity &Bf&F used for each assay must be
verified to reach the same signal level (in rekafight units). If the VEGF biotinylation level
is low, we should introduce more btVEGF (containimgpiotinylated VEGF), which may
give a lower peptide inhibition value. That is tleason that Peptideshowed 57% and 73%
inhibition at 100 uM respectively in two differebatch btVEGF [28,29], and Peptide
showed 45% and 12% in another two different asEE§80]. Thus, all the peptides must be

compared using the same btVEGF batch, which isdlse in this report.

We have also determined thesy@f Peptide3 by an ELISA displacement assay. Thel
evaluated as 196.3 + 35.4 uM (Figure S2 in supp@riinformation), where a total
displacement of btVEGF cannot be reached. The pnohlas also observed by the group of
Barker working on an anti-angiogenic peptide deativérom tissue inhibitor of
metalloproteinases-3 (TIMP-3) capable of bindingMBGFR2-ECD [53]. In their study,
incomplete btVEGF displacement has also been obderfhe authors suggested that

increasing inhibitor concentrations led to non-g#ipebinding of btVEGF to the plate.
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3. CONCLUSION

Here we described the structural study of the bigpddf a cyclic antagonist peptide on
VEGFR1-D2. Molecular docking showed that the peptidan have hydrogen-bond
interactions with the VEGFR1-D2. In fact, furtheMR studies ort°N labeled VEGFR1-D2
showed that the peptide interacts with the recept@rlapping the interaction regions of
VEGFR1-D2 recognized by VEGF. The results obtaiheck together with those previously
reported [28-30], allowed to describe a series eptides able to bind VEGFR1-D2 but
slightly different from VEGF in receptor binding.LESA displacement tests and Matrigel
microtube formation assays confirmed the desigthisfseries of cyclic peptides as VEGFR1
antagonistsPeptide3, showing a better inhibitory effect than Peptidesd2, could be more
suitable for further biological investigations.ciédn also be used for the design of chimeric

antagonists to improve inhibitory activity by cogation with small molecules.
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4. EXPERIMENTAL SECTION

4.1 NMR spectroscopy

Peptide3 employed for NMR studies was prepared by dissgiirmg of lyophilized peptide
in a mixture of HO/D,O/DMSO-g; (v/v 80/10/10, 500uL) at a pH of 2.5. NMR experirtse
were carried out on a Bruker 600 MHz proton specater Avance Ill. Double quantum
filtered spectroscopy, DQF-COSY, total correlatpdctroscopy, TOCSY, with a mixing time
of 70 ms and Nuclear Overhauser effect spectrosdd@ESY with a 250 ms mixing time
were performed. Two-dimensional spectra were aeduat 293 K, with 2048 real points in t2,
a spectral width of 5040 Hz and 512 t1 incremehk® transmitter frequency was set to the
water signal. The solvent resonance was supprdssadlD Excitation Sculpting using 180
water-selective pulses pulse sequence from thedBnlilse sequence library (zgesgp)z/A
phase-shifted sine bell window function was appliead data were zero filled once prior to
Fourier transformation in both dimensions (t1 a2)d The final sizes of the frequency domain
matrices were 2048 and 2048 real points in bothedsions. For all experimentsH
frequency scale was directly referenced to water. &l experiments, the temperature was
controlled externally using a temperature contydtesm (BCU 05 Bruker). All data were
processed using Bruker Topspin (v1.3) software {piwBruker). The data were then

analyzed with the spectrum analysis program (CcpAnalysis).
4.2NMR Structure and analysis of Peptide 3

The 3D structure calculations were performed usfRBLOR [42]. Out of 200 calculated
structures, 10 were selected according to theirdwerall energy and their weak number of
distance restraint violations. None of the struetexhibited NOE violation greater than 0.2 A

and all of them revealed a good covalent geometith no bond or angle violations. The
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Ramachandran plot shows that 100 % of the residvedound in the additional allowed
regions. The superimposition of the 10 lowest epesguctures on their backbone atoms
(residues 1-9) shows a good convergence of thetstas (Figure 4A). The pairwise and
averaged rmsd calculated on the backbone atomsrisitiues 1 to 9 was evaluated at 0.66 *

0.21 A and 0.64 + 0.14 A respectively (Table S$upporting information).
4.3 Interaction between Peptide 3 an®®N-VEGFR1-D2 and Ky determination

The uniformly labelled®N-VEGFR1-D2 was expressed, refolded and purifiediescribed
[35]. The protein was then prepared at the concentrafi@®0 uM in 200 pL of 50 mM Tris
buffer at pH 7.2 containing 150 mM NaCl and 10%)\D,O was titrated with a solution of
Peptide3 at the concentration of 26 mM in DMSO-d6. A TRO&Y-'>N experiment was
recorded after each addition of PeptiBleChemical shift referencing of théd and **N
resonances was performed using previously publistsstgnments [43]. Then we evaluated
the chemical shift perturbations of thel and *°N resonances on the TROSY spectra of

VEGFR1-D2 after each addition of the cyclic peptide

ASHN,,, the variation in chemical shifta§) of amide NH and®N within labeled VEGFR1-
D2 at different Peptid8 concentrations, was normalized using the equateawb and was
reported on the histograftigure 7 and Figure S1 in supporting informatiand residues

havingASHN,, > 0.1 ppm were selected.

ASHNa, (ppm) = [(0.101 *ASN)? + (ASHN)?Y? where ASN and ASHN represent the
differences between free and bound chemical sififif)1 is the report of the constgamma
characteristic for each isotope [44] for each andom at different ratio peptide/protein. The

dissociation constantdvas obtained by nonlinear least square fit ofddia of equation:
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ASeaic = AdMaay [ 2+ [B + X - (B + X)? — 4X)"] with B = 1+Ky/[P]ir WhereAdmaxy is the
chemical shift change at saturation, X represdrggatio of the ligand (Peptid® and [Pl
the total concentration of the protein [51]. Exc&pt, which is not represented on Figure 9
because of its Rvalue smaller than 0.7, all fitted curves showadRa values among 0.7 -

0.8.
4.4 Cell line and culture

The monkey choroid-retinal endothelial cells RF@¥ CC, Manassas, VA) were cultured in
Roswell Park Memorial Institute 1640 medium (RPMIQP and Dulbecco’s modified eagle
medium (DMEM) (Invitrogen, Carlsbad, CA) supplenmahtwith 10 % fetal bovine serum
(Invitrogen), 100 U/mL penicillin and 100 pg/mL egptomycin (Invitrogen). Cells were

incubated in a humidified atmosphere of 5 %,@037 °C.

Human umbilical vein endothelial cells (HUVECS) weyurchased from ScienCell Research
Laboratories, inc. (Carlsbad, CA). HUVECs were udtl in ECM supplemented with 5%
(v/v) fetal bovine serum and 1% ECGS, 100 U/mL p#im and 100 pg/mL streptomycin.

Experiments were performed on HUVECSs from passatget3
4.5 Capillary tube formation assay

Matrigel was thawed at 4 °C overnight. 96 well etatwere placed on ice prior to the
procedure. Liquid Matrigel (10QL) was slowly added to each well followed by calgfu
shaking for even distribution. All the above prams were carried out on ice. Then, the
culture plate was incubated at 37 °C with 5 %,3@ 1 h. RF/6A cells were starved in
RPMI1640 containing 0.1 % BSA for 4 h. HUVECs wstarved in ECM containing 0.1 %
BSA for 4 h. Cells (2*1f) in 100 pL of medium were treated with or withdeptide3 (50

M) for 15 min and then seeded into 96-well plates-gpated with Matrigel and incubated
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with ECM containing 0.1 % BSA with or without 30 /ng- VEGF-A for 4 h. Images were
pictured under the inverted microscope, and tubasihg intact networks were counted in a
blind manner. The results were calculated from independent experiments with three
replicates for RF6A cells andhree independent experiments with three replicdtes

HUVEC.

4.6 Peptide synthesis

All Fmoc protected amino acids and peptide synthesiagents were purchased from
Novabiochem (Merck Millipore, Darmstadt, German@ther chemical reagents and solvents
are from Carlo Erba Reagents (Val de Reuil, FranBeptides were synthesized in solid
phase using Fmoc chemistry on microwave assisteM-CiBerty 1 synthesizer. HPLC
analysis was performed on a Shimadzu ProminencQAD HPLC using a Phenomenex
Luna Ggcolumn (5um, 4.6 x 250 mm) with dual UV detection at 214 nml 254 nm and a
linear A-B gradient (A: 0.1 % TFA aqueous; B: 0.09%A in 70 % acetonitrile aqueous) at a
flow rate of 1 mL/min. Crude peptides were purified a on Shimadzu semi-preparative
HPLC system using an Alltima;gcolumn (5um, 10 x 250 mm) at a flow rate of 2 mL/min.
The purity of the peptides was verified by anabftielPLC, and the purified peptides were
further characterized by MALDI-TOF mass spectromein anApplied Biosystems/MDS

SCIEX 4800 MALDI TOF Analyzer witlu-cyano-4-hydroxycinnamic acid as matrix.

The new peptided, 5, 6 were synthesized as described previously [3Bf synthesis of
linear peptides was conducted on a CEM-Liberty dtlsgsizer with Fmoc chemistry at 0.1
mmol scale, starting from Fmoc-Gly-CITrt resinee the sequences in Table 2). The C-
terminal modified amino acid was prepared befordhas Fmoc-Glu-NHCKCH,Ph(3,4-
diOH) for the introduction to peptidyl resiiThe linear peptide was synthesized y\'-

diisopropylcarbodiimide(DIC)/ethyl (hydroxyimino)cyanoacetat@©Oxymapure®) coupling
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and 20 % piperidine Fmoc deprotectidinen cleaved from resin by treatment with 2 % TFA
and 5 % TIPS (triisopropylsilane) in GEl, (10 mL) during 1 hThe suspension was filtered
to 10% pyridine methanol solution (4 mL). After wehts evaporation, the residue was
triturated with water and the precipitate collectewt! dried to give the side chain protected
linear peptideWithout purification, the cyclisation between thetédminal NH of Tyr" and
the side CGH of GIU® was realized in N,N-dimethylformamide (DMF) by Guévalents of
DIC and 1-Hydroxy-7-azabenzotriazolg1OAt). The complete cyclization was checked by
HPLC and DMF was then removed by evaporation amdrésidue precipitated in water,
washed thoroughly with an aqueous NaHG&Olution to remove diisopropylurea and HOAt,
and dried. The crude cyclic protected peptide \Wwas treated with 50 % TFA in GBI, with

2 % TIPS during 2 h for complete side chain detide. After evaporation, the residue was
precipitated in ether and collected by centrifugratithen purified by semi-preparative HPLC.
The fractions checked by analytical HPLC analysisre collected and lyophilized. The
peptide identity was finally confirmed by MALDI-TORmass spectrometry analysis.

Analytical results are represented in Table 3.

Peptide Yield (%) MS found Rt (minutes)

4 17 GssHg7NgO1¢, 1134.6 [M+HT 18.3 (20%—80% Bin 30 mln)
5 15 GaHeNgOre, 1132.6 [M+H]  16.2 (30%—100% B in 30 min)
6 13 Q,7H73N11021, 1248.7 [M+HT 11.8 (30%—100% Bin 30 mln)

Table 3 Yield is the total yield of linear peptide synséiiee and its cyclization. MS is
obtained by MALDI-TOF spectrometry. HPLC retentibmes (Rt) was obtained by the
gradient indicated (mobile phases A: 0.1 % TFA agge B: 0.09 % TFA in 70 %

acetonitrile aqueous solutions). Peptides numigdes to Table 2.

4.7 ELISA VEGF-VEGFR1 Binding Inhibition Assay
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The 96-well plate was coated with human extracatldomains (ECD) of VEGFR-1 (R&D
Systems, Abingdon, UK) in PBS (20 ng/well) overriigh 4 °C. The plate was washed with
200 pL of wash buffer (PBS containing 0.1 % (v/wyeen 20), three times and treated with
200 pL of blocking buffer (PBS containing 3 % (wWBBA) at 37 °C for 2 h, followed by
three washes with wash buffer. 50 pL of peptiddsgtimm at 200 uM (twice the desired final
concentration) in PBS containing 2 % DMSO were ddddriplicate wells and the plate was
kept at 37 °C for 1 h. A solution of btVEGF&A (R & D Systems, Abingdon, UK) at twice
the desired final concentration (typically 100 phh) 50 uL PBS was added. After 2 h
incubation, the plate was washed four times withstwabuffer. 100 pL of
Streptavidin-Horseradish Peroxidase (AmershamsiRitgh, PA, USA) diluted 1:8000 in
PBS were then added to each well to detect the BffAgsbound to the ECD of VEGFRI.
After 45 min incubation at 37 °C, in the dark, thlate was washed three times with wash
buffer. 100 pL of SuperSignal West Pico Chemiolussitent Substrate (Pierce, Rockford, IL,
USA) was finally added and the chemiluminescence waantified with a Perkin Elmer
Victor 2 spectrophotometer (Victor Wallac Multildbeeader). The percentages of
displacement were calculated by the following folanul00 x [1 — (S — NS)/(MS — NS)]
where S is the signal measured, NS is the nonspdwifding signal defined as the signal
measured in the absence of coated receptor on ib@ptate, and MS is the maximum

binding signal obtained with btVEGF:4& without competitor [48].
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FIGURE CAPTIONS

Figure 1. Co-crystalized structure of VEGF-A homodimer ¢knd gold) in interaction with
two VEGFR1-D2 (green) [19]. The region of one VEG@FB2 involved in interaction with
VEGF-A is in red. Both VEGFR1-D2 interact with VE@¥dimer in the same manner. The
regions of VEGF-A dimer in interaction with VEGFRite circled, among them, Loop 1

(circled in brown dash line) interacts with VEGFR3B-(not shown).

Figure 2. Chemical structure of cyclic Pepti@gPeptidel6 in the previous article [30]). The
residues of amino acids were numbered, the cyidisdétetween Yand the side chain of°E

was shown in brackets in Table 1.

Figure 3 'H NMR NOESY spectra of the amide region (horizorgpéctrum) and the H
(vertical spectrum) of Peptid@ The spin systems were identified by 2D TOCSY [38¢
DQF-COSY [40] experiments and were sequentiallyetated across space thanks to the 2D

NOESY experiment [41].

Figure 4: (A) The average structure of Pept@lébold stick in salmon color) obtained by the
superimposition of 10 lowest energy structures ofit200 calculated structures. (B)

Superimposition of the average structures of pep8dsalmon) [28] and. (teal-blue).

39



Figure 5: (A) Loop 2 of VEGF (Cy8-Cy<®) in the crystallographic complex with VEGFR1-
D2 (FLTX): two H-bonds were determined [19]. (B) éldretical structure of the complex
between Peptidé and VEGFR1-D2 after docking and minimization wKRLOR: three H-
bonds were determined. (C) Theoretical structurghef complex between Pepti@(and

VEGFR1-D2 after docking and minimization with XPLORur H-bonds were determined.

Figure 6: Overlay of fH, ®N] HSQC spectra ofN-VEGFR1-D2 (260 M) with increasing
amount of Peptid& (0 to 8 eq). The regions of VEGFR1-D2 in interastiwith Peptide3
were identified according the chemical shift pesation of the'H and ®N resonances of

amino acids involved in the interaction.

Figure 7: Histograms of the normalized chemical shiftsHIN,,) variation of amide NH and
5N within >N-VEGFR1-D2 at 1, 4 and 8 equivalents of Peptjeusing the equation

ASHNa, (ppm) = [(0.101*A5N)? + (ASHN)?Y2[44].

Figure 8: (A). Regions comprising residues of VEGFR1-D2 identifisdNMR (E**4 11
|146 7149 198 p201 G203 ) 221 1223 RI183 and N9 by chemical shift perturbation after
addition of Peptide3 are colored in red and mapped on the 3D struatéiréeEGFR1-D2
resolved by NMR (PDB: 1QSV) [43]. (B). Regions cammg residuef VEGFR1-D2 in
interaction with VEGF-A identified by co-crystaliifion (Y%, EX, 1142 P43 |25 {147 K7L

F72 P173, ¥9° K20 202 | 204 N219 | 221 1223 and R4 are colored in red (PDB: 1FLT)

[19].
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Figure 9: Calculated variation of chemical shifdq) of VEGFR1-D2 residues upon
increasing concentration of Pepti@leThe dots represent taHN,, whereASHN,, (ppm) =
[(0.101* ASN)? + (ASHN)AY2 the solid lines represent fitted curves basedAdg. =

(Admaxy) / 2« [B + X - (B + X)? - 4X)"] where B = 1 + K/[Plor, Admaxy is the

normalized chemical shift deviation at saturatimepresents the ratio of Pepti@§P]:.: and
[Plwt is the total concentration of the proteirhe curves of the best fit solution of the

guadratic function describe a 1:1 complex formation

Figure 10 Peptide3 (50 uM) reduced VEGF-induced tube formation in R¥éell (A) and
HUVEC (B). Tube like structures were quantified imgnual counting and presented as the
percentage of control (without VEGF) (n = 2 for RF®) and n = 3 for HUVEC (B)). Data

= Meanst SEM. ***P<0.001 versus contrdi*P<0.001 versus VEGF.
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Highlights

» Docking of Peptide (a cyclic peptide mimicking VEGF) on VEGFR1-D2.
« Ky measurement by NMR mapping of Peptidateraction with°N-VEGFR1-D2.
» Cyclic peptides displace VEGF from VEGFRL1 in ELI8t.

* Peptide3 inhibits VEGF induced tube formation of two cetids on Matrigel®.
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Graphical abstract

[YKDEGLEE]-NHCH,CH,Ph(3,4-diOH) (Peptide 3)
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