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’ INTRODUCTION

Angiogenesis is a fundamental process for healing, reproduc-
tion, and embryonic development. It involves the growth of new
blood vessels from pre-existing vessels, and it is intimately
associated with endothelial cell (EC)migration and proliferation.
ECs are particularly active during embryonic development, while
during adult life EC's turnover is very low and limited to specific
physiological processes. In a healthy individual physiological
angiogenesis is regulated by fine-tuning the concentration of
several pro- and antiangiogenic factors. Pathological angiogen-
esis occurs when, under specific stimuli such as hypoxia, the
equilibrium is lost and human diseases evolve.1 The prevalence of
proangiogenic factors (excessive angiogenesis) is associated, for
example, with cancer, ocular vascular diseases, rheumatoid
arthritis, and psoriasis, whereas insufficient angiogenesis is at
the basis of cardiovascular diseases, stroke, preeclampsia, and a
reduced capacity for tissue regeneration. In this context, the
ability to pharmacologically modulate the angiogenic response is
a promising opportunity for therapy.2,3

The main regulator of physiological and pathological angio-
genesis is the vascular endothelial growth factor (VEGF). It
induces EC proliferation and migration, increases vascular per-
meability, and promotes EC survival.4 Recently, the VEGF role in
neurogenesis and neuroprotection has also been highlighted.5

VEGF (or VEGF-A) is a homodimeric disulfide-bound glyco-
protein belonging to the cystine knot growth factor family. It is
encoded by a single gene that is expressed in several isoforms
because of different splicing events. VEGF165, the most abundant
isoform, is a 45 KDa glycoprotein, and it binds to heparin with
high affinity. The biological function of VEGF is mediated by the
binding to two tyrosine kinase receptors, VEGFR1 (or Flt1) and
VEGFR2 (or KDR), and neuropilin co-receptors. VEGF induces
receptor dimerization that triggers kinase domain autophosphor-
ylation and activation of intracellular pathways.6 Both receptors
are fundamental to the development of a functional vascular
network during embryonic and postnatal development. During
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ABSTRACT: Angiogenesis is a fundamental process underlining physiological
and pathological conditions. It is mainly regulated by the vascular endothelial
growth factor (VEGF) and its receptors, which are the main targets of molecules
able to modulate the angiogenic response. Pharmaceutical therapies based on
antiangiogenic drugs represent a promising approach for the treatment of
several socially important diseases. We report the biological and structural
characterization of a VEGF receptor binder peptide designed on the N-terminal
helix of VEGF. The reported experimental evidence shows that the peptide
assumes in water a well-defined helical conformation and indicates that this
peptide is a VEGF receptor antagonist and possesses antiangiogenic biological
activity. In particular, it inhibits VEGF stimulated endothelial cell proliferation,
activation, and survival, as well as angiogenesis and tumor progression in vivo.
This peptide is a candidate for the development of novel peptide-based drugs for the treatment of diseases associated with
excessive VEGF-dependent angiogenesis.
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the adult life, when angiogenesis is quiescent, they seem to
mediate different biological functions. VEGFR2 is directly
involved in EC proliferation and angiogenesis, whereas a
decoy function was hypothesized for VEGFR1.4,6 However,
the VEGFR1 role in pathological angiogenesis and cross-
talking between the two receptors was demonstrated.7,8 VEGF is
involved in several diseases dependent on excessive and insuffi-
cient angiogenesis,9 making the molecular system VEGF-recep-
tors a valuable target for therapeutic and diagnostic applications.
In fact, monoclonal anti-VEGF antibodies (bevacizumab, rani-
bizumab), anti-VEGF aptamer (pegaptanib), and VEGFR tyro-
sine kinase inhibitors (sorafenib and sunitinib) were approved as
drugs for antiangiogenic therapy to treat cancer and age related
macular diseases.

In the present paper we report the structural and biological
characterization of a 15-mer peptide (1), which reproduces the
VEGF N-terminal helix. This peptide assumes in water a well-
defined helical conformation, binds to VEGF receptors, and
inhibits the VEGF biological activity. Moreover, in vivo experi-
ments showed the ability of this molecule to inhibit VEGF-
induced capillary formation and tumor growth. Peptide 1 is a
promising candidate for the treatment of diseases associated with
excessive VEGF-dependent angiogenesis.

’RESULTS

Molecular Design. The peptide design was conducted as
described by D’Andrea et al.10 Briefly, on the basis of the X-ray
structure of the VEGF/VEGFR1 domain 2 complex,11 we
designed a peptide reproducing the VEGF N-terminal helix
(residues 17-25) and containing five (Phe17, Met18, Tyr21,
Gln22, and Tyr25) out of 21 residues situated at less than 4.5 Å
from the receptor (peptide 1 residues: Trp4, Met5, Tyr8, Gln9,
and Tyr12). The peptide helix conformation was stabilized by
introducing N- and C-capping sequences (Leu2/Thr3 and
Lys13/Gly14/Ile15, respectively), amino acids with intrinsic
helix propensity (Leu7, Leu10, Ala11), and favorable electro-
static interactions. VEGF residue Phe17 was replaced in peptide

1 by Trp4 to introduce a spectroscopic probe and to increase the
hydrophobic interactions with the receptors. The peptide was
acetylated and amidated to avoid electrostatic repulsion between
peptide terminal charges and helix dipoles.
Binding Analysis of Peptide 1 to HUVE Cells. To verify the

receptors binding properties of peptide 1, HUVE cells were
incubated for 5 min at 4 �C in the dark with increasing
concentrations (50, 500, and 5000 nM) of fluorescein-conju-
gated peptide 1 (1-Fluo) or scrambled peptide 2 (2-Fluo) and
analyzed by flow cytometry. As shown in Figure 1A, cells
incubated with peptide 1-Fluo (pink curve) showed a consider-
able fluorescence intensity with respect to the untreated cells
(violet curve) and the scrambled peptide 2-Fluo (green curve),
suggesting a specific binding of peptide 1 to the cell membranes.
Next, we verified if peptide binding was mediated by VEGF
receptors (Figure 1B). HUVECs were incubated with a fixed
concentration (500 nM) of peptide 1-Fluo and increasing
amounts of human recombinant VEGF (from 0.05 to 500
nM). Flow cytometry analysis displayed a significant reduction
in peptide 1-Fluo fluorescent signal (226.95 ( 7.99) when
VEGF was added to the reaction mix (pink curve) at 5 nM
(93.05 ( 3.60) and 500 nM (50.05 ( 5.02). As a control of
specific binding of peptide 1-Fluo and VEGF to VEGF receptors,
a phycoerythrin (PE) conjugated-β-1 integrin antibody was used.
Cells treated with anti-PE-β-1 integrin showed a high intensity of
fluorescence due to interaction with integrin receptors located on
the cell membrane. No variation of fluorescence intensity was
observed when VEGF (500 nM) was added, because of its failure
to interact with integrins (data not shown). These results
indicate that peptide 1 binds to endothelial cells surface and
competes with VEGF for a binding site on endothelial cell
membranes.
Inhibition of VEGF-Induced Intracellular Pathways by

Peptide 1. The binding of VEGF to its receptors activates
specific intracellular pathways in ECs which end up in cell
proliferation, migration, survival, and NO production. In order
to evaluate the biological properties of peptide 1, we analyzed the
activation state of key intracellular enzymes on VEGF signaling

Figure 1. Receptor binding studies by flow cytometry. (A) HUVE cells (3� 104/100 μL) were incubated with 1-Fluo (pink curve) or 2-Fluo (green
curve) peptide at the indicated concentrations. In violet is reported the cell autofluorescence. (B) HUVE cells (3� 104/100 μL) were incubated with
peptide 1-Fluo (500 nM) and unlabeled VEGF165 (0.05, 5, and 500 nM) (pink curve) for 5 min at 4 �C in the dark.
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cascade when cells were incubated with peptide 1 in the presence
or absence of VEGF.
It is well established that VEGF binding to HUVECs induces

the activation of ERK and AKT kinases,12,13 resulting in cell
proliferation and inhibition of cell apoptosis. We therefore
investigated whether peptide 1 binding to VEGF receptors on
ECs modulates ERK1/2 and AKT activation (Figure 2). Serum
deprived HUVECs were treated for 15 and 30 min with 1 and 2
(50 nM) peptides in the presence or absence of VEGF (25 ng/
mL). Western blot analysis of VEGF-stimulated cell lysates
displayed appreciable levels of the phosphorylated (activated)
ERK1/2 kinase and AKT. These levels were highly reduced in
cells incubated with VEGF in the presence of peptide 1 but not in
presence of peptide 2. Peptide 1 alone was ineffective to elicit any
biological response. These experiments suggest that peptide 1 is a
VEGF receptor antagonist and is able to interfere with the
activation of intracellular VEGF-dependent pathways. As con-
sequence, peptide 1 should be able to inhibit the associated
cellular events such as ECs survival and proliferation.
Inhibition of VEGF Survival Activity. To investigate

whether the designed peptide was able to compete with VEGF
antiapoptotic activity, we analyzed the activation of caspase-3
in serum-deprived human primary endothelial cells. While >60
U/mL of activated caspase-3 was evidenced in cell lysates from
FBS-deprived cells, cells from cultures with VEGF appeared
to contain <30 U/mL of the enzyme activity. Therefore, the
addition of VEGF partially rescued, as expected,14 HUVECs
from apoptosis. Serum deprived HUVECs were incubated with
peptide 1 (12.5 and 50 nM) or peptide 2 (50 nM) in the presence
or absence of VEGF (25 ng/mL). Caspase-3 activity in presence
of VEGF, measured after 8 h, significantly increased using
peptide 1 at both 12.5 and 50 nM with respect to cells treated
with both the scrambled peptide 2 and VEGF (Figure 3A). In
Figure 3B, the caspase-3 activity data are reported as the
percentage of rescue from caspase-3 activation with respect to
cells cultured in serum deprivation medium. In the same condi-
tions, after 24 h of treatment, apoptosis was also analyzed by

evaluating the amount of annexin V/fluorescein isothiocya-
nate binding followed by flow cytometry analysis.15 HUVECs
deprived of FBS for 24 h displayed the 35% of annexin
Vþ cells. Such percentage was >40% reduced in cultures with
25 ng/mL VEGF. In cells cultured with VEGF and peptide 1
(12.5 nM), we found a large increase of annexin Vþ cells
(Figure 3C), indicating that peptide 1, but not peptide 2,
significantly (p < 0.02) inhibited the antiapoptotic affect of the
growth factor.

Figure 2. VEGF-dependent intracellular pathway analyses. HUVE cells
were incubated for 15 and 30 min at 37 �C in starvation medium (EBM-
2, 0,1% heparin, 0,1% BSA) with 1 or 2 (50 nM) peptide in the presence
or absence of VEGF. Total protein extracted from cells were analyzed by
Western blot using anti-phospho ERK1/2, anti-phospho AKT, and anti-
phospho RB. Anti-ERK1/2, anti-AKT, anti-RB, and anti-GAPDH anti-
bodies were used as loading control.

Figure 3. Effect of peptide 1 on EC survival. HUVE cells (1� 104/cm2)
were incubated in starvation medium (EBM-2, 0,1% heparin, 0,1% BSA)
with 1 or 2 peptide in the presence or absence of VEGF165 (25 ng/mL).
After 8 h, caspase-3 activity was determined. (A) Caspase-3 activity was
expressed as U/mL (mean values of triplicates). (B) Percent of cell
rescue from caspase-3 activation with respect to control (cells in serum
starvation): /, p = 0.015; //, p = 0.003. (C) Percent of ECs positive to
annexin V/FITC after 24 h: /, p < 0.0027. The binding was analyzed by
flow cytometry.
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These data suggest an inhibitory activity of peptide 1 with
respect to VEGF prosurvival effects on endothelial cells. The
scrambled peptide was ineffective at the tested concentration.
Effect of Peptide 1 on Cell Proliferation. To evaluate

whether the inhibition of ERK1/2 activity by peptide 1 results
also in a reduced cell growth, a proliferation assay was performed
on HUVECs treated, in serum deprivation conditions, with
VEGF, 1 (12.5 and 50 nM), or 2 (50 nM) peptides. After 24
and 48 h of treatment cell proliferation was measured by
CyQUANT NF cell proliferation assay kit. A remarkable inhibi-
tion of VEGF-induced cell proliferation was obtained in the
presence of peptide 1. In fact, after 24 h VEGF increased cellular
proliferation by 58% with respect to untreated cells whereas cells
incubation with peptide 1 (12.5 and 50 nM) in the presence of
VEGF showed a significant reduction in cellular proliferation of
about 40-45% with respect to treated cells with peptide 2 (p =
0.008) (Figure 4A). After 48 h, VEGF treatment increased
cellular proliferation of 95% with respect to untreated cells
whereas peptide 1 treatment (12.5 and 50 nM) in the presence
of VEGF decreased cellular proliferation by more than 85-87%
compared to treated cells with scrambled peptide 2 (p = 0.0001)
(Figure 4B). Moreover, Western blot analysis, from whole cells
proteins obtained after 24 h of treatment, confirmed ERK1/2
inactivation and reduction of phospho-RB content in cells
treated with peptide 1 in the presence of VEGF (Figure 4C).
Notably, the stimulatory effect of 25 ng/mL VEGF on HUVECs
is completely abolished by peptide 1 even at 25 ng/mL (12.5
nM).
Antiangiogenic Activity of Peptide 1 in Vivo. We checked

whether the peptide inhibited capillary formation, using an in
vivo angiogenesis assay. Angioreactors filled with a solutions
containing VEGF alone and in combination with peptide 1
(200 nM) and peptide 2 (200 nM) were implanted into the
dorsal flank of nude mice. Endothelial cell invasion was quanti-
fied by determining the number of FITC-positive cells observed
by fluorescence microscopy (Figure 5), and 20 fields for sample
were analyzed. Capillary formation was extensively found in
angioreactors containing VEGF alone or in combination with
peptide 2. Instead, in the presence of peptide 1 the stimulatory
effect of VEGF is completely abolished. In fact, peptide 1 is able
to decrease the number of endothelial cells about 85% with
respect to VEGF containing angioreactors. Peptide 2was ineffec-
tive at the tested concentration. Comparing the number of
endothelial cells in angioreactors containing VEGF and peptide
1 or peptide 2, we found that peptide 1 induces a reduction of
about 85% with respect to control peptide 2. VEGF is a potent
angiogenic factor in vivo, which induces cell proliferation and
migration through an extracellular matrix to form threadlike
structures that join to create a network of tubules.16,17 It is
evident from the biological characterization that peptide 1 is able
to inhibit the VEGF activity and shows antiangiogenic activity.
Peptide 1 Inhibits Tumor Progression in an Experimental

Model of Melanoma. The ability of peptide 1 to block tumor
growth was evaluated in an experimental model of melanoma.
A375 cells were implanted in nude mice, and the xenografts were
treated with peptide 1 or 2 (200 nM). After 15 days of treatment
mice treated with intratumoral injection of peptide 1 showed a
reduced tumor growth of about 36% and 47% compared to
untreated (p = 0.02) and 2 treated (p = 0.01) mice, respectively
(Figure 6A). The control peptide 2 was ineffective in inhibiting
the tumor progression. Moreover, immunohistochemical anal-
ysis of CD31 antigen expression in tumors treated for 1 week

with peptide 1 showed a 50% reduction of blood vessels with
respect to control (p = 0.005) or peptide 2 (p = 0.004) treated

Figure 4. Effect of peptide 1 on EC proliferation. HUVE cells were
incubated for 24 and 48 h at 37 �C in starvation medium (EBM-2, 0.1%
heparin, 0.1% BSA) with 1 or 2 peptide at the indicated concentrations in
the presence or absence of VEGF165 (25 ng/mL). Cells were then
incubated with CyQUANT NF reagent, and fluorescence intensities of
quadruplicate samplesweremeasuredwith a fluorescencemicroplate reader
using excitation at 485 nm and fluorescence detection at 530 nm. Values are
calculated as percentage of proliferating cells. (A) HUVEC proliferation
after 24 h (/, p = 0.008) and (B) after 48 h (#, p = 0.0001). (C) ERK1/2
phosphorylation and phospho-RB were evaluated at 24 h after incubation
with 1 or 2 peptide in the presence or absence of VEGF165 (25 ng/mL).
Total protein extracted from cells was analyzed by Western blot using anti-
phospho ERK1/2 and anti-phospho RB. Anti-ERK1/2, anti-RB, and anti-
GAPDH antibodies were used as loading control.
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mice (Figure 6B,C), indicating that peptide 1 inhibited tumor
angiogenesis.
Circular Dichroism Spectroscopy. A conformational char-

acterization in solution of peptide 1 was performed by circular
dichroism spectroscopy. CD spectra of peptide 1 were recorded
at pH 7.1 in 10 mM phosphate buffer at 60 μM (Supporting
Information Figure S1). The analysis of the spectra indicates that
peptide 1 assumes in water a predominantly helical conforma-
tion, as assessed by the presence of two minima around 208 and
222 nm.
NMR Conformational Analysis. The aggregation state of

peptide 1 was determined via DOSY experiments performed
under conditions identical to those used for the NMR spectros-
copy structure determination. DOSY measurements at 298 K
(Figure S2) provided a diffusion coefficient value of 1.91� 10-10

m2 s-1, which corresponds to what is expected for a monomeric
15-mer helical peptide18-20 in the same conditions.
A virtually complete proton assignment of the peptide (Table

S1) was accomplished by a careful inspection of homonuclear 2D
TOCSY, 2D NOESY, and DQF-COSY spectra, following the
well established procedures of W€uthrich and co-workers.21 The
HR chemical shift analysis, performed using the chemical shift
index,22 indicated the presence of a helical structure encompass-
ing the central region of peptide 1 (Figure S3). A dense grouping
of short- and medium-range NOEs, HN-HN (i, iþ 1), HR-HN

(i, iþ 3) and HR-Hβ (i, iþ 3) supports the presence of helical
structure in this region (Figure S4). In total, 272 NOE cross

peaks were assigned and integrated. Stereospecific assignment
for Trp4 Hβ protons was derived from the input data using the
software CYANA.Moreover, 13 3JHNHR coupling constants were
extracted from the DQF-COSY spectrum. Temperature coeffi-
cients of the amide protons of peptide 1 were also measured and
indicated that the backbone amide protons of residues 3, 6, 11
could be involved in hydrogen bonding and used as constraints
during structure calculations. The final input file for the CYANA
structure calculation software contained 219meaningful distance
constraints (74 intraresidue, 88 short- and 57 medium-range)
and 62 angle constraints which were derived from intraresidue
and sequential NOEs and the 3JHNHR coupling constants. NMR
structural statistics and peptide 1 structures are shown in Table 1
and in Figure 7A, after superimposing the backbone atoms. The
rms deviation values of the backbone and of the all heavy atoms
of the 4-12 region are 0.22 and 0.99 Å, respectively. The
Ramachandran plot of all 20 refined structures indicated that

Figure 5. In vivo evaluation of the antiangiogenic activity of peptide 1.
(A) Pictures of selected implanted angioreactors after 21 days. In VEGF
and VEGF/peptide 2 containing angioreactors, new vessel formation
was observed. No vessel formation was observed in angioreactors
containing VEGF/peptide 1. (B) Endothelial cell population was
quantified by fluorescence microscope by determining the number of
FITC-lectin positive cells. Twenty fields for sample were analyzed, and
results are expressed in number of FITC-lectin positive cells/field (/, p =
0.0003; //, p = 0.000 005). Figure 6. Effect of peptide 1 on melanoma xenograft. A375 cells (5 �

106) were injected subcutaneously onto the back of 6-week-old female
athymic nude-Foxn1nu/nu mice. One week later, animals were rando-
mized into three groups (10 animals per group), and control PBS and
peptide 1 or 2 (200 nM) were injected in the tumors twice a week. (A)
Tumor sizes in peptide 1 or 2 treated or untreated remainingmice (8 per
group) were measured twice a week using a caliper (/, p = 0.02; //, p =
0.01). (B) After 7 days of treatments, two tumors per animal group were
excised and blood vessels were analyzed by immunohistochemistry with
anti-CD31 rat monoclonal antibody. (C) Microvessel density in A375
xenograft was expressed as number of blood vessels/field; 10 fields for
sample were analyzed (//, p = 0.005; ##, p = 0.004).
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the backbone dihedral angles consistently lie in the R-region.
Peptide 1 adopts a well-defined helical structure encompassing
the Trp4-Tyr12 region with more disordered N- and particularly
C-terminus.
Serum Stability Assay. The stability of peptides 1 and 2 in

25% human serum was evaluated by HPLC. Peptides were
incubated up to 24 h and aliquots taken at different times
(Figure S5). Peptide 2 is almost immediately degraded showing
a half-life of less than 15min. Peptide 1 is more resistant to serum
degradation with a half-life of about 90 min. After 2 h almost 40%
of peptide 1 is still remaining in the serum. This amount reduced
to the 10% after 24 h of incubation (data not shown). The higher
stability of peptide 1 with respect to peptide 2may be attributed
to peptide 1 structural stabilization, considering that the two
peptides share the same amino acid content.

’DISCUSSION

Compounds targeting VEGF receptors are attractive mole-
cules, as they have several pharmaceutical and diagnostic applica-
tions. In fact, VEGF receptor antagonists are useful for treating
pharmacologically pathologies depending on excessive angiogen-
esis. Moreover, molecules targeting VEGF receptors are required
in molecular imaging to visualize in vivo VEGF receptor expres-
sion. Peptides have been widely employed to modulate the
angiogenesis, and several molecules targeting VEGF23 and VEGF
receptors24 have been described so far. Structure-based design
of VEGFR antagonists, such as peptide 1, has been sparsely
reported.25-28 In fact, peptides targeting the extracellular do-
main of VEGFRs have been mainly developed using combina-
torial approaches.23,24

In this paper we describe the biological and structural char-
acterization of a VEGF receptor binder peptide, designed on the
N-terminal helix of VEGF (residues 17-25). The experimental
evidence reported shows that the peptide assumes in water a
well-defined helical conformation, according to the molecular
design, and indicates that peptide 1 is a VEGF receptor antago-
nist with an antiangiogenic biological activity. Peptide 1 helical

structure includes residues 4-12, reproducing part of the three-
dimensional arrangement of VEGF binding interface to the
receptors. Notably this conformational preference is absent in
the peptide corresponding to the natural amino acid sequence of
VEGF (residues 17-25; see VEGF15 in ref 10). Binding studies
showed that the peptide interacts with receptors on endothelial
cell membrane, and a VEGF competition experiment suggests
that these receptors are VEGFR1 and VEGFR2. Binding of
VEGF to its receptors on ECs activates specific intracellular
pathways, which involve kinases such as ERKs and AKT, stimu-
lating EC proliferation, migration, survival, and NO production.
In order to evaluate the biological properties of peptide 1, we
analyzed the activation state of key intracellular enzymes on
VEGF signaling cascade. These experiments showed that peptide
1 is able to inhibit the activation of ERK1/2 and AKT.Moreover,
it is known that VEGF stimulates angiogenesis by inducing
endothelial cell proliferation and by preventing endothelial cell
death (antiapoptotic function). EC proliferation and survival
have been demonstrated to bemediated by VEGFR2 through the
activation of intracellular pathways involving ERK1/2 and AKT,
respectively.13,29 As a consequence, the ability of peptide 1 to
inhibit the phosphorylation of these key intracellular enzymes
should reflect the inhibition of the associated EC functions. In
fact, peptide 1 is able to block endothelial cell proliferation and
the rescue from apoptosis of serum deprived endothelial cells
stimulated with VEGF. Finally, we also show that the peptide is
able to exert its biological activity in vivo reducing the capillary
formation in an experimental model of angiogenesis and, notably,
inhibiting the growth of melanoma xenograft. The reduced
tumor growth correlated with the inhibition of the tumor angio-
genesis, suggesting that the antiproliferative effect of peptide 1 is
related to its antiangiogenic activity.

All the data presented in this work show that peptide 1 is a
bioactive peptide with antiangiogenic activity. In order to be a
candidate for pharmaceutical applications, peptide 1, which is
composed of natural amino acids only, has to show reasonable in
vivo stability. With the aim to evolve 1 toward peptidomimetic
compounds we checked its serum stability. Peptide 1 showed
a half-life of about 90 min, higher than that shown by the
scrambled peptide 2. The increased serum stability could be

Table 1. NMR Structural Statistics of Peptide 1

parameter value

NOE upper distance limit 219

intraresidue 74

short distance 88

medium/long distance 57

number of dihedral angle constraints 62

residual target function, Å 0.13 ( 0.02

residual NOE violations

number >0.1 Å (1

maximum, Å 0.15 ( 0.02

residual angle violations

number >2.0� 0 ( 0

maximum, Å 0

Amber energies, kJ/mol

total -359 ( 15

van der Waals -126 ( 15

electrostatic -222 ( 20

rmsd to the mean coordinates, Å

N, CR, C0 (3-12) 0.22 ( 0.02

all heavy atoms (3-12) 0.99 ( 0.02

Figure 7. NMR structure of peptide 1: (A) superposition of the
backbone of the best 20 CYANA peptide 1 structures; (B) superposition
of QK (blu) and 1 (red) representative structures. The residues
potentially involved in the interaction with VEGF are shown.
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ascribed to the structural preorganization of 1 which renders
the peptide less susceptible to the protease attack. However, the
small effect on tumor growth inhibition could be ascribed to the
peptide half-life, suggesting that a protease resistant analogue
could achieve a better biological effect in vivo.

Previously, we described a peptide, QK, mimicking the same
VEGF region as peptide 1 showing a proangiogenic biological
activity in vivo.10,30,31 The two peptides differ only for two amino
acids; peptide 1 presents Met5 and Ala11 residues instead of QK
residues Gln5 and Lys11. It is noteworthy that a two amino acid
change in a 15 mer VEGFR binder peptide induces different
biological responses. We turned to a structural approach to verify
if the two different amino acids induce a diverse peptide con-
formation. In general, the structural analysis confirmed the
high tendency of this class of peptides to adopt a stable helical
conformation in water and their potential as helical scaffold.
Superposition of peptide 1 and QK representative structures
(Figure 7B) indicates that the two peptides fold very similarly but
nonetheless exhibit structural differences at the N-terminus,
which is bent in peptide 1 and not in QK. This small difference
affects the conformation and probably the orientation of the
Trp4 side chain that together with Met5, Tyr8, Gln9, and Tyr12
is likely involved in the interaction with VEGF receptor. It is
possible that this different peptide arrangement could effectively
affect the receptor molecular recognition or receptor activation,
but this hypothesis needs further computational and/or experi-
mental confirmation. Furthermore, we can speculate that a
different conformational arrangement of the bound receptor,
ending up in an opposite receptor activation state, could be induced
by a direct role of the two different amino acids. Previous work on
erythropoietin receptor peptide ligands showed that a minimal
sequence perturbation (tyrosine vs 3,5-dibromotyrosine) can turn a
receptor agonist into an antagonist; X-ray structure analysis of the
complex between the antagonist and the EPO receptor showed that
receptor dimerization still occurs but the dimer orientation is
altered.32 Of course, other hypotheses could be formulated and at
the moment cannot be excluded, for example, a diverse interaction
pattern with the receptors driven by the different amino acids or the
different peptide total charge. The elucidation of the mechanism of
action and the receptor binding properties of the two peptides will
require further investigation.Nonetheless, the different bioactivity of
twomembers of this VEGFmimicking peptide family suggests their
applications as chemical biology probes to verify whether VEGF
receptors present a finer molecular plasticity than so far described.

’CONCLUSION

We designed and characterized a helical peptide that binds to
VEGF receptors and exhibits potent antiangiogenic properties.
In particular, it inhibits endothelial cell proliferation, survival, and
angiogenesis in vivo. Remarkably, peptide 1 was able to reduce
tumor growth in an experimental model of melanoma inhibiting
the tumor angiogenesis. This peptide is a candidate for the devel-
opment of novel peptide-based drugs for therapeutic application
in diseases benefiting from antiangiogenic treatment such as
cancer, age-related macular disease, psoriasis, and arthritis rheu-
matoid and for the imaging of VEGF receptors.

’EXPERIMENTAL SECTION

Peptide Synthesis Reagents. All amino acids, coupling re-
agents, and resin were from Novabiochem-Merck (Nottingham, U.K.).

Peptide synthesis solvents N,N-dimethylformammide (DMF) and
dichlromethane (DCM) were obtained respectively from Romil
(Cambridge, U.K.) and Sigma-Aldrich (Milan, Italy) with the lowest
water content and used without further purification. Piperidine was from
Biosolve (Valkenswaard, The Netherlands) and N,N-diisopropylethyl-
amine (DIPEA) from Romil (Cambridge, U.K.). Acetic anhydride
triisopropylsilane (TIS), ethanedithiol (EDT), acetonitrile (CH3CN),
trifluoracetic acid (TFA), and 6-[fluorescein-5(6)-carboxamido]hexa-
noic acid were from Sigma-Aldrich (Milan, Italy), and N,N,N0,N0-
tetramethyl-O-(7-azabenzotriazol-1-yl)uronium hexafluorophosphate
(HATU) was obtained from Advanced Biotech Italia (Seveso, Italy).
Peptide Synthesis. Peptides were synthesized on solid phase by

standard fluorenylmethyloxycarbonyl (Fmoc) chemistry.33 The synth-
esis was carried out manually on a Rink amide MBHA resin (loading of
0.5 mmol g-1, 0.2 g) and Fmoc-protected standard amino acids except
for the last residue (Lys1) whose side chain was protected with the
methyltrityl group (Mtt). Each synthetic cycle consisted of deprotection
steps (2 � 5 min) performed with 30% piperidine in DMF, coupling
reactions carried out for 45 min at room temperature using a 1 mmol of
amino acid (10-fold molar excess with respect to synthesis scale), HBTU
(0.98 mmol), HOBt (0.98 mmol), DIPEA (2 mmol) in DMF, and a
capping step (1� 5 min) performed with a solution of acetic anhydride
(0.5 M)/HOBt (0.015 M)/DIPEA (0.125 M) in DMF.

Peptide labeling with fluorescein was carried out on solid phase after
selective deprotection of methyltrityl side chain protecting group of
the N-terminal Lys with a solution of TFA/TIS/DCM (1:5:94 v/v/v).
The side chain amine group of lysine was reacted, after a neutralization
step (DIPEA 0.5 M), with 2 equiv of 6-[fluorescein-5(6)-carboxamido]-
hexanoic acid in the presence of 2 equiv of HATU and 5 equiv of DIPEA
in DMF overnight at room temperature.

Peptides were cleaved off from the resins and fully deprotected using a
mixture of TFA/H2O/EDT/TIS (94:2.5:2.5:1 v/v/v/v) for 3 h at room
temperature. Resin was separated by filtration, and the filtrate was
precipitated with cold diethyl. The precipitate was separated by cen-
trifugation, solubilized in water, and lyophilized.

All crude products were purified by RP-HPLC on a Shimadzu LC-8A
system equipped with an UV-vis detector SPD-10A using a semipre-
parative Phenomenex Jupiter Proteo column (250 mm� 10 mm, 90 Å)
and a linear gradient from 20% to 80% of CH3CN (0.1% TFA) in H2O
(0.1% TFA) in 30 min at a flow rate of 5 mL/min. Peptide identification
and analysis were performed on a LC-MS instrument (Thermo-
Finnigan) equipped with diode array detector combined with an electro-
spray ion source and a quadrupole mass analyzer using a Phenomenex
Jupiter Proteo column (150 mm� 4.60 mm, 90 Å) and a linear gradient
from 20% to 80% of CH3CN (0.1% TFA) in H2O (0.1% TFA) in 30 min
(method A) or from 30% to 80% of CH3CN (0.1% TFA) in H2O (0.1%
TFA) in 30 min (method B). All peptides showed a purity above 95%,
based on the chromatographic peak area revealed at 210 nm.
Peptide 1 (Acetyl-KLTWMELYQLAYKGI-amide). MS m/z

calcd, 1897.0 amu; found 949.4 [Mþ 2H2þ]. tR = 18.4 min (method A).
Peptide 2 (Acetyl-KQMYLELGYATIKWL-amide). MS m/z

calcd, 1897.0 amu; found 949.1 [Mþ 2H2þ]. tR = 17.4 min (method A).
Peptide 1-Fluo (Acetyl-K(fluorescein)LTWMELYQLAYKGI-

amide). MS m/z calcd, 2368.5 amu; found 1185.5 [M þ 2H2þ]. tR =
20.8 min (method A).
Peptide 2-Fluo (Acetyl-K(fluorescein)QMYLELGYATIKWL-

amide). MS m/z calcd, 2368.5 amu; found 1185.4 [M þ 2H2þ]. tR =
17.9 min (method B).
Biological Reagents. Human umbilical vein endothelial cells

(HUVEC) were obtained from Promocell (Heidelberg, Germany)
and cultured in EGM-2 SingleQuots from Cambrex (Carlsband,
CA, U.S.). Human recombinant VEGF165 was obtained from R&D
(Minneapolis, MN, U.S.). Antibodies against ERK1/2 (K-23, sc-94),
GAPDH, RB, and phycoerythrin conjugated-β-1 integrin (sc-13590)
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were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, U.
S.). Antibodies against phospho-ERK 1/2 (Thr202/Tyr204, no. 9101),
phospho-Akt (Ser473, no. 9271), Akt (no. 9272), and phospho-RB
(Ser780, no. 9307) were purchased from Cell Signaling Tech-
nology, Inc. (Danvers, MA, U.S.). Fluorescein isothiocyanate conjugated
annexin V was obtained from Bender MedSystems GmbH (Vienna,
Austria). Anti-human R-tubulin was obtained from Sigma-Aldrich (St.
Louis, MO, U.S.). Enhanced chemiluminescence Western blot detection
reagents were purchased from Amersham Life Sciences Inc. (Arlington
Heights, IL, U.S.). Secondary antibodies were purchased from Pierce
(Rockford, IL, U.S.). N-Acetyl-DEVD-AMC (A1086) was purchased
from Sigma Aldrich, Inc. (St. Louis, MO, U.S.).
Fluorescence Binding Assay. HUVEC cells were harvested,

suspended at 3 � 104/100 μL in starvation medium (EBM-2, heparin
0.1%, BSA 0.1%), and then were incubated with FITC-conjugated
peptide 1-Fluo (0.05, 500, and 5000 nM) or scrambled peptide 2-Fluo
(0.05, 500, and 5000 nM) and in the presence or absence of VEGF165
(0.05, 5, and 500 nM) for 5 min at 4 �C in the dark. After being washed
with PBS, the cells were resuspended in PBS and analyzed with a
FACScan (Becton Dickinson, NJ, U.S.). As technical control, an anti-
body phycoerythrin conjugated-β-1 integrin (1:100) was used.
Western Blotting Analysis. Cell total protein lysates were

prepared in sample buffer (2% sodium dodecyl sulfate, 10% glycerol,
2% mercaptoethanol, and 60 mM Tris-HCl, pH 6.8, in demineralized
water) on ice. Lysates (25 μg) were run on 12% SDS-PAGE gels and
electrophoretically transferred to nitrocellulose. Nitrocellulose blots
were blocked with 5% BSA in TBS Tween-20 (TBST) buffer and
incubated with primary antibody in TBST-5% BSA overnight at 4 �C.
Immunoreactivity was detected by sequential incubation with horse-
radish peroxidase conjugated secondary antibody and enhanced chemi-
luminescence reagents following standard protocols (Amersham
Bioscience, U.K.).
Cell Proliferation Assay. HUVECs were plated at density of

1200 cells/well in 96-well poly-D-lysine-coated microplates (Becton
Dickinson, NJ, U.S.). After 24 h, cells were incubated in serum
deprivation conditions (EBM-2, heparin 0.1%, BSA 0.1%) with peptide
1 (25-100 ng/mL) and in the presence or absence of VEGF165. Peptide
2 (100 ng/mL) was used as negative controls. Cell proliferation was
determined by using CyQUANTNF cell proliferation assay kit (Invitro-
gen, Italy) at 24 and 48 h after treatment. CyQUANT NF assay is based
on cellular DNA content measurement via fluorescent dye binding.
Because cellular DNA content is highly regulated, it is closely propor-
tional to cell number. Briefly, the medium was removed and cells were
incubated with CyQUANTNF reagent for 1 h at 37 �C according to the
manufacturer’s instructions. Plates were then analyzed by using a L55
luminescence spectometrer microplate reader (Perkin-Elmer Instru-
ments, Milan, Italy) using an excitation wavelength of 485 nm and
emission wavelength of 520 nm.
Analysis of Caspase-3 Activity. Cells (2� 104) were lysed in a

buffer containing Hepes 50 mM, DTT 1 mM, EDTA 0.1 mM, NP-40
0.1%, CHAPS 0.1%, and protein quantization was determined. Protein
aliquots (20 μg) were incubated with 20 μM peptide substrate Ac-
DEVD-AMC (Pharmingen, San Diego, U.S.) at 37 �C for 3 h in the lysis
buffer. Caspase-3 activity was determined in the cytosolic extracts by
analyzing the release of 7-amino-4-methylcoumarin (AMC) monitored
by a spectrofluorometer, with excitation wavelength of 380 nm and
emission wavelength of 440 nm.34

In Vivo Angiogenesis Assay. In vivo angiogenesis was assayed
by using directed in vivo angiogenesis assay (DIVAA) (Trevigen,
Gaithersburg, U.S.). Sterile silicone cylinders closed at one end, the
angioreactors, were filled with 20 μL of basement membrane extract
premixed with or without angiogenesis factors (VEGF, FGF) to
obtain positive or negative controls, respectively. Furthermore, peptide
1 (200 nM) or scrambled peptide 2 (200 nM) was added to angior-

eactors. These were incubated at 37 �C for 1 h to allow gel formation
before subcutaneous implantation into the dorsal flank of CD1 mice.
Animals were anesthetized before implantation with 100 mg/mL
ketamine HCl and 20 mg/mL xylazine injected subcutaneously. Inci-
sions were made on the dorsal flank (left and right) of the mouse,
approximately 1 cm above the hip socket, and were closed with skin
staple. Vessel formation evaluation was performed after 21 days.
Matrigel was removed from angioreactors and digested in 300 μL of
CellSperse solution for 1 h at 37 �C. After digestion, the incubation mix
was cleared by centrifugation at 250g. Cell pellets were resuspended in
500 μL of DMEM 10% FBS and plated on glass slides in 24-wells plates
for 16 h at 37 �C in 5% CO2. Cells were fixed with a 3.7% formaldehyde
solution for 30 min at room temperature and quenched by incubation
with 0.1 mM glycine for 5 min. Subsequently, cells were incubated with
FITC-lectin reagent (available in the kit) and then observed by
fluorescence microscope (ZEISS, Germany).
Tumor Xenograft Experiments. A375 xenografts were pro-

duced on the back of 6-week-old female athymic nude-Foxn1nu/nu mice
(Harlan, Italy) by subcutaneous injection of 5 � 106 A375 cells in
150 μL of Hanks’ balanced salt solution. One week after tumor cell
injection, mice with similar tumor sizes were randomized into three
groups (10 mice per group) and treated with control PBS (100 μL),
peptide 1 or 2 (200 nM), via intratumoral injection twice a week. Tumor
size was measured once every week by caliper, and tumor volume was
calculated according to the formula V = (ab2)/2, (where a is the largest
superficial diameter and b is the smallest superficial diameter). Animals
were sacrificed when the tumor reached 1500 mm3. Differences among
the treatment groups were analyzed by ANOVA using statistical soft-
ware (Statistica, StatSoft, Tulsa, OK). All animal experiments were
performed in accordance with the European Communities Council
Directive (86/609/EEC).
Immunohistochemistry. Tumors, excised after 1 week of treat-

ments, were fixed overnight in neutral buffered formalin and processed
by routine methods. For immunohistochemical analysis, 5 μm thick
paraffin sections were deparaffinized and alcohol-rehydrated. Slides
were treated with a 0.3% solution of hydrogen peroxidase in
methanol to block the endogenous peroxidase activity for 30 min
and then washed in phosphate buffer solution before immunoperox-
idase staining.

The slides were then incubated for 1 h in a humidified chamber with
the primary antibodies. Tissue sections were washed thoroughly with
phosphate buffer solution and incubated with a biotinylated secondary
antibody for 1 h, then rinsed and incubated with avidin-biotin
peroxidase complex (ABC Kit, VectorLaboratories) for 1 h and devel-
oped with diaminobenzidine (Sigma) for 3 min. Sections were counter-
stained with hematoxylin. Finally, the slides were mounted with
Permount. The antibody used in this analysis was an anti-CD31 (rat
monoclonal antibody, Santa Cruz, CA, U.S.). Vessels were counted in 10
fields of the tumor section and referenced as number of blood vessels/
field.
Statistical Analysis. Statistical analysis was performed using

GraphPad Prism, version 4.00, for Windows, (GraphPad Software,
www.graphpad.com). Results are reported as the mean with SD of at
least four experiments run in three to five replicates, unless otherwise
specified. Deviations from normal distribution were checked with the
Shapiro-Wilk and Shapiro-Francia tests for normality. Comparisons
between control and treated samples were made with a paired Student’s
t test.
Circular Dichroism Spectroscopy. CD spectra were collected

at 20 �C in the range 260-190 nm by using 1 mm path-length quartz
cuvette (Hellma, Milan, Italy) on a Jasco 720 instrument (Easton, MD,
U.S.) using the following parameters: scanning speed 10 nm/min,
bandwidth 2.0 nm, response 8 s, and three spectra accumulations. All
experiments were performed in 10 mM phosphate buffer, pH 7.1, at a
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peptide concentration of 60 μM. Peptide concentration was determined
by absorbance at 280 nm. CD spectra were converted and displayed in
mean residue ellipticity.
NMR Spectroscopy. NMR samples were prepared by dissolving

0.47 mg of the peptide in 500 μL of H2O containing 10% 2H2O by
volume at pH 6.5 (final peptide concentration, 0.5 mM). Two dimen-
sional spectra, such as DQF-COSY,35 TOCSY,36 and NOESY37 spectra,
were recorded at 298 K on a Varian Inova 600 MHz spectrometer (Palo
Alto, CA, U.S.), equipped with a cold probe. Water suppression was
achieved through double pulsed field gradient spin echo sequences. For
peptide 1, mixing times of 70 ms for TOCSY and 250 ms for NOESY
was applied. DQF-COSY spectra were acquired with 4096 data points in
the direct dimension and 500 increments with 64 scans to obtain enough
resolution to measure the 3JHNHR coupling constants. Spectral proces-
sing was carried out using the software XwinNMR (Bruker AG, Billerica,
MA, U.S.), and the spectra were analyzed with Neasy, a tool of computer
aided resonance assignment (CARA) software.38 Temperature depen-
dence of the chemical shifts of the exchangeable amide protons
was measured from TOCSY and 1D NMR spectra, recorded for at
least five temperatures, 298, 301, 304, 307, and 310 K. The diffusion-
ordered NMR spectroscopy (DOSY)39,40 was carried out at 298 K using
a 5 mm triple resonance xyz gradient probe head which delivers a
maximum gradient strength of 50 G/cm on peptide 1. The strength of
the gradient pulses, of 3 ms duration, was incrementated in 16 experi-
ments, with a diffusion time of 100 ms and a longitudinal eddy current
delay of 5 ms. The water resonance was suppressed by low-power
presaturation during the relaxation delay of 2 ms. The relationship
between hydrodynamic radius (Rh) and diffusion coefficient (D) is
given by the Stokes-Einstein equation: Rh = kT/(6πηD) where k is the
Boltzmann constant, T is the temperature (298 K), η is the viscosity of
the solvent (0.91� 10-3 for a mixture of 90%H2O/10%D2O), andD is
the diffusion constant.

Structure calculation was performed with the software CYANA,
version 2.1,41 employing experimental distance restraints derived from
the cross-peak intensities in NOESY spectra. Distance constraints
together with 12 coupling constants for peptide 1 were then used to
generate a set of allowable dihedral angles. Structure calculations were
then started from 100 randomized conformers; the 20 conformers with
the lowest CYANA target function were further refined by means of
restrained energy minimization, using the Gromos 96 force field, with
the program SPDB VIEWER.42 The color figures and the structure
analyses were performed with the program MOLMOL.43

Serum Stability Assays. The serum stabilities of peptides 1 and 2
were determined in 25% (v:v) aqueous pooled serum from human male
AB plasma (Sigma, Milan, Italy). Peptides were dissolved in H2O/
CH3CN (70:30 v:v), then diluted in serum at a final concentration of 0.5
mg/mL and incubated at 37 �C. Aliquots (20 μL) taken after 0, 15, 30,
60, 90, 120 min and 24 h were centrifuged at 4 �C. The supernatant was
diluted with H2O (0.1%TFA) at a final concentration of 0.1 mg/mL and
stored at -20 �C. The samples were analyzed by RP-HPLC using a
Phenomenex Jupiter C18 column (250 mm � 4.60 mm, 5 μm, 300 Å)
and an isocratic elution at 38% of CH3CN (0.1% TFA) for 10 min
followed by a linear gradient from 38% to 48% of CH3CN (0.1% TFA)
in 5 min at a flow of 1 mL/min. The amount of intact peptide was
estimated by integrating the area under the corresponding elution peak
monitored at 210 nm.
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