
Novel Peptides Selected to Bind Vascular Endothelial Growth Factor Target the
Receptor-Binding Site

Wayne J. Fairbrother,‡ Hans W. Christinger,‡ Andrea G. Cochran,‡ Germaine Fuh,‡ Christopher J. Keenan,‡

Clifford Quan,§ Stephanie K. Shriver,‡ Jeffrey Y. K. Tom,§ James A. Wells,‡,| and Brian C. Cunningham*,‡,|,

Departments of Protein Engineering and Bioorganic Chemistry, Genentech, Inc., 1 DNA Way,
South San Francisco, California 94080

ReceiVed August 11, 1998; ReVised Manuscript ReceiVed October 20, 1998

ABSTRACT: Peptides that inhibit binding of vascular endothelial growth factor (VEGF) to its receptors,
KDR and Flt-1, have been produced using phage display. Libraries of short disulfide-constrained peptides
yielded three distinct classes of peptides that bind to the receptor-binding domain of VEGF with micromolar
affinities. The highest affinity peptide was also shown to antagonize VEGF-induced proliferation of primary
human umbilical vascular endothelial cells. The peptides bind to a region of VEGF known to contain the
contact surface for Flt-1 and the functional determinants for KDR binding. This suggests that the receptor-
binding region of VEGF is a binding “hot spot” that is readily targeted by selected peptides and supports
earlier assertions that phage-derived peptides frequently target protein-protein interaction sites. Such
peptides may lead to the development of pharmacologically useful VEGF antagonists.

Vascular endothelial growth factor (VEGF)1 is a primary
modulator of vascular neogenesis, angiogenesis, and vessel
permeability (1, 2). VEGF contains two identical polypeptide
chains that are linked covalently by a pair of disulfide bonds
(3, 4). The hormone exists as five isoforms having 121, 145,
165, 189, or 206 residues per monomer (3-7). The different
isoforms share a common N-terminal receptor-binding
domain of 115 residues/monomer, while the longer forms
(VEGF165, VEGF189, and VEGF206) have the same C-terminal
50 residues which constitute a heparin-binding domain (8,
9). VEGF induces dimerization of the tyrosine kinase
receptors KDR [kinase insert domain containing receptor (10,
11)] or Flt-1 [fms-like tyrosine kinase-1 (12)], which
stimulates mitogenesis of vascular endothelium (13, 14) or
organizational effects on the vasculature (15, 16), respec-
tively. Receptor dimerization occurs as a consequence of the
symmetry of the VEGF molecule, which presents a pair of
identical binding sites located at the two poles of the VEGF
receptor-binding domain (17-20).

In addition to its normal physiological role, VEGF is
associated with numerous pathogenic states, including cancer,
rheumatoid arthritis, diabetic retinopathy and psoriasis;
development of VEGF antagonists is therefore clinically
attractive (21). Indeed, neutralizing monoclonal antibodies
(22, 23) and SELEX-derived RNA molecules (24) that target
VEGF, suppress tumor growth that is dependent on vascu-

larization of adjacent normal tissue (25). Humanized neutral-
izing antibodies have been shown to interact with VEGF near
the KDR and Flt-1 binding sites (18, 26), while the RNA
inhibitors are thought to interact specifically with the heparin-
binding domain (9, 24).

Multicopy display of random peptides on f1 filamentous
phage particles has allowed the efficient selection of novel
peptide ligands (27). We have used this technique to identify
small disulfide-constrained peptides that are capable of
blocking the interaction of VEGF with its receptors. The
peptides have substantially lower molecular weights than the
previously identified antibody or RNA antagonists and bind
independently of the heparin-binding domain to a region of
the receptor-binding domain common among the VEGF
isoforms found in vivo. The peptides are thus potentially
useful leads for the further development of VEGF antagonist
molecules.

MATERIALS AND METHODS

Expression and Purification of VEGF. The receptor-
binding domain of human VEGF (residues 8-109; VEGF8-109)
was overexpressed inEscherichia coli inclusion bodies,
purified, and refolded as described previously (28). For NMR
experiments,15N-labeled VEGF11-109 was overexpressed in
E. colias a His-tagged protein, purified, refolded, and cleaved
specifically, as described (29). Both VEGF constructs used
in the present study have been shown by phage ELISA to
have KDR-IgG binding affinities equivalent to that of
VEGF1-109 (18).

Construction of Random Peptide Libraries. A Gene VIII
phagemid vector (30) was used to create phagemid libraries
for polyvalent display of random peptides. The vector
encodes the stII signal sequence followed by the peptide,
and a (Gly)3-Ser-(Gly)3-Ala spacer links the peptide to
the N-terminus of the Gene VIII coat protein. All peptide
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sequences included a fixed pair of cysteine residues. Eight
different libraries were constructed as described (30). Indi-
vidual libraries had typical diversities of 5× 108 and gave
a combined diversity consisting of about 4× 109 unique
sequences.

Selection of VEGF-Binding Phage. A pool of seven
X(i)CX(j)CX(k) libraries (library A) and a X4CX2GPX4CX4

library (library B) (Figure 1) were independently sorted for
VEGF binders as follows: in the first and second rounds of
sorting, biotinylated VEGF8-109 (prepared by treatment of
VEGF with 1.5 molar equivalents of NHS-SS-Biotin
[sulfosuccinimidyl 2-(biotinamido) ethyl-1,3-dithiopropi-
onate; Pierce]) was bound to neutravidin-coated Maxisorp
plates (Nunc) and subsequently treated with Blocker Casein
Buffer (Pierce). Phage libraries were added in blocking buffer
and the plates were gently shaken for 1-2 h at room
temperature. Unbound phage were rinsed away and the
remaining bound phage were eluted by a 5 min treatment
with 75 mM DTT, which cleaves the disulfide linker and
releases immobilized VEGF. Eluted phage were then propa-
gated in 20 volume equivalents of log phase XL-1 blue cells
(Stratagene) for the next round of sorting. In the third and
fourth rounds of sorting, conditions were modified to prevent
the selection of casein or neutravidin binders. VEGF8-109

was directly coated onto microtiter plates and blocked with
0.5% BSA. Bound phage were eluted with 10 mM HCl (in
100 mM NaCl and 0.3% BSA) instead of DTT because no
reducible cross-link was present. The isolated phage were
then neutralized with 0.05 vol of 1 M Tris (pH 8) and
propagated for the next round of selection. Specific binding
was monitored by measuring the number of phage that eluted
from VEGF-coated microtiter plate wells versus the number
eluted from identical wells that lacked the VEGF target.

Peptide Optimization by Soft Randomization. In contrast
to the entirely random libraries (excluding the fixed cysteine
residues) used to select the initial VEGF-binding peptides,
libraries intended to evolve these sequences further were
randomized only partially at each position. This process,
referred to herein as “soft randomization”, retains an overall
sequence similarity to the parent peptide while introducing
a fixed level of mutations from which improved sequences
can be selected. Since the mutations occur over the entire
sequence, soft randomization offers the advantage of enabling
the selection of multiple cooperative mutations as well as
simple point mutations. Additionally, the mutational fre-
quency can be adjusted as necessary to accommodate

different peptide lengths and library sizes. In this case, the
mutagenesis primers were synthesized using an 80:7:7:7
mixture (i.e., 80% original base and∼7% each of the other
three bases) for each base in the randomized codons. This
translates to an amino acid mutation frequency of about 40%
at each residue position in the peptide sequence. Libraries
for soft randomization were prepared by site-directed mu-
tagenesis of a Gene III monovalent phage-display vector (31),
yielding 0.5× 108, 0.75× 108, and 2.0× 108 independent
peptide sequences for classes 1, 2, and 3 (see Results for
definition of the peptide classes), respectively. The libraries
were sorted against directly coated VEGF8-109. Casein block
was used for the initial two rounds of sorting, and BSA block
was used in subsequent rounds. In each case, the phage-
binding buffer used was the same as the blocking buffer.
For the fourth and fifth rounds of sorting, an additional
chasing step was employed to select for phagemid with
slower off-rates. After rinsing away nonbinders, the plates
were incubated for 3-16 h in the presence of 100 nM
competing KDR to prevent the rebinding of dissociated
phage. Another rinse step removed these phage before the
bound phage were eluted with acid.

Peptide Optimization by Tailored Randomization. Libraries
for tailored randomization were prepared by site-directed
mutagenesis of the monovalent phage display vector de-
scribed above. Mutagenesis primers were synthesized using
equimolar mixtures of specific combinations of bases that
were chosen to encode amino acids observed in the soft
randomization selectants, while introducing as few additional
residues as possible. The peptide-encoding portions of the
oligonucleotides were GRG GAM CKG TGG TGC TTC
SAM GGT CCT SKT GMA TGG GTG TGT KGG KDK
VWW RDT (class 1), AGG GGC TGG GTG GAG ATC
TGC GMA KCG GAC GWM WDS GGG MDW TGC STG
AVT GRA SSA NNS (class 2), and VKC DDG NNS RMM
TGC GAC RTT VHT RKA ATG TGG GWG TGG SAS
TGC TTC GHA NKT KTM (class 3) (IUPAC nucleotide
codes). These libraries contained 2.6× 107, 1.4× 107, and
1.3 × 108 independent clones for classes 1, 2, and 3,
respectively. The first and second rounds of sorting were
performed as described in the previous section. The third
through seventh rounds of sorting were performed against
progressively lower concentrations of solution-phase bioti-
nylated VEGF8-109. After 2 h, bound phage were captured
with magnetic streptavidin beads (Strept. MagneSphere,
Promega). The beads were rinsed 6 times, and the phage
were eluted with DTT as described earlier.

Peptide Synthesis. Peptides were synthesized using stan-
dard 9-fluorenylmethoxycarbonyl (Fmoc) protocols, cleaved
off the resin with 5% triisopropylsilane in trifluoroacetic acid
(TFA), oxidized by potassium ferricyanide, and purified by
reversed-phase HPLC. Masses of each peptide were verified
by electrospray mass spectrometry.

Measurement of Binding Affinities. Affinities of peptides
for VEGF were measured by BIAcore (BIAcore Inc.), using
either a competitive binding assay or kinetic analysis of
peptide binding directly to immobilized VEGF. For the
competitive binding assay, monomeric human KDR (domains
1-3) and a heterodimeric VEGF variant with one binding
site per dimer (hV-1) were expressed, refolded, and purified
as described previously (20). Approximately 4000 refractive
index units (RUs) of KDR(1-3) were coupled to a CM5

FIGURE 1: Twenty-residue peptide-phage libraries used for selection
of VEGF-binding peptides.
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sensor chip (activated as the NHS ester). A fixed concentra-
tion of hV-1 (100 nM) was preincubated (30-120 min) with
3-fold serial dilutions of peptide. Samples were injected for
3 min at 10µL/min. hV-1 alone was injected for comparison,
before and after each peptide sample. The fractional binding
of hV-1 in the presence and absence of peptide was
calculated from the 3 min time points, and a four-parameter
curve-fitting program (32) was used to compute IC50 values.
For kinetic measurements, VEGF8-109 (1500 RUs) was
coupled to the sensor chip as described for KDR(1-3). Two-
fold serial dilutions of peptide were injected at a flow rate
of 20 µL/min. The observed binding profiles were analyzed
by BIAevaluation 3.0 software using the simultaneous
association and dissociation 1:1 Langmuir fitting routine.

Measurement of Biological ActiVity. Primary human
umbilical vein endothelial cells (HUVEC) were prepared by
passing them from two to five times in complete growth

medium on dishes coated with attachment factors (Cell
Systems). These cells (4000/well) were then seeded to
microtiter plates and fasted in Dulbecco’s modified minimal
essential F-12 medium with 1% dialyzed fetal bovine serum
for 24 h. Mixtures of 200 pM VEGF1-165with serial additions
of test peptide were dispensed to microtiter wells coated with
HUVE cells. The cells were cultured for an additional 24 h
and exposed to [3H]thymidine (0.5 mCi/well; Amersham)
for 10 h. After washing the cells, the incorporated radiolabel
was quantitated with a microplate scintillation counter
(Packard).

NMR Analysis. All peptide and protein spectra were
acquired on a Bruker AMX-500 spectrometer, equipped with
a Bruker 5 mm inverse triple-resonance probe with three-
axis gradient coils. Peptides v107 (∼2.5 mg) and v108 (∼2.0
mg) were dissolved in 380µL of 90% H2O/10% D2O at pH
6.0 and 5.6, respectively, for structural characterization by

FIGURE 2: Class 1 of affinity optimized sequences that were selected from monovalent Gene III display libraries. (A) The selectant sequences
from the soft randomization selection. Each residue of the parent sequence was soft randomized in the library as is designated bynns. The
aligned sort 5 and 6 sequences are highlighted to show residues conserved with respect to the parent sequence. Clone identification numbers
are shown and the peptide name given in parentheses for those that were synthesized and tested later. (B) The selected sequences from the
tailored randomization selection. The tailored randomization codon scheme (IUPAC nucleotide code) used to prepare the random library
is shown in italicized lower case. Asterisks (*) represent the number of individual clones identified for each amino acid sequence.
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NMR spectroscopy. In addition to high-resolution one-
dimensional1H NMR spectra, the following homonuclear
two-dimensional (2D) NMR spectra were recorded at 10 or
20 °C using standard pulse sequences and phase cycling
(33): 2QF-COSY, TOCSY, NOESY, and ROESY. Solvent
suppression was achieved using pulsed field gradients for
either coherence selection (34) or excitation sculpting (35).
The TOCSY spectra were acquired using a 100 ms “clean”
DIPSI-2rc isotropic mixing sequence (36). The NOESY
spectra were acquired with mixing times of 350 ms, and the
ROESY spectra were acquired with mixing times of 175 ms
and a spin-lock field strength of 4 kHz. Vicinal3JHN-HR

coupling constants were measured directly from high digital-
resolution 2QF-COSY spectra. All spectra were processed
and analyzed on Silicon Graphics workstations using the
program FELIX (Molecular Simulations, Inc.). Resonance
assignments were obtained using standard methods from the
above 2D spectra (37).

Two-dimensional1H-15N HSQC spectra of uniformly15N-
labeled VEGF11-109 were acquired in the presence and
absence of selected peptides at 35 and 45°C; solvent
suppresion was achieved using the water “flip-back” method
(38). Cross-peaks from the free VEGF11-109 spectra were
deemed to have been perturbed by peptide binding if no
corresponding cross-peaks could be identified, at both
temperatures, within approximately half a line width in the
spectra of the VEGF11-109/peptide complex samples. Each
VEGF dimer binds two peptide molecules. The VEGF11-109/
peptide complex samples were thus made by addition of an
approximately 2-fold molar excess of peptide to∼0.4 mM
protein (VEGF dimer) solutions (25 mM sodium phosphate
and 50 mM NaCl, pH 7.0). In the case of v107 and v108,
the peptides were concentrated such that addition of∼50
µL of peptide solution to 450µL of protein solution gave
the desired stoichiometry; peptide concentrations were
determined spectrophotometrically using calculated (39, 40)
molar extinction coefficientsε280 ) 11 500 and 7 090,
respectively. For peptide v106, which is insoluble at milli-
molar concentrations,∼1.5 mg of peptide was lyophilized
and added directly to the protein sample; excess insoluble
peptide was removed by centrifugation.

RESULTS

Selection of VEGF-Binding Peptides. Seven random dis-
ulfide-constrained peptide libraries of the form X(i)CX(j)CX(k),
with j values ranging from 4 to 10 andi + j + k ) 18 were
generated (30) and pooled to produce library A (Figure 1).
Additionally, a library of the form X4CX2GPX4CX4, designed
to incorporate a type Iâ-turn within the disulfide loop as
observed in the bound conformation of a peptide agonist of
the erythropoeitin receptor (27, 41), was included as library
B. These peptides were displayed as N-terminal fusions
linked through a glycine-rich spacer sequence to the multi-
copy Gene VIII phage coat protein. After four rounds of
sorting, a 6000-19000-fold increase in binding to im-
mobilized VEGF8-109 was observed relative to the back-
ground phage binding. Sequencing of representitive clones
yielded a single consensus sequence for library B (GER-
WCFDGPLTWVCGEES; referred to hereafter as class 1)
and two predominant sequences for library A (RGWVEIC-
VADDNGMCVTEAQ, class 2; and GWDECDVARM-
WEWECFAGV, class 3).

Phage ELISA (42) experiments showed that the binding
of these phage clones to VEGF could be blocked by KDR,
indicating that they were potential antagonists (data not
shown). Library A also yielded two selectants with cysteine
residues in addition to the fixed pair. However, these
sequences were not selected when the pool was displayed
in a low-copy format on Gene III, suggesting that they were
relatively weak binders or perhaps dependent on the forma-
tion of dimers (data not shown).

Initial Optimization of Peptides by Soft Randomization.
An analysis by phage ELISA indicated that the selected
sequences had only weak affinities for VEGF (Kd > 10µM).
However, the size of the original libraries was only a small
fraction of the number of sequences possible for peptides of
this length, so the peptides were further optimized using the
monovalent phage display method (31, 43). Because the
important binding determinants in the selected peptides were
unknown and potentially cooperative, we employed a “soft”
randomization strategy that retains a high percentage of the
original amino acids but introduces diversity by spiking the
codons with an equimolar ratio of the other three bases (see
Materials and Methods).

Selectants in the libraries demonstrated strong binding to
VEGF by the second round of sorting; bound phage titers
were 12000-140000-fold higher than background levels after
five rounds of sorting. After six rounds of sorting, phage
ELISA experiments yielded IC50 values in the ranges 0.6-
6.6, 0.6-1.7, and 0.3-1.3 µM, for the class 1, 2, and 3
selectants, respectively. Most of the sequences of the
resulting clones were unique (Figures 2A, 3A, and 4A) and
showed residues either being conserved, mutated to a new
consensus, or partially mutated to a variety of different amino
acids. These data suggest which residues were important in
the original peptide, which changes might further improve
binding, and which are simply tolerated but unimportant for
binding. Not suprisingly, the cysteine residues were found
to be conserved in all three classes, indicating that the
disulfide constraints were criticial for affinity. Additionally,
for the class 1 selectants, there was strong conservation of
the Gly-Pro motif within the disulfide loop and the residues
immediately neighboring the cysteines (Figure 2A). For the
class 2 selectants, the six N-terminal residues were absolutely
conserved, along with two other residues within the disulfide
loop (D10 and G13). Finally, for the class 3 selectants, there
were five residues in the C-terminal half of the disulfide loop
that were very highly conserved. Examples of new highly
selected mutations are T11A for class 1, V8E/A, N12Y/F,
M14R/I/Q, and V16L for class 2, and A17V/E, G18S/R, and
V19F/L for class 3. In contrast, the C-terminal residue Q20
in the class 2 peptide is an example of an apparently
unimportant position; a variety of substitutions occur with
frequencies near the theoretical mutation rate.

Binding Analysis of Soft Randomization Peptides.Repre-
sentative peptides were synthesized to confirm that they could
bind VEGF independently of fusion to the phage coat
proteins. Class 1 (v106), class 2 (v108), and class 3 (v107)
peptides blocked binding of a monomeric form of KDR to
a heterodimeric form of VEGF8-109 that has a single receptor-
binding site per heterodimer [hV-1 (20)]; IC50 values were
7.0, 2.2, and 0.7µM, respectively (Table 1). These values
correlated well with the affinities of the respective phage
for VEGF8-109, indicating that the presentation on phage was
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not contributing significantly to the affinity of the peptides
(data not shown). Competitive ELISAs showed that all three
peptide classes bind a common region on the VEGF molecule
(Figure 5).

Final Optimization of Peptides by Tailored Randomization.
A final optimization strategy was used in which limited
randomizations were “tailored” for each peptide class. These
libraries included primarily the mixture of residues that were
selected from the soft randomization. For example, R, L,
and V were selected at position 10 in the class 1 peptide
(Figure 2A). In this case, a S(G/C):K(G/T):T codon, chosen
to minimize unwanted substitutions, gave a mix of R, L, V,
or G residues at this position. The calculated diversity
possible for the chosen substitutions was 5× 105, 4 × 106,
and 8× 108 for the class 1, 2, and 3 peptides, respectively.
Synergistic improvements should be selected more efficiently
because all possible combinations of the favored residues

can be represented in the libraries. The library sizes for
classes 1 and 2 were larger than the theoretical number of
sequences while that for class 3 was only∼6-fold smaller
(see Materials and Methods).

Robust phagemid binding of the tailored libraries to
immobilized VEGF8-109 occurred by the second round of
selection (5000-17000-fold above background). The third
through seventh rounds of sorting used a more stringent
solution-based technique (see Materials and Methods) in
which the VEGF concentration was progressively lowered
from 50 to 1 nM; these concentrations still allowed 12-
500-fold greater binding than background.

Sequence analysis of the selectants generally gave a clear
yet different consensus from the soft randomization method.
Tailored randomization of the class 1 peptides yielded
substitutions G1E, R3L, L10R, T11A, E16Y, and E17V
(Figure 2B); only T11A among these was preferred in the

FIGURE 3: Class 2 of affinity optimized sequences that were selected from monovalent Gene III display libraries. Panels A and B are as
described for Figure 2.
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soft randomization. For the class 2 peptides V8E, A9S,
D11V, and N12W (Figure 3B), which occurred together in
only one clone from the soft randomization, was the clear
consensus from the tailored randomization. Likewise, in the
class 3 sequence E4N, A8H, R9V, A17E, G18R, and V19L
were strongly selected (Figure 4B).

Binding Analysis of Tailored Randomization Peptides.
Representative peptides from the tailored randomization
selectants were synthesized for analysis. The class 1 con-
sensus peptide inhibited KDR binding with an IC50 of 10
µM (v127, Table 1). In this case, no improvement in binding
was observed relative to the soft randomization selectant
(v106, Table 1).

For class 2, the four C-terminal residues were omitted
because structural data suggested that they were unimportant
for VEGF binding (44). This conclusion is consistent with
the poor consensus found in this region (Figure 3) and was
confirmed by synthesis of a truncated 16 residue peptide that
bound only 2-fold more weakly (v113, Table 1) than the 20
residue parent peptide (v108, Table 1). Introducing the
substitutions selected in the tailored randomization step
improved the affinity of the 16 residue peptide by∼4-fold

(v128a, Table 1).
The class 3 consensus peptide was the best inhibitor

identified in this study; the tailored optimization gave a 3-fold
improvement in IC50 (v114, Table 1) relative to the soft
randomization selectant (v107). Additionally, direct binding
measurements to immobilized VEGF8-109 showed a 7-fold
slower off-rate (0.023 versus 0.16 s-1) and a 5-fold tighter
calculated binding constant for v114 relative to v107 (0.11
versus 0.53µM).

Biological ActiVity. Since v114 was the highest affinity
peptide isolated, its ability to block VEGF1-165-induced
proliferation of HUVE primary cell cultures was tested. As
expected, the change in VEGF isoform from the het-
erodimeric variant hV-1 to wild-type VEGF1-165 did not
affect peptide binding as measured in the BIAcore-based
competition assay (Table 1). The peptide blocked [3H]-
thymidine incorporation with an IC50 of 9.6 µM (Figure 6).
The 27-fold increase in IC50 in this assay may have a number
of causes, including a low receptor occupancy requirement
for stimulating mitogenesis, cellular localization effects
caused by the heparin-binding domain of VEGF1-165, or
potential losses of the peptide due to the extreme conditions

FIGURE 4: Class 3 of affinity optimized sequences that were selected from monovalent Gene III display libraries. Panels A and B are as
described for Figure 2.
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of this assay (see Materials and Methods). Lack of v114
inhibition of proliferation induced by an unrelated growth
factor, aFGF, demonstrated that the blocked proliferation was
not a general toxicity effect (data not shown).

NMR Structural Analysis. To better understand how the
peptides bind to VEGF, the conformational preferences in
aqueous solution of representative peptides were investigated
by NMR spectroscopy. Phage-displayed peptide libraries
have previously yielded a 14 residue peptide with a well-
defined solution structure (30). Peptides v106, v108, and
v107 were selected as representatives of classes 1, 2, and 3,
respectively. The class 1 peptide v106 was found to be highly
insoluble in water in the pH range tested (2.3-7.5), making
structural characterization by NMR impossible. Peptides
v108 and v107, on the other hand, were sufficiently soluble
to allow complete1H resonance assignments (assignments
are listed in Supporting Information).

In the case of v108, only intraresidue and sequential
correlations were observed in the NOESY and ROESY
spectra, suggesting that under the solution conditions used
(10 °C, pH 5.6) this peptide is essentially unstructured. All
3JNH-HR coupling constants measured are between 6.1 and
8.0 Hz, consistent with averaging over many conformations.

In contrast to v108, peptide v107 has several3JNH-HR

coupling constants less than 5.0 Hz, indicating the presence
of helical turns, and a large number of medium and long-
range NOE correlations. Unfortunately, the large number of
cross-peaks gives rise to serious spectral overlap in the
NOESY spectrum, making specific NOE assignment dif-
ficult. Distance geometry calculations using unambiguously
assigned NOE-distance restraints together withφ dihedral
angle restraints derived from the3JNH-HR coupling constants
resulted in poorly converged structures with significant
restraint violations, suggesting that the observed NOEs were
not consistent with a single peptide conformation in solution.
The large number of observed NOE correlations may result
from either conformational exchange and/or aggregation
(specific or nonspecific) in solution. Cross-peaks correspond-
ing to E12, W13, and E14 are very broad in spectra acquired
at 10°C, but sharper in spectra acquired at 20°C, consistent
with this region of the peptide being involved in conforma-
tional exchange processes. The NMR data therefore indicate
that peptide v107 populates multiple exchanging conforma-
tions in solution.

NMR Binding Analysis. The interaction sites for repre-
sentative peptides on VEGF were characterized by mapping
VEGF chemical shift perturbations upon peptide binding
using 2D 1H-15N HSQC spectra of uniformly15N-labeled
VEGF11-109; the backbone resonance assignments for
VEGF11-109 have been reported previously (29). Chemical
shifts of the protein amide resonances in these spectra result
from their local magnetic-shielding environments, which
depend on peptide bond anisotropy, aromatic ring current
effects, electrostatic interactions, and hydrogen bonding.
Peptide binding invariably causes local environmental changes

FIGURE 5: Competitive displacement of phagemid with the class 2
peptide v108. The displacement of phagemid displaying either the
class 1 v106 sequence (O), the class 2 v108 sequence (b), or the
class 3 v107 sequence (0) by the class 2 peptide v108. The data
are consistent with the class 2 binding epitope overlapping the
binding epitopes of both the class 1 and class 3 peptides.

Table 1: Measurements of IC50 Values for Synthetic Peptides

peptide sequence IC50 (µM)a

Class 1
v106 GERWCFDGPRAWVCGWEI-NH2* b 7.0( 0.9c

v127 EELWCFDGPRAWVCGYVK-NH2** 10.0

Class 2
v108 RGWVEICAADDYGRCLTEAQ-NH2* 2.2 ( 0.1
v113 RGWVEICAADDYGRCL-NH2* 4.0 ( 0.1
v128a RGWVEICESDVWGRCL-NH2** 1.1

Class 3
v107 GGNECDIARMWEWECFERL-NH2* 0.70 ( 0.06
v114 VEPNCDIHVMWEWECFERL-NH2** 0.22 (0.35)d

a The IC50 values are the concentrations of peptide that resulted in
blocking of 50% of a VEGF8-109 variant (hV-1) binding to KDR(1-3)
using a BIAcore based assay (see Materials and Methods).b (*) Peptides
derived from sequences identified in the soft randomization selection,
(**) peptides derived from sequences identified in the tailored
randomization selection (Figures 2-4). c Values with uncertainties
reported result from duplicate measurements.d The number in paren-
theses was determined identically except VEGF1-165 was used in place
of hV-1.

FIGURE 6: Inhibition of VEGF-induced HUVEC proliferation by
the class 3 peptide v114. Each point on the graph represents the
average of triplicate measurements and is shown with a one standard
deviation error bar. The IC50 for the inhibition by v114 (2) was
9.6 µM, while that measured for a potent mAb [A.4.6.1 (52)] (O)
was 2.3 nM.
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for nuclei in amino acids at the binding interface, resulting
in observable chemical shift changes. In the absence of
significant conformational change, these chemical shift
perturbations provide a simple means to determine the
interaction regions of both peptide-protein and protein-
protein complexes (45, 46). However, any conformational
changes in the protein resulting from complex formation may
cause additional chemical shift perturbations. Typically, the
chemical shift effects extend slightly beyond the direct
contact surface (45).

A superposition of HSQC spectra of VEGF11-109 in the
absence and the presence of class 2 peptide v108 is shown
in Figure 7. The locations of residues with cross-peaks that
experience significant chemical shift changes upon binding
peptide (Table 2) are mapped onto a ribbon diagram of the
VEGF8-109 structure (18) in Figure 8B. Control experiments
with peptides that do not interact with VEGF resulted in no
detectable chemical shift changes upon addition to VEGF11-109

(data not shown). The deduced peptide-binding region, which
comprises residues at one end of theâ-sheet of one monomer
and residues from helixR-1 of the other monomer, includes
residues that were previously identified as important for both
KDR and Flt-1 binding (18-20) and for binding of neutral-
izing antibodies (18, 26).

Similar experiments were carried out for representative
peptides from class 1 (v106) and class 3 (v107) (data not
shown). VEGF residues whose chemical shifts were per-
turbed upon binding the peptides are summarized in Table

2; the locations of these residues on the VEGF structure are
indicated in Figure 8, panels A and C, respectively. The three
peptides appear to bind to distinct but overlapping regions
of VEGF.

DISCUSSION

Phage display of unbiased peptide libraries has been used
to identify three classes of small disulfide-constrained
peptides that bind VEGF. Interestingly, competition binding
experiments show that the peptides also inhibit the binding

FIGURE 7: Superposition of 2D1H-15N HSQC spectra of VEGF11-109 in the absence (blue) and the presence (red) of the class 2 peptide
v108. Cross-peaks in the free VEGF11-109 spectrum that have experienced significant chemical shift changes upon binding peptide are
labeled.

Table 2: Summary of VEGF Residues Whose Chemical Shifts
Change upon Peptide Binding

peptidesecondary
structurea class 1 (v106) class 2 (v108) class 3 (v107)

R1 15-24 16-18, 21 16-24
R1-â1 26 25, 26

â1 32, 34
R2 35, 36 36-39

R2-â2 41-45 43
â2 46-48 46-48 47-48
â3 50 50-52

â3-â4 64 64, 65
â4 67 66-68
â5 81-84 77-84 79-83

â5-â6 86 86, 87 86
â6 90, 92-93 90, 92-97
â7 103-105

a The residues are grouped according to their secondary structure
location as defined by Muller et al. (51)
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of VEGF to KDR, with IC50 values in the range 0.2-10 µM
(Table 1), despite the fact that no selection methods were
used to target the KDR-binding site of VEGF. Similar results
were reported recently by Lowman et al. (30), who identified
peptides from phage-displayed peptide libraries that bound
to IGF-binding protein-1 (IGFBP-1) and also inhibited the
binding of IGFBP-1 to IGF-1.

NMR analysis of peptide binding to VEGF11-109 indicates
that the different classes of peptides bind to overlapping
VEGF epitopes (Figure 8); in particular, the chemical shifts
of residues 16-18, 21, 47-48, 81-83, and 86 were
perturbed upon peptide binding in each case (Table 2). The
NMR data are thus consistent with the observed competition
of class 2 peptide v108 for the class 1 and 3 binding sites
(Figure 5). Although the peptide binding epitopes are clearly
overlapping, the NMR data also indicate that the three classes
of peptides bind VEGF in distinct ways. For instance, the

class 2 peptide v108 induces chemical shift changes for 14
residues that are not observed for the other peptides (Table
2). On the basis of the chemical shift analysis, peptide v108
interacts with VEGF via theR2-â2 loop region and
â-strandsâ5 andâ6, and potentially contacts residues 16-
18 and 21 in helixR1 of the other monomer (Figure 8B).
The X-ray crystal structure of the VEGF8-109/v108 complex
confirms this view of the v108-binding site; the peptide is
observed to contact VEGF residues 17-18 of helixR1, 36,
38-42, and 47-48 in theR2-â2 loop region, 79-82 of
â-strandâ5, and 89-95 of â-strandâ6 (44). In contrast to
v108, the class 3 peptide v107 does not appear to interact
with theR2-â2 loop orâ-strandâ6, but rather interacts more
extensively with the other monomer. This is indicated by
chemical shift perturbations for residues 64-68 and 103-
105 as well as for the entire helixR1. The class 3 interaction
region thus comprises helixR1 andâ-strandsâ4 andâ7 from
one monomer andâ-strandsâ2 and â5 from the other
monomer (Table 2, Figure 8C). The class 1 peptide v106
binding region appears to have features in common with both
the class 2 and 3 binding regions (Table 2, Figure 8A).

The three classes of peptides identified in the present study
each have binding sites that overlap significantly with both
receptor and antibody-binding sites. The KDR and Flt-1
receptor-binding sites on VEGF have been characterized
previously through alanine-scanning mutagenesis (17, 18,
20). The KDR-binding site of VEGF includes residues from
both monomers of the homodimer: the most important
residues for KDR binding are 17 and 18 from helixR1, 43,
46, and 47 from theR2-â2 loop region, 64 from theâ3-
â4 loop, and 79 and 83-85 from â-strandâ5 (18, 20). A
more detailed view of the Flt-2-binding site is available from
a 1.7 Å resolution crystal structure of VEGF8-109 in complex
with domain 2 of the receptor: residues in contact with Flt-
1D2 include 16-18, 21, 22, 25, and 27 from helixR1; 46-
48 from â-strandâ2; 61-63 and 65-66 from theâ3-â4
loop; 79, 81, 85-86, 89, and 91 fromâ-strandsâ5 andâ6
and the intervening turn; and 103-106 fromâ-strand 7 (19).
In addition, a recent 2.4 Å resolution crystal structure of a
complex between VEGF8-109 and a humanized neutralizing
antibody (A4.6.1) revealed contacts with helixR1 (residues
17 and 21), theR2-â2 loop region (residues 45 and 48),
andâ-strandsâ5 andâ6 (residues 79, 81-84, and 86-93)
(26). The binding epitope of a second KDR-blocking
antibody (3.2E3.1.1), determined by alanine-scanning mu-
tagenesis, includes helixR1 residues 18, 21, 22, and 25 (18).
The significant degree of overlap between these receptor-
and antibody-binding sites and the peptide-binding sites
provides further support for the suggestion that peptides
derived from phage display of peptide libraries frequently
target protein-protein interaction sites (27, 30, 41, 47). There
are a number of different VEGF-binding modes possible for
both protein and peptide ligands. In all cases, however,
significant contacts appear to be made with the hydrophobic
side chains of Phe17 and Met81, which form the nucleus of
a solvent exposed hydrophobic patch that also includes
Tyr21, Ile46, Ile83, and Ile91 (Figure 9).

The deconvolution of common structural features in
different molecules that target the same protein-binding site
has been used to develop small molecule drug candidates
(48-50). In the present case, however, the class 2 and 3
peptides were found to have no definable structures in

FIGURE 8: Schematic representations of the VEGF8-109 crystal
structure illustrating the locations of residues experiencing peptide
binding induced chemical shift changes for peptides v106 (A), v108
(B), and v107 (C). The two subunits that form the VEGF dimer
are colored red and blue. The secondary structure elements are
labeled according to Muller et al. (51). Those residues whose
backbone1H-15N cross-peaks shifted on formation of the peptide-
protein complex are highlighted in yellow. Residues that could not
be assigned in the1H-15N HSQC spectra are colored gray. This
figure was produced using the program MOLMOL (53).
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solution (although the class 3 peptide v107 showed some
evidence of helical turns); the class 1 peptide v106 was not
sufficiently soluble for structural analysis. This is in contrast
to the results of Lowman et al. (30), who found a highly
structured peptide using similar phage display methods.
Determination of the VEGF-bound structures of the de novo
selected peptides may help deconvolute and identify critical
binding interactions useful for designing smaller and more
potent peptides or small molecules. The following paper in
this issue presents such structural data for the VEGF8-109/
v108 complex (44); structural studies of other VEGF/peptide
complexes are currently in progress.
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SUPPORTING INFORMATION AVAILABLE

Two tables of the chemical shifts of v107 at pH 6.0, 10
°C, and v108 at pH 5.6, 10°C (4 pages). See any current
masthead page for ordering information.
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