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Abstract
Vascular endothelial growth factor (VEGF) is a homodimeric pro-angiogenic protein that induces
endothelial cell migration and proliferation primarily through interactions with its major receptors,
VEGFR-1 and VEGFR-2. Inhibitors of one or both of these VEGF-receptor interactions could be
beneficial as therapeutics for diseases caused by dysfunctional angiogenesis (e.g., cancer). Others
have reported small peptides that bind to the VEGF dimer at surface regions that are recognized by
the receptors. Here we report the development of a fluorescence polarization assay based on the
binding to VEGF of a derivative of one of these peptides that has been labeled with BODIPY-
tetramethylrhodamine (TMR). This 384-well format assay is tolerant to DMSO (up to 4% v/v) and
has a Z’ factor of 0.76, making it useful for identifying molecules that associate with the receptor-
binding surface of the VEGF dimer.
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Introduction
Vascular endothelial growth factor (VEGF) is an important regulator of angiogenesis.[1–4]
VEGF promotes the migration and proliferation of endothelial cells and the formation of new
blood vessels from preexisting capillaries.[5,6] Biological responses to VEGF expression
result from the binding of VEGF to two major membrane-embedded receptors, VEGFR-1
(Flt-1) and VEGFR-2 (KDR), and the subsequent intracellular signaling induced by receptor
activation.[3] VEGFR-1 and -2 are found on the surface of most vascular endothelial cells.
[2] The majority of proangiogenic activity of VEGF is mediated through VEGFR-2, although
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interaction between VEGF and VEGFR-1 may also play important roles in angiogenesis.[2,
3]

VEGF-A is a homodimeric glycoprotein that exists in several different isoforms, generated via
alternative splicing of the VEGF-A mRNA. [2,7] The four major isoforms of VEGF are
VEGF121, VEGF165, VEGF189, and VEGF206; VEGF165 is predominant in vivo.[2] VEGF is
active as a dimer in which the two anti-parallel monomers are linked by two disulfide bonds.
[8,9] Signaling requires the VEGF homodimer to interact with two VEGF receptor molecules.
[10] Each receptor consists of an extracellular region composed of seven immunoglobulin-like
domains, a transmembrane region, and an intracellular kinase domain. VEGF-induced
dimerization of the receptors leads to auto-phosphorylation of the intracellular portion, which
initiates cytoplasmic signaling cascades that ultimately result in increased vascular
permeability, endothelial cell migration and proliferation, and angiogenesis.[2,10] For both
VEGF receptors, extracellular domains 2 and 3 provide most of the contact surface for binding
to the VEGF dimer.[11–16] The importance of domain 2 of VEGFR-1 for binding VEGF is
further supported by NMR and X-ray crystallographic data.[17,18]

A balance between pro- and anti-angiogenic signaling is necessary to maintain cellular
homeostasis during embryonic development and throughout life.[2,3,19,20] Overexpression
of VEGF causes a shift in the angiogenic equilibrium, leading to excessive vasculature
formation.[10,21] VEGF overexpression has been linked to a number of human diseases
including cancer, rheumatoid arthritis, psoriasis and proliferating retinopathy.[22] Currently,
there are three FDA approved drugs for treatment of diseases related to overexpression of
VEGF. Each of these drugs blocks signaling by binding to VEGF and thereby preventing
interaction with cell-surface receptors.[23–25] Bevacizumab (Avastin), for example, is an
engineered antibody that binds to VEGF and prevents interaction with VEGFR-1 and -2;[23]
Avastin is approved for anticancer chemotherapy. Ranibizumab (Lucentis) is a smaller
antibody fragment with a similar mode of action that has been approved for treatment of
macular degeneration.[25] Pegaptanib (Macugen), a modified oligonucleotide, binds to the
heparin-binding domain of VEGF and is approved for treatment of macular degeneration.
[24] In addition, a number of small molecules that inhibit the kinase activity of VEGFR-1 and/
or VEGFR-2 are in clinical trials.[26] Despite the success of the therapeutic antibodies Avastin
and Lucentis, inhibitors of the VEGF-VEGFR interaction with lower molecular weight (e.g.,
peptides or small molecules) might offer advantages in terms of production, stability and/or
administration.[27] It is very challenging to identify small molecules that bind tightly and
specifically to a given protein surface due to the relatively flat surface of the interaction;[28,
29] typically, thousands of inhibitor candidates must be screened.

In principle, steric inhibition of VEGF-VEGFR interaction could be accomplished via a
molecule that binds to the recognition surface on VEGF or a molecule that binds to the
recognition surface on a receptor. All steric inhibitors in the clinic or in clinical trials function
by binding to VEGF rather than a receptor.[26] An agent that binds to VEGF can be specific
for one type of biological response, while an agent that binds to a VEGF receptor may block
interaction of this receptor with other natural ligands (other members of the VEGF super-
family), thereby affecting processes other than angiogenesis.[30]

Several assay formats have been used to evaluate candidate molecules for the ability to bind
to VEGF or to inhibit VEGF-VEGFR interaction. The most popular formats, including
enzyme-linked immunosorbent assays (ELISA) and surface plasmon resonance (SPR), involve
measuring the ability of candidate ligands to bind to surface-immobilized VEGF.[31,32]
Another popular assay format involves measuring competition with radioiodinated VEGF for
binding to membrane-bound VEGF receptors on the surface of endothelial cells.[33] However,
overexpression of one protein in a cell-based assay can affect other proteins on the cell and
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lead to complications in the analysis of inhibitor candidate binding targets.[34] A biochemical
assay with purified proteins allows for a more conclusive identification of the target of active
compounds. Fluorescence-based assays in which all components (proteins, inhibitors, probes)
are in solution can be advantageous in terms of throughput relative to assay formats involving
an immobilized component.[35,36] Furthermore, the proteins are more likely to adopt
conformations similar to their native state in solution than when immobilized on a surface.

We have developed a homogeneous competition fluorescence polarization (FP) assay that can
be used to identify molecules that bind to the VEGF dimer in the region that is recognized by
cell surface receptors. Development of this assay required a relatively small, fluorescent ligand
(“tracer”) for VEGF that could be displaced by candidate inhibitors; a short peptide (v114)
identified at Genentech[32] served as the basis for our tracer in these studies. We have
demonstrated that the assay can rapidly and reliably distinguish compounds of different affinity
for VEGF. The assay is robust and may be used in a high-throughput screening format.

Materials and Methods
General

Fmoc-L-α-amino acids, HBTU, and NovaSyn TGR resin were purchased from NovaBiochem
(San Diego, CA). 6-Carboxyfluorescein was purchased from Anaspec (San Jose, CA).
BODIPYTMR-SE was purchased from Invitrogen (Carlsbad, CA). (2-[2-(Fmoc-amino)-
ethoxy]-ethoxy)-acetic acid (Fmoc-AEEAc-OH) was purchased from Bachem (Torrance, CA).
Piperidine, HOBt, trifluoroacetic acid (TFA), HPLC-grade acetonitrile (MeCN),
dimethylformamide (DMF), dichloromethane (DCM), and all other chemical reagents were
purchased from Sigma-Aldrich (Milwaukee, WI).

Peptide Synthesis
Peptides were synthesized in 4.0-mL solid-phase extraction tubes from Alltech (Deerfield, IL)
on NovaSyn TGR resin, to afford C-terminal amides upon cleavage from the resin. A vacuum
manifold was used to wash the resin with DMF and DCM between coupling and deprotection
steps. The following is a representative coupling-deprotection cycle for a 30 µmol scale: 115.4
mg of NovaSyn TGR resin (reported loading: 0.26 mmol/g) was swelled for 20 min in DCM.
After the resin was washed with DCM and DMF, 3 equiv (90 µmol) of Fmoc-L-α-amino acid
of C-terminal residue and 3 equiv of HBTU dissolved in 1.5 mL DMF were added to the resin.
N,N-Diisopropylethylamine (180 µL; 1.0 M solution in DMF) and HOBt (180 µL; 0.5 M
solution in DMF) were added to initiate the coupling and the reaction was put on a rocker to
agitate for 1 h. After the resin was washed with DCM and DMF, Fmoc deprotection was
accomplished by adding ∼2 mL 20% (v/v) piperidine in DMF and agitating the reaction on a
rocker for 15 min. Fluorescein labeling for peptides 1 and 2 was accomplished by coupling 6-
carboxyfluorescein overnight using the same conditions described above for coupling α-amino
acids. BODIPYTMR labeling for peptide 3 was achieved after cleavage and purification (see
below). All peptides were cleaved from resin using 1.5 mL cleavage solution (94% TFA, 2.5%
H2O, 2.5% 1,2-ethanedithiol, 1% triisopropylsilane). After the TFA was evaporated under a
stream of nitrogen, the crude peptide was dissolved in 0.2 mL TFA and precipitated in cold
ether. The ether was decanted and the peptide was dissolved in 4 mL DMSO and, if a disulfide
bond was needed in the peptide, 10 µL to 2 mL NH4OH (enough to make the solution basic).
Peptides were purified using semipreparative, reverse-phase HPLC performed with a C4 or
C18 column (Vydac, Anaheim, CA) and eluting with gradients of MeCN w/0.1% TFA (B
solvent) in water w/0.1% TFA (A solvent). Fractions were lyophilized to yield the final peptide
as dry powders, which were confirmed by MALDI-TOF mass spectrometry. As previously
mentioned, the BODIPYTMR was coupled to the free N-terminal amine after purification as
follows: 0.4 mg of the peptide was dissolved in 450 µL DMF and 18 µL triethylamine was
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added to the solution. The BODIPYTMR-succinimide ester was dissolved in 450 µL DMF and
the two solutions were mixed. The peptide was repurified by HPLC after 7 h.

Expression and purification of VEGF [37]
A pET-3d vector (Novagen, Madison, WI) containing the gene for human VEGF (residues 2–
165) was transformed into Escherichia coli BL21(DE3) cells. Cells were grown at 37°C in LB
medium with 100 µg/mL ampicillin to an OD600 of ∼1.0. Protein expression was induced with
0.4 mM IPTG, and cells were grown for an additional 3 h. The cells were pelleted by
centrifugation at 1,000 × g for 30 min at 4°C, resuspended in TBS, pelleted at 3,000 × g for
30 min at 4°C, and stored at −80°C. Cells were resuspended with 40 mL of resuspension buffer
(20 mM Tris, 5 mM EDTA; pH 7.5) with 4 mg lysozyme and 0.5 mg DNase I. After incubating
on ice for 1 h, 50 µL of a protease inhibitor cocktail (Calbiochem, #539134) was added and
the cells were disrupted by pulse sonication. The cells were incubated for 1 h with 0.025 g
sodium-deoxycholate and 570 µL of a 70% Tergitol solution and centrifuged at 16,000 × g for
30 min at 4°C. The pellet was resuspended in B-PER Bacterial Protein Extraction Reagent
(Pierce, #78243) and centrifuged again. The inclusion bodies were solubilized in 30 mL of
dissolving buffer (20 mM Tris, 7.5 M urea, 20 mM DTT; pH 7.5) and stirred for 1 h at 4°C to
fully dissolve the pellet.

The concentration of VEGF was determined by measuring the A280 of the protein in a
denaturing buffer (22 mM phosphate, 8 M guanidine-HCl; pH 6.5) with a final guanidine
concentration of 5 M using a molar extinction coefficient of 12160 M−1cm−1 [(0.32 mg/
mL)−1 cm−1].[38] The protein was diluted with dissolving buffer to a concentration of 0.75
mg/mL and dialyzed against refolding buffer (20 mM Tris, 0.4 M NaCl, 1 mM cysteine; pH
8.4). The protein was then dialyzed against ion exchange(IEX) buffer A (20 mM Tris; pH 7.5)
and purified using a HiTrap SP FF 1 mL column (GE Healthcare, Piscataway, NJ) with a
gradient of 0–100% IEX buffer B (20 mM Tris; pH 7.5, 1 M NaCl) over 20 min. The purified
protein was dialyzed against PBS and stored at 4°C for immediate use or −80°C for long-term
storage. The final isolated yield of VEGF obtained was ∼ 3 mg per liter of starting culture.

VEGF Activity Validation
In order to determine whether the VEGF we produced via bacterial expression was properly
folded, we compared this protein to commercially available VEGF165 (Cell Sciences, cat #
CRV000B) for the ability to enhance the proliferation of Human Umbilical Vein Endothelial
Cells (HUVEC). HUVECs were cultured in Medium 200 (Cascade Biologics) containing 2%
FBS with FGF2, EGF, heparin, and hydrocortisone in a 24 well tissue culture plate. The serum
and growth factor containing medium was replaced with basal medium with or without VEGF
(100 ng/mL). Cell proliferation was measured after about 33 hours using a colorimetric assay
(Promega, cat # G3580). HUVECs growing in serum and growth factor supplemented medium
constituted the positive control.

The VEGF prepared here was further tested for its ability to enhance EC migration compared
to commercially available VEGF165 (R&D Biosciences and Peprotech) in a transwell migration
assay. The transwell migration assay was performed as previously described[39] with some
modifications. Briefly, HUVECs were serum starved overnight (2% serum containing
medium), washed with 0.04% EDTA in PBS, trypsinized, and resuspended in serum-free M199
medium at 1×106 cells/mL. The transwell coated with fibronectin was rinsed with PBS and
0.5 mL of serum-free M199 or M199 containing VEGF (10 ng/ml) was added to the 24 well
dish containing the transwell. Cells (0.1 mL of 1×106) were then added to the top of the
transwell membrane and incubated for 16 h at 37°C in 5% CO2. The mean number of cells
migrated through the membrane was determined by counting 10 high power fields (×100) and
compared to the control (PBS, no VEGF).
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Peptide Concentration Determination
All peptides to be tested for binding to VEGF were dissolved in DMSO for testing. The
concentrations of peptides bearing attached fluorophores were quantified by measuring the
fluorophore absorbance. Fluorescein-bearing tracers were diluted in 10 mM Tris, pH 8.0, and
the concentration was determined from A494 using ɛ = 68,000 M−1cm−1.[40] The
BODIPYTMR-bearing tracer was diluted in water, and the concentration was determined from
A535 using ɛ = 50,000 M−1cm−1.[40] For peptides without a fluorophore, the extinction
coefficients were calculated as described previously.[38] Peptides with two tryptophans and a
cystine had an extinction coefficient of 11500 M−1cm−1, peptides with one tryptophan and a
cystine had an extinction coefficient of 5810 M−1cm−1, and peptides with a single tryptophan
had an extinction coefficient of 5690 M−1cm−1.

Direct Binding FP Assays
Wells of a black Costar 384-well polystyrene plate (Corning, Corning, NY) contained
fluorescent peptide tracer (67 nM for tracers 1 and 2, 10 nM for tracer 3) and increasing
concentrations (from 0.63 pM to 3 µM for tracers 1 and 2, 0.61 pM to 10 µM for tracer 3) of
VEGF protein in FP Buffer (50 mM NaCl, 16.2 mM Na2HPO4, 3.8 mM KH2PO4, 0.15 mM
NaN3, 0.15 mM EDTA, 0.5 mg/mL Pluronic; pH 7.4).[41] Plates were read after a 2 h
incubation at room temperature using a PerkinElmer EnVision multi-label plate reader
(Wellesley, MA) with polarized filters and optical modules for fluorescein (λexcitation: 480 nm;
λemission: 535 nm) or BODIPYTMR (λexcitation: 531 nm; λemission: 595 nm). mP values were
calculated from raw parallel and perpendicular fluorescence intensities.[42] GraphPad Prism
4.03 (San Diego, CA) was used to plot mP vs. VEGF concentration and the curve was fit to a
single-site binding model to extract a binding dissociation constant (Kd value) for each tracer.
[43] Experiments were performed in duplicate.

Competition Binding FP Assays
Wells of a 384 plate contained 10 nM BODIPYTMR tracer peptide 3, 40 nM VEGF protein,
and 2 µL tested inhibitor dissolved in DMSO (final concentration from 63 pM to 300 µM) in
a final volume of 50 µL in FP Buffer. Plates were read after a 5 h incubation at room
temperature, the time necessary for complete equilibration. Experiments were performed in
duplicate. The equilibrium dissociation constant (Ki) [44,45] or IC50[46] was calculated and
the error was given as the 95% confidence interval as calculated by GraphPad Prism.

The FP signal of free BODIPYTMR tracer 3 in solution was tested for a concentration range of
0.1 to 100 nM 3 in FP Buffer in a final volume of 50 µL. DMSO tolerance was tested using
the above competition protocol with peptide v107. The Z’ factor was calculated[47] for the
384-well format in the competition format using positive (40 nM VEGF, 10 nM tracer 3 in
buffer, 4% DMSO) and negative (10 nM tracer 3 in buffer, 4% DMSO) controls.

Results and Discussion
VEGF Construct Selection and Validation

We considered several isoforms of VEGF-A as we were designing the FP assay. High-
resolution structures of VEGF8–109 alone[48] and in complex with a soluble fragment of
VEGFR-1,[17] or with the peptide v107[49] have been solved by researchers at Genentech. In
addition, VEGF8–109 was used with phage-displayed libraries to identify peptide ligands v107
and v114.[32] However, VEGF165 (residues 1–165) is the most prevalent isoform in vivo. [2]
This protein includes a heparin-binding domain, absent in VEGF8–109, which is necessary for
mitogenic activity in cells.[2] Since VEGF165 is the most physiologically relevant protein, we
chose to use this isoform in our FP assay.
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We expressed VEGF165 in E. coli and assayed the purified protein for its ability to increase
endothelial cell proliferation and migration, the expected biological activity of VEGF. To
measure endothelial cell proliferation, human umbilical vein endothelial cells (HUVECs) were
treated with VEGF and cell growth was monitored. The number of HUVECs was increased
by ∼1.7-fold in the presence of VEGF165 relative to cells growing in the basal medium. This
result is comparable to the ∼2.0-fold relative increase in HUVEC proliferation observed in
response to commercially available VEGF165. HUVEC migration in response to VEGF
treatment was monitored in a transwell migration assay. Migration of HUVECs increased ∼4-
fold in the presence of our VEGF relative to the negative control; a ∼4-fold increase in HUVEC
migration was also observed for commercially available VEGF. Taken together, these cell-
based assays indicated that the VEGF expressed in E. coli was properly folded and biologically
active. VEGF expressed in E. coli has been shown to give similar biological activity to
glycosylated VEGF derived from a baculovirus expression system.[50] Our VEGF from E.
coli could therefore be used to develop the FP assay.

Tracer Design and Optimization
According to previous results, peptide v114 (H-VEPNCDIHVMWEWECFERL-NH2 with the
cysteines forming a disulfide) binds to VEGF8–109 with an IC50 of 0.22 µM in a competition
SPR-based assay, making it one of the tightest-binding VEGF peptides in the literature.[32]
Although no structural data are available for the complex between v114 and VEGF, the NMR
structure of complex between VEGF8–109 and a closely related 19-mer peptide, v107 (H-
GGNECDIARMWEWECFERL-NH2 with the cysteines forming a disulfide; IC50 (SPR) =
0.70 µM), shows that v107 binds to the VEGF receptor-binding surface (Table 1).[32,49] Thus,
we assumed that v114 would also target the receptor-binding surface on VEGF. This
assumption is supported by the observation that peptide v114 blocks VEGF165-induced
proliferation of HUVECs in culture.[32] We chose to base our FP tracer sequence on v114
instead of v107 because v114 binds more tightly to VEGF, and because v114 has been shown
to be biologically active. A tracer with a low Kd was desirable in order to minimize the amount
of protein and tracer needed to obtain a strong FP signal with a good dynamic range. A tighter
binding tracer would also be able to measure a wider range of inhibitor potency and maintain
the sensitivity to identify weakly binding inhibitors.[51]

Initially, we evaluated fluorescein (Flu) as the fluorophore in our FP tracer candidates. In the
reported structure of the v107-VEGF complex,[49] the N-terminal segment of v107 (residues
Gly-Gly-Asn-Glu) appears to be flexible when the peptide is bound to VEGF; the analogous
segment in v114 (Val-Glu-Pro-Asn), to which is the fluorophore would be attached, would
likely be flexible as well. Based upon this possibility, we focused on v114 tracer candidates
lacking the four N-terminal residues, in order to promote local ordering of the fluorophore in
the VEGF-bound conformation.

Two truncated fluorescein-bearing tracer candidates were evaluated (Table 2), one with the
fluorophore directly attached to the N-terminus (1) and the other with a [2-(2-amino-ethoxy)-
ethoxy]-acetic acid spacer between the fluorophore and the peptide (2). Unlike Flu-v114, these
tracers displayed significant binding to VEGF in the direct titration FP assay (Figure 1). The
dissociation constants (Kd) of tracers 1 and 2 were similar (170 and 140 nM, respectively).
Tracer 2 was considered superior to 1 because 2 had a larger change in the fluorescence
polarization signal between free and bound tracer (dynamic range = 140 ± 8 mP units for 2 vs.
88 ± 7 mP units for 1).

Common assay interferences, such as those arising from compound aggregation or fluorescent
impurities, tend to be diminished in assays that employ red-shifted fluorophores (e.g.,
BODIPYTMR) as opposed to assays that employ green fluorophores (e.g., fluorescein).[52] We
therefore replaced the fluorescein unit on peptide 2 with BODIPYTMR to generate peptide 3.
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Interestingly, we observed an increase in both the binding affinity for VEGF (Kd = 25 nM) and
the dynamic range of the FP signal (∼200 mP) for tracer 3 relative to 2 (Figure 2). The assay
was stable for at least 8 hours (i.e., the FP signal was constant for at least 8 hours after the
reagents were mixed), which is important for testing multiple sample plates in a high-
throughput format. Subsequent experiments were carried out with the optimized tracer 3.

Competition FP Assay Assessment
Based upon the Kd value and dynamic range determined in direct binding FP experiments
described above, we established a competition FP assay in which inhibitors can be screened
for their ability to displace tracer 3 from VEGF. Affinity of competitors for VEGF was
quantified as an equilibrium dissociation constant (Ki value), which was calculated from the
inhibition curve. [44,45] The unlabeled truncated v114 analogue 4 was able to compete with
tracer 3 for binding to VEGF; a Ki value of 0.61 ± 0.08 µM was calculated for binding of 4 to
VEGF from the FP data (Table 3,Figure 3). Unlabeled v107 displayed a Ki value nearly
identical to that of 4 when assessed with the competition FP assay. Peptides v107 and 4 have
thirteen amino acids in common. These common residues include the ten most C-terminal
residues, which contain most of the residues important for binding with VEGF (as identified
through alanine scanning). [49] Thus, the fact that peptide 4 displays an affinity for VEGF
similar to that of v107 in our assay suggests that the first four residues of v107 do not confer
additional binding energy. These results are consistent with structural data showing that the
N-terminal portion of v107 does not make close interactions with the VEGF surface.[49] The
competition we observe between the tracer and v107 suggests that the tracer binds to the region
of VEGF that is important for binding to VEGF receptors. This conclusion is based on
published structural data, which show that v107 binds in the region of VEGF that contacts the
receptors, and on the report that biotinylated v107 competes with a fragment of VEGFR-1 for
binding to VEGF8–109.[49]

Assay Quality Assessment
The assay based on the BODIPYTMR tracer (3) was characterized in order to determine its
suitability for use in a high-throughput format.[45] First, we examined the FP signal of the
tracer in the absence of VEGF as a function of tracer concentration. The mP value did not
change between 6 and 25 nM 3 (Figure 4); our standard assay format involves 10 nM tracer,
and the FP stability in this concentration range indicates that small fluctuations in tracer
concentration from assay to assay would not affect the limiting mP value for fully displaced
tracer. This stability in the mP value over a large free tracer concentration would be important
if a higher tracer concentration were needed for the assay. A change in tracer concentration
could be beneficial if the inhibitor candidates were expected to interfere with the assay signal,
either through aggregation or intrinsic fluorescence.

The robustness of the competition FP assay was evaluated by measuring the effect of DMSO
concentration on the assay window (mP difference between bound and free tracer) and by
calculating the Z’ factor, a measure assay precision. DMSO is a common solvent for preparing
stock solutions of inhibitor candidates; therefore, it is important that the presence of small
amounts of DMSO in the assay solution not perturb assay results. Our data show that DMSO
concentrations up to 4% (v/v) have very little effect on the calculated Ki values (Figure 5).
Significant effects on these values are observed with 8% (v/v) DMSO, although it is possible
that useful data could be obtained under these conditions if required. The tolerance of at least
4% (v/v) DMSO makes this assay useful for screening of libraries of compounds that are
dissolved in DMSO.

The Z’ factor provides an indication of the suitability of an assay for high-throughput screening.
[45,47] The Z’ factor is a measure of the reproducibility in the difference in signal between a
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free and bound tracer controls across a large number of assay wells. An assay with ideal
reproducibility displays a Z’ of 1. Practically, the Z’ factor for a good high-throughput assay
is 0.5 to 1.[53] The Z’ factor calculated for our FP assay is 0.76 (Figure 6), which indicates
that this assay can be adapted to a high-throughput screening format.

Assay Validation by Comparison with Published Results
An immobilized VEGF assay analogous to an ELISA has been used previously to evaluate the
effects of alanine mutations at six hydrophobic residues of v107 on affinity for VEGF. [49] A
broad range of affinities for VEGF is observed among these six v107 mutants. We used this
set of v107 mutants for quantitative comparison of our FP assay with the reported immobilized
VEGF assay (Table 4). The comparison reveals a good correlation between the trend in IC50
values from the immobilized VEGF study and the trend from our FP assay (Figure 7, Table
4). This correlation suggests that the FP assay provides information on the binding of potential
inhibitors to the receptor-binding site of VEGF equivalent to that obtained using the more
cumbersome immobilized VEGF assay.

Two heptapeptides unrelated to v107, H-WHLPFKC-NH2 (5) and H-WHKPFRF-NH2 (6),
have recently been reported to bind to the VEGF homodimer based on an SPR assay, and to
inhibit endothelial cell proliferation.[54] Peptides 5 and 6 are proposed to block the VEGF-
VEGFR interaction. We evaluated 5 and 6 in our FP assay, but neither was effective at
displacing the BODIPYTMR tracer 3 from VEGF (Figure 8). Our findings suggest that peptides
5 and 6 do not bind to the surface of VEGF contacted by v114. Since related peptide v107
binds to the region of VEGF that is also recognized by VEGFR-1 and VEGFR-2,[4,49] the
inactivity of 5 and 6 in our assay raises the prospect that these peptides do not directly inhibit
VEGF-VEGFR interactions. It remains possible, however, that these two peptides bind to a
portion of the receptor-binding site on VEGF that does not overlap with v114-binding site on
VEGF.

Conclusions
We have developed a fluorescence polarization assay that can be used to screen for molecules
that bind to VEGF165 at the VEGF receptor-binding site, which is shared by small peptides
v107 and v114. This is the first demonstration of a fluorescence-based assay for VEGF that is
suitable for use in a high-throughput format. This assay has several advantages versus other
assay modes, such as having all components free in solution and not relying on radioactive
materials for quantification. Blocking the interaction between VEGF and cell surface receptors
is a clinically validated therapeutic strategy for cancer and age-related macular degeneration.
[24,55] Although antibodies have been developed to inhibit this interaction and have reached
the clinic, there remains a need for inhibitors with lower molecular weight. Such compounds
could prove easier to produce and/or administer. The assay developed here should be useful
for identifying such compounds.
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Figure 1.
Direct Binding of Two Fluorescein Tracers Based on v114
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Figure 2.
Direct Binding of BODIPYTMR Tracer 3 over Time
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Figure 3.
Competitive Displacement of v107 and Unlabeled Tracer Peptides
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Figure 4.
Fluorescence Polarization Signal for Free Tracer at Different Concentrations

Peterson et al. Page 15

Anal Biochem. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Assay Stability with Different Concentrations of DMSO (v/v)
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Figure 6.
Free and Bound Tracer Controls for Estimating the Z’ Value
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Figure 7.
v107 Alanine Mutant Competitive Displacement
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Figure 8.
Competitive Displacement of Heptapeptides Unrelated to v107
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Table 1

19-mer Peptides that Bind VEGF (cysteines in bold form a disulfide)

Peptide Sequence IC50 (µM) [32]

v114 H-VEPNCDIHVMWEWECFERL-NH2 0.22

v107 H-GGNECDIARMWEWECFERL-NH2 0.70
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Table 2

Tracer Peptide Sequences Tested (cysteines in bold form a disulfide)

Peptide Sequence Kd (nM) ΔmP

(1) Flu-CDIHVMWEWECFERL-NH2 170 ± 50 88 ± 7

(2) Flu-X-CDIHVMWEWECFERL-NH2 140 ± 40 140 ± 8

(3) (BODIPYTMR)-X-CDIHVMWEWECFERL-NH2 25 ± 3 200 ± 7

X = [2-[2-amino-ethoxy]-ethoxy}-acetic acid]
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Table 3

Unlabeled Peptides for Competition Experiments (cysteines in bold form a disulfide)

Peptide Sequence Ki (µM)

(4) H-X-CDIHVMWEWECFERL-NH2 0.61 ± 0.08

v107 H-GGNECDIARMWEWECFERL-NH2 0.62 ± 0.10

X = [2-[2-amino-ethoxy]-ethoxy}-acetic acid]
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Table 4

Alanine Mutations to Hydrophobic Residues in v107 (cysteines in bold form a disulfide)

v107 Sequence Literature IC50 [49]
(µM)

Experimental IC50 (µM)

WT H-GGNECDIARMWEWECFERL-NH2 1 4.2 ± 2

I7A H-GGNECDAARMWEWECFERL-NH2 25 23 ± 6

M10A H-GGNECDIARAWEWECFERL-NH2 209 68 ± 20

W11A H-GGNECDIARMAEWECFERL-NH2 NBa NBb

W13A H-GGNECDIARMWEAECFERL-NH2 256 178 ± 60

F16A H-GGNECDIARMWEWECAERL-NH2 NBa NBb

L19A H-GGNECDIARMWEWECFERA-NH2 4 8.2 ± 0.8

a
IC50 > 2 mM

b
IC50 > 300 µM
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