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Abstract

Corneal angiogenesis and lymphangiogenesis are induced by vascular endothelial growth factors
(VEGFs) signaling through its receptors VEGFR-1, -2, and -3. Endostatin is a peptide antagonist
of these receptors that causes inhibition of bFGF-induced corneal angiogenesis and
lymphangiogenesis. Here we show that binding of VEGF-C and endostatin to recombinant
VEGFR-3 is competitive. Alignments of the primary amino acid sequences of VEGF-C and the C-
terminal endostatin peptide (mEP: LEQKAASCHNSYIVLCIENSFMTSFSK) identified two
conserved cysteine residues separated by seven amino acids. Peptides of VEGF-C and mEP
containing these conserved residues bound toVEGFR-3. However, substitution of alanine for
either of the cysteines in the mEP peptide perturbed the secondary structure, and this mutated
peptide was unable to bind to VEGFR-3. Analysis by surface plasmon resonance demonstrated
that the binding of the mEP peptide for recombinant VEGFR-3 had a Kaof 1.41 x 10’/M~1s71 Kd
of 0.6718 s71, and a Kp of 4.78 10~8M. Characterization of the mechanism of endostatin binding
to VEGFR-3 may lead to the development of novel therapies for lymphangiogenesis-related
disorders, such as transplant rejection, lymphedema, and cancer metastasis.
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INTRODUCTION

Endostatin is a 20-kDa proteolytic fragment of the C-terminal non-collagenous domain of
Collagen XVII1 [1,2]. Endostatin is a tightly packed globular protein, and its structure is
maintained by two disulfide bonds in a unique nested pattern [3]. These disulfide bonds are
intimately related to the native conformation, stability, and activity of endostatin. In
endothelial or tumor cell lines, endostatin inhibits the angiogenic signaling cascade by
binding to specific cell surface receptors and interfering with growth factor signaling [4].
Putative endostatin receptors include vascular endothelial growth factor receptors (VEGFR)
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-2 and -3, integrins a5 and aV, and glypican-1 and -4 [5-9]. Activation of these receptors
by a ligand induces endothelial cell apoptosis and inhibits endothelial cell proliferation and
migration. Although endostatin does not bind to VEGF or basic fibroblast growth factor
(bFGF) [7], endostatin suppresses VEGF activity by competition for the growth factor
receptor [10]. The motifs in endostatin that are involved in binding to growth factor
receptors are not well characterized.

We have previously found that the 28-kDa endostatin-containing fragment of collagen
XVIII binds to recombinant VEGFR-3 (VEGFR-3-Fc) and inhibits b FGF-induced corneal
lymphangiogenesis [8]. Here we have begun to characterize the interaction /n vitro between
an endostatin short peptide and VEGFR-3, using a combination of structure-function
analysis and surface plasmon resonance (SPR) analysis of the binding kinetics. Our results
have refined our understanding of the VEGFR 3-binding domain of endostatin and will be
important in the development of peptide antagonists that specifically target lymphatic
endothelial cells to treat lymphatic-related diseases.

MATERIALS AND METHODS
Cell Culture and Endostatin Peptides

Primary human lung lymphatic endothelial cells (h-LECs, Lonza, Allendale, NJ) were
cultured for 24 h in serum-free medium and then stimulated for 24 h with VEGF-C with or
without endostatin peptide. The following peptides were used: Four 27-amino acid
endostatin peptides (MEP: LEQKAASCHNSYIVLCIENSFMTSFSK; mEP-CA:
LEQKAASCHNSYIVLAIENSFMTSFSK; mEP-AC:
LEQKAASAHNSYIVLCIENSFMTSFSK; and mEP-AA:
LEQKAASAHNSYIVLAIENSFMTSFSK) based on the C-terminal endostatin sequence, a
25-amino acid control peptide based on the internal endostatin sequence
(FDGRDVLRHPAWPQKSVWHGSDPSG), and a computer-generated, scrambled peptide
(CVCYMEAEKHIFSNILTSSALKLFQNSS). These short endostatin peptides are used
instead of the entire peptide because it is difficult to synthesize large quantities of 40-50-
amino acid peptides. Additionally, the longer lengths may affect peptide folding and
secondary structure [10]. A total of 10 mg of each peptide was coupled to Sepharose CL4B
beads in 10 ml of slurry resin. Pull-down assays were performed using 50 g of sepharose-
conjugated peptide.

Endostatin-derived and Mutated Peptide Synthesis and Analysis by Mass Spectrometry

The peptides were synthesized by solid-phase synthesis on a Symphony Peptide Synthesizer
(Protein Technologies, Tucson, AZ) using Fmoc-Rink Amide-MBHA resin (AnaS-pec, San
Jose, CA; Novabiochem, Gibbstown, NJ), and purified by reversed-phase C18 HPLC [11].
Peptides were spotted and dried onto a matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) target for analysis in positive-ion reflector mode with delayed
extraction over the m/z range 700-4000 using a VVoyager DE-PRO Mass Spectrometer
(Applied Biosystems, Foster City, CA) equipped with a nitrogen laser.

Circular Dichroismanalysis

The mEP, mEP-CA, -AC, and —AA peptides were dissolved in a 50:50 solution of
acetonitrile and water to a final concentration of 200 pg/ml and scanned with a J-710 spec-
tropolarimeter (Jasco, Easton, MD) at 25 °C calibrated with d10 camphor sulfonic acid in 1-
mm path-length fused-quartz cuvette. The resulting spectra were corrected with scans of the
solvent mixture and smoothed.
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Pull-down Assays

Recombinant mouse VEGFR-3-Fc proteins (R&D Systems, Minneapolis, MN) were
preabsorbed against Sepha-rose 4B in RIPA buffer for 1 h at 4°C. Unconjugated sepha-rose
beads bound to VEGFR-3-Fc was removed by centrifugation, and then 50 ng VEGFR-3-Fc
in RIPA buffer (50 mM Tris-HCI, pH 7.4, and 150 mM NaCl, 1 mM EDTA, 0.25% Na-
deoxycholate, and 1% NP-40) was incubated with 50 .g mEP-conjugated Sepharose 4B
beads for 2 h at 4°C. Pull-down complexes were washed three times with PBS and analyzed
by western blotting with rat anti-mouse VEGFR-3 antibody (1:1,000, eBiosciences, San
Diego, CA) and horse-radish peroxidase-conjugated anti-rat 1gG antibody (1:20,000, Cell
Signaling Technology, Danvers, MA). The ECL detection system (Amersham, Piscataway,
NJ) detected bound VEGFR-3-Fc.

SPR binding Assays

Carboxymethylated dextran biosensor CM5 chips were prepared by amine-coupling
performed on a Biacore T100 instrument at 25°C at a flow rate of 10 wL/min in 10 mM
HEPES, 150 mM NacCl, pH 7.4, and with the surface activated by injecting both 1-ethyl-3-
(3-dimethylaminopropyl) carbodimide and N-hydroxysuccinimide for 15 minutes. A total of
25 g of mEP was dissolved in immobilization solution (10 mM sodium acetate, pH 5.0)
and injected for 10 minutes over the CM5 chip. Ethanolamine was injected for 7 minutes to
block residual activated groups. After immobilization, the instruments were primed with the
analysis running buffer (50 mM Tris-HCI, 150 mM NaCl, 10 mM MgClI2, 0.1% Tween 20,
0.1% Brij-35, 5% dimethyl sulfoxide, pH 8.0). Binding affinities were determined from
experiments in which VEGFR-3-Fc at a range of concentrations (0, 0.01, 0.05, 0.25, 0.5, 1.0,
2.5,5.0, and 10 uM) was passed over the mEP peptide-immobilized CM5 chip. The
sensorgrams from the different concentrations of VEGFR-3-Fc were simultaneously fitted
and constrained the Kinetic rate constants to a single value for each set of curves by the BIA
evaluation 3.1 software.

Bromodeoxyuridine (BrdU) Assays

h-LECs were seeded at 5 x 104 cells/well in 96-well plates coated with collagen, starved of
serum overnight, and then incubated with 100 ng/mL VEGF-C and 0, 20, or 100 pg/mL
mEP for 24 h at 37°C. Cells were then incubated in fresh media containing 10 pmol/L BrdU
for 120 min and analyzed by ELISA, according to the manufacturer's instructions (Roche
Molecular Biochemicals, Mannheim, Germany).

Cell Migration Assays

RESULTS

Cell migration was measured by monolayer scratch wounding. Confluent cell cultures in 12-
wel plates were cultured in serum-free medium for 24 h and then rinsed with Dulbecco's
modified Eagle's medium. Each well was scratched with a sterile pipette tip, and cells were
then washed twice with PBS, incubated in experimental medium for 24 h, rinsed twice with
PBS, and fixed with 4% paraformaldehyde. The number of cells that migrated beyond the
scratch was counted in at least three fields per well, and three wells were examined for each
experiment and condition.

VEGF-C interferes with the Binding of Endostatin-containing Fragments toVEGFR-3

Both endostatin and VEGF-C can bind to VEGFR-3, but whether this binding is competitive
is unknown. We tested for competitiveness between the ligands by analyzing the binding of
endostatin-containing fragments to recombinant VEGFR-3-Fc in the presence of various
concentrations of VEGF-C. GST-endostatin-containing fragments, VEGFR-3, and a range
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of concentrations of VEGF-C were incubated and the receptor-ligand complexes were
analyzed using a pull-down assay. We found that VEGF-C competed with GST-endostatin-
containing fragments in binding to recombinant VEGFR-3-Fc (Fig. 1). GST-endostatin
containing fragment was able to bind VEGFR-3-Fc in the absence of VEGF-C and at low
concentration of VEGF-C ((Fig. 1), lanes 1 and 2). However, this binding was diminished
by VEGF-C at a higher concentration ((Fig. 1), lane 3). This result shows that VEGF-C
competes with endostatin in binding to VEGFR-3.

A Cysteine-rich Conserved Motif in Endostatin-peptide and VEGF-C

To understand the basis of the competitive binding of endostatin and VEGF-C to VEGFR-3,
we compared the primary sequences of the 28-kDa endostatin-containing fragment of
collagen XVIII, VEGF-C, and VEGF-D using EMBOSS Needle-Pairwise Sequence
Alignment (http://www.ebi.ac.uk/Tools/psa/femboss_needle/). This alignment identified a
conserved motif [(R/K)xxXCxNSxx(V/L)xCxxxS] between residues 8-16 of the C-terminal
end of endostatin and VEGF-C (Fig. 2A). Western blot analysis confirmed that both
synthesized mEP and VEGF-C peptides bound recombinant VEGFR-3 (Fig. 2B).

The Conserved Cysteines of mEP are Required for Binding to VEGFR-3

To address whether this motif was required for binding to VEGFR-3, we tested the binding
of peptides containing alanine substituted for either one or both conserved cysteine residues
(peptides mEP-CA, -AC, and -AA, (Fig. 3A)). Analysis of these peptides using the receptor
pull-down assay indicated that binding of the mEP to VEGFR-3 was abolished when either
Cys was substituted with alanine (Fig. 3D). Analysis of the native and substituted peptides
using circular dichroism showed that the Ellipticity between 205 and 225 nm of the native
peptide was diminished by either of the Cys-to-Ala substitutions of the peptides (Fig. 3B).
MALDI-TOF analysis of mEP showed a single relative absorbance peak with a m/z of
3163.52 (Fig. 3C).

Binding of VEGFR-3-Fc to mEP analyzed by SPR

We characterized the binding of VEGFR3-Fc to mEP using SPR. mEP or a control
endostatin peptide was injected and immobilized on a CM5 chip, and then, VEGFR3-Fc at a
range of concentrations (0, 0.01, 0.05, 0.25, 0.5, 1.0, 2.5, 5.0, and 10 M) was passed over
the immobilized peptides. VEGFR3-Fc bound mEP at all concentrations (Fig. 4A). From
this analysis, we determined that the binding parameters were as follows: Ka=1.41x
10’'M71s71 K@= 0.6718 571, and Kp= 4.78x1078 M (Fig. 4B).

MEP Inhibits proliferation and Migration of Endothelial Cells

We predicted that mEP binding to VEGFR-3 is inhibitory and would therefore decrease
VEGF-dependent lymphatic endothelial cell proliferation and migration. To test this
hypothesis, we used BrdU incorporation to assess the proliferation of hLECs in the presence
of VEGF-C and 0, 20, or 100 pg/mL mEP. VEGF-C-stimulated cell proliferation in the
presence of either 20 or 100 pg/mL mEP was reduced by one-third and more than 3-fold,
respectively, compared to VEGF-C alone (Fig. 5A). The scratch migration assay showed
that mEP suppressed lymphatic cell migration. In the absence of either ligand, the cells did
not migrate into the denuded area (Fig. 5B). However, VEGF-C stimulation led to
approximately 50% repopulation of the scratch surface. In the presence of both mEP and
VEGF-C, only a few cells migrated beyond the borders of the scratch. These results indicate
that mEP can inhibit VEGF-C-induced proliferation and migration of endothelial cells.

Protein Pept Lett. Author manuscript; available in PMC 2013 May 07.
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DISCUSSION

Our goal is to use surface plasmon resonance to characterize endostatin short peptide bound
to VEGFR-3. We have demonstrated that VEGF-C competes in a concentration-dependent
manner with an endostatin-containing fragment for binding to VEGFR-3. We also
determined that the endostatin short peptide binds to recombinant VEGFR-3-Fc with a
binding affinity (K = 4.78x1078M) that is considerably less than the 1 nM K of fully
processed VEGF-C binding to VEGFR3-AP (a VEGFR-3 fusion protein) [12].
Preincubation of endostatin with VEGFR-2-Fc before endostatin treatment of endothelial
cells was suggested to block VEGF binding because endostatin directly blocks the
interaction between VEGF-A and VEGFR-2 to inhibit VEGF-A-induced signaling. It has
been shown that a 10-min preincubation of endostatin with VEGFR-2-Fc blocks the
interaction of VEGF-A and VEGFR-2-Fc in a dose-dependent manner, and a high
concentration of endostatin (10 pg/mL) does not affect the dissociation rate of VEGFR-2-Fc
from VEGF and its receptor complex [7].

Our structure-function analysis showed that the binding of endostatin short peptide to
VEGFR-3 depends upon two cysteine residues that are conserved in VEGF ligands. The C-
terminal domain of endostatin contains a secondary structure [14] that is consistent with our
circular dichroism data. Substitution of either conserved cysteine residue abolished mEP
binding to recombinant VEGFR-3. Therefore, it is possible that these cysteine residues
stabilize the secondary structure. These cysteines are likely to be important for the activity
of VEGF ligands. Human VEGF-C is an antiparallel homodimer covalently linked by two
disulfide bridges between Cys156 and Cys165 [13,14], and the binding of VEGF-C to
VEGFR-2 is structurally determined by Cys165 of VEGF-C that is localized to loop 2 and
beta 4 of VEGF-C and regulates VEGFR-2 binding [13].

The endostatin peptide was capable of inhibiting VEGF-induced lymphatic cell proliferation
and migration in a concentration-dependent manner. The N-terminal, internal, and C-
terminal fragments of endostatin are anti-angiogenic [3,15-20], and the N- and C-terminal
fragments have full biological activity in angiogenesis assays and may have more potency
and efficacy than full-length human endostatin [18].

We have shown that the binding of endostatin to VEGFR-3 depends upon a cysteine motif
that is conserved in VEGF ligands. This structural similarity may underlie the competition
between these VEGFR ligands, which are likely to bind the receptor in a similar manner
[21]. We anticipate that additional characterization of the endostatin domains involved in
binding VEGFR-3 will facilitate the design of small peptides that can specifically target
lymphatic endothelial cells to treat lymphangiogenesis-related disorders such as transplant
rejection, lymphedema, and cancer metastasis.
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Figure 1.

VEGF-C competes with endostatin-containing fragments to bind recombinant VEGFR-3-Fc.
Western blot analysis of pull-down assays using an anti-VEGFR-3 antibody and the
indicated concentrations of recombinant VEGF-C incubated with VEGFR-3-Fc and GST-
endostatin-containing fragments.
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A Cysteine Loop
8 16
motif:  XXXRXXXCXNSXXLXCXXXS
mEP LEQKAASCHNSYIVLCIENSFMTSFSK

mMVEGFC 152 CVSVYRCGGCCNSEGLQCMNTSTGYLSK
hVEGFC 156 CVSVYRCGGCCNSEGLQCMNTSTSYLSK
hVEGFD 136 CVNVFRCGGCCNEESLICMNTSTSYISK

B mEP mVEGFC
1 2

-+— VEGFR-3

Figure2.

(A) Comparison of the amino acid sequences from the C-terminus of endostatin and the
cysteine loops of VEGF-C and -D (identical amino acid sequences indicated in red). (B)
Western blot analysis of pull-down assays; mEP (lane 1) and mVEGF-C (lane 2) bind to
recombinant VEGFR-3.
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Figure 3.

Substitutions within the mEP cysteine loop abolish binding to recombinant VEGFR-3. (A)
Sequences of synthetic peptides containing Cys-to-Ala substitutions as indicated (B)
Analysis of endostatin peptides using circular dichroism. The pronounced trough between
—-205 nm and -225 nm indicates secondary structure in the mEP peptide, whereas the
substitution peptides mEP-CA, -AC and —AA lack this feature. (C) MALDI-TOF of mEP
showed a single peak with a m/z ratio of 3163.52. (D) Protein pull-down assays with 50 g
mEP (lane 1), mEP-CA (lane 2), mEP-AC (lane 3), or mEP-AA (lane 4) found binding to
recombinant VEGFR-3 by mEP via western blot using anti-VEGFR-3 antibody.
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Figure4.

(A) Interaction of mEP with various concentrations of VEGFR-3-Fc, as shown by a
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representative sensorgram of fitted kinetic data. (B) The fitted curve is the solid red line
super-imposed on the responses, and the VEGFR-3 concentrations are 0, 0.01, 0.05, 0.25,

0.5,1.0,2.5,5.0, and 10 pM.
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Figure5.
mMEP inhibits proliferation (A) and migration (B) of hLECs stimulated with 100 ng/mL
VEGF-C.
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