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Targeting Extracellular Domains D4 and D7 of Vascular Endothelial
Growth Factor Receptor 2 Reveals Allosteric Receptor Regulatory Sites

Caroline A. C. Hyde,a Alexandra Giese,a Edward Stuttfeld,a* Johan Abram Saliba,b Denis Villemagne,b Thomas Schleier,a

H. Kaspar Binz,b and Kurt Ballmer-Hofera

Paul Scherrer Institute, Biomolecular Research, Molecular Cell Biology, Villigen PSI, Switzerland,a and Molecular Partners AG, Zürich-Schlieren, Switzerlandb

Vascular endothelial growth factors (VEGFs) activate three receptor tyrosine kinases, VEGFR-1, -2, and -3, which regulate angio-
genic and lymphangiogenic signaling. VEGFR-2 is the most prominent receptor in angiogenic signaling by VEGF ligands. The
extracellular part of VEGF receptors consists of seven immunoglobulin homology domains (Ig domains). Earlier studies showed
that domains 2 and 3 (D23) mediate ligand binding, while structural analysis of dimeric ligand/receptor complexes by electron
microscopy and small-angle solution scattering revealed additional homotypic contacts in membrane-proximal Ig domains D4
and D7. Here we show that D4 and D7 are indispensable for receptor signaling. To confirm the essential role of these domains in
signaling, we isolated VEGFR-2-inhibitory “designed ankyrin repeat proteins” (DARPins) that interact with D23, D4, or D7.
DARPins that interact with D23 inhibited ligand binding, receptor dimerization, and receptor kinase activation, while DARPins
specific for D4 or D7 did not prevent ligand binding or receptor dimerization but effectively blocked receptor signaling and
functional output. These data show that D4 and D7 allosterically regulate VEGFR-2 activity. We propose that these extracellular-
domain-specific DARPins represent a novel generation of receptor-inhibitory drugs for in vivo applications such as targeting of
VEGFRs in medical diagnostics and for treating vascular pathologies.

Receptor tyrosine kinases (RTKs) accomplish essential func-
tions in a wide variety of biological processes, such as cell

growth, differentiation, migration, and survival. Vascular endo-
thelial growth factors (VEGFs) are a family of proteins that inter-
act with three type V RTKs, VEGFR-1 (Flt-1), VEGFR-2 (KDR/
Flk-1), and VEGFR-3 (Flt-4) (reviewed in reference 15). VEGFs
promote endothelial cell survival, migration, proliferation, and
differentiation and are thus indispensable for blood and lymph
vessel formation and homeostasis. In addition, VEGFs regulate
endothelial cell permeability and vessel contraction (8). Like all
RTKs, VEGFRs are activated upon ligand-induced structural
changes in the receptor extracellular domain (ECD) that instigate
transmembrane signaling (reviewed in reference 25). VEGFR-2 is
the major mediator of VEGF signaling in endothelial cells, and its
activity is regulated at multiple levels. We have shown recently
that receptor dimerization is necessary but not sufficient for
VEGFR-2 kinase activation (7), suggesting that precise orienta-
tion of receptor monomers in active dimers is critical to the insti-
gation of transmembrane signaling. In addition, biochemical data
(9, 24) and high-resolution structural information for VEGF
ligand/receptor complexes (6, 17) revealed that extracellular im-
munoglobulin homology domains (Ig domains) D2 and D3 (D23)
comprise the ligand binding site. Furthermore, structural infor-
mation derived from electron microscopy (EM) (22) and small-
angle X-ray scattering (SAXS) data (14) suggests that the ligand-
bound VEGFR-2 ECD is also engaged in homotypic contacts
between Ig domains D4 and D7. The putative contacts in D7 were
further confirmed by X-ray crystallography, which showed that
charged residues in the �E-F loop promoted D7 dimerization (28)
(Fig. 1B). We have recently demonstrated that homotypic recep-
tor contacts are enthalpically unfavorable and reduce the overall
binding activity of the ligand for VEGFR-2 (6). Taken together,
these data suggest that the two monomers comprising the active
receptor complex are held together by ligand binding to Ig do-
mains 2 and 3 (D23) and by homotypic receptor contacts in D4 to

D7 of the ECD. We assume that these interactions are essential for
correct positioning of receptor monomers in active dimers and
that the enthalpic penalty that arises from these interactions may
perform a proofreading function that prevents inappropriate re-
ceptor activation in the absence of a ligand.

Here we further investigate the role of Ig domains D4 and D7 in
receptor activation and downstream signaling and show that the
mutation of these domains drastically reduces receptor activity.
To confirm the role of D4 and D7 in receptor activation, we se-
lected designed ankyrin repeat proteins (DARPins) that specifi-
cally interact with the VEGFR-2 ECD. DARPin interaction with
D23 blocked ligand binding, receptor dimerization, and activa-
tion, while interaction with D4 or D7 inhibited receptor activity
without blocking dimerization, thus revealing a new allosteric re-
ceptor-inhibitory mechanism. These highly specific receptor
binders have potential for in vivo clinical applications such as vas-
cular imaging or for therapeutic antiangiogenic targeting of
VEGFR-2 in tumor microenvironments or in retinopathies.

MATERIALS AND METHODS
Antibodies and chemicals. Primary antibodies directed toward phospho-
VEGFR-2 (p-Tyr1175, p-Tyr1214, p-Tyr951), phospho-phospholipase
C�-1 (p-PLC�-1), VEGFR-2, and PLC�-1 (PLC�-1) were purchased
from Cell Signaling Technology (BioConcept, Allschwil, Switzerland); an
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antibody directed toward p-Tyr1054/59 was from Merck Calbiochem,
Zug, Switzerland. Antibodies directed toward tubulin and VEGFR-2 ECD
(ab11939) were from Abcam, Cambridge, United Kingdom. Alkaline
phosphatase (AP)-conjugated AffiniPure goat anti-rabbit and anti-mouse
IgGs were purchased from Jackson ImmunoResearch (Milan Analytica
AG, Magden, Switzerland). Mouse anti-Myc tag antibody was from R&D
Systems Europe Ltd. (Abingdon, United Kingdom), and mouse anti-
RGS-His antibody was from Qiagen AG (Basel, Switzerland). Lumi-Phos
Western blotting reagent was from Thermo Fischer Scientific, Basel, Swit-
zerland. Roti polyvinylidene difluoride (PVDF) membranes were from
Carl Roth GmbH & Co. KG, Karlsruhe, Germany. Complete protease
inhibitor cocktail was from Roche Diagnostics GmbH (Rotkreuz, Swit-
zerland), and all PCR primers were purchased from Microsynth AG (Bal-
gach, Switzerland). Rat tail collagen type I was obtained from BD Biosci-
ences, San Jose, CA. All solvents and chemicals were of analytical grade.

Cell culture. Human embryonic kidney epithelial 293 cells (HEK293
[11] and HEK293T [12]) and bovine aortic endothelial cells (BAEC; gen-
erously supplied by R. Montesano, University of Geneva, Geneva, Swit-
zerland [21]) were grown in Dulbecco’s modified Eagle’s medium
(DMEM; BioConcept, Basel, Switzerland) supplemented with 10% fetal
bovine serum (FBS) or 10% newborn calf serum (NCS), respectively.
Porcine aortic endothelial cells (PAEC) were maintained in Ham’s F12
medium (BioConcept) containing 10% FBS. Cells were grown in a hu-
midified atmosphere at 37°C and 5% CO2. Sf21 insect cells were main-
tained in serum-free Insect-Express medium (Lonza, Basel, Switzerland)
at 27°C.

Plasmid construction. All mammalian receptor mutant constructs
were generated by PCR subcloning (10) into the pcDNA5FRT vector (In-
vitrogen, Carlsbad, CA) using wild-type (WT) pcDNA3_VEGFR-2 as the
template. Expression plasmids for soluble ECD recombinant protein pro-
duction in HEK293 cells were generated by PCR subcloning from
pcDNA3_VEGFR-2 ECD (23). For insect cell expression of VEGFR-2
ECD proteins, we used pFASTBAC (Invitrogen) as an entry vector to
generate baculoviruses.

Recombinant proteins. VEGFR-2 ECD protein was produced and pu-
rified as described previously (17). Briefly, Sf21 cells at a density of 1 � 106/ml
were infected with recombinant baculovirus. Three days postinfection, super-
natant was harvested, cleared by centrifugation, concentrated, and dialyzed
against 20 mM sodium phosphate buffer (pH 7.4), 500 mM NaCl. Culture
supernatants were further purified by immobilized metal affinity chromatog-
raphy (IMAC) using a Ni2�-nitrilotriacetic acid agarose column (GE Health-
care). His6-tagged proteins were eluted with a gradient of 40 to 500 mM
imidazole and further purified by gel filtration on Superdex 200HR 10/30 (GE
Healthcare) equilibrated with 25 mM HEPES (pH 7.5), 150 mM NaCl.
VEGFR-2 ECD proteins encompassing D7, D1 to D3, or D2 to D4 and
VEGFR-1 ECD D1 to D7 were produced in transiently transfected HEK293T
cells as described previously (2). At approximately 90% confluence, the cells
were incubated in DMEM with 0.5% FBS together with a DNA-polyethylen-
imine (PEI) complex at a wt/wt ratio of 1:1.5 (25-kDa PEI; Sigma-Aldrich, St.
Louis, MO). Three days after transfection, supernatants were harvested,
cleared by centrifugation, and concentrated. The buffer was then exchanged
to 25 mM HEPES (pH 7.5), 150 mM NaCl using centrifugal protein concen-

FIG 1 Schematic representation of VEGFR-2 structure and diagrams of mutant VEGFR-2 constructs. Schematic representation of the VEGFR-2 structure (A)
and structural model of the D7 dimer of VEGFR-2 (B) generated with PyMol (www.PyMol.org) from the coordinates of the X-ray structure with Protein Data
Bank code 3KVQ (28). The �E-F loop in the monomers are enhanced by darker coloring, and aspartate 731 and glutamate 726, which form hydrogen bonds
between the adjacent monomers, are labeled. (C) Sequences of receptor mutant constructs used in Fig. 2.
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trators (Sartorius Stedim Biotech, Aubagne, France), and the His6-tagged
proteins were purified by IMAC as described above.

Transient and stable transfections. PAEC and HEK293 cells were
transfected with FuGENE HD transfection reagent (Roche, Switzerland)
according to the manufacturer’s protocol. To establish stable PAEC, cells
were selected with 1 mg/ml Geneticin (Merck Calbiochem, Zug, Switzer-
land) for 2 weeks and then subcloned.

Western blotting. Cells were serum starved in DMEM supplemented
with 1% bovine serum albumin (BSA) and stimulated with 1.5 nM VEGF-
A165 for 10 min at 37°C with or without 45 min of preincubation with
DARPin (0.1 to 1 �M). Cell lysates were prepared in lysis buffer (50 mM
Tris [pH 7.5], 100 mM NaCl, 0.5% [wt/vol] Triton X-100) supplemented
with protease inhibitor cocktail, phosphatase inhibitors (200 �M
Na3VO4, 10 mM NaF, 10 mM sodium pyrophosphate, 30 mM p-nitro-
phenylphosphate, 80 mM glycerophosphate, and 20 �M phenylarsine
oxide), and 10% glycerol. Washed immunoprecipitates were boiled in
Laemmli buffer (20 mM Tris [pH 6.8], 5% SDS, 10% mercaptoethanol,
0.02% bromphenol blue), resolved by 8% SDS-PAGE, transferred to
PVDF membranes, and immunodecorated with primary antibodies (di-
lution, 1:1,000) followed by secondary alkaline phosphatase-coupled an-
tibodies (1:10,000), and developed with Lumi-Phos. Immunoblot assays
were analyzed with a GE Healthcare ImageQuant RT ECL scanner and
densitometrically quantified with ImageQuant TL software (version 7.0;
GE Healthcare Europe GmbH, Glattbrugg, Switzerland).

Immunofluorescence microscopy. HEK293 cells or stably transfected
PAEC were grown on glass coverslips to 60% confluence. Cells were fixed
with 3.7% formaldehyde in phosphate-buffered saline (PBS) for 10 min at
37°C, permeabilized for 10 min with 1% NP-40 in PBS (wt/vol), and
blocked for 20 min in 5% (wt/vol) BSA in PBS at room temperature (RT).
Samples were sequentially exposed at RT to ECD binders (30 �g/ml) and
primary (1:500) and fluorescently labeled secondary (1:1,000) antibodies
in PBS containing 1% BSA and embedded in Gelvatol (15% Gelvatol
[Celanese Corporation, Lanaken, Belgium], 33% glycerol, 0.1% sodium
azide). Cells were extensively washed with PBS after each step. Images
were acquired with an Olympus IX81 epifluorescence microscope at �60
magnification and processed by using three-dimensional deconvolution
and spectral unmixing software (CellR̂, version 3.0; Olympus Soft Imag-
ing Solutions GmbH, Planegg, Germany).

DARPin selection. Ribosome display selection, expression, and puri-
fication of DARPins were performed as described previously (5, 31). All of
the DARPins used in this study contain an N-terminal RGS-His6 tag.

ELISAs. Epitope mapping was performed by enzyme-linked immu-
nosorbent assay (ELISA) using immobilized biotinylated (Pierce EZ-Link
Sulfo-NHS-LC-LC-Biotin; Thermo Scientific, Rockford, IL) recombi-
nant VEGFR-2 ECD protein D1 to D7, D7, D1 to D3, or D2 to D4. ELISAs
were developed with anti-RGS-His6 horseradish peroxidase (HRP)-con-
jugated antibody (QIAgen, Hilden, Germany).

Competitive ELISA. Receptor specificity was established with biotin-
ylated human VEGFR-2 (hVEGFR-2) D1 to D7 immobilized on neutra-
vidin-coated, BSA-blocked Maxisorp plates (Nunc, Thermo Scientific,
Roskilde, Denmark). DARPins (20 nM) were preincubated with 200 nM
hVEGFR-1 (in-house), VEGFR-2 (in-house), hVEGFR-3 (Sino Biologi-
cal, Beijing, China), mouse VEGFR-2 (mVEGFR-2; Sino Biological), hu-
man platelet-derived growth factor receptor � (hPDGFR-�; R&D Sys-
tems), or PBSTB (PBS with 0.1% Tween 20 and 0.5% BSA) for 2 h at RT in
an end-over-end rotator. Solutions were applied to the ELISA plate for 20
min; this was followed by thorough washing and detection with an HRP-
conjugated anti-RGS-His6 antibody (Qiagen). Signals were normalized to
the noncompeted signals.

DARPin affinity determination by SPR analysis. The kinetics of sol-
uble DARPin binding to hVEGFR-2 were measured by surface plasmon
resonance (SPR) analysis on a ProteOn XPR36 machine (Bio-Rad Labo-
ratories, Hercules, CA). A GLC sensor chip (Bio-Rad Laboratories) was
coated with neutravidin; this was followed by the immobilization of 850
resonance units of biotinylated hVEGFR-2 D1 to D7. Kinetic data were

obtained by parallel injection of different concentrations of DARPins
(6.25 to 100 nM) and buffer at a flow rate of 100 �l/min in PBS, pH 7.4,
containing 0.005% Tween 20. Signals obtained with buffer only, as well as
signals obtained with DARPins on a neutravidin-only surface, were sub-
tracted. Data evaluation was performed with the ProteOn Manager soft-
ware (Bio-Rad Laboratories).

SEC-MALS. Size exclusion chromatography-multiangle laser scatter-
ing (SEC-MALS) was used to determine the molecular weights of proteins
and to assess complex formation by the ligand, receptor, and inhibitor.
After system equilibration in 20 mM HEPES (pH 7.5), 150 mM NaCl at
RT, samples were analyzed with three detectors in series, namely, UV and
light-scattering detectors (Wyatt miniDAWN Tristar) coupled to a refrac-
tive-index detector (Optilab T-rEX refractometer; all from Wyatt Tech-
nology Corp., Wyatt Technology Europe GmbH, In der Steubach, Ger-
many). Proteins in solution were routinely preincubated at 4°C for 45 min
with DARPins in a 3� molar excess of ligand/receptor complex prior to
characterization. Analysis was performed at RT by injecting a sample of
100 �g (1 mg/ml) into the SEC-MALS system (Superdex 200HR 10/30
column; GE Healthcare) in a mobile phase consisting of 20 mM HEPES
(pH 7.5) and 150 mM NaCl at a flow rate of 0.5 ml/min. Data were
analyzed and weight-averaged molar masses were calculated by using the
ASTRA software (V5.1; Wyatt Technology).

Proliferation assay. PAEC or BAEC were plated at 6 � 103/well in
96-well plates. After adherence, cells were serum starved overnight and
incubated in starvation medium containing 1 �M DARPin and 1.5 nM
VEGF-A165 for 24 to 48 h. Subsequently, the medium was replenished
with culture medium containing 20 �M resazurin and the cells were in-
cubated for 2 to 4 h. The number of viable cells was obtained by monitor-
ing resorufin fluorescence with a microplate spectrofluorometer (excita-
tion wavelength, 544 nm; emission wavelength, 590 nm; ULTRA
Evolution MultiDetection microplate reader and Magellan software
V3.11; Tecan Group Ltd., Maennedorf, Switzerland).

Planar migration assay. The extent of gap closure of confluent PAEC
or BAEC was assessed by scratch assay as previously described (18).
Briefly, confluent cell cultures were scrape wounded and maintained in
the presence or absence of 1.5 nM VEGF-A165 with or without DARPin (1
�M) for 24 to 48 h. Cell migration into the wounded area was scored as
percent closure of the initial gap distance calculated from phase-contrast
images taken with an Olympus IX81 microscope.

Chemotaxis assay. Transwell migration was assessed with Greiner
Bio-one cell culture inserts 24 h after plating according to the manufac-
turer’s instructions. Briefly, 0.8 � 106 PAEC or BAEC were seeded into
translucent six-well inserts with an 8-�m pore size (Greiner Bio-one
ThinCert; Huber & Co., Reinach, Switzerland) with or without a DARPin
(1 �M) and the number of fluorescently labeled cells that migrated into
the lower compartment containing a DARPin (1 �M) with or without
VEGF-A165 at a concentration of 1.5 or 15 nM for BAEC or PAEC, respec-
tively, was measured with a microplate spectrofluorometer (excitation
wavelength, 485 nm; emission wavelength, 520 nm; ULTRA Evolution
MultiDetection microplate reader and Magellan software V3.11; Tecan
Group Ltd., Maennedorf, Switzerland).

Multicellular spheroid sprouting assay. Multicellular spheroids were
prepared by the hanging-drop method (16). Briefly, cell suspensions of
500 to 800 cells in 30 �l of DMEM (10% FBS, 20% Methocel) were dis-
pensed into large cell culture petri dishes using a multipipetter. Dishes
were then inverted and incubated under standard conditions. After 24 h,
70 to 80 spheroids were pooled by centrifugation (relative centrifugal
force, 100; 3 min) and suspended in 500 �l DMEM (10% FBS, 80%
Methocel). In parallel, collagen solution (10% medium 199 [BioCon-
cept], 80% collagen I stock, 2% 1 M HEPES, 8% 0.2 M NaOH) was pre-
pared on ice. Spheroid suspensions were mixed 1:1 (vol/vol) with and
without DARPins (0.1 to 1 �M) with collagen solution, transferred to
prewarmed 24-well plates, and left to polymerize at 37°C for 2 h. Gels were
overlaid with 500 �l of DMEM with or without VEGF-A165 to give a final
concentration of 1.5 nM and incubated for 24 h. Spheroids were fixed with
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3.7% formaldehyde at RT overnight and imaged. Spheroids were imaged
using an Olympus IX81 phase-contrast microscope equipped with a 4�
objective.

Statistical analysis. For statistical analysis of experimental data, mul-
tiple comparisons were investigated for significant differences by one-way
analysis of variance. Individual comparisons were subsequently per-
formed using the Bonferroni posttest or unpaired Student t test. Unless
otherwise stated, data are expressed as means � standard deviations,
where n is the number of individual experiments; P values of �0.05 in
two-sided tests were considered statistically significant (*, P � 0.05; **,
P � 0.001; ***, P � 0.0001). All numerical and graphical analyses were
performed in GraphPad Prism version 5.0 (GraphPad Software, San Di-
ego, CA).

RESULTS
Ig domains D4 and D7 mutations reduce VEGFR-2 kinase activ-
ity. Our earlier published EM and SAXS analyses (14, 22) indi-
cated that both D4 and D7 form homotypic contacts in receptor
dimers. In addition, the crystal structure of ligand-bound c-Kit
receptor dimers shows homotypic interactions via salt bridges be-
tween arginine and glutamate residues in the �E-F loop of D4
(30). Sequence alignment of type III and V RTKs shows that this
dimerization motif is conserved and also present in D7 of
VEGFR-2 (28) (Fig. 1B). To further investigate the importance of
D7 in VEGFR-2 activation, we generated mutant constructs of
VEGFR-2 D7 where single or multiple charged amino acids in the
�E-F loop were replaced with alanine (Fig. 1C). The activities of
these receptor constructs were determined by Western blotting
with phospho- and VEGFR-2-specific antibodies using lysates
prepared from VEGFR-2-expressing PAEC. The R726A mutant
construct showed significant receptor kinase reduction by �55%,
while the D731A mutant construct’s activity was not significantly
reduced (Fig. 2A and B). The xD7EF mutant construct, where all
of the charged amino acids in the �E-F loop were mutated to
alanine, lost �90% of its VEGF-inducible autophosphorylation
activity (Fig. 2A and B). Single mutant constructs thus retained
kinase activity, presumably because of compensatory interactions
mediated by adjacent charged amino acids. These data, together
with our earlier structural analysis (22) and the published
VEGFR-2 D7 structure (28), suggest that the observed homotypic
D7-D7 interaction is indeed indispensable for full VEGFR-2 acti-
vation. Since the role of D4 in VEGFR-2 had not been studied
previously, we also generated a receptor mutant construct where
D4 was replaced with D5 of VEGFR-1 (D3/5 mutant construct,
Fig. 1C). Interestingly, this mutant construct was completely in-
active in receptor kinase phosphorylation assays (Fig. 2A and B).

To confirm that our mutant receptors were correctly located at
the cell membrane, we determined VEGFR-2 expression levels on
the cell surface by immunofluorescence microscopy. Transiently
transfected HEK293 cells were fixed and exposed to VEGFR-2
ECD-binding primary antibody, followed by a fluorescently con-
jugated secondary antibody. Figure 2C shows that all of the mu-
tant receptor constructs are localized at the plasma membrane.

Taken together, these data show that both D4 and D7 are in-
dispensable for VEGFR-2 activation and are presumably neces-
sary to correctly position the intracellular kinase domains in active
receptor dimers.

Isolation and characterization of Ig domain-specific DARPins.
On the basis of the functional analysis of D4 and D7 mutant con-
structs, we selected DARPins (5) that bind to the recombinant
VEGFR-2 ECD by using ribosome display. Out of 367 hits (hit

rate, 30%), a total of 18 binding DARPins were chosen for further
analysis. Eight of these DARPins bound D23, seven bound D7,
and three bound elsewhere. Three DARPins that demonstrated
inhibitory potential were chosen for detailed functional analysis,
one each showing individual subdomain specificity for Ig domains
D23 (inhibitor termed D23b), D4 (inhibitor termed D4b), and D7
(inhibitor termed D7b), respectively, as determined by ELISA us-
ing recombinant ECD proteins (Fig. 3A). In addition, these three
DARPins were specific for hVEGFR-2 and did not cross-react with
the related RTKs VEGFR-1, VEGFR-3, and PDGFR-� (Fig. 3B).
Furthermore, DARPin D23b was species cross reactive with
mVEGFR-2 ECD, albeit with a lower affinity (Fig. 3B). SPR anal-
ysis showed that all of the DARPins bound VEGFR-2 with high
affinity and dissociation constants in the picomolar range, further
corroborating the receptor specificity results obtained by compet-
itive ELISA (Table 1).

To verify that these compounds also recognize native VEGFR-2
expressed on the surface of live cells, we performed immunofluores-
cence microscopy with receptor-expressing PAEC. Cells were fixed,
permeabilized, incubated with a DARPin, and then incubated with a
fluorescently labeled secondary antibody. All three DARPins recog-
nized VEGFR-2 located on the cell surface (Fig. 3C). Our microscopic
data thus document that the DARPins not only bind recombinant
protein in ELISA and SPR analysis but also specifically recognize the
properly folded native receptor expressed on the plasma membrane
of live cells.

FIG 2 Ligand-induced activation of VEGFR-2 is reduced upon mutation of Ig
domain D4 or D7. (A) Stably transfected PAEC expressing WT VEGFR-2, a
D3/5 mutant construct, or R726A, D731A, and xD7EF D7 mutant constructs
were stimulated with 1.5 nM VEGF-A165 for 10 min at 37°C. Receptor activity
was determined by Western blot analysis with the antibodies indicated. (B)
Quantification of receptor phosphorylation shown as n-fold increases over
WT activity from triplicate experiments. (C) Immunofluorescence micros-
copy of HEK293 cells expressing WT or mutant VEGFR-2. Cells were stained
with a VEGFR-2 ECD-specific antibody.
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Effects of DARPins on ligand-mediated receptor dimeriza-
tion. We next determined whether the DARPins impede ligand-
mediated VEGFR-2 dimerization. Recombinant receptor ECD
protein complexes were analyzed by SEC-MALS. Preformed com-
plexes of D1 to D7 of VEGFR-2 and VEGF-A165 were analyzed by
SEC-MALS in the presence or absence of DARPins. As expected,
D23b competed for VEGF-A165 binding and disrupted preformed
ligand/receptor complexes, as shown by the positions of the eluted
proteins in the range of 200 and 100 kDa, representing receptor
dimer and receptor monomers, respectively (Fig. 4A and B).
DARPins D4b and D7b formed three-component protein com-
plexes consisting of a receptor, a ligand, and a DARPin, as dem-
onstrated by the increased Mr of the eluted peaks compared to the
SEC-MALS data of the individually analyzed ligand and receptor
protein (Fig. 4A). In addition, the presence of D4b and D7b did

not lead to the dissociation of preformed ligand/receptor com-
plexes, as documented by the chromatographic profiles showing
peak protein elution at 230 and 224 kDa, respectively (Fig. 4A and
Table 2). This was further confirmed by SDS-PAGE analysis of the
peak protein fractions (Fig. 4B). Notably, the calculated Mr agreed
with the theoretical values of the individual proteins (Table 2).
Our data thus show that at least one molecule of D4b or D7b
bound per ligand/receptor dimer. Taken together, these data show
that D23b blocks ligand binding, and thus receptor dimerization,
while D4b and D7b bind to receptor complexes but do not inter-
fere with ligand-induced receptor dimerization.

Effects of DARPins on VEGFR-2 receptor activity. We next
investigated whether DARPins interfere with receptor kinase ac-
tivation. VEGFR-2-expressing PAEC were preincubated with
DARPins for 45 min and then stimulated with VEGF-A165. As
shown in Fig. 5A and B, 1 �M D23b blocked receptor activity by
�90%, and D4b and D7b inhibited it by �80%. Receptor inhibi-
tion was further documented by the reduction of ligand-induced
PLC�-1 phosphorylation by �90% (Fig. 5A and B). The inhibi-
tory potential of all of the DARPins was already evident at a con-
centration of 100 nM, at which D23b inhibited by �90% and D4b
and D7b inhibited by �40 to 60%. Combined treatment with D4b
and D7b completely ablated phosphorylation at Tyr1175, demon-
strating the synergistic inhibitory activity of these DARPins (data not

FIG 3 Characterization of DARPins binding to recombinant and native VEGFR-2 protein. (A) ELISA analysis to determine the VEGFR-2 Ig domain specificities
of DARPins. OD450, optical density at 450 nm. (B) Receptor binding specificities of DARPins for type III and V RTKs as determined by competitive ELISA.
hVEGFR-2 D1 to D7 were immobilized on ELISA plates, and DARPin binding was measured in the absence (no competition) or presence of soluble competing
receptor hVEGFR-1, hVEGFR-2, hVEGFR-3, mVEGFR-2, or hPDGFR-�, respectively. Signals are represented as fractions of the noncompeted signal obtained
for each DARPin. (C) Immunofluorescence microscopy of VEGFR-2-bound DARPins on VEGFR-2-expressing PAEC. Cells were fixed and processed for
immunofluorescence microscopy. Untreated cells were identically stained and used as controls (scale bar, 20 �m).

TABLE 1 Kinetic parameters of anti-hVEGFR-2 DARPinsa

DARPin Kon (1/ms) Koff (1/s) Kd (nmol/liter)

D23b 4.44E-06 4.93E-05 0.01
D4b 5.63E-05 1.05E-04 0.19
D7b 3.80E-05 1.39E-04 0.37
a Kon, rate constant for association; Koff, rate constant for dissociation; Kd, dissociation
constant (Koff/Kon).
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shown). Figure 5C shows the phosphorylation profile of all of the
tyrosine residues in the kinase domain of the receptor. While
phosphorylation of Tyr951, Tyr1054/59, and Tyr1175 was inhib-
ited by all of the DARPins, Tyr1214 phosphorylation was upregu-
lated even in the absence of a ligand, indicating differential regu-
lation of receptor phosphorylation.

We next investigated the effects of DARPins on the activation
of other downstream signaling targets of VEGFR-2. We deter-
mined the protein expression levels and activities of the mitogen-
activated protein (MAP) kinases p38 and extracellular signal-reg-
ulated kinase 1/2 (ERK1/2) and of the lipid kinase target Akt. All
three DARPins significantly inhibited ERK1/2 activity. Akt and
p38 activities, however, are differently affected by DARPins;
whereas DARPins induce downregulation of Akt activity, p38

shows ligand-independent upregulation (Fig. 6A and B). These
activation profiles thus suggest that both p38 and Akt, but not
ERK1/2 and PLC�-1, are regulated via p-Tyr1214.

To exclude the possibility that toxic side effects were responsi-
ble for the inactivation of receptor signaling observed, we per-
formed cell viability assays. All of the DARPins proved nontoxic at
concentrations of 0 to 10 �M, with a cell viability of �90% (data
not shown).

Functional characterization of DARPins. To conclude our
analysis of the effects of ECD-targeting DARPins on VEGFR-2
signaling, we investigated their inhibitory potential in a series of
functional assays in two endothelial cell lines. Our data show up to
67% inhibition of functional output in the presence of DARPins
in cell proliferation (Fig. 7A) and planar cell migration (Fig. 7B),

FIG 4 SEC-MALS analysis of the ligand/VEGFR-2 ECD complex in the presence of DARPins. Proteins in solution were incubated at 4°C for 30 min prior to
analysis. (A) SEC-MALS analysis displaying weight-averaged molecular masses corresponding to SEC elution peaks for ligand/receptor complexes analyzed by
MALS in the presence (red) and absence (blue) of DARPins. (B) The composition of the eluted fractions was analyzed in the order of elution by SDS-PAGE; S
indicates sample before SEC, P1 to P4 refer to peaks in the chromatograms, and M shows molecular weight markers.
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as well as up to 64% inhibition of VEGF-mediated chemotaxis
(Fig. 7C) in VEGFR-2 PAEC and BAEC, compared to cells stim-
ulated by VEGF-A165 in the absence DARPins. The migration as-
says scrutinize two hallmarks of VEGF-mediated endothelial cell ac-
tivation, namely, single-cell migration on a substrate and directional
migration across an artificial membrane along a chemotactic gradi-
ent. Both assays thus show that DARPins, at concentrations of 0.1
�M in BAEC and 0.1 to 1 �M in VEGFR-2 PAEC, block cell migra-
tion (Fig. 7B and C). Finally, the effects of DARPins on angiogenic
output were determined by in vitro sprouting assays performed with
PAEC and BAEC. Multicellular spheroids were embedded in collagen
gels, and VEGF-A165-induced sprouting was quantified by assessing
the number of sprouts per spheroid. All of the DARPins blocked the
outgrowth of endothelial sprouts by �50% compared to the sprout-
ing observed in spheroids under VEGF-A165 treatment alone (Fig. 7D
and E).

DISCUSSION

Here we show that the homotypic interactions in D4 and D7 pre-
viously described by EM (22), SAXS (14), and X-ray crystallogra-
phy (29) are indispensable for full VEGFR-2 activation. These
interactions seem to be mediated by conserved paired interactions
of charged amino acids in the loop linking the �E with the �F
strand in Ig domain D7. Point mutation of these residues gave rise
to only partially defective receptors, presumably because of com-
pensatory interactions mediated by adjacent charged amino acids.

Mutation of all of the charged amino acids in the �E-F loop, how-
ever, completely blocked receptor activation and thus confirmed
that these homotypic interactions are indispensable for ligand-
mediated receptor activation. Our results partly contradict re-
cently published functional data (28). Yang et al. showed that
point mutations in the �E-F loop of D7 are sufficient to inhibit
ligand-induced activation of VEGFR-2, whereas our data show
that mutation of the entire loop is required to fully block receptor
activation. This might be explained by the fact that Yang et al. used
stably transfected, nonendothelial, VEGFR-2-expressing NIH 3T3
cells. In addition, they used chimeric receptor constructs consisting of
the VEGFR-2 ECD fused to the intracellular kinase domain of the
PDGFR, which may, because of structural inconsistencies, not ade-
quately represent the performance of authentic VEGFR-2.

In agreement with our previous structural studies (14, 22) and
with published work on VEGFR-1 (3), our study also demonstrates
that mutation of Ig domain D4 completely inactivates VEGFR-2.
Yang et al. identified a conserved amino acid sequence motif in Ig
domain D4 of VEGFR-2, “D/E-X-G,” which has high homology to
the D4 dimerization motif of c-Kit (30) and PDGFR (29). It is there-
fore likely that the absence of this sequence in our D4 mutant con-
struct disrupts homotypic D4 interactions. This is further confirmed
by the results obtained with D4- and D7-specific DARPins discussed
below, which clearly endorse an essential role for these domains in
receptor activation and which suggest that these two membrane-

TABLE 2 Schematic representations of MALS-analyzed proteins by structure and weight

Schematic representation Protein(s) in complex

Theoretical atomic mass
(kDa) Avg molecular mass (kDa)

Monomer Dimer Monomer Dimer

VEGFR-2 D1 to D7 85 95

VEGF-A165 15 30 30

D23b/D4b 18 19

D7b 14 17

VEGFR-2 D1 to D7, VEGF-A165 115 200 198

D23b, VEGFR-2 D1 to D7 99–103 111

D4b, VEGFR-2 D1 to D7, VEGF-A165 133 218–236 139 230

D7b, VEGFR-2 D1 to D7, VEGF-A165 129 214–232 130 224
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FIG 5 ECD binders inhibit VEGFR-2 activation and downstream signaling to PLC�-1. (A) VEGFR-2 expressing PAEC were preincubated with ECD binders for
45 min and then stimulated with 1.5 nM VEGF-A165 for 10 min at 37°C. Receptor phosphorylation was analyzed by Western blot analysis with the antibodies
indicated. (B) Quantification of Tyr1175 and PLC�-1 phosphorylation is shown as n-fold increases over the activity of ligand-stimulated VEGFR-2 in the absence
of inhibitors from three independent experiments. (C) Western blot analysis of major tyrosine residues of VEGFR-2.
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proximal Ig domains of the ECD act as allosteric regulatory sites in
VEGFR-2 activation.

On the basis of our mutant construct analysis, we developed
inhibitory DARPins specific for Ig domains D23, D4, and D7 of
the VEGFR-2 ECD which effectively inhibited VEGFR-2 activity

and downstream signaling. Incubating VEGFR-2-expressing cells
with these inhibitors prior to VEGF-A165 stimulation drastically
decreased receptor phosphorylation at Tyr951, Tyr1054/59, and
Tyr1175 and inhibited signaling to downstream targets such as
PLC�-1 and ERK1/2. Akt activity was slightly increased under

FIG 6 ECD binders inhibit VEGFR-2 signaling to MAP kinases and Akt. (A) VEGFR-2-expressing PAEC were preincubated with ECD binders for 45 min and
then stimulated with 1.5 nM VEGF-A165 for 10 min at 37°C. VEGFR-2, p38, ERK1/2, and Akt phosphorylation was analyzed by Western blot analysis with the
antibodies indicated. (B) Quantification of data is shown as n-fold increases in p38, ERK1/2, and Akt phosphorylation over the activity in ligand-stimulated cells
in the absence of inhibitors from three independent experiments.
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these conditions. Most interestingly, DARPins activated, rather
than inhibited, p38 MAP kinase activity even in the absence of a
ligand, suggesting that p38 is downstream from p-Tyr1214. Phos-
phorylation of Tyr1214 is indeed upregulated by DARPins and

apparently does not require VEGF stimulation. This unexpected
behavior may, for instance, result from aberrant receptor traffick-
ing induced by DARPin binding. The role of p38 in endothelial
cell migration and proliferation may be antagonistic, as suggested

FIG 7 Inhibition of biological signal output by treatment with VEGFR-2 ECD-specific DARPins. Inhibition of proliferation (A), planar migration (B), and
chemotaxis (C) in PAEC and BAEC is shown. (D) Sprouting of multicellular spheroids generated from VEGFR-2-expressing PAEC stimulated with 1.5 nM
VEGF-A165. Representative images of two independent experiments (scale bar, 200 �m). (E) The cumulative number of sprouts was analyzed morphometrically
after 24 h in the presence or absence of inhibitors and is represented as relative intensity normalized to baseline sprouting.
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by Mullen et al., who showed that p38 activity is sufficient to
promote cell migration but not proliferation (20). An investiga-
tion of the role of VEGF in promoting the activation of ERK1/2-
and p38-specific phosphatases also showed that p38 is required for
cell migration, while ERK1/2 elicited proliferative signals (4). Fi-
nally, it was shown that chemotactic migration of endothelial cells
requires p38 activity (1, 19). An in vitro assay that reliably mimics
angiogenic sprouting in vivo is the spheroid sprouting assay. No-
tably, all of the DARPins effectively blocked VEGF-A165-induced
endothelial cell spheroid sprouting.

Earlier data published by Tao et al. showed that membrane-
proximal D4 to D7 blocked receptor dimerization and activation
and are thus essential for maintaining the receptor in an inactive
conformation in the absence of a ligand (26). This is in agreement
with our recent data showing that D4 to D7 indeed attenuate
ligand binding affinity and may thereby safeguard VEGFR-2
against aberrant ligand-independent activation (6). Taken to-
gether, these data suggest that both D4 and D7 are required to
correctly position the intracellular kinase domains relative to each
other to allow the activation of ligand-bound dimeric receptors
(7). These findings are prominently supported by our SEC-MALS
analysis of protein complex formation, which provides insight
into the molecular mechanism of receptor inhibition by the D4-
and D7-specific DARPins. Although D4b and D7b do not block
receptor dimerization, they seem to obstruct the correct three-
dimensional organization of receptor monomers in ligand-bound
dimers. This not only leads to profound inhibition of receptor
activity but also seems to redirect signal output to distinct signal-

ing pathways and may thus cause “biased” receptor signal output,
as summarized in a schematic model in Fig. 8.

The advantages of the D4- and D7-targeting DARPins over
inhibitors that interact with the kinase or receptor ligand-binding
domain are their high target specificity and noncompetitive bind-
ing mode. In this study, we have thus identified a novel and potent
inhibitory mechanism for VEGFR-2. This newly identified func-
tion of the membrane-proximal ECDs in receptor kinase regula-
tion may be generally applicable to all type III and V RTKs. In a
similar fashion, a monoclonal antibody against D5 of VEGFR-3
that blocks VEGFR-2/VEGFR-3 heterodimerization was shown to
suppress signal transduction, migration, and sprouting of mi-
crovascular endothelial cells (27). Finally, Kendrew et al. gen-
erated a human antibody in a XenoMouse which binds between
D4 and D7 and suppresses VEGFR-2 activation (13); however,
the mode of action of this antibody has so far not been further
specified. Finally, a mechanistically similarly acting inhibitor
currently in clinical trials is Pertuzumab (8a), which blocks
ErbB2 heterodimerization with other members of the ErbB re-
ceptor family.

In summary, we have shown that D4 and D7 are indispensable
for ligand-mediated VEGFR-2 activation. Our data shed new light
on the interdependencies of receptor ECD structure and intracel-
lular kinase activity and identify key targets for the design of new
VEGFR-2 inhibitors. Furthermore, we show that D4- and D7-
specific DARPins demonstrate high receptor specificity and excel-
lent binding affinities. These reagents represent novel allosteric
receptor regulators applicable to all type III and V RTKs. In a next

FIG 8 Model of VEGFR-2 activation. Ligand-mediated receptor dimerization at D23 together with homotypic receptor interactions at D4 and D7
position the intracellular kinase domains to instigate receptor phosphorylation at specific tyrosine residues. Interference with D4 and D7 interactions
leads to “biased” signal output due to allosteric modulation of receptor dimer structure giving rise to partial cross- or transphosphorylation activity at
selected tyrosine residues.
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step, we hope to show efficacy in preclinical in vivo applications
such as antiangiogenic therapies or medical diagnostics.
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