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Vascular endothelial growth factors (VEGFs) regulate blood and
lymph vessel formation through activation of three receptor
tyrosine kinases, VEGFR-1, -2, and -3. The extracellular domain
of VEGF receptors consists of seven immunoglobulin homology domains, which, upon ligand binding, promote receptor dimerization.
Dimerization initiates transmembrane signaling, which activates
the intracellular tyrosine kinase domain of the receptor. VEGF-C
stimulates lymphangiogenesis and contributes to pathological angiogenesis via VEGFR-3. However, proteolytically processed VEGF-C
also stimulates VEGFR-2, the predominant transducer of signals required for physiological and pathological angiogenesis. Here we
present the crystal structure of VEGF-C bound to the VEGFR-2
high-affinity-binding site, which consists of immunoglobulin
homology domains D2 and D3. This structure reveals a symmetrical
2∶2 complex, in which left-handed twisted receptor domains wrap
around the 2-fold axis of VEGF-C. In the VEGFs, receptor specificity
is determined by an N-terminal alpha helix and three peptide loops.
Our structure shows that two of these loops in VEGF-C bind to
VEGFR-2 subdomains D2 and D3, while one interacts primarily with
D3. Additionally, the N-terminal helix of VEGF-C interacts with D2,
and the groove separating the two VEGF-C monomers binds to the
D2/D3 linker. VEGF-C, unlike VEGF-A, does not bind VEGFR-1. We
therefore created VEGFR-1/VEGFR-2 chimeric proteins to further
study receptor specificity. This biochemical analysis, together with
our structural data, defined VEGFR-2 residues critical for the binding of VEGF-A and VEGF-C. Our results provide significant insights
into the structural features that determine the high affinity and
specificity of VEGF/VEGFR interactions.
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ngiogenesis and lymphangiogenesis, the growth of new blood
and lymphatic vessels from preexisting ones, are important
biological processes during embryonic development, tissue
growth, wound healing, and in the pathogenesis of various diseases. The mammalian vascular endothelial growth factors
(VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placenta growth
factor, PlGF) and their tyrosine kinase receptors (VEGFR-1,
VEGFR-2, and VEGFR-3) are the major mediators of angiogenesis. In addition, these receptors regulate vascular permeability
and vessel dilation [reviewed in Lohela et al. (1)]. VEGF-A
signaling through VEGFR-2 is the major pathway regulating endothelial cell sprouting, migration, proliferation, and survival (2),
whereas VEGF-C signaling through VEGFR-3 is indispensable
for the development of lymphatic vessels (3, 4). VEGFR-2 activation is responsible for the angiogenic properties of VEGF-C in
many experimental conditions (5–7), but angiogenic signaling
also involves VEGFR-3 (8). In addition, VEGF-C promotes
the formation of VEGFR-2/VEGFR-3 heterodimers whose signaling potential is not yet clear (9). VEGF signaling is modulated
through interactions with distinct heparan sulfate proteoglycans
and neuropilins, which act as coreceptors (10–14). VEGFs exist in
www.pnas.org/cgi/doi/10.1073/pnas.0914318107

multiple isoforms that are generated by alternative splicing and
posttranslational processing and display distinct receptor specificities (15).
All VEGFs are antiparallel, cystine-knot polypeptide dimers
that are covalently linked by two intermolecular disulfide bonds
(16–19). In VEGF-C and VEGF-D, this VEGF homology
domain is flanked by C- and N-terminal propeptides that are sequentially cleaved, giving rise to VEGF homologs with distinct
functions. Interestingly, mature VEGF-C has been described as
a mixture of covalently and noncovalently bound dimers (20, 21).
C-terminally cleaved VEGF-C and VEGF-D are high-affinity
ligands for VEGFR-3 and, upon removal of both propeptides,
they acquire binding affinity for VEGFR-2 (20, 22). All
VEGF-A isoforms bind to VEGFR-1 and VEGFR-2, whereas
PlGF and VEGF-B are specific for VEGFR-1. Furthermore,
pox viruses encode VEGF variants collectively called VEGF-E
that specifically bind to VEGFR-2 (23–25).
Crystal structures have been published for VEGF-A (26),
PlGF (27), VEGF-B (28), and VEGF-E (29). In addition, structures for VEGF-A (30) and PlGF (31) in complex with domain 2
of VEGFR-1 (VEGFR-1D2) are available. Analysis of VEGFR-1
and VEGFR-2 mutants showed that the second and third immunoglobulin homology domains are essential for high-affinity
VEGF-A binding (32, 33), in agreement with the recently published EM structure of the VEGF-A/VEGFR-2 complex (34).
According to our EM data, receptor dimers are held together
by ligand interacting with immunoglobulin homology domains
2 and 3 and by homotypic receptor contacts mediated by the
membrane-proximal domains (34). This rigid conformation of
the extracellular domain may then instigate transmembrane signaling resulting in the activation and autophosphorylation of the
intracellular kinase domain (12).
To obtain high-resolution structural information of VEGF/
VEGFR interactions and to understand VEGF receptor specificity in molecular terms, we determined the crystal structure of
VEGF-C in complex with immunoglobulin homology domains
2 and 3 of VEGFR-2. This structure, in combination with our
mutational analysis, provides insights into the high affinity interactions of VEGFs with their receptors.
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Results
Biochemical Analysis. We expressed the human VEGFR-2 immu-

noglobulin homology domains 2 and 3 (VEGFR-2D23) with a
C-terminal Fc-tag and human VEGF-C (22) in insect cells.
VEGF-C was used with a Cys137Ala transversion for increased
protein stability (7) and is hereafter referred to as VEGF-C. The
complex was purified by protein A affinity chromatography
followed by size exclusion chromatography, resolving as a
major peak consisting of the VEGF-C/VEGFR-2D23 complex
(Fig. S1A). The molecular weight of the VEGF-C/VEGFR2D23 complex was 78.0 kDa (Fig. S1B) as determined by multiangle laser light scattering (MALS), suggesting that the complex
consists of two receptor molecules and one VEGF-C homodimer.
To further characterize the complexes, we measured the binding
affinity of VEGF-C for VEGFR-2D23 (D23; Fig. S1C) and
VEGFR-2D2 alone (D2; Fig. S1D) using isothermal titration
calorimetry (ITC). The data confirmed the 2∶2 ligand∶
receptor stoichiometry and showed that binding is enthalpically
and entropically favorable. VEGFR-2D2 (21) alone was sufficient for VEGF-C binding, but the presence of VEGFR-2D3
was essential for high-affinity binding.
VEGF-C/VEGFR-2D23 Complex Structure. The crystal structure of
VEGF-C in complex with VEGFR-2D23 (Fig. 1) in an orthorhombic crystal form was determined to 2.7 Å resolution by single
isomorphous replacement with anomalous scattering phases, and
it was refined to a crystallographic R value of 22.5% and an Rfree
of 27.7% (Table S1). The asymmetric unit contains two crystallographically independent copies of 2∶2 VEGF-C/VEGFR2D23 complexes. The VEGF-C/VEGFR-2D23 complex structure
was solved also in a tetragonal spacegroup at 3.1 Å resolution
with an R value of 25.7% and an Rfree of 34.6% (Table S1). Here,
the asymmetric unit contains only one chain each of VEGF-C and
VEGFR-2D23. The two structures are highly similar, but some
loops and the VEGF-C extended N-terminal helix are differentially resolved (SI Materials and Methods). The two VEGF-C and
the four VEGFR-2D23 N-linked glycans are not equally ordered
in all chains and were only partially modeled.
The crystal structure of human VEGF-C is an antiparallel
homodimer, covalently linked by two disulfide bridges between
Cys156 and Cys165 (Fig. S2A–C). The structure of the monomer
is similar to that of other cystine-knot proteins with an antiparallel four-stranded β-sheet, three connecting loops (L1–L3), and

Fig. 1. Structure of the VEGF-C/VEGFR-2D23 complex in a cartoon representation. The VEGF-C homodimer is shown in orange and green, and the two
VEGFR-2 receptor chains are colored in light blue. The sugar moieties and the
disulfide bonds are shown in purple and yellow sticks, respectively. VEGF-C
binds to the VEGFR-2 interface between domains 2 and 3.
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an extended N-terminal α-helix (α1) that folds on top of the second monomer, providing several van der Waals and ionic interactions for the dimer interface.
VEGFR-2D2 (residues 120–218) and VEGFR-2D3 (residues
222–326) are immunoglobulin homology domains with two antiparallel β-sheets. They adopt the topology of an intermediate
I-set domain (35), with part of the β-strand A (A0 ; I-set β-strand
naming) moved to the opposite layer. D2 is a globular domain
with relatively short β-strands. The N-terminal bulge (30)
between strands A and A0 is disordered and was omitted from
the model. D3 is an elongated domain with long β-strands in both
sheets. Residues 265–269 between the C–D strands are partially
disordered and the C0 strand is absent from all D3 domains. Both
the D2 and the D3 domains have a disulfide bridge between the
β-sheets that is buried in the hydrophobic core. They have an
overall extended structure and are separated by a three-residue
(Val-Gly-Tyr) linker peptide such that there are only a few interactions between the domains.
Consistent with the biochemical studies (Fig. S1), the independent complexes in the two crystal forms follow the approximate
2-fold symmetry of the VEGF-C dimers with 2∶2 stoichiometry
(Fig. 1). VEGFR-2 immunoglobulin homology domains 2 and 3
are positioned perpendicular to the long axis of VEGF-C and D2
is approximately in the same plane as VEGF-C, wheras D3 is
located below this plane (Fig. 1). The bending angle between
D2 and D3 is 122–149° and results in a left-handed twisted domain arrangement about the VEGF-C 2-fold axis (Fig. S2D). The
superpositions of the VEGF-C molecules in the independent
complexes result in rmsd between 0.7 and 1.1 Å for 192
VEGF-C Cα atoms, and the whole complexes superimpose with
an rmsd of about 3.5 Å for 567 Cα atoms. The differences in the
superpositions result mainly from variation in D3 orientations relative to the rest of the structure (Fig. S2E). The variation in D3
orientation and the VEGF-C loops 1 and 3 result in differences in
the surface area buried at the ligand–receptor interface, in
particular between VEGF-C and D3 (Table S2), whereas the
VEGF-C/D2 interfaces are essentially identical.
VEGF-C/VEGFR-2D23 Interface. VEGF-C binds to the D2-D3 junction so that the D2 strand G and the linker between the receptor
domains occupy the groove between the VEGF-C monomers.
Both VEGF-C monomers interact with the VEGFR-2 domains
D2 and D3, and the VEGF-C binding surface is continuous.
To better describe the numerous interactions, we assigned two
binding sites, 1 and 2, that mediate the VEGF-C monomer A
and B interactions with VEGFR-2 (Fig. 2A–C). The buried surface area at the interface varies in the independent complexes but
can be divided into 1160–1410 Å2 (48–58% of the total
buried surface area) for site 1 and 1040–1250 Å2 (42–52% of
the total buried surface area) for site 2.
The VEGF-C site 1 interface (Fig. 2B) consists of the N-terminal helix (residues 113–129) and loop L2 (residues 167–171).
The VEGFR-2D2 hairpin turn C-C0 (residues 164–166) packs
against the VEGF-C helix α1 (Fig. 2D) while the connecting loop
E–F and the beginning of strand F (residues 194–197) interact
with the VEGF-C loop L2 and the N-terminal helix. The
VEGFR-2D3 loop B–C (residues 250–257) and strand E also interact with loop L2. The major hydrophobic contacts of site 1 consist of VEGF-C Trp126 and Arg127 interacting with Gly196,
Met197, and Tyr165 of VEGFR-2 (Fig. 2 and Table S2). Most
of the site 1 interactions are hydrophilic and involve hydrogen
bonds between VEGF-C N167 Nδ 2 and the carbonyl oxygen of
VEGFR-2 Tyr194, and between VEGFR-2 Asn253 Oδ 1 and
the main chain amide of VEGF-C Glu169 (Fig. 2E). Moreover,
Glu169, which is highly conserved in the VEGF family (29), forms
a salt bridge with VEGFR-2 Lys286 and a hydrogen bond with the
main chain amide of VEGFR-2 Asn253, and VEGF-C Asp123 is
in contact with the D2 Arg164 and Tyr165.
Leppänen et al.

The site 2 VEGF-C interface (Fig. 2C) consists of loops L1
(residues 139–155) and L3 (residues 188–196) held together by
hydrogen bonding (Fig. 2F). On the receptor side, the D2 site 2
interface consists of strands A0 and G (Fig. 2A) whereas VEGFR2D3 interacts with the bottom face of VEGF-C with a surface
made up of the strands C, D, and E, as well as the loops B–C
and F–G (residues 311–314). The D2 strands A0 and G both
contribute hydrophobic interactions (Val135, Ile215, Val217,
and Val219) to the interface (Table S2). Together with Gly196
and Met197 of the neighboring site 1, they form a distinct hydrophobic patch on D2. VEGF-C loops L1 and L3 bear multiple hydrophobic residues providing a complementary surface. Several
hydrophobic residues in the interface are beyond the van der
Waals distance (>4 Å) but the exclusion of water from around
these residues upon binding may contribute to the favorable
thermodynamic parameters (Fig. S1). The D3 interface in site 2
also involves hydrophilic interactions (Table S2) although the
interactions vary between the four chains in the asymmetric unit.
VEGFR-2 Mutagenesis and Ligand Binding. To better understand why
VEGF-C binds to VEGFR-2 and VEGFR-3, but not to VEGFR-1
(20), we replaced five potential epitopes in VEGFR-2D23 with the
corresponding sequences from VEGFR-1 (Fig. 3A and B). Also, a
VEGFR-2 Leu252Ala/Asn253Ala double mutant was prepared.
The binding behavior of the double mutant and the five chimeric
receptor proteins (called C1–C5) to VEGF-C and VEGF-A165 was
assessed by BaF3/VEGFR-2 cell proliferation and by binding
assays. The chimeric proteins C1, C4, and C5 showed close to
wild-type activity, whereas C2 and C3 showed reduced binding
in both VEGF-C (100 ng∕mL) and VEGF-A165 (30 ng∕mL)
induced proliferation assays in comparison with the two (D23)
and three domain (D1–3) VEGFR-2 constructs (Fig. 3C).
The binding constants were determined by ITC and surface
plasmon resonance (SPR). According to the ITC measurements
(Fig. S3), VEGF-C binding to the VEGFR-1/VEGFR-2 chimera
C4 and C5 was only slightly affected, whereas the K d for
the C3 protein was increased 50-fold (Fig. 3D). VEGF-C and
VEGF-A165 bind to VEGFR-2D23 with similar affinity and
thermodynamic parameters (Figs. S1C and S3B). Furthermore,
only C4 showed wild-type binding, whereas the K d of C5 for
VEGF-A165 was increased about 10-fold (Fig. 3D and
Leppänen et al.

Fig. S3C). No data fitting was possible for the VEGF-A/C3
calorimetric titrations. In the full set of binding assays carried
out by SPR (Fig. S4), the binding affinities of C4 and C5 were
not affected (Fig. 3D), whereas C3 showed 17-fold and 8-fold
increases in K d for VEGF-C and VEGF-A165 binding, respectively. The C1 and C2 showed about 3-fold increased K d for
VEGF-A165 binding, whereas C1 binding to VEGF-C was not affected and C2 did not bind VEGF-C at all. The VEGFR-2
Leu252Ala/Asn253Ala double mutant showed wild-type VEGFC binding but VEGF-A165 binding affinity was decreased 3-fold.
Discussion
Here we present the crystal structure of the ligand binding
domain of VEGFR-2 in complex with VEGF-C. Our results
reveal a unique view of a multidomain interaction of a ligand with
a VEGF receptor. Our structure also gives important insights on
the receptor specificity of VEGF family ligands.
The interaction surfaces 1 and 2 include contacts between
VEGF-C and the two VEGFR-2 domains as well as the interdomain linker. D2 has been described as the major VEGF-C
binding domain of VEGFR-2 (21). However, consistent with
our binding studies using domain deletion mutants (Fig. S1C
and D), VEGFR-2D3 also contributes a significant number of
interactions to VEGF-C binding. These contacts involve site 1
interactions by the conserved Glu169 (Glu64 in VEGF-A) of
VEGF-C with Asn253 and Lys286 of D3 (Table S2). D3 interacts
with loops L1 and L3 of VEGF-C predominantly through site 1
(Table S2), suggesting that these interactions play an essential role
in ligand binding.
VEGF-C binding to VEGFR-3 requires D1 and D2, but not D3
(21). Ligand binding to VEGFR-2 and Kit receptor D2 and D3 are
structurally very similar (Fig. S5A and B) utilizing a similar
interface at the D2∕3 junction (Fig. S5C), despite the fact that the
ligands are structurally dissimilar. In addition, comparison of the
VEGFR-2 and the Kit (36) complexes suggests a role for VEGFR3D1 in VEGF-C binding. The Kit D1 bends over its ligand, stem
cell factor (SCF), making several interactions with it (36). Kit D1,
and the related colony-stimulating factor 1 receptor D1 (37),
together with the adjacent D2, forms a rigid two-domain D12
structure. The rigidity of D12, involving D2 strand A, which is only
poorly resolved in our complex, suggests that the presence of
D1 is important for the integrity of the major ligand binding
PNAS Early Edition ∣
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Fig. 2. Interface between VEGF-C and VEGFR-2. (A) VEGF-C binding interface on VEGFR-2. VEGFR-2 is shown as a cartoon representation with the VEGF-C
binding key residues highlighted in sticks and labeled. (B) An overview of the VEGF-C/VEGFR-2D23 site 1 interface, with VEGF-C monomer A colored in green
and VEGF-C residues at the interface labeled. VEGFR-2 charge distribution shown as a surface potential model. (C) The same as in (B) for the site 2 interface with
VEGF-C monomer B in orange and the monomer 2 key residues labeled. (D) VEGF-C Asp123 interactions with VEGFR-2. Hydrogen bonds and salt bridges are
shown in gray dashed lines. (E) VEGF-C Glu169 interactions with VEGFR-2 as in (D). (F) VEGF-C Thr148 and Asn149 interactions with VEGFR-2 as in (D).

Fig. 3. Characterization of VEGF-A and VEGF-C binding to the VEGFR-1/VEGFR-2 chimeric proteins. (A) Structure-based sequence alignment of human
VEGFR-1, -2, and -3 (hR1–3) covering the VEGF-C binding interface in VEGFR-2 and the VEGFR-1/-2 chimera (C1–C5). The key VEGFR-2 residues (Table S2)
and the VEGFR-1 residues inserted to the VEGFR-2 construct are highlighted in blue and red, respectively. The VEGFR-2 residues are numbered. (B)
VEGFR-2D23 backbone with the swapped areas (C1–C5) highlighted in red. (C) The inhibition of VEGF-C (Left) and VEGF-A165 (Right) stimulated BaF3/
VEGFR-2 cell proliferation by the VEGFR-1/-2 chimeric proteins C1–C5 together with the VEGFR-2 domains 2–3 and 1–3. (D) Summary of the VEGF-C and
VEGF-A165 binding affinities (K d  SD) to the VEGFR-2D23 constructs measured by ITC and SPR. ND, not determinable.

epitope in D2. In analogy with Kit, D1 of VEGFR-3 may therefore
directly interact with VEGF-C.
A comparison of VEGF-C/VEGFR-2D23 and the VEGF-A/
VEGFR-1D2 (30) and PlGF/VEGFR-1D2 (31) structures suggests that VEGFR-1 and VEGFR-2 utilize the same interface
for ligand binding. To test this and to understand VEGF-C receptor specificity, we constructed VEGFR-1/VEGFR-2 chimera. The
exchange of nonconserved areas in the VEGF-C/VEGFR-2 binding interface was predicted to result in the loss of interactions
revealed by our crystal structure. These constructs also include important residues for VEGF-A and PlGF binding to VEGFR-1D2
and presumably to VEGFR-1D3. The C1 chimera covering the D2
N-terminal bulge and strand A0 did not affect VEGF-C binding,
whereas the C2 chimera did not bind VEGF-C, emphasizing the
importance of Asp123 and Arg127 of VEGF-C for the interaction
with Arg164 and Tyr165 of VEGFR-2 (Fig. 2D). VEGF-C binding
to the C3 chimera was also compromised, in line with the apparent
loss of several hydrophobic interactions seen in the crystal structure. In C3, the hydrophobic residues (Val217, Val218, and Val219)
in the G strand of D2 are replaced with hydrophilic and larger
residues (His223, Arg224, and Gln225) from VEGFR-1. In the
VEGF-A/VEGFR-1D2 complex Glu63 of VEGF-A, a determinant of VEGFR-1 specificity, is salt bridged to Arg224 of
VEGFR-1 (26, 30). The corresponding VEGF-C residue,
Ser168, is not capable to form this salt bridge. The C4 chimera
has a Gly to Arg replacement and the corresponding VEGFR-1
DE loop in chimera C5 is shorter by two residues. The VEGFC binding of these proteins is not changed, suggesting that the
DE loop is not involved in VEGF-C binding.
VEGF-A binds to VEGFR-1 predominantly via D2, whereas
both D2 and D3 are needed for VEGFR-2 binding. The deletion
of D3 from VEGFR-1 and VEGFR-2 results in a 20-fold and
1,000-fold decreased VEGF-A affinity, respectively (30, 33).
As expected, VEGF-A165 binding was retained in all VEGFR-1/
VEGFR-2 chimeras. The C4 and C5 chimeras showed wild-type
binding affinity and the K d was increased only 3-fold for C1 and
C2. Interestingly, the C2 chimera did not bind to VEGF-C, consistent with the fact that the VEGF-A counterpart of Asp123 in
VEGF-C is methionine. Hence, similar polar interactions with
Arg164 and Tyr165 are not required for VEGFR-2 binding. Similar
to VEGF-C, VEGF-A165 binding affinity was decreased for the
C3 chimera (Fig. 3C and D) suggesting that VEGF-A165 cannot
utilize the same contacts as VEGFR-1, such as the Glu63Arg224 interaction, in the context of VEGFR-2. Rather, it seems
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that VEGF-A utilizes the same interface and similar interactions as
VEGF-C for VEGFR-2 binding. However, as indicated by the C2
chimera and the Leu252Ala/Asn253Ala double mutant, there
are also differences between VEGF-A and VEGF-C binding
to VEGFR-2. This interpretation is supported by the affinities
and thermodynamic parameters determined for VEGF-A165
and VEGF-C binding to the VEGFR-2D23 construct.
When compared to other VEGFs, mature VEGF-C has an extra cysteine residue, Cys137 (Fig. 4A). The Cys137Ala mutation
improves dimer stability and increases biological activity, especially with respect to VEGFR-2, but does not change binding affinity for VEGFR-2 (Fig. S4) or VEGFR-3 (7). Residue 137 in the
VEGF-C structure is solvent exposed and lies at the dimer interface close to the interchain Cys156-Cys1650 disulfide bridge
(Fig. S2). The free Cys137 thiols are thus sensitive to changes
in the redox environment, and because there are only few noncovalent interactions in the VEGF-C dimer interface, the stability
of interchain disulfides may affect the monomer to dimer ratio as
suggested for the Cys156Ser and Cys156Ala mutants (21, 38). In
fact, the lack of these interchain disulfide bridges leads to an increased molar ratio of monomeric to dimeric molecules (21, 38).
Interestingly, although the Cys156Ala mutant is a poor ligand for
both VEGFR-2 and VEGFR-3, the VEGF-C Cys156Ser mutant
is fairly selective for VEGFR-3 (38). Thus, the oligomerization
state of mature VEGF-C, affected by the free thiol group, may
provide additional control over receptor activity and specificity.
VEGF-C and VEGF-D share 60% sequence identity including
essentially all VEGF-C residues at the VEGFR-2 binding interface. Interestingly, VEGF-D binding to VEGFR-2 is not conserved between humans and mice because mVEGF-D binds
hVEGFR-2 but fails to bind mVEGFR-2 (39). Humanizing the
mVEGF-D sequence in the putative VEGFR-2 binding interface
rescued binding only partially, indicating that residues outside this area also affect VEGF-D activity (39). Similarly to
VEGF-C (7), substitution of the extra cysteine in VEGF-D with
an aliphatic residue improved dimer stability but also increased
VEGFR-2 binding and activation (40). Thus, consistent with the
conclusions drawn from our VEGF-C/VEGFR-2 structure, dimer
stability of VEGFs is likely essential for VEGFR-2 binding.
When compared with other family members, major structural
differences are observed in the VEGF-C N-terminal helix α1
(Fig. 4B), loops L1 and L3. In VEGFR-2, the D2 N-terminal
bulge, the A0 –B, the C-C0 hairpin, the E–F, and the F–G0 loops
(Fig. S6) differ from VEGFR-1 both in sequence and in structure.
Leppänen et al.

Of the 21 receptor residues that form the interface with VEGF-C,
only six are conserved between VEGFR-1 and VEGFR-2. The
orientations of the ligands toward receptor domain D2 differ between the VEGFR-1 and VEGFR-2 complexes. When compared
to VEGF-A and PlGF, VEGF-C is tilted by 15° and twisted by 9°
from the interface to D2, which makes an overall comparison of
the interfaces difficult. We therefore analyzed the local superpositions of the VEGF-C/VEGFR-2D23 structure with the VEGFA and PlGF structures in complex with VEGFR-1D2 at critical
sites of the interface. At site 1, Glu169 of VEGF-C loop L2 forms
multiple interactions with VEGFR-2D3 providing an explanation
for the importance of this glutamate residue (Asp in VEGF-B)
that is highly conserved in the VEGF family. Of the two Glu169
counterparts in VEGFR-2, Asn253 is conserved in human
VEGFRs, whereas Lys286 is not. As discussed above, Ser168
of VEGF-C and Val218 of VEGFR-2 form a weak hydrophobic
contact in place of the Asp63-Arg224 salt bridge observed in the
VEGFR-1D2 complexes with VEGF-A and PlGF (Fig. 4C).
However, as Asp63 of VEGF-A is conserved in all other VEGFs,
except for VEGF-C and VEGF-D, this interaction alone cannot
account for receptor specificity. In addition, our VEGFR-1/-2
chimeric protein C3 affecting also VEGF-A165 binding suggests
that VEGF-A binding to VEGFR-1 and VEGFR-2 occurs via
different interactions.
In comparison to VEGFR-1, D2 of VEGFR-2 has a one residue insertion in the C-C0 hairpin at site 1, whereas the side chains
of Tyr165 and Pro166 occupy the same space as Phe172 and
Pro173 in VEGFR-1. The side chain of the flanking residue
Arg164 (salt bridged to VEGF-C Asp123) protrudes into an
otherwise empty space in VEGFR-1. Of the complementary
VEGF-C surface (Asp123, Trp126, Arg127, Gln130, Lys153,
and Asn167), only Trp126 is conserved between VEGF-C and
the VEGFR-1 specific PlGF. When compared to the other known
VEGFs, the N-terminal helix α1 of VEGF-C extends from the
complex interface by about two more turns. The proximity of
the VEGF-C N terminus to the N-terminal bulge, which is
disordered in the VEGFR-2 chains, may have implications for
VEGFR-1 and VEGFR-3 binding specificity, possibly involving
additional domains such as D1.
Besides the N-terminal helix, the largest variations in sequence
and conformation among the ligands are observed at site 2 in
Leppänen et al.

loops L1 and L3. Consistent with this, we have reported earlier
that alanine mutants in the segments Thr148-Phe151 and Thr189Leu192 of VEGF-C, and a double deletion mutant Leu192Ser193
with a shorter loop L3, show reduced binding affinity for
VEGFR-2 (21). The majority of these residues are in contact with
VEGFR-2D3 and the linker region. This, together with the structural variation in loops L1 and L3 (Fig. 4D), may explain the
altered receptor specificity observed in VEGF loop L1 and
L3 chimera between VEGF-E and PlGF (41), VEGF-E and
VEGF-A (29), and VEGF-C and VEGF-A (21).
We have previously shown by negative stain EM how VEGF-A
induces dimerization of the extracellular domain of VEGFR-2
(34). More recently, using membrane-bound receptor kinase constructs, we also have shown that dimerization is required but not
sufficient for receptor activation (42). To compare the crystal
structure of the ligand binding domain described here with the
EM data, we calculated volumes filtered at 25 Å resolution from
the two VEGF-C/VEGFR-2D23 complexes observed in the
asymmetric unit of the orthorhombic crystal form. Domain
projections derived from these volumes are virtually identical
to the corresponding domains in the EM structure 34 (Fig. S7)
and fit the model observed in the EM structure with additional
homotypic interactions mediated by the membrane-proximal
domains (34). The biological significance of such homotypic
receptor–receptor interactions is further supported by recent
findings for the Kit and PDGF receptors, where D4-mediated
homotypic receptor interactions are mandatory for receptor activation (36, 43). As discussed above, the crystal structure of the
complex between SCF and the extracellular domain of Kit (36),
shares many features with the structure described here. To further
unravel the molecular mechanism of transmembrane signaling
by class III (Kit) and V (VEGFR) receptor tyrosine kinases,
additional structural data for membrane-bound receptors is
required. Combining low-resolution techniques such as EM
and small angle solution scattering with x-ray crystallography
or NMR spectroscopy should then lead to a model of receptor
activation, as illustrated recently for a cytokine (44).
Signaling by VEGFR-2 represents the major pathway for the
transduction of angiogenic signals and VEGF receptors are
therefore prominent targets in the development of angiogenesis
inhibitors (1, 45). Despite this, the structure of VEGFR-2 has
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Fig. 4. Comparison of the VEGF family ligand structures and the complexes. (A) Structure-based multiple sequence alignment of the VEGF-family members.
Residues participating in the VEGF-C/VEGFR-2D23 interactions are boxed in blue (site 1) and green (site 2). VEGFR-1 and VEGFR-2 specific ligands are colored in
yellow and in black, respectively. VEGF-A binds to both receptors and is highlighted in red. (B) Structural comparison of VEGF-C/VEGFR-2D23 (blue), VEGF-A/
VEGFR1-D2 (red, 1FLT) and PlGF/VEGFR-1D2 (green, 1RV6) complex structures centered on the VEGF N-terminal helix (α1). VEGFR-2 D2 strands A and A0 are
labeled. (C) Same as in (B) centered on VEGF-C loop L2 and VEGFR-2 D2 strand G. The centered residues are shown in sticks with VEGF-C residues labeled. (D)
Conformational differences in the site 2 loops L1 and L3. The VEGFR-2 domains 2 and 3 and the VEGFs are in surface and ribbon representation, respectively.
VEGF-C is in blue, VEGF-A (1FLT) in red, PlGF (1RV6) in green, VEGF-B (2VWE) in purple, and VEGF-E (2GNN) in yellow. VEGF-C mutants with reduced binding to
VEGFR-2 (21) are shown in sticks.

only now been elucidated, more than a decade after the determination of the structure of the VEGF-A/VEGFR-1D2 complex
(30). Our structural and functional analysis provides important
insights into receptor/ligand interactions that explain previously
published data and these are essential for the understanding of
receptor/ligand specificity. Furthermore, using the structure described here, the binding sites of receptor blocking antibodies
currently in clinical trials as inhibitors of tumor angiogenesis
can now be mapped to the VEGFR-2 ligand binding epitopes.
These results should further boost the rational design of new inhibitors of angiogenesis targeting the VEGF receptors.
Methods
Protein Expression and Purification. Human VEGF-C, VEGF-C Cys137Ala mutant, VEGF-A165 (7), VEGFR-2 domains 2, 2–3, and 1–3 fused to IgGFc (21),
and the VEGFR-1/-2 chimera were expressed in Sf9 insect cells and purified
as described in SI Materials and Methods.

Crystallization and Structure Determination. Complete datasets to 2.7 and
3.1 Å resolution were collected from single orthorhombic and tetragonal
VEGF-C/VEGFR2-D23 complex crystals, respectively (Table S1). For phasing,
anomalous data on a Pt-derivative crystal was collected to 3.6 Å resolution
(Table S1). Full crystallographic details are described in SI Materials and
Methods.

Note Added in Proof.
Recent work by Y. Yang, P. Xie, Y. Opatowsky, and J. Schlessinger (PNAS, published online before print January 11, 2010)
shows that salt bridges and van der Waals interactions between
Arg726 of one VEGFR-2 D7 protomer and Asp731 of the other
protomer are required for ligand-induced VEGFR-2 activation.

Cell Survival Assay and Binding Assays. Cell survival assays with BaF3 cells
expressing VEGFR-2/EpoR chimera (7), calorimetric titrations using a VP-ITC
calorimeter (MicroCal), and SPR analysis with a Biacore 2000 biosensor
(GE) were carried out as described in SI Materials and Methods.
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