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RECEPTOR-LIGAND INTERACTIONS

The Basis for the Distinct Biological Activities
of Vascular Endothelial Growth Factor

Receptor-1 Ligands

Andrey Anisimov,'* Veli-Matti Leppénen,?* Denis Tvorogov,' Georgia Zarkada,'?

Michael Jeltsch,'? Tanja Holopainen,' Seppo Kaijalainen,' Kari Alitalo

1,21

Vascular endothelial growth factors (VEGFs) regulate blood and lymphatic vessel development through
VEGF receptors (VEGFRs). The VEGFR immunoglobulin homology domain 2 (D2) is critical for ligand
binding, and D3 provides additional interaction sites. VEGF-B and placenta growth factor (PIGF) bind to
VEGFR-1 with high affinity, but only PIGF is angiogenic in most tissues. We show that VEGF-B, unlike
other VEGFs, did not require D3 interactions for high-affinity binding. VEGF-B with a PIGF-derived L1 loop
(B-L1P) stimulated VEGFR-1 activity, whereas PIGF with a VEGF-B—derived L1 loop (P-L17) did not. Unlike
P-L1® and VEGF-B, B-L1" and PIGF were also angiogenic in mouse skeletal muscle. Furthermore, B-L17
also bound to VEGFR-2 and activated downstream signaling. These results establish a role for L1-mediated
D3 interactions in VEGFR activation in endothelial cells and indicate that VEGF-B is a high-affinity VEGFR-1
ligand that, unlike PIGF, cannot efficiently induce signaling downstream of VEGFR-1.

INTRODUCTION

The growth and maintenance of blood and lymphatic vessels are governed
by several receptor tyrosine kinase (RTK) families, among which the vas-
cular endothelial growth factor receptor (VEGFR) family plays a key role.
VEGFR-2 is the main receptor that transduces angiogenic signals (/, 2).
VEGF-A binds to both VEGFR-1 and VEGFR-2, whereas VEGF-B and
placenta growth factor (PIGF) bind only to VEGFR-1 (3). VEGFs bind
also to neuropilins (Nrp) and heparan sulfate proteoglycans (HSPGs),
which act as VEGFR co-receptors (4).

Although VEGF-B and PIGF bind to the same receptors, they differ great-
ly in their biological properties. PIGF induces angiogenesis or arteriogenesis
in various in vivo models (5, 6), whereas VEGF-B has weak angiogenic
activity in most tissues (7). The two ligands show distinct distribution
patterns during development; for example, the abundance of PIGF is high
in placental trophoblasts, whereas that of VEGF-B is highest in develop-
ing cardiac muscle (8). Dysregulation of the PIGF/VEGFR-1 axis has been
linked to preeclampsia in humans and rats, and transgenic or adenovirus-
mediated overexpression of VEGF-B stimulates coronary vasculature
development and arterialization in the rat, pig, and rabbit heart (9—12).
However, deletion of either factor from mouse embryos does not interfere
with normal vascular development (13—-15).

Gene transfer of VEGF ligands has been tested as a therapeutic tool for
peripheral ischemia, and PIGF, but not VEGF-B, induces formation of
perfused arterialized microvessels in mouse skeletal muscle (9). The ac-
celerated growth of mouse tumors overexpressing a transfected PIGF con-
struct requires the tyrosine kinase activity of VEGFR-1 (I6), and a blocking
monoclonal antibody against PIGF has been reported to inhibit the growth
of various tumor xenografts (17, 18). However, four other PIGF blocking
antibodies have been subsequently reported to be unable to inhibit tumor
growth except in rare cases in which the tumor cells were VEGFR-1 pos-
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itive (19, 20). Unlike PIGF, transgenic expression of VEGF-B retards tu-
mor growth in a mouse model of pancreatic neuroendocrine tumorigenesis
(21). These studies indicate that, although these ligands bind to the same
RTK, VEGFR-1, and to the same co-receptors, Nrp-1 and HSPG, VEGF-B
and PIGF have distinct biological functions in several settings.

VEGFRs have seven immunoglobulin (Ig) homology domains in their
extracellular region. VEGFR-1 domain 2 (D2) determines VEGF-A and
PIGF binding, and crystal structure determination of D2 complexes has
established ligand-induced dimerization as a central paradigm for VEGFR
activation (22—24). In addition, residues in VEGFR-1 D3 contribute to high-
affinity binding of VEGF-A and PIGF (23, 25). High-affinity VEGF-A
binding to VEGFR-2 also depends on D3 (23, 26). VEGF-B shows a sim-
ilar mode of binding to VEGFR-1 D2 as VEGF-A and PIGF (27), but its
dependence on D3 has not been studied. Structure determination of the
VEGF-C complex with VEGFR-2 ligand-binding domains (D2-3) has
defined the distinct roles of the VEGF-family ligand receptor-binding epi-
topes in loops L1 to L3 and the N-terminal helix (aN) (28). In particular,
L2 and L3 interact with both D2 and D3, whereas L1 interacts only with D3.

To identify the structural features of VEGF-B and PIGF that are
responsible for their distinct biological properties, we designed several
VEGF-B/PIGF swap chimeras by exchanging L1 and L3. A similar strat-
egy has been previously used to map the determinants of VEGF-E binding
to VEGFR-2 (29). We show that the distinct receptor-activating properties
of VEGF-B and PIGF can be attributed to differential involvement of L1
in the binding to VEGFR-1. On the basis of our results, we present a
model in which D3 interactions are required for productive VEGFR-1 di-
merization, tyrosine kinase phosphorylation, and downstream signaling.

RESULTS

Unlike VEGF-B, PIGF stimulates ERK1/2
phosphorylation in vivo

We have previously shown that, unlike VEGF-B, PIGF induces an angio-
genic response in mouse skeletal muscle when delivered through recombinant
adeno-associated virus (rAAV) (9). Here, we performed short-time stimu-
lation experiments in vivo to probe the ability of VEGF-B and PIGF to
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stimulate the mitogen-activated protein kinase (MAPK) extracellular signal—
regulated kinases 1 and 2 (ERK1/2) as one of the major pathways leading
to endothelial proliferation. To improve the expression and secretion of the
mouse VEGF-B construct, we generated an N-glycosylation site with a
Q96N/RIST double mutation, which mimicked the conserved glycosyla-
tion site in PIGF and other VEGF family members. Purified recombinant
VEGF-B or PIGF was injected into the tail vein, and phosphorylation of
ERK1/2 was analyzed in total heart lysates. Under these conditions, only
PIGF induced phosphorylation of ERK1/2 (Fig. 1, A and B). To exclude
nonspecific effects in this experiment, we used only the VEGF-B and PIGF
receptor-binding domains encoded by exons 1 to 5 and excluded the Nrp
and HSPG binding regions (Fig. 1, C and D).

High-affinity binding of PIGF, but not VEGF-B,

to VEGFR-1 is D3-dependent

To compare VEGF-B and PIGF binding to VEGFR-1, we also purified
VEGFR-1 domains D1-2 and D1-3 produced in insect cells. We used
isothermal titration calorimetry (ITC) for the thermodynamic characteriza-
tion of the enthalpy (AH), entropy (AS), and affinity [dissociation constant

(Kp)] of the binding. Enthalpy and entropy both contribute to the free
energy (AG) of binding (AG = AH — TAS). The data confirmed the 2:2
ligand/receptor stoichiometry and showed that the binding is enthalpically
(negative AH) and entropically (positive AS) favorable. Consistent with
previously published results (23), the presence of D3 increased the affinity
of PIGF for VEGFR-1. The presence of D3 was also associated with a
large change in enthalpy of PIGF binding, suggesting that D3 provides
additional ionic interactions (Fig. 1, E and F). VEGF-B showed high-
affinity binding to both VEGFR-1 D1-2 and D1-3, and in comparison
to PIGF binding, VEGF-B binding to D1-2 and D1-3 revealed a smaller
change in enthalpy (Fig. 1, F and G). Thus, the ITC titrations revealed a
major difference between PIGF and VEGF-B in the requirement for D3 in
binding to VEGFR-1. Construction of a homology model based on VEGF-A
binding to VEGFR-2 suggested that PIGF loop L1 or L3 or both were
involved in the D3 interactions (Fig. 1H).

PIGF L1 is critical for VEGFR-1 activation
To further analyze the contribution of the different loops to VEGFR-1 bind-
ing and stimulation, we designed a set of L1 and L3 swap chimeras using
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Fig. 1. VEGF-B and PIGF differ in their interaction with VEGFR-1. (A) Analysis
of ERK1/2 phosphorylation in mouse heart after stimulation with the indicated
ligands. Three mice were used in each treatment group. (B) Densitometric
analysis of the protein bands. n = 3 mice for each treatment group. *P <
0.05. Data are representative of at least three independent experiments.
(C) Schematic structures of PIGF and VEGF-B and the various chimeras.
Ex, exon; Nrp, neuropilin-binding domain; HB, heparin-binding domain. (D)
Schematic representation of the VEGFR-1 extracellular domain (ECD) and
ligand-binding domains 1 to 2 (R1 D1-2) and domains 1 to 3 (R1 D1-3) used
for the binding studies. (E) Isothermal calorimetric (ITC) titration of PIGF
binding to VEGFR-1 D1-2 and VEGFR 1 D1-3. Representative plots of three

independent measurements are shown. (F) Summary of the enthalpy change
(AH), entropy change (AS), binding affinities (K;), and stoichiometry () from
the ITC binding experiments. Data are means + SD. (G) ITC titration of VEGF-
B (exons 1 to 5) binding to VEGFR-1 D1-2 and VEGFR-1 D1-3. Representa-
tive plots of three independent measurements are shown. (H) A homology
model of PIGF in complex with VEGFR-1 D2-3 based on the crystal structures
of PIGFNVEGFR-1 D2 and VEGF-AVEGFR-2 D2-3 complexes (PDB codes
1RV6 and 3V2A, respectively). PIGF is colored in cyan and shown as a
cartoon model. VEGFR-1 D2-3 is shown as a surface representation, and
one of the chains is colored according to its electrostatic surface potential.
Receptor-binding epitopes L1 to L3 and aN of PIGF are marked in the figure.
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full-length PIGF and VEGF-B, now including the Nrp and HSPG binding
domains. Figure 1C and fig. S1 show schematic alignment of VEGF-B
and PIGF, highlighting the swapped loop/domain structures. B-L1" stands
for VEGF-B with the PIGF-derived L1, and P-L1® stands for PIGF with
the VEGF-B—derived L1. The same principle was used to name the L3-
swap chimeras B-L3" and P-L3®. To analyze how the loop swapping
affected the binding to VEGFR-1, the proteins expressed in 293T cells
were metabolically labeled with **S—amino acids, precipitated with soluble
VEGFR-1-Fc fusion protein, and analyzed by gel electrophoresis. These
results indicated that the chimeric proteins retained the binding properties
of their parental proteins (Fig. 2A).

We then analyzed whether domain swapping affected the VEGFR-1—
stimulating activity of the parental proteins. Proliferation was measured in
VEGFR-1/EpoR fusion receptor-expressing BaF3 (VEGFR-1/EpoR-BaF3)
cells cultured with conditioned medium from 293T cells transfected with
the growth factor constructs. These cells undergo apoptosis in interleukin-3
(IL-3)—deficient medium, but they can be rescued (and continue to prolif-
erate) by the addition of the respective VEGFR ligands (30, 31). As ex-
pected, PIGF strongly stimulated VEGFR-1/EpoR-BaF3 cell proliferation,
whereas VEGF-B showed little activity in the assay (Fig. 2B and fig. S2A).
The activity of the B-L3 chimeric protein corresponded to its parental
backbone, and the activity of P-L3® was increased in comparison with
PIGE. The L1 swaps in both VEGF-B and PIGF reversed the activities
of the parental molecules, so that the resulting chimera B-L1” was con-

verted into a VEGFR-1 activating ligand and P-L1® into an inactive ligand
in this assay. We thus focused on the further analysis of these chimeras.

For detailed analysis of receptor binding and signal transduction, we
produced and purified VEGF-B, PIGFE, B-L1%, and P-L1® (Fig. 2C; see
also Fig. 1C for schematics). The purified proteins behaved similarly to
their mammalian-derived counterparts in VEGFR-1 binding and in the
stimulation of VEGFR-1/EpoR-BaF3 cell proliferation (Fig. 2D and fig.
S2B). B-L1° was as active as VEGF-A or PIGF, whereas P-L1® had no
activity. VEGF-B showed limited VEGFR-1 activation with maximal stim-
ulation of cell proliferation of only about 30% of that obtained by PIGE,
although the dose-response curves of VEGF-B and PIGF were comparable
in shape [half-maximal effective concentration (ECsy) values were 1.40 +
0.56 and 0.56 £ 0.14 ng/ml, respectively]. Thus, VEGF-B was less efficient
at activating EpoR kinase and downstream signaling of the fusion receptor,
suggesting compromised VEGFR-1 dimerization.

To confirm the receptor-stimulating properties in vivo, we injected the
recombinant proteins into the tail vein of mice, and we analyzed the tyro-
sine phosphorylation of VEGFR-1 (Tyr'?"®) in lung lysates by Western
blotting. The results indicated that PIGF and B-L1” stimulated VEGFR-
1 (Tyr'*'?) phosphorylation in vivo to a greater extent than the other tested
proteins (Fig. 2, E and F). The relatively weak activity of VEGF-A in this
assay could be attributed to its dual receptor specificity or HSPG binding
(1, 2, 4), thus possibly decreasing the availability of the ligand for interaction
with VEGFR-1. On the other hand, PIGF has also been reported to stim-
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Fig. 2. Ligand L1 mediates differential VEGFR-1 activation. (A and B) Full-
length native and chimeric ligands were produced in 293T cells metabol-
ically labeled with [**S]methionine and analyzed by a pull-down assay
using soluble VEGFR-1 (A) or the VEGFR-1/EpoR-BaF3 MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (B). Data are
representative of three (A) and two (B) independent experiments. Each bar
in (B) represents mean = SD from three technical replicates from one exper-
iment. Data from a separate experiment performed under identical
conditions are shown in fig. S2A. (C) Purified native and chimeric ligands
(exons 1 to 5; see Fig. 1C) produced in the Sf21/baculovirus system, ana-
lyzed by SDS—polyacrylamide gel electrophoresis, and silver-stained. (D)

Analysis of the purified ligands in the VEGFR-1/EpoR-BaF3 MTT assay.
Data are representative of three independent experiments. Each dot repre-
sents mean + SD from three technical replicates from a representative ex-
periment. Data from a separate experiment performed under identical
conditions are shown in fig. S2B. (E) Analysis of VEGFR-1 (Tyr'2'®) phos-
phorylation and total VEGFR-1 in mouse lungs after stimulation with purified
ligands. Each lane contains tissue sample from a single treated animal.
Data are representative of three independent experiments. (F) Com-
bined data from densitometric analysis of the protein bands from all three
independent experiments. Each bar represents mean + SD. *P < 0.05;
**P < 0.01; **P < 0.001.
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ulate VEGFR-1 tyrosine phosphorylation more strongly than VEGF-A in
VEGFR-1-overexpressing endothelial cells in vitro (32).

To confirm that the VEGF-B L1 confers inability to activate VEGFR-1,
we additionally transplanted it to VEGF-A in place of the native L1. Unlike
the parental protein, this mutant (A-L1%) was inactive in the VEGFR-1/
EpoR-BaF3 assay, although both proteins bound equally to VEGFR-1 in
the pull-down assay (fig. S2, C and D). Together, these findings indicate
that L1-mediated interactions are critical for VEGFR-1 activation.

B-L1F is as angiogenic as PIGF in mouse skeletal muscle
To determine how the in vitro activity of the chimeras corresponds to their
angiogenic activity profiles in vivo, we used rAAV delivery to express the
chimeras in mouse tibialis anterior muscle. In line with the data from the
VEGFR-1/EpoR-BaF3 assay, PIGF and B-L1%, but not P-L1® and VEGF-B,
stimulated vascular endothelial cell proliferation and smooth muscle
cell recruitment by the vessels (Fig. 3, A and B). Because VEGFR-2 is the
main angiogenic receptor in mice and humans, we also checked whether
VEGFR-2 was activated in response to B-L1¥ in vivo and used VEGF-A
as a positive control. The purified ligands were injected into the tail vein
of mice, and phosphorylation of VEGFR-2 was analyzed from lung and
heart lysates. B-L17 stimulated VEGFR-2 phosphorylation, although con-

A PECAM-1 SMA  Overlay+DNA B

Hg/

HSA

Fig. 3. Analysis of angiogenic activity and in vivo signaling properties of the
parental and chimeric proteins. (A) Unlike VEGF-B, B-L1" induces endo-
thelial cell proliferation and smooth muscle cell recruitment to mouse skel-
etal muscle. rAAVs encoding the indicated genes were injected into mouse
anterior tibialis muscle. After 2 weeks, isolated muscles were stained for
platelet endothelial cell adhesion molecule 1 (PECAM-1) and smooth
muscle actin (SMA). Nuclei (DNA) were counterstained with DAPI (4',6-
diamidino-2-phenylindole). Images are representative of two independent
experiments. (B) Quantification of stained areas in (A). Each bar represents
mean = SD obtained from four or six independently treated muscles (two or

Stained area, %

mouse

siderably more weakly and at higher concentrations than VEGF-A (Fig.
3C). Titration experiments with doses of VEGF-A and B-L1" that induced
similar amounts of VEGFR-2 phosphorylation (2 and 25 pg per mouse,
respectively) indicated that VEGF-A and B-L1” induce similar kinetics of
VEGFR-2 and ERK1/2 phosphorylation (Fig. 3C). Thus, in addition to its
VEGFR-1-stimulating activity, B-L1" can promote an angiogenic re-
sponse by activating VEGFR-2 tyrosine phosphorylation in vivo.

B-L1P stimulates VEGFR-2 tyrosine phosphorylation and
downstream signaling in endothelial cells in vitro

To better understand B-L1"—induced VEGFR-2 activation, we analyzed
VEGEFR-2 tyrosine phosphorylation in vitro using human umbilical vein
endothelial cells (HUVECs). VEGFR-2 (Tyr''”®) phosphorylation was stim-
ulated by VEGF-A and B-L1%, but not by PIGF, VEGF-B, or P-L1®
(Fig. 4A). We also analyzed ERK1/2 (Thr*®*/Tyr***) and Akt (Ser*”?)
phosphorylation by Western blotting of HUVEC lysates. Phosphorylation
of VEGFR-2 Tyr''"® creates a binding site for phospholipase Cy and for
the adapter proteins SHB and Sck (2). VEGF-A and B-L17 stimulated the
phosphorylation of all three proteins (Fig. 4B). At least part of these
signals could also be mediated through VEGFR-1 that is present in the
HUVEC cells.
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three mice in each treatment group). Two sections, with three or four ran-
domly chosen view areas in both, were analyzed from each muscle. n = 4
or 6 independent muscle samples. *P < 0.05; **P < 0.01; ***P < 0.001. (C)
B-L17 induces VEGFR-2 (Tyr' %) phosphorylation in mouse heart and lung.
VEGF-A or B-L1” was injected into the tail vein and allowed to circulate for
10 min (upper panels for heart and lung P-R2/R2) or for the indicated times
(lower panels for P-R2/R2 and P-ERK/ERK). The hearts and lungs were
homogenized and analyzed by Western blotting for phospho-VEGFR-2
(Tyr''™®) total VEGFR-2, phospho-ERK1/2, and total ERK1/2. Data are rep-
resentative of two independent experiments.
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VEGFR-2 activation by B-L1" does not require
VEGFR-1/VEGFR-2 heterodimers

VEGF-A can homo- and heterodimerize VEGFR-1 and VEGFR-2 and
stimulate downstream signaling, but formation of VEGFR-2/VEGFR-2
and VEGFR-1/VEGFR-2 dimers results in distinct signaling patterns
(33, 34). Using blood microvascular endothelial cells (BECs) stimulated
with purified ligands, we first demonstrated that, unlike VEGF-B and
PIGF, VEGF-A and B-L1F increased the formation of the VEGFR-1/
VEGEFR-2 heterodimer over baseline (Fig. 4, C and D).

We then analyzed whether B-L1¥ could activate VEGFR-2 in the ab-
sence of VEGFR-1 to exclude the possibility of a VEGFR-1-to-VEGFR-
2 transphosphorylation event. The NIH 3T3 fibroblast cell line was transfected
with a retrovirus encoding full-length VEGFR-2 fused to a C-terminal
Strep-tag. B-L1" stimulated tyrosine phosphorylation of the VEGFR-2—

Strep-tag protein, although at considerably higher concentrations than
VEGF-A, suggesting that B-L1" has a lower VEGFR-2-binding affinity
than VEGF-A. PIGF and VEGF-B were inactive in this assay (Fig. 4E).
We additionally confirmed the VEGFR-1-negative phenotype of the
VEGFR-2-Strep-tag—expressing NIH 3T3 cell line (Fig. 4F). Further-
more, VEGF-B pretreatment of endothelial cells did not affect phospho-
rylation of VEGFR-2 or ERK1/2 stimulated by VEGF-A or B-L1” (Fig.
4G), further confirming that VEGFR-1 is not involved. Similar results
were obtained with porcine aortic endothelial (PAE) cells overexpressing
VEGFR-2 after retrovirus-mediated transduction (fig. S3).

B-L1" shows weak binding to VEGFR-2
ITC measurements were used to study the affinity of B-L1” to VEGFR-
1 and VEGFR-2. B-L1” bound to monomeric VEGFR-1 D1-3 with a Kp,
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Fig. 4. B-L17 can activate VEGFR-2. (A) Ligand-induced phosphorylation
of VEGFR-2. VEGFR-2 precipitates from HUVECs stimulated with the indi-
cated purified ligands were Western-blotted for total phosphotyrosine. (B)
Ligand-induced phosphorylation of VEGFR-2 (P-R2, Tyr''"®), ERK1/2
(Thr2%2/Tyr?%%) and Akt (Ser*”®), analyzed by Western blotting. (C) Forma-
tion of ligand-induced VEGFR-1/VEGFR-2 heterodimers. BECs were treated
with the indicated ligands. VEGFR-2 was precipitated with anti-VEGFR-2
antibody or species-matching IgG (negative control) and analyzed by West-
ern blotting for VEGFR-1. A representative image is shown. Three inde-
pendent experiments were performed with similar results. (D) Averaged
data (means + SEM) from densitometric analysis of the polypeptide bands
from three independent heterodimerization experiments, such as the one

shown in (C). (E) Titration of B-L1"-induced VEGFR-2 tyrosine phosphoryla-
tion. VEGFR-2-Strep-tag was precipitated from NIH 3T3-VEGFR-2-Strep-tag
cells stimulated with the indicated ligands, and tyrosine phosphorylation
and total VEGFR-2 were analyzed by Western blotting. (F) Confirmation
that VEGFR-1 is not detected in NIH 3T3-VEGFR-2-Strep-tag cells. The in-
dicated cells were lysed and Western-blotted for VEGFR-1 and VEGFR-2.
(G) High molar excess of VEGF-B does not inhibit VEGFR-2 phosphoryla-
tion induced by B-L1P or VEGF-A. BECs were preincubated with VEGF-B
for 1 min and further stimulated with VEGF-A or B-L1" for an additional 10 min,
and cell lysates were analyzed by Western blotting for phosphorylation of
VEGFR-2 (Tyr''"®) and ERK1/2. Data are representative of two independent
experiments.
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of 50.4 + 21 nM. Titrations with VEGFR-2 D2-3 indicated low-affinity
binding, but data fitting was not possible (Fig. 5, A and B). Because
B-L1” and VEGFR-2 D2-3 were not available in concentrations high
enough for accurate ITC assays, we performed an enzyme-linked immu-
nosorbent assay (ELISA)-based competition assay to find out whether
B-L1°, VEGF-B, or PIGF, like VEGF-C, can compete with VEGF-A for
binding to VEGFR-2. Indeed, the B-L1P binding to VEGFR-2 had an ICs
(half-maximal inhibitory concentration) value of 2.0 = 0.45 uM, compared
to 7.4 = 1.6 nM for VEGF-C (Fig. 5C).

VEGF-B has a unique L1 structure

The VEGF-B L1 sequence differs from those of VEGF-A and PIGF (fig.
S1). Comparison of VEGF-A and PIGF crystal structures in their com-
plexes with VEGFR-1 D2 [Protein Data Bank (PDB) codes 1FLT and
1RV6, respectively] revealed almost identical L1 and L3 conformations

A B-L17
Time (min) 0 10 20 30 40

01020304050

i - i wed

between the two (Fig. 5D). Accordingly, the L1 chimeras A-L1” and P-L1#
retained their parental VEGFR-1/EpoR-BaF3 cell activation and VEGFR-2
stimulation properties in BECs (figs. S2C and S4, A and B). The L1 struc-
ture in both VEGF-A and PIGF is dominated by a helical (3;¢) turn
followed by a conserved Glu-Tyr-Pro-x-Glu motif providing multiple, con-
served ionic interactions with the rest of the monomer. In the corresponding
VEGF-B structure (PDB code 2XAC), L1 lacks the helical turn and the
conserved motif along with their interactions (Fig. 5D). Molecular modeling
of B-L1” suggests that PIGF-derived L1 in B-L1¥ could accommodate the
parental structure, and L1 loop conformation may be stabilized with intra-
molecular interactions similar to those in PIGE, such as the Glu*®-Arg®® salt
bridge and the Tyr*’-Ser® hydrogen bond (PIGF or VEGF-B numbering;
Fig. 5D). Also, VEGF-B with the L1 from VEGF-A (B-L1*) stimulated
VEGEFR-1/EpoR-BaF3 cells and VEGFR-2 (and ERK1/2) phosphorylation
with dose-response kinetics similar to B-L17 (figs. S2C and S4, A and B).

DISCUSSION

Here, we provide new data that help in
understanding why two specific ligands
of VEGFR-1 with similar overall structures
display marked differences in their biol-
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Fig. 5. B-L17 binds with high affinity to VEGFR-1 but weakly to VEGFR-2. (A) Calorimetric titrations of B-L 17
to VEGFR-1 D1-3 (R1 D1-3) and VEGFR-2 D2-3 (R2 D2-3). Representative plots of three independent
experiments are shown. ND, not defined. (B) Summary of the enthalpy change (AH), entropy change (AS),
binding affinities (K,), and stoichiometry (N) from the ITC binding experiments, shown in (A). Data are
means + SD (n = 3 independent experiments). (C) Analysis of B-L1" binding to VEGFR-2 by an ELISA-
based competition assay. Competition of VEGF-A binding to VEGFR-2 by B-L17 and VEGF-C had ICso
values of 2.0 £ 0.45 uM (n = 3 independent experiments) and 7.4 + 1.6 nM (n = 3 independent ex-
periments), respectively. The ICsq values could not be defined for the competition by PIGF or VEGF-B.
(D) Comparison of L1 and L3 conformations of the VEGFR-1 ligands PIGF (cyan), VEGF-A (magenta),
and VEGF-B (orange) in complex with the VEGFR-1 D2-3 homology model. A homology model of B-L1P
suggests a PIGF/VEGF-A-like L1 conformation stabilized by the conserved ionic interactions Glu*®-Arg®
and Tyr*-Ser® (PIGF/VEGF-B numbering). (E) Schematic model of differential VEGFR-1 binding by PIGF
and VEGF-B. Unlike VEGF-B, PIGF (or B-L1P) interaction with VEGFR-1 can lead to an “activating” mode of
VEGFR-1 dimer conformation with RTK domains brought close enough together to initiate receptor phos-

phorylation and downstream signaling.

ogical activities. We show that the differen-
tial VEGFR-1 binding and activation involving
ligand L1 interactions with receptor D3
explain the differences in the biological ac-
tivities, and are thus critical for VEGFR ac-
tivation. Furthermore, we show that swapping
the PIGF-derived L1 to VEGF-B confers
the chimeric ligand the ability to activate
VEGEFR-2, downstream signaling, and an-
giogenic responses.

In general, RTKSs are activated by growth
factor—induced dimerization, and the bi-
valent VEGFs induce VEGFR cross-linking
through the ligand-binding domains D2-3
(35). VEGFR ligand binding is followed
by homotypic interactions in the membrane-
proximal domains D4-5 and D7, which are
crucial for receptor activation (36-38). We
and others have shown that targeting such
homotypic interactions with blocking anti-
bodies that do not affect ligand binding can
inhibit VEGFR activation (39—41).

The extracellular domains of VEGFRs
show interdomain flexibility, including the
D2-3 junction that forms the binding site
for the ligand. A full ligand-binding domain
(D2-3) structure has been described for VEGFR-
2 complexes with VEGF-A, VEGF-C, and
VEGF-E (28, 42). There are notable differ-
ences in the D2-3 twist angles of the recep-
tor monomers (6° to 25°) around the
twofold symmetry axis of the homodimeric
ligands. The complexes have similar D2 bind-
ing modes; their differences consist of var-
iation in D2-3 interdomain angles due to
different ligand interactions with D3 and
variation in the crystal packing. VEGF-A
induces strong VEGFR-2 activation. The
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~1000-fold loss of binding affinity caused by D3 deletion (26) indicates
the importance of D3 interactions and D3 orientation in priming the sub-
sequent homotypic interactions and signal transduction.

The VEGFR family of type V RTKSs is closely related to the type III
RTKSs consisting of a diverse family of receptors characterized by five
extracellular Ig-like domains, in which ligand binding is also centered
between D2 and D3. The ligands of type III RTKs use either the cystine-
knot-B-sheet fold (as for the type V RTKSs) or the four-helix-bundle fold
(43—45). The dimerization and activation of the prototypic KIT receptor by
its ligand involves reorientation of the Ig-like domains D4 and D5 to allow
interaction across the dimer interface (46). Structural studies on colony-
stimulating factor 1 receptor (CSF-1R) revealed a large reconfiguration
of the D2-3 elbow between the binding of its ligands CSF-1 and 1L-34
(47). CSF-1 and IL-34 induce differential signaling (48), suggesting that
the reorientation of the CSF-1R domains may modulate its signaling po-
tency. Also, the D2-3 junction in the two platelet-derived growth factor
receptors (PDGFRs) appears to be flexible until the ligand binds (49). Sim-
ilarly to VEGFRSs, the results with type III RTKs thus emphasize the im-
portance of the spatial reorientation of both the ligand-binding (D2-3) and
the membrane-proximal domains.

Deletion of D3 from VEGFR-1 D1-3 results in about 20- and 500-fold
decreased VEGF-A and PIGF binding affinities, respectively (24, 26).
Our experiments on D3 dependence of VEGF-B and PIGF binding to
VEGFR-1 confirmed the importance of D3 interactions for the high-affinity
binding of PIGE. Also, consistent with the about 10-fold increased affinity,
PIGF binding to D1-3 was accompanied with an about 2-fold larger en-
thalpy change than binding to D1-2. Instead, VEGF-B bound to both re-
ceptor fragments with similar affinity, and the thermodynamic profiles
were more similar, suggesting that D2 determines VEGF-B binding and,
compared to PIGE, VEGF-B has cither fewer or different interactions with
D3. This may reflect differences in ligand-induced D2-3 reorientation and
VEGFR-1 dimerization.

Comparison of the VEGF-B/PIGF loop swaps to the parental growth
factors in VEGFR-1 binding, activation, and angiogenesis assays indi-
cated that the L3 swaps had only moderate effects on VEGFR-1 activa-
tion, whereas the L1 swaps revealed strong gain-of-function (B-L1¥) and
loss-of-function (P-L1%) effects both in VEGFR-1 stimulation in vitro and
in the angiogenesis assays in mouse skeletal muscle. In the cellular assay,
native VEGF-B was a poor activator of VEGFR-1, suggesting less produc-
tive VEGFR-1 dimerization. The importance of L1 for VEGFR-1 activation
was further confirmed by loop swaps between VEGF-A and VEGF-B, in
which A-L1® lost its VEGFR-1—stimulating activity but retained VEGFR-1
binding, and B-L1* behaved similarly to B-L1%. Consistent with the se-
quence and structural similarity, the L1 swaps between VEGF-A and PIGF
did not alter receptor specificities. B-L1” and PIGF also increased the vas-
cularity of skeletal muscle, unlike P-L1® or VEGF-B. Thus, although the
angiogenic activity likely involves cross talk with VEGFR-2, differences be-
tween VEGF-B and PIGF in VEGFR-1 binding and activation are mainly
determined by L1.

The strong D3 dependence of VEGFR-1 binding and the importance
of PIGF L1 in VEGFR-1 activation suggest the existence of specific inter-
actions between PIGF L1 and VEGFR-1 D3. Consistent with the favorable
enthalpy observed in PIGF binding, several charged residues (Arg>*’-Asp*®)
located in VEGFR-1 D3 are important for PIGF binding (25). Comparison
of the VEGFR-1 D3 homology model and the PIGF/VEGFR-1 D2 com-
plex structure to the ligand/VEGFR-2 D2-3 complex structures (28, 42)
indicates close proximity between VEGFR-1 Arg®*°-Asp?®? and PIGF L1,
although detailed interactions remain to be elucidated. Our data indicate
that B-L1" may adopt the parental L1 conformation, interactions with D3,
and the mode of VEGFR-1 activation. On the other hand, the P-L1® and

VEGF-B data suggest that VEGF-B L1 is likely to have different, if any,
interactions with D3 that do not support VEGFR-1 activation. PDGF-B,
which is a cystine-knot ligand similar to VEGFs, also has major determi-
nants of PDGFRP D3 binding and receptor activation in L1 (49).

The other interesting finding in our study was the low-affinity
VEGFR-2 binding and activation by B-L1%. This gain-of-function activity
of B-L1” appeared as a result of the L1 swap between the two ligands,
which by themselves are not able to bind to or directly activate VEGFR-2.
The B-L1% swap resulted in a similar gain of VEGFR-2-stimulating activ-
ity. Considering the similarity in the topology of the VEGF family mem-
bers and in the PIGF and VEGF-A L1 amino acid sequences (53%; fig.
S1, A and B), PIGF and VEGF-A L1 could confer some VEGF-A proper-
ties, such as VEGFR-2 binding and activation, on their VEGF-B deriva-
tives. Although this activity of B-L1° was weaker than that of VEGF-A,
we showed that B-L1" promotes VEGFR-2 tyrosine phosphorylation as
well as downstream signaling in vitro and in vivo. On the other hand, PIGF
participates in VEGFR-2 phosphorylation and activation through the for-
mation of PIGF/VEGF-A heterodimers, which can bind to and activate
VEGFR-1/VEGFR-2 heterodimers (50—52). This indicates that some
receptor-binding epitopes in PIGF (L1 and L3 or L2 and oN in the oppo-
site poles) are compatible with VEGFR-2 binding because PIGF and
VEGF-A subunits contribute to both of the receptor-binding interfaces
of the heterodimer. Our data suggest that PIGF L1 in B-L1® and VEGF-A
L1 in B-L1* could adopt similar VEGFR-2 D3 interactions as VEGF-A.

In conclusion, we demonstrate here that differences in VEGFR-1—
mediated biological activities between VEGF-B and PIGF are mainly
determined by L1, which interacts with D3 of VEGFRs. PIGF L1 interac-
tions with D3 of VEGFR-1 seem to explain the ability of PIGF to activate
VEGFR-1. The high-affinity binding of VEGF-B to D2 of VEGFR-1 and
the lack of PIGF-like L1-D3 interactions may provide inadequate
priming of its membrane-proximal domains for homotypic interactions
necessary for VEGFR activation. This mode of binding does not activate
the receptor (Fig. 5E). Instead, VEGF-B may prevent the other ligands, such
as VEGF-A, from interacting with the occupied VEGFR-1, thus redirecting
VEGF-A signaling through VEGFR-2, as previously proposed for PIGF
(53). This scenario would apply to organs with abundant endogenous
VEGF-B protein, such as the embryonic heart, where VEGF-B may act
as a strong modulator of the main angiogenic factor VEGF-A. On the other
hand, maximal VEGF-B activity would be dependent on the available en-
dogenous VEGF-A for VEGFR-2 activation. Thus, unlike for VEGF-A
and PIGF, administration of even high concentrations of VEGF-B would
not lead to harmful consequences, such as vascular leakage or hemangi-
oma formation, that hindered the development of proangiogenic therapies
with VEGF-A (54, 55).

MATERIALS AND METHODS

Antibodies

The following antibodies were used in the study: rabbit anti—phospho-
VEGFR-2 (Tyr''”®) (Cell Signaling, cat. #2478) and anti-phospho-
VEGFR-1 (Tyr'*'?) (R&D Systems, cat. #AF4170); goat anti-mouse
VEGFR-2 (R&D Systems, cat. #AF644); mouse anti-pY (clone 4G10)
(Millipore, cat. #05-321) and rabbit anti-VEGFR-1 (Santa Cruz Biotech-
nology, cat. #sc-316) and anti-VEGFR-2 (Santa Cruz Biotechnology, cat.
#sc-504); rabbit anti-phospho-p44/42 MAPK (T202/Y204) and anti—p44/42
MAPK (Cell Signaling, cat. #9101 and 9102); rabbit anti-phospho-Akt
(S473) and rabbit anti-Akt (Cell Signaling, cat. #9271 and 9272); mouse
anti—Penta-His (Qiagen, cat. #34660); rat anti-mouse CD31 (PECAM-1)
(BD Biosciences, cat. #553370); and mouse anti-SMA-Cy3 (Sigma, cat.
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#C 6198). Secondary species-specific Alexa-conjugated antibodies were
from Invitrogen.

Cloning

AAV vectors (psubCMV-WPRE or psubCAG-WPRE) encoding mouse
VEGF-B186, mouse PIGF, and human serum albumin were described in
our previous publication (9). B-L1” and P-L1® replacement constructs
were cloned into the psubCAG-WPRE vector in a similar way. Truncated
mouse VEGF-B and PIGF, containing sequences encoded by exons 1 to 5,
as well as B-L1F, P-L1B, A-L1f, P-L1*, and B-L1* replacement chimeras,
were cloned into the pFastBacl vector (Invitrogen) for protein production
in Sf21 insect cells.

Protein production and purification

Mouse PIGF (residues 19 to 137, encoded by exons 1 to 5), VEGF-B (res-
idues 23 to 36, encoded by exons 1 to 5), human VEGF-A (residues 27 to
191), and their L1 (residues 56 to 70, 55 to 69, and 61 to 74, respectively)
swaps were produced with a C-terminal His-tag in Sf21 insect cells using
the baculovirus system. VEGF-B, B-L1% and B-L1* contain a QI96N/RI8T
double mutation to create an N-glycosylation site similar to that in PIGE.
The proteins were purified by Ni**-charged chelating Sepharose (GE
Healthcare) followed by gel filtration on a Superdex 200 (GE Healthcare)
column. VEGF-C was produced and purified similarly (28). Human
VEGFR-1 domains 1 to 2 (VEGFR-1 D1-2, residues 23 to 224) and do-
mains 1 to 3 (VEGFR-1 D1-3, residues 23 to 331) and human VEGFR-2
domains 2 to 3 (VEGFR-2 D2-3, residues 118 to 326) were produced with
a C-terminal Factor Xa cleavage site and an Fc-tag (IgG1) using the bacu-
lovirus system. The proteins were purified by protein A—Sepharose (GE
Healthcare) followed by gel filtration on the Superdex 200 column or by
buffer exchange using Fast Desalting Column (HR 10/10, GE Healthcare).
Monomeric VEGFR-1 D1-2 and D1-3 constructs were prepared by
Fc-tag removal using Factor Xa (GE Healthcare).

Production of rAAV serotype 9

rAAVs (serotype 9) encoding mouse VEGF-B186, PIGF, and the replace-
ment chimeras B-L17 and P-L1® were produced and purified by a three-
plasmid transfection method, as previously described (56).

Analysis of growth factor expression and activity

Growth factor—containing supernatants were produced by rAAV vector trans-
fection of 293T cells metabolically labeled with [*°S]Cys/Met (Amersham
Biosciences and GE Healthcare). The growth factors were precipitated
with VEGFR-1-Ig and protein A—Sepharose, followed by analysis by gel
electrophoresis and autoradiography. The hVEGFR-1/EpoR-BaF3 cell
line used for the ligand activity assay is a previously described derivative
of the IL-3—dependent mouse pro-B cell line BaF3 (37). The MTT cell pro-
liferation assay was performed essentially as described (56).

Analysis of VEGFR-2 phosphorylation and VEGFR-1/VEGFR-2
heterodimerization in cultured endothelial cells

BECs or HUVECs (PromoCell) were used as indicated. The PAE cell
line was obtained from L. Claesson-Welsh (Uppsala, Sweden). NIH 3T3
cells (American Type Culture Collection) were transfected with a retrovirus
vector encoding human VEGFR-2. The cells were starved overnight and
then stimulated for 5 or 10 min with the ligands, as indicated. VEGF-A was
used at 100 ng/ml (Fig. 4, A, B, and C) or 50 ng/ml (Fig. 4, E and G); all
the other proteins were used at 500 ng/ml (Fig. 4, A, B, E, and G) or 1 pg/ml
(Fig. 4C). In some instances, varying concentrations of B-L1¥ were used,
ranging from 50 to 500 ng/ml, as indicated in Fig. 4E, and for the exper-
iment shown in Fig. 4G, VEGF-B was used at 20 pg/ml. After growth

factor treatment, the cells were lysed in lysis buffer [phosphate-buffered
saline (PBS), containing 0.5% Triton X-100, 0.5% NP-40, and protease
plus phosphatase inhibitors]. The lysates were subjected to gel electropho-
resis either immediately or after the immunoprecipitation step as indicated,
transferred onto a polyvinylidene difluoride membrane, and Western-
blotted with the indicated antibodies.

Binding assays

Thermodynamic characterization of VEGF-B and PIGF binding to the
monomeric VEGFR-1 deletion mutants VEGFR-1 D1-2 and VEGFR-1
D1-3 was carried out at +27 using a VP-ITC calorimeter (MicroCal) as
described (28). B-L1” binding to VEGFR-1 D1-3 and to the Fc-tagged
VEGFR-2 D2-3 was analyzed similarly. The data were processed using
MicroCal Origin 7.0 software. The relative binding affinities to the Fc-
tagged VEGFR-2 D2-3 were analyzed by an enzyme-linked immuno-
assay. VEGFR-2 binding to VEGF-A was competed by VEGF-B, PIGE,
B-L1¥ and VEGF-C, and the ICs, values were determined using a one-site
binding model and nonlinear regression analysis in Prism v3.02 (GraphPad
Software).

Expression and activity analysis of VEGFR-1 ligands in
mouse skeletal muscle

Twelve-week-old female FVB/N mice were anesthetized with xylazine
(Rompun vet, Bayer Healthcare) and ketamine (Ketalar, Pfizer), and a
dose of 3 x 10" tAAV particles (in 30-ul volume) was injected into each
tibialis anterior muscle. All mouse experiments were approved by the Pro-
vincial State Office of Southern Finland and carried out in accordance
with the institutional guidelines. After 2 weeks, the tibialis anterior mus-
cles were isolated, embedded in optimum cutting temperature compound
(Tissue-Tek), sectioned, acetone-fixed, and immunostained with the indi-
cated antibodies. The microvessel area density was quantified using
Image] software (National Institutes of Health).

Analysis of protein phosphorylation in vivo

Pure growth factors (in 100 pl of PBS) were injected at a dose of 20 pg per
mouse or at doses indicated in Fig. 3C to anesthetized 10- to 12-week-old
FVB/NJ mice. After 10 min, unless otherwise indicated, the tissues were
isolated and flash-frozen in liquid nitrogen until use. For analysis of phos-
phorylated and total VEGFR-1 or VEGFR-2, the tissues were thawed and
homogenized in ice-cold lysis buffer. Tissue lysates (150 pg of total soluble
protein) were subjected to Western blotting or immunoprecipitation followed
by Western blotting (for phospho-VEGFR-1 Tyr'?'* determination).

Homology modeling

A VEGFR-1 D2-3 homology model for residues 134 to 333 of mouse
VEGFR-1 was prepared using crystal structures of VEGFR-1 D2 (PDB
code 1FLT) and VEGFR-2 D3 (PDB code 2X1X) as templates in Swiss-
Model. Similarly, B-L1* was modeled using PIGF (PDB code 1RV6) as a
template. To obtain the 2:2 models, the VEGFR-1 D2-3 model, the three
ligands—PIGE, VEGF-A, and VEGF-B—from the VEGFR-1 D2 com-
plex structures (PDB codes 1FLT, 1RV6, and 2AXC, respectively), and
the B-L1” model were superimposed with the corresponding chains in
the VEGF-A/VEGFR-2 D2-3 complex (PDB code 3V2A) in Coot (57).

Statistical analysis

If equal variances were assumed, we evaluated statistical significance by
one-way analysis of variance (ANOVA), followed by the Dunnett (two-
sided) post hoc test, with P < 0.05 regarded as significant. Where pairwise
comparisons between experimental groups were made, the Tukey test was
used. If the variances were not equal, the Games-Howell test was used as a
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post hoc test, with P < 0.05 regarded as significant. The results are
presented as means + SD.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/6/282/ra52/DC1

Fig. S1. Comparison of the amino acid sequences of VEGFR-1 ligand loops.

Fig. S2. Replacement of VEGF-A L1 with the VEGF-B—derived L1 does not affect VEGFR-1
binding, but inhibits VEGFR-1 activation.

Fig. S3. Pretreatment of PAE-VEGFR-2 cells with high molar excess of VEGF-B does not
reduce the VEGFR-2 phosphorylation induced by B-L17 or VEGF-A.

Fig. S4. Analysis of L1 swap chimeras between VEGF-A and PIGF.
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