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The kinase domain receptor (KDR) of vascular endo-
thelial growth factor (VEGF) is the main human recep-
tor responsible for the angiogenic activity of VEGF. The
extracellular region of KDR is comprised of seven im-
munoglobulin-like domains, of which the first three
have been shown to be required for ligand binding. We
have previously described antibodies directed against
the extracellular region of KDR, including MAB383 and
MAB664, which were shown to block the binding of
VEGF to the receptor and to inhibit both VEGF-induced
mitogenesis of human endothelial cells in vitro and tu-
mor growth in vivo. Here we generated a series of KDR
deletion mutants consisting of truncated extracellular
regions and mapped out the domain(s) responsible for
binding to VEGF and the neutralizing anti-KDR anti-
bodies. All neutralizing antibodies were found to re-
quire domain 3 for efficient binding. Alanine-scanning
mutagenesis of domain 3 identified two different sets of
five residues, Ile256, Asp257, Glu261, Leu313, and Thr315

and Tyr262, Pro263, Ser264, Ser265, and Lys266, that were
critical for binding to MAB383 and MAB664, respec-
tively. Combination of alanine mutations affecting both
MAB383 and MAB664 binding resulted in a variant that
also lost binding to VEGF. These results suggest that the
residues within this region of domain 3 are critical for
VEGF binding. Our studies provide a basis for the mech-
anism of action of our anti-KDR antibodies and establish
a functional foundation for the development of other
classes of antagonists to the receptor.

KDR, the kinase domain receptor of VEGF1 (also known as
VEGF receptor 2), is the main human receptor responsible for
the angiogenic activity of VEGF (1–3). There is compelling
evidence to suggest that VEGF/KDRs play an important role in
tumor angiogenesis, a process essential for both tumor growth
and metastasis (for reviews see Refs. 4–6). Inhibition of tumor
growth and metastasis in a variety of animal models has been
achieved by various approaches that disrupt and/or neutralize

the functions of either VEGF or KDR (6–9). Further, VEGF/
KDR pathway has also been implicated in several other path-
ological processes, including diabetic retinopathy and rheuma-
toid arthritis (10, 11). Antagonists to VEGF and/or KDR,
therefore, may have broad applications in the treatment of a
variety of human diseases where pathological angiogenesis is
involved.

VEGF is a member of the cysteine-knot growth factor family
that also includes several other factors, such as platelet-de-
rived growth factor, transforming growth factor b, and nerve
growth factor (12). VEGF exists as a homodimer held together
by two intermolecular disulfide bonds. A high resolution crystal
structure of VEGF has been recently determined (13, 14). Each
VEGF homodimer possesses two symmetrical binding surfaces,
one located at each pole of the molecules, and is composed of
binding determinants contributed by both subunits in the ho-
modimer. Within each binding surface eight residues form two
“hot spots”; the larger one consists of Ile43, Ile46, Ile83, Lys84,
and Pro85 from one subunit, along with one residue, Glu64, from
the other subunit, and the smaller one contains one residue
from each subunit, Gln79 and Phe17 (13–15). Recent studies
have demonstrated that a single VEGF homodimer binds two
molecules of KDR, which is followed by receptor dimerization
and activation (13, 14, 16). The extracellular region of KDR
consists of seven immunoglobulin-like domains, and deletion
studies have shown that domains 1–3 are sufficient and neces-
sary for high affinity binding to VEGF (16, 17). Deletion of
domain 3 alone reduced the binding to VEGF by .1000-fold,
indicating a critical functional role for this domain in VEGF/
KDR interaction (16, 17). Because no detailed structural infor-
mation on KDR is available to date, the molecular basis of
VEGF/KDR interaction is poorly understood.

We previously described a panel of antibodies that recognize
various epitopes on the extracellular region of KDR (18). All
eight neutralizing antibodies that block VEGF/KDR interac-
tion, including MAB383, MAB664, and IMC-1C11, were found
to require domain 3 for efficient binding, whereas all nonblock-
ing antibodies recognize epitopes that are located outside this
domain.2 It is noteworthy that none of our neutralizing anti-
KDR antibodies cross-reacts with fetal liver kinase 1 (Flk-1),
the mouse homolog of KDR, despite high sequence identity
(;85%) between the two molecules. Both KDR and Flk-1, how-
ever, bind and can be activated by human VEGF. Taken to-
gether, these observations suggest that our neutralizing anti-
KDR antibodies interact with distinct epitopes on KDR
molecule. Using alanine-scanning mutagenesis, we have char-
acterized the functional epitopes within KDR domain 3 for
binding to neutralizing anti-KDR antibodies and to the natural
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ligand, VEGF. Our studies indicate that two neutralizing anti-
KDR antibodies, MAB383 and MAB664, bind to nonoverlap-
ping epitopes within domain 3. Further, we have identified a
subset of residues within this domain important for binding to
VEGF. Taken together, our data provide a basis for the mech-
anism of action of our anti-KDR antibodies and for developing
other classes of antagonists to the receptor.

EXPERIMENTAL PROCEDURES

Generation of Anti-KDR Antibodies—A panel of anti-KDR antibodies
were generated from mice immunized with a fusion protein consisting
of the full extracellular region of KDR fused to human alkaline phos-
phatase (AP), using both conventional hybridoma technique and anti-
body phage display library as described previously (19). Briefly,
MAB383, MAB664, and MAB413 are hybridoma-derived murine mono-
clonal antibodies (18); IMC-1C11 is a mouse/human chimeric IgG1
antibody constructed from a single chain Fv (scFv) isolated from a
phage display library (19, 20); and DAB p3S5 is a diabody (a bivalent
scFv dimer) constructed from a scFv isolated from the same phage
display library (21).

Generation of KDR Deletion Mutants—Soluble mutant proteins con-
sisting of various lengths of the extracellular region of KDR fused to AP
were expressed in mammalian cells. The definition of KDR deletion
mutants are as follows (see also Fig. 1A): KDR (1–7), the full-length
KDR extracellular region containing all the seven domains of the re-
ceptor (from Met1 to Val742); KDR (1–5), the mutant containing the five
N-terminal domains (from Met1 to Glu552); KDR (1–4), the mutant
containing the four N-terminal domains (from Met1 to Pro403); KDR
(1–3), the mutant containing the three N-terminal domains (from Met1

to Lys327); KDR (1–2), the mutant containing the two N-terminal do-
mains (from Met1 to Tyr224); KDR (1), the mutant containing the first
N-terminal domain only (from Met1 to Asp131); KDR (2–7), the mutant
containing KDR domains 2–7 (from Pro124 to Val742); and KDR (3–7),
the mutant containing KDR domains 3–7 (from Asp225 to Val742). All
KDR deletion mutants were generated by PCR using a template com-
prising the chimeric cDNA encoding sequences for the full-length KDR
extracellular region fused to AP (19, 22). The PCR fragments were
digested with restriction enzymes RsrII and BspEI and cloned into
expression vector KB98.2, a derivative of AP tag (22). In this vector, the
KDR deletion mutants were expressed as soluble AP fusion proteins.
Each of the DNA constructs was used to transfect NIH 3T3 cells for
transient expression, and the fusion proteins were purified from the
condition medium using anti-AP antibody affinity chromatography as
described previously (19).

Binding of the KDR Deletion Mutants to VEGF and Anti-KDR Anti-
bodies—The KDR deletion mutants were first immobilized onto 96-well
plates (Nunc, Rosklide, Denmark) using a rabbit anti-AP antibody
(DAKO Immunoglobulins, Glostrup, Denmark) as the capturing agent.
The plates were then incubated with various anti-KDR antibodies at
room temperature for 1 h, followed by incubation with goat anti-mouse-
HRP conjugate for MAB383, MAB664, MAB413, and DAB p3S5 or goat
anti-human k chain antibody-HRP conjugate for IMC-1C11 (19, 20).
The plates were washed and developed as described previously (19, 21).
For VEGF binding, the KDR deletion mutants were incubated with
VEGF coated plates, followed by detection with a rabbit anti-AP anti-
body-HRP conjugate (21).

Phagemid Construction for Phage Displaying of KDR Domain 3—A
gene segment encoding KDR domain 3 (from Tyr221 to Ser334) was
amplified by PCR using the following primers:

59-CTG ATA GCG GCC CAG CTG GCC ATG GCC TAT AGG ATT TAT GAT-39

Sfi I site

59-AGT TTC TGC GGC CGC ATG GCG TCC TTC TAT ACT TCC AAA AGC AAC-39

Not I site Factor Xa site

SEQUENCES 1 AND 2

The DNA fragment (;400 base pairs) was purified on agarose gel,
digested with SfiI and NotI, and ligated into the pCANTAB 5E phage-
mid vector (Amersham Pharmacia Biotech) to create the construct
phKDR-D3. In this construct KDR domain 3 is inserted between the
leader sequence and the encoding sequence of the M13 gene III for
displaying on phage surface (see Fig. 3, top panel). For assay purposes,
a short DNA segment encoding a factor Xa cleavage site and a 13-amino
acid-long polypeptide tag, the E tag (19), were inserted between the C
terminus of KDR and the gene III sequence.

Alanine Mutagenesis and Phage Preparation—Mutations in ph-

KDR-D3 were made by PCR-based site-directed mutagenesis using the
QuickChangeTM kit (Strategene, La Jolla, CA), following the manufac-
turer’s instructions and were confirmed by DNA sequencing. Esche-
richia coli strain TG1 cells were transformed with the phagemid and
selected on 23 YTAG plates (23 YT plus ampicillin at 100 mg/ml and
2% glucose) as described previously (19). To prepare monovalent phage,
individual TG1 colonies were grown at 37 °C in 23 YTAG medium to log
phase, infected with M13 KO7 helper phage (Strategen), and grown
overnight at 30 °C in 23 YTAK medium (23 YTA plus kanamycin at 50
mg/ml) to produce phage particles. The E. coli cells were removed by
centrifugation, and the culture supernatant was mixed with 1⁄5 volume
of 25% PEG (molecular weight, 8000)/2.5 M NaCl and centrifuged at
20,000 3 g for 20 min to precipitate the phage particles. The phage
pellet was resuspended in PBS, and the phage titer was determined
(23).

Binding of the Phage-displayed KDR Domain 3 Mutants to Anti-KDR
Antibodies—96-well Maxi-sorp plates (Nunc) were coated with either
anti-E tag antibody (Amersham Pharmacia Biotech) or various anti-
KDR antibodies (100 ml/well at 1 mg/ml in PBS) overnight at 4 °C. The
plates were washed twice with PBS and incubated with blocking buffer
(3% fat-free milk in PBS) at 37 °C for 2 h. The amplified phage were
blocked with 1⁄6 volume of 18% milk/63 PBS at room temperature for
2 h and serially diluted in blocking buffer and then transferred to the
antibody-coated plates. After 1 h of incubation at room temperature, the
plates were washed three times with PBS/0.2% Tween-20, followed by
incubation with an anti-M13 antibody-HRP conjugate (Amersham
Pharmacia Biotech, 1:5000 dilution) in blocking buffer for an additional
1 h. The plates were washed four times with PBS/0.2% Tween-20,
developed using the TMB peroxidase substrate (KPL, Gaithersburg,
MD), stopped with 1 M H2SO4, and read spectrophotometrically at 450
nm (19). Binding of each alanine mutant to anti-KDR antibodies was
calculated as a relative value to that of the wild type domain 3 following
the formula: Relative binding of alanine mutant 5 R(mut)/R(wt), where

R~mut! 5
Mutant binding (A450 nm) to anti-KDR antibody
Mutant binding (A450 nm) to anti-E tag antibody

(Eq. 1)

R~wt! 5
Wild-type binding (A450 nm) to anti-KDR antibody
Wild-type binding (A450 nm) to anti-E tag antibody

(Eq. 2)

Expression of KDR (1–3) Variants in Mammalian Cells—Mutations
within domain 3 were generated by overlapping PCR using KDR (1–
3)-AP fusion protein (Fig. 1A) as the template and confirmed by DNA
sequencing. The plasmids were used to transfect COS-7 cells for tran-
sient expression followed the procedure previously described (20). The
conditioned media were collected at 48 and 96 h after transfection,
pooled, and concentrated using Centricon-10 (Amicon Corp., Beverly,
MA). The concentration of each protein variant was determined by
Western blot analysis using an anti-AP antibody as the detecting agent.

Binding of KDR (1–3) Variants to Anti-KDR Antibodies and VEGF—
96-well Maxi-sorp plates were coated with VEGF165 or various anti-
KDR antibodies (100 ml/well at 1 mg/ml in PBS) overnight at 4 °C. The
plates were washed twice with PBS and incubated with blocking buffer
at 37 °C for 2 h, followed by incubation with KDR (1–3)-AP variants at
room temperature for additional 1 h. The plates were washed four times
with PBS/0.2% Tween-20, followed by incubation with p-nitrophenyl
phosphate (Sigma), a substrate of AP, to quantitate the bound AP
activity (19). DAB p3S5, an anti-KDR diabody that binds to KDR
domain 1, was used in this assay in parallel to other anti-KDR anti-
bodies and VEGF, to ensure the functional expression of the variant
protein and to normalize the amount of protein added in each assay.
Binding of each KDR (1–3) variant to anti-KDR antibodies and VEGF
was calculated as a value relative to that of the wild type KDR (1–3)
following the formula described above for the phage ELISA. The bind-
ing of KDR (1–3) variants to diabody DAB p3S5 was used as the
reference instead of that to anti-E tag antibody.

Homology Modeling of KDR Domain 3—A model of KDR domain 3 of
was constructed using the crystal structure of telokin, an abundant
smooth muscle protein with an amino acid sequence identical to that of
the C-terminal region of smooth muscle myosin light chain kinase
(Protein Data Bank identification number 1TLK) (24) as a template.
The crystal structure of Fms-like tyrosine kinase-1 (Flt-1) domain 2
(Protein Data Bank identification number 1FLT) (25) was used as a
reference for model building. The sequences of telokin and KDR domain
3 were aligned based on conserved amino acids according to the guide-
lines described by Harpaz and Chothia (27) for immunoglobulin do-
mains. The three-dimensional model was built using the program O
(26). The KDR domain 3 side chains were substituted on the telokin
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template maintaining similar orientation. In the two sites where KDR
domain 3 had an insertion relative to telokin, a two-residue loop exten-
sion was built manually, and a seven-residue strand-loop-strand seg-
ment was modeled using the O search algorithm of Protein Data Bank-
derived structures.

RESULTS

Expression of KDR Deletion Mutants—To determine the min-
imal domain requirements for VEGF binding and to map out
the binding domains for various antibodies, a series of KDR
deletion mutants were produced. Each of the seven domains of
KDR was deleted from the C terminus of the extracellular
region (Fig. 1A). Additional two mutants were made by remov-
ing the first or the first plus the second domains from the N
terminus of the extracellular region (Fig. 1A). The mutants
were expressed in NIH 3T3 cell lines as fusion proteins to AP
and purified by affinity chromatography. SDS-polyacrylamide
gel electrophoresis analysis of purified proteins demonstrated
that all KDR mutants gave rise to a major band with mobility
close to that anticipated (Fig. 1B).

Binding of VEGF and Anti-KDR Antibodies to KDR Deletion
Mutants—Systematic C-terminal domain deletion of KDR
showed no effect on its binding to VEGF until domain 3 was
deleted; deletion of domain 3 completely abolished the binding
of VEGF (Fig. 2). Deletion the first domain from the N-terminal
of KDR reduced its binding to VEGF by ;85%, and no binding
was seen when both the first and the second N-terminal do-
mains were deleted. These data suggest that all the three
N-terminal domains of KDR are important and sufficient for
high affinity binding to VEGF.

The binding domain(s) of various anti-KDR antibodies were
also mapped using the deletion mutants (Fig. 2). MAB383 and
MAB664 both bound to all mutants containing domain 3, thus
locating their binding epitope(s) within this domain. MAB413
bound to full-length KDR, KDR (2–7), and KDR (3–7) but not to
other mutants, e.g. KDR (1–5), indicating that it binds

epitope(s) within domain 6 and 7. In contrast, DAB p3S5 bound
to all mutants except KDR (2–7) and KDR (3–7), locating its
binding epitope to domain 1. IMC-1C11 bound to KDR deletion
mutants in a pattern very similar to VEGF, both of which
require domains 1–3 (Fig. 2).

We have shown that MAB383, MAB664, and IMC-1C11, but
not MAB413 and DAB p3S5, were capable of competing with
VEGF for binding to KDR (Ref. 18 and Table I). Together with
the domain mapping data, this suggests KDR domain 3 plays a
critical role in VEGF binding.

KDR Domain 3 Expression on Filamentous Phage Sur-
face—To dissect out the amino acid residues in domain 3 crit-
ical for binding to VEGF and our anti-KDR antibodies, we
cloned the gene segment encoding the domain into a phagemid
vector for displaying on phage surface (Fig. 3, top panel). A
short piece of DNA encoding a factor Xa cleavage site, as well as
a polypeptide tag, the E tag, were inserted between the C-
terminal of KDR coding sequence and the gene III coding
sequence for assay purposes (Fig. 3, top panel). The phage
surface-displayed KDR domain 3 bound efficiently to MAB383
and MAB664 but not to IMC-1C11 and VEGF (Fig. 3, middle
panel). This is consistent with our earlier observation that both
IMC-1C11 and VEGF require all three N-terminal domains for
high affinity binding (Fig. 2). Incubation with a reducing agent,
dithiothreitol, to break the disulfide bond within the domain,
reduced the binding of the KDR phage to MAB383 and
MAB664 by ;60–70%. The binding to both MAB383 and
MAB664 was completely abolished when the KDR phage was
treated with factor Xa prior to the assay (Fig. 3, middle panel).
The binding to an anti-E tag antibody, however, was not af-
fected by treatment with either dithiothreitol or Factor Xa.
Taken together, these observations indicate that KDR domain
3 is properly folded and functionally displayed on the phage
surface.

Fig. 3 (bottom panel) shows the dose-dependent binding of
KDR phage to both anti-KDR monoclonal antibodies and anti-E
tag antibody. Within the range of phage titers from 5 3 108 to
1.6 3 1010 plaque-forming units/ml, a good linear relationship
was seen between the numbers of phage added and the absorb-
ance at 450 nm (A450 nm) in all three binding assays. Based on
this observation, phage titers between 1 and 10 3 109 plaque-
forming units/ml were used in our subsequent ELISA assays
for all alanine mutants.

Construction of Alanine Mutants of KDR Domain 3—Despite
overall high sequence identity (;85%) between KDR and its
murine homolog, Flk-1, none of the neutralizing anti-KDR an-
tibodies produced in our laboratory cross-react with Flk-1 (18,
19). A sequence alignment between KDR and Flk-1 revealed
that the most divergent region among the seven domains is
domain 3 with only ;74% identity (Fig. 4A). MAB383 and
MAB664 did not bind to either full-length Flk-1 or Flk-1 do-
main 3 displayed on phage surface (not shown). On the other
hand, both KDR and Flk-1 bind and can be activated by human
VEGF. These observations suggest that our neutralizing anti-
KDR antibodies interact with distinct epitopes in KDR mole-
cule that are not present in Flk-1. By aligning the amino acid
sequences of KDR and Flk-1, twenty-eight residues that differ
within domain 3 were selected for mutagenesis. The 28 resi-
dues were grouped in clusters so that, in total, six mutants
were constructed (M1–M6), with each mutant containing four
to eight alanine mutations (Fig. 4A).

Molecular Modeling of KDR Domain 3—Immunoglobulin do-
mains are formed by two b-sheets packed together, with vari-
ations in b-strand length and in the conformation of the loops
connecting the strands. By examining proteins within the im-
munoglobulin superfamily, Harpaz and Chothia (27) has clas-

FIG. 1. Expression of KDR deletion mutants in NIH 3T3 cells. A,
a schematic diagrams showing the seven KDR extracellular domains,
KDR(1–3)-AP, and various KDR deletion mutants consisting of differ-
ent lengths of the extracellular region. The domains are numbered from
the N terminus. B, SDS-polyacrylamide gel electrophoresis analysis of
the affinity purified KDR deletion mutant-AP fusion proteins.
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sified immunoglobulin domains into four structural sets, the V,
C1, C2, and I sets, based on similarities in sequence and struc-
ture. KDR domain 3 is a member of the I structural set within
the immunoglobulin superfamily. It matches exactly the profile
of the 20 key amino acids that define the I set, consisting of
packing residues at the core of the domain. KDR domain 3 was
modeled using the crystal structure of the I set member, te-
lokin, as the template, by inserting two residues in the loop
connecting strands B and C and seven residues between
strands D and E to increase the length of these strands (Fig.
4B). After examination of the model, the residues selected for
mutagenesis were found to be clustered generally along

b-strands A (M1), C and C9 (M2 and M6), D and E (M3), and G
(M5). Cluster 4 (M4) was located in the loop connecting
b-strands E and F.

Binding of KDR Domain 3 Alanine Mutants to MAB383 and
MAB664—A phage ELISA was used to test binding of the
phage-displayed domain 3 alanine mutants to immobilized an-
tibodies. As a control for surface displaying and for quantita-
tion of numbers of phages added in the ELISA assay, all the
mutants were also tested in parallel for binding to an anti-E
tag antibody.

We have previously shown that MAB383 and MAB664 bind
to nonoverlapping epitope(s) (18), and our results with alanine-

FIG. 2. Binding of KDR deletion mu-
tants to VEGF and anti-KDR antibod-
ies. The KDR deletion mutants were cap-
tured onto 96-well plates with a rabbit
anti-AP antibody, followed by incubation
with various anti-KDR antibodies. The
plates were detected using goat anti-
mouse-HRP conjugate for MAB383,
MAB664, MAB413, and DAB p3S5 or goat
anti-human k chain antibody-HRP conju-
gate for IMC-1C11. For VEGF binding,
the KDR deletion mutants were incu-
bated with VEGF-coated plates, followed
by detection with a rabbit anti-AP anti-
body-HRP conjugate.

TABLE I
Characteristics of anti-KDR antibodies

Antibody or
VEGF Properties Binding epitope(s) on

KDR
KDR/VEGF

blockinga
Cross-competition for binding KDRb

MAB383 MAB664 MAB413 IMC-1C11 DAB p3S5

MAB383 Murine, IgG1 Domain 3 Yes 1 2 2 1 2
MAB664 Murine, IgG1 Domain 3 Yes 2 1 2 2 2
MAB413 Murine, IgG1 Domains 6 and 7 No 2 2 1 2 2
IMC-1C11 Chimeric, IgG1 Domains 1–3 Yes 1 2 2 1 2
DAB p3S5 Murine, diabody Domain 1 No 2 2 2 2 1
VEGF Human VEGF165 Domains 1–3 Yes 1 1 2 1 2

a Determined by an in vitro ELISA as previously described (18). Briefly, the antibodies were first mixed with a fixed amount of KDR(1–7)-AP
fusion protein (50 ng) and incubated at room temperature for 1 h. The mixtures were then transferred to a 96-well plate precoated with VEGF165
(200 ng/well) and incubated at room temperature for 2 h. The plate was washed, and an AP substrate (p-nitrophenylphosphate; Sigma) was added
to quantify the bound KDR(1–7)-AP molecules. The effect of anti-KDR antibodies on blocking the binding of KDR to immobilized VEGF was
determined.

b Determined by BIAcore analysis using KDR(1–7)-AP-coated biosensor chips (18). Briefly, KDR-AP fusion protein was immobilized onto a
biosensor chip, and antibodies or VEGF were injected sequentially, in pairs, to determine the effect of the first antibody binding to KDR upon the
binding of the second antibody (or VEGF). 1 indicates that two antibodies, or antibody and VEGF, cross-compete with each other for binding to
KDR, whereas 2 indicates the antibodies (or VEGF) do not compete with each other for KDR binding.
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scanning mutagenesis are generally consistent with this obser-
vation (Table II). Mutations in clusters 1 (M1) and 4 (M4)
reduced the binding to MAB664 by ;50% and 93% but had no
effect on binding to MAB383. In contrast, mutations in cluster
5 (M5) severely reduced binding to MAB383 while retaining
reactivity to MAB664. Mutations in cluster 3 (M3) showed no
effects on binding to either antibody. It is of interest that
mutations in cluster 2 (M2) abolished binding to both MAB383
and MAB664. In contrast, mutations located to b-strand C9
(M6) abolished selectively the binding to MAB664. These re-
sults suggest that the multiple alanine mutations in cluster
mutant M2 may have caused misfolding of the domain dis-
played on phage surface and/or local conformation disruption.

To identify the specific residues within the cluster mutants
most critical for individual monoclonal antibody binding, a
series of alanine-back-to-wild type mutants were constructed
and tested (Table II). In the back mutants, the alanine muta-
tions within the clustered mutants were changed individually
back to the wild type residue. A single back mutation in M1,
A238V (M1.1), fully restored the binding to MAB664, whereas
another single back mutation in M4, A295D (M4.1), restored
;60% of the binding to MAB664. None of the single back

mutations in M2 and M6 restored the binding to MAB664. As
expected, none of the back mutations in M1 and M4 showed any
effects on binding to MAB383.

Two individual back mutations in M5, A313L (M5.1) and
A315T (M5.2), restored the binding to MAB383 by ;42% and
57%, respectively. Although none of the other three single back
mutations in this region, A317K (M5.3), A319S (M5.4), or
A326E (M5.5), restored the binding to MAB383, the combina-
tion of all three (M5.6) resulted in a mutant that demonstrated
43% binding activity of the wild type domain 3. In contrast to
those seen with MAB664, single back mutations in M2, A256I
(M2.1) and A261E (M2.3), each resulted in a mutant with
70–80% binding capacity to MAB383. A combined mutant
(M2.8) with five back mutations (A261E, A262Y, A264S,
A267H, and A268Q) bound as well as the wild type domain 3 to
both MAB383 and MAB664. Converting the Glu261 in mutant
M2.8 to alanine to create mutant M2.9, however, selectively
reduced the binding to MAB383 by ;50%. As expected, none of
the individual back mutations in M6 affected the binding to
MAB383, nor did those in M5 have any effects on binding to
MAB664 (Table II).

Construction and Expression of KDR (1–3) Variants in Mam-
malian Cells—We have identified key residues in KDR extra-
cellular region most critical for binding to MAB383 and
MAB664 using phage displayed domain 3 (Table II). It is not
possible, however, to test the alanine mutants in this system
for binding to VEGF and IMC-1C11, because both of them
require domains 1–3 for efficient binding. To test whether the
residues critical for MAB383 and MAB664 binding would also
influence binding to VEGF and IMC-1C11, we introduced the
alanine mutations into a KDR (1–3) construct and expressed
the variant proteins in COS cells. In total, six KDR (1–3)
variants (V1–V6) were prepared, with each variant containing
exact the same cluster alanine mutations as in their respective
phage-displayed domain 3 mutants (M1–M6; Tables II and III).
The KDR (1–3) variant proteins were assayed in ELISA for
binding to MAB383, MAB664, IMC-1C11, and VEGF. A dia-
body, DAB p3S5, which binds to KDR domain 1, was used in all
ELISA to demonstrate the functional expression of the variant
proteins and to normalize the amounts of protein added in the
assay.

Consistent with our observations in the phage ELISA, the
identical alanine mutations in cluster 3 (V3) did not have any
effects on binding of KDR (1–3) to both MAB383 and MAB664
(Table III). Mutations in cluster 1 (V1) had no effect on binding
MAB383, and caused ;20% reduction in binding to MAB664,
which is less severe than that seen in phage-based ELISA
(Tables II and III). Mutations in cluster 5 (V5) selectively
abolished binding to MAB383 but had no effect on binding
MAB664 (Table III). Two back mutations, A313L and A315T
(V5.1), restored 73% of the binding of V5 to MAB383 (Table III).
This confirmed our observation in phage-based ELISA, demon-
strating that these two residues are important for MAB383
binding (Table II). Alanine mutations in cluster 4 in the context
of KDR (1–3) (V4) did not, however, affect binding to MAB664.
All above KDR (1–3) variants bind as well as wild type KDR
(1–3) to IMC-1C11 and the natural ligand, VEGF (Table III),
both of which require all the first three N-terminal domains for
high affinity binding (Fig. 2).

The KDR (1–3) variant (V2) with multiple alanine mutations
in cluster 2 failed to bind either MAB383 or MAB664 (Table
III). This is consistent with our observation with the phage-
displayed cluster mutant, M2 (Table II). Binding of V2 to VEGF
and IMC-1C11 was only 10% to 20% of that of wild type KDR
(1–3) protein. Our epitope mapping studies with KDR deletion
mutants (Fig. 2), plus the phage-based ELISA (Table II), sug-

FIG. 3. Binding of phage surface-displayed KDR domain 3 to
anti-KDR antibodies. Top panel, a schematic diagram showing the
DNA construct for displaying KDR domain 3 on M13 bacteriophage
surface. The KDR domain 3 was inserted between the leader and the
encoding sequences of gene III coat protein of the phage. Note that a
factor Xa cleavage site and a peptide tag, the E tag, were inserted
between the encoding sequences of KDR domain 3 and the gene III
protein. Middle panel, binding of the phage surface-displayed KDR
domain 3 to anti-KDR antibodies and VEGF under various conditions.
Binding of the KDR phage to anti-E tag antibody was used as the
positive control to ensure the surface displaying of the polypeptide.
Bottom panel, dose-dependent binding of KDR phage to MAB383 and
MAB664. Note that within the phage titers of 5 3 108 to 1.6 3 1010, the
KDR phage binds to all three antibodies in a dose-dependent, linear
fashion, and the three binding curves closely overlap to each other.
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gest that the neutralizing antibodies, MAB383, MAB664, and
IMC-1C11, most likely bind to different epitopes within the
KDR domain 3. Taken together, these results indicate a critical
structure within this region of KDR for high affinity VEGF
binding. Recently, Piossek et al. (28) demonstrated that a pep-
tide from KDR domain 3 comprising residues 249RTELNVGID-
FNWEYP263 was capable of binding VEGF and inhibiting of
VEGF-induced activation of KDR. A systematic replacement
with L-amino acid within the peptide revealed the Asp257 as the
hydrophilic key residue for VEGF binding (28). To further
dissect out the critical residue(s) within cluster for binding to
VEGF and to our anti-KDR monoclonal antibodies, we con-
structed and expressed six additional KDR (1–3) variants
(V2.1-V2.6) (Table III).

A single alanine mutation within the cluster 2 region, I256A
(V2.1), caused about 40% reduction in binding to MAB383.
Another mutation, D257A, alone (V2.2) or in combination with
I256A (V2.3), abolished binding to MAB383. The addition of a
N253A mutation to V2.1 to create variant V2.4 had no effect on
binding to MAB383. The binding was severely reduced, how-
ever, when Glu261 was mutated to alanine in the context of
V2.4 (V2.5). Binding to IMC-1C11 of the above three KDR (1–3)
variants was not affected, whereas binding to VEGF was re-
duced by ;30–40% as compared with that of wild type KDR
(1–3) (Table III).

The binding pattern of KDR (1–3) variants to MAB664 is

totally different from that to MAB383. None of the above mu-
tations, I256A, D257A, and N253A, either alone or in various
combinations, affected significantly binding to MAB664. Muta-
tions in the C-terminal half of the cluster region, Y262A,
S264A, H267A, and Q268A (V2.6), however, severely reduced
the binding to MAB664 with no effect on binding to MAB383,
IMC-1C11, and VEGF. Another cluster mutant in the region,
Y262A, P263A, S264A, S265A, and K266A (V6) completely
abolished the binding to MAB664. Binding to MAB383, IMC-
1C11, and VEGF was also moderately affected by the clustered
alanine mutations.

Combination of V2.5 (the variant with poor MAB383 bind-
ing) and V2.6 (the variant with poor MAB664 binding) resulted
in a variant (V2) that failed to bind both MAB383 and MAB664.
It is interesting to note that the binding of V2 to both IMC-
1C11 and VEGF was also greatly reduced, although neither of
the cluster mutations by itself (in V2.5 and V2.6) significantly
affected the binding (Table III).

Molecular Modeling of KDR Domain 3—We built a model of
KDR domain 3 to relate the mutagenesis data with structural
information (Figs. 4 and 5). The mutagenesis results indicate
that the domain 3 face made up from b-strands C, F, and G
(Fig. 4B) is involved in binding the neutralizing anti-KDR
antibodies and VEGF. The analogous face for domain 2 of Flt-1
was shown to be involved in binding VEGF (25).

In our model, the cluster 3 mutations (M3) are localized on

FIG. 4. A, amino acid alignment of the
domain 3 from KDR and Flk-1. The resi-
dues within the cluster 1 mutant (M1) are
shown in yellow, cluster 2 (M2) is in red,
cluster 3 (M3) is in blue, cluster 4 (M4) is
in pink, and cluster 5 (M5) is in green. B,
model of KDR domain 3 with the b
strands depicted as arrows and connect-
ing residues as tubes. The cluster mu-
tants are colored as in A, and the individ-
ual strands are lettered A–G. C, an
a-carbon trace of KDR domain 3 with the
same view as in B. Important residues
identified by alanine mutagenesis with
phage displayed KDR domain 3 are
numbered.
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the opposite face, and the binding data support this; the M3
mutant has no effect on MAB383 or MAB664 binding. The
model and binding data are consistent in localizing the
MAB383 and MAB664 binding sites to discrete regions. The
residues found to be significant for MAB664 binding are located
in the “center” and “lower” half of the b-sheet face as depicted
in Figs. 4C and 5A. In contrast, the important residues for
MAB383 binding, Leu313, Thr315, Ile256, and Glu261, are situ-
ated on the “upper” half of the domain face (Figs. 4C and 5A).

The binding data implicate residues within b-strands C and
C9 as central for binding to both VEGF and the neutralizing
anti-KDR antibodies (for example mutants V2, V6, and V2.2).
We hypothesize that this region of KDR, which in our model
protrudes out from the surface (Fig. 5B), makes close contact
with VEGF. Both overall shape complementarity and specific
side chain interactions likely contribute to high affinity ligand
binding.

DISCUSSION

Systematic domain deletion studies carried out with several
tyrosine kinase receptors of the immunoglobulin superfamily,
including Flt-1 (29–31), Kit-1 (32, 33), receptors for platelet-
derived growth factor a (34), and fibroblast growth factor (35),
have demonstrated that domains 1–3 are important for effi-

cient ligand binding. Our results demonstrated that KDR do-
mains 1–3 are necessary and sufficient for high affinity binding
of VEGF (Fig. 2). Deletion of domain 3 completely abolished the
binding of VEGF, indicating a critical role for this domain in
KDR/VEGF interaction. This is in good agreement with those
reported in the literature (16, 17). On the other hand, several
studies have suggested that domains 2 and 3 constitute the
minimal unit required for VEGF binding. For example, a di-
meric KDR (2–3)-Fc fusion protein was shown to bind to VEGF
with only 2-fold lower affinity than the intact KDR (1–7)-Fc
fusion (16). Our results indicate that KDR domain 1 plays a
role in high affinity binding to VEGF, because KDR (2–7)
showed a much weaker binding to VEGF than KDR (1–7) (Fig.
2). This discrepancy is likely due to the choice of the domain
boundaries plus the fusion partner for the deletion mutants. In
the report of Fuh et al. (16), the KDR (2–3) construct consists of
amino acids 1–335 (with 24–116 deleted) compared with our
construct, KDR (2–7), where the entire N-terminal 1–123
amino acids were deleted. Further, Fuh et al. chose IgG Fc
fragment as the fusion partner, which led to the production of
bivalent KDR domain-Fc fusion proteins, in contrast to our
monovalent KDR domain-AP fusion proteins. The affinities of
bivalent KDR (1–7)-Fc and KDR (1–3)-Fc fusion proteins were

TABLE II
Binding of KDR mutant phage to antibodies MAB383 and MAB664

WTa Mutant Amino acid sequenceb MAB383 MAB664

WT1 DVV227LSPS231HG233IELSV238GEK 1.0 1.0
M1 DVA227LSPA231HA233IELSA238GEK 0.91 6 0.02c 0.51 6 0.04
M1.1 DVALSPAHAIELSV238GEK 1.08 6 0.10 1.05 6 0.02

WT2 NVGI256DFN259WE261Y262PS264SKH267Q268HKK 1.0 1.0
M2 NVGA256DFA259WA261A262PA264SKA267A268HKK 0.07 6 0.01 0.07 6 0.03
M2.1 NVGI256DFAWAAPASKAAHKK 0.70 6 0.07 0.07 6 0.03
M2.2 NVGADFN259WAAPASKAAHKK 0.11 6 0.01 0.08 6 0.01
M2.3 NVGADFAWE261APASKAAHKK 0.81 6 0.01 0.06 6 0.02
M2.4 NVGADFAWAY262PASKAAHKK 0.14 6 0.04 0.04 6 0.01
M2.5 NVGADFAWAAPS264SKAAHKK 0.07 6 0.01 0.06 6 0.02
M2.6 NVGADFAWAAPASKH267AHKK 0.10 6 0.01 0.09 6 0.03
M2.7 NVGADFAWAAPASKAQ268HKK 0.04 6 0.01 0.05 6 0.01
M2.8 NVGADFAWE261Y262PS264SKH267Q268HKK 1.09 6 0.06 0.99 6 0.05
M2.9 NVGADFNWAY262PS264SKH267Q268HKK 0.56 6 0.03 0.72 6 0.16

WT3 NRDL277KT279Q280S281GS283E284M285KK287FLS 1.0 1.0
M3 NRDA277KA279A280A281GA283A284A285KA287FLS 0.97 6 0.07 0.98 6 0.04

WT4 LTID295G296VTR299SDQGL304YTC 1.0 1.0
M4 LTIA295A296VTA299SDQGA304YTC 0.89 6 0.03 0.22 6 0.04
M4.1 LTID295AVTASDQGAYTC 1.09 6 0.01 0.58 6 0.05
M4.2 LTIAG296VTASDQGAYTC 0.90 6 0.10 0.08 6 0.02
M4.3 LTIAAVTR299SDQGAYTC 0.87 6 0.09 0.21 6 0.03
M4.4 LTIAAVTASDQGL304YTC 0.64 6 0.02 0.23 6 0.04

WT5 SSGL313MT315KK317NS319TFVRVHE326KPF 1.0 1.0
M5 SSGA313MA315KA317NA319TFVRVHA326KPF 0.21 6 0.02 0.78 6 0.10
M5.1 SSGL313MAKANATFVRVHAKPF 0.42 6 0.08 0.69 6 0.06
M5.2 SSGAMT315KANATFVRVHAKPF 0.57 6 0.07 0.94 6 0.22
M5.3 SSGAMAKK317NATFVRVHAKPF 0.21 6 0.03 0.64 6 0.09
M5.4 SSGAMAKANS319TFVRVHAKPF 0.34 6 0.02 0.95 6 0.12
M5.5 SSGAMAKANATFVRVHE326KPF 0.25 6 0.01 0.61 6 0.05
M5.6 SSGAMAKK317NS319TFVRVHE326KPF 0.43 6 0.09 1.69 6 0.19

WT6 NVGIDFNWE261Y262P263S264S265K266HQHKK 1.0 1.0
M6 NVGIDFNWA261A262A263A264A265A266HQHKK 0.64 6 0.07 0.01 6 0.0
M6.1 NVGIDFNWE261AAAAAHQHKK 0.99 6 0.01 0.02 6 0.01
M6.2 NVGIDFNWAY262AAAAHQHKK 0.91 6 0.16 0.02 6 0.0
M6.3 NVGIDFNWAAP263AAAHQHKK 0.74 6 0.04 0.03 6 0.01
M6.4 NVGIDFNWAAAS264AAHQHKK 0.67 6 0.06 0.01 6 0.01
M6.5 NVGIDFNWAAAAS265AHQHKK 0.88 6 0.04 0.01 6 0.0
M6.6 NVGIDFNWAAAAAK266HQHKK 0.49 6 0.01 0.01 6 0.0

a The wild type (WT) sequences (WT1–WT6) are shown and numbered as in Fig. 4A. The residues targeted for alanine mutagenesis are marked
by numbers on the upper right corner.

b Alanine mutations are shown in bold type and underline, whereas the back mutations are in bold type only. All alanine mutations in cluster
mutants (M1, M2, M3, M4, M5, and M6) are also marked by numbers on the upper right corner. In back mutants (M1.1–M6.6), only the
alanine-back-to-wild type mutations are marked by numbers.

c Numbers represent relative binding of each mutant to anti-KDR antibodies as compared to the wild type domain 3 (see “Experimental
Procedures” for details). All data are the means 6 S.E. of three–five separate experiments. The back mutants with at least 2-fold increase in
binding compared with their respective cluster mutants are shown in bold type.
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shown to be ;100- and 33-fold higher than those of their
monovalent counterparts, respectively (16). The exact role of
domain 1 in KDR/VEGF interaction, however, has not been
well defined to date. KDR mutant-Fc fusion proteins lacking
the domain 1 showed a slightly higher association rate to
VEGF compared with those fusion proteins having this do-
main, indicating that domain 1 may negatively regulate the
ligand binding by partially shielding the VEGF recognition
domains of the receptor (36). A similar function is also proposed
for domain 1 in Flt-1; it may shield the hydrophobic surface of
domain 2 in the absence of ligand but is displaced by the ligand
upon receptor-ligand complex formation (25).

Because KDR domain 3 is most critical for KDR/VEGF in-
teraction, it is not surprising that all three neutralizing anti-
KDR antibodies we tested here, MAB383, MAB664, and IMC-
1C11, required the presence of domain 3 for efficient binding.
Although IMC-1C11 demonstrated a binding pattern similar to
the natural ligand, VEGF, both MAB383 and MAB664 require

only domain 3 for binding. It is interesting to note that several
non-neutralizing anti-KDR antibodies developed in our labora-
tory, including MAB413 (18), DAB p3S5 (21), scFv p2A6 (19),
and scFv p4G7 (21), bind epitopes that are located either within
KDR domain 1 (scFv p2A6 and DAB p3S5) or domain 6 and 7
(scFv p4G7 and MAB413). Further, MAKD6, a neutralizing
anti-KDR antibody, was shown to bind to an epitope within
KDR domain 2 (16). Taken together, these results suggest that
KDR/VEGF interaction may occur across the receptor interface
that is composed mainly of KDR domains 2 and 3. The neutral-
izing anti-KDR antibodies are likely to exert their activity by
either directly competing with VEGF for binding or by causing
steric hindrance once bound to the receptor.

Alanine-scanning mutagenesis was used to dissect the bind-
ing epitopes on KDR domain 3 for neutralizing antibodies. In
our preliminary study, we tried to display KDR domains 1–3 on
the phage surface. The resulting phage particles, although
reactive to anti-E tag antibody, failed to bind any of the anti-

TABLE III
Binding of KDR(1–3) variants to neutralizing anti-KDR antibodies and VEGF

WTa Variant Amino acid sequenceb MAB383 MAB664 IMC-1C11 VEGF

WT1 DVV227LSPS231HG233IELSV238GEK 1.0 1.0 1.0 1.0
V1 DVA227LSPA231HA233IELSA238GEK 0.95 6 0.04c 0.80 6 0.02 1.0 1.18 6 0.03

WT2 NVGI256D257FN259WE261Y262PS264SKH267Q268HKK 1.0 1.0 1.0 1.0
V2 NVGA256DFA259WA261A262PA264SKA267A268HKK 0.01 6 0.01 0.01 6 0.0 0.20 6 0.01 0.09 6 0.01
V2.1 NVGA256DFNWEYPSSKHQHKK 0.58 6 0.03 0.86 6 0.01 0.93 6 0.02 0.63 6 0.06
V2.2 NVGIA257FNWEYPSSKHQHKK 0.04 6 0.01 0.74 6 0.01 0.78 6 0.01 0.68 6 0.02
V2.3 NVGA256A257FNWEYPSSKHQHKK 0.05 6 0.03 1.10 6 0.06 1.16 6 0.03 1.09 6 0.07
V2.4 NVGA256DFA259WEYPSSKHQHKK 0.82 6 0.01 1.07 6 0.02 0.96 6 0.05 0.61 6 0.02
V2.5 NVGA256DFA259WA261YPSSKHQHKK 0.11 6 0.01 0.97 6 0.02 0.85 6 0.03 0.54 6 0.01
V2.6 NVGIDFA259WEA262PA264SKA267A268HKK 0.94 6 0.21 0.02 6 0.02 0.92 6 0.22 0.92 6 0.20

WT3 NRDL277KT279Q280S281GS283E284M285KK287FLS 1.0 1.0 1.0 1.0
V3 NRDA277KA279A280A281GA283A284A285KA287FLS 1.02 6 0.02 1.33 6 0.0 0.97 6 0.01 0.9 6 0.02

WT4 LTID295G296VTR299SDQGL304YTC 1.0 1.0 1.0 1.0
V4 LTIA295A296VTA299SDQGA304YTC 0.88 6 0.01 1.10 6 0.02 0.97 6 0.01 1.03 6 0.01

WT5 SSGL313MT315KK317NS319TFVRVHE326KPF 1.0 1.0 1.0 1.0
V5 SSGA313MA315KA317NA319TFVRVHA326KPF 0.01 6 0.0 0.68 6 0.02 0.73 6 0.01 0.69 6 0.01
V5.1 SSGLMTKA317NA319TFVRVHA326KPF 0.73 6 0.12 0.71 6 0.01 1.03 6 0.14 0.89 6 0.12

WT6 NVGIDFNWE261Y262P263S264S265K266HQHKK 1.0 1.0 1.0 1.0
V6 NVGIDFNWEA261A262A263A264A265HQHKK 0.49 6 0.01 0.01 6 0.01 0.51 6 0.02 0.42 6 0.01

a The wild type (WT) sequences (WT1–WT6) are shown and numbered as in Fig. 4A. The residues targeted for alanine mutagenesis are marked
by numbers on the upper right corner.

b Alanine mutations are shown in bold type and marked by numbers on the upper right corner. Cluster variants (V1, V2, V3, V4, V5, and V6)
contain exactly the same cluster alanine mutations, in KDR(1–3) context, as in their respective phage-displayed domain 3 mutants (M1, M2, M3,
M4, M5, and M6) described in Table II.

c Numbers represent relative binding of each variant to anti-KDR antibodies or VEGF as compared to the wild type KDR(1-3) (see “Experimental
Procedures” for details). All data are the means 6 S.E. of three–five separate experiments.

FIG. 5. A, space-filling model of KDR
domain 3. The residues important for
MAB383 binding are in green, and the
important residues for MAB664 binding
are in red. B, the residues determined to
be central for VEGF binding are in pink in
this space-filling model of KDR domain 3.
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KDR antibodies. We believe the failure is likely due to incorrect
folding and/or the lack of glycosylation of the KDR domains
displayed on the surface of M13 bacteriophage. On the other
hand, phage particles displaying the single domain 3 binds
efficiently to both MAB383 and MAB664 (Fig. 3), suggesting
that the domain is properly folded and functionally displayed
on the surface. Phage treated with factor Xa or reducing agent,
dithiothreitol, showed greatly reduced binding to both antibod-
ies, further confirming that the phage/antibody interaction is a
specific event.

In general, high affinity protein-protein interactions are de-
pendent on both the direct contact residue(s) and on shape
complementarity of the binding surfaces. Alteration of the con-
tact residues or disruption of the structural conformation of
KDR may lead to the loss of antibody and/or VEGF binding.
Without crystal structural information of KDR, we cannot rule
out the possibility that some of the alanine mutations influence
antibody and/or VEGF binding by disturbing domain folding or
altering b sheet conformation within the receptor. Utilizing
several anti-KDR antibodies that recognize different epitopes
on the receptor help distinguish between these possibilities. We
believe the majority of our alanine mutants, perhaps with only
the exception of mutant M2 (Table II) and variant V2 (Table
III), maintain their overall structure because they retained
their binding to at least two of four anti-KDR antibodies and/or
the ligand, VEGF (Tables II and III).

Our studies locate the binding epitopes in cluster 2 (Ile256,
Asp257, and Glu261 in b-strand C) and cluster 5 (Leu313 and
Thr315 in b-strand F) for MAB383 (Table III). Two single mu-
tations, D257A (V2.2) and E261A (V2.5), each abolished the
antibody binding. Both Asp257 and Glu261 are negatively
charged and exposed on the surface and thus are available for
direct contact with MAB383 (Fig. 5A). In contrast, the Ile256

side chain is buried, packing in the interior of the domain, and
likely affects antibody binding indirectly by influencing the
conformation of the contact residue, Asp257. Mutations of
Leu313 and Thr315 resulted in a mutant (M5.6) with reduced
binding to MAB383. The Thr315 side chain is directed out from
b-strand G and may make direct contact with the antibody
(Fig. 5A). On the other hand, the Leu313 side chain is only
partly exposed and may contribute to surface complementarity.
It is noteworthy that although MAB383 competes with IMC-
1C11 for binding to KDR (Table I), the alanine mutations that
interfere with MAB383 binding did not have any significant
effects on binding to IMC-1C11 (Table III). The competition
between MAB383 and IMC-1C11, therefore, may be due to
steric hindrance. Alternately, there may be other residues
within domain 3 that MAB383 and IMC-1C11 share that we
have not identified.

The residues important for MAB664 binding, Tyr262, Pro263,
Ser264, Ser265, Lys266, His267, and Gln268, are distinct from
those for MAB383. These residues are located in b-strands C,
C9, and the turn that connects them (Fig. 4B), a region that
forms a protrusion on the surface of the protein. The side
chains of these residues are predicted to play a role in both
maintaining the structural integrity of the protrusion and in
making direct contact with MAB664. Alanine mutations at
Tyr262, Pro263, His267, and Gln268 (V2.6) did not cause any
global structural changes since the variant retained full reac-
tivity to MAB383, IMC-1C11 and VEGF. The binding to
MAB664, however, was totally abolished by these mutations.
Variant (V6) with alanine mutations at Tyr262, Pro263, Ser264,
Ser265, and Lys266 also lost its binding to MAB664. The latter
alanine mutations, however, may have caused some local con-
formation change since the binding of the variant V6 to the
other two antibodies as well as to VEGF was also reduced by

;50% (Table III). In contrast to phage-based analysis, alanine
mutations in cluster 4 in the context of KDR (1–3) did not show
any detrimental effect on binding to MAB664 (Table III). The
discrepancy may be due to the difference in the context in
which the assays were performed. The effects of mutations in
domain 3 in the KDR (1–3) context could be, more or less,
compensated by the presence of the other two domains. No
overlapping residues were seen between the binding epitopes of
MAB383 and MAB664. This is consistent with our previous
observation that MAB383 and MAB664 do not compete with
each other for receptor binding (Table I). Finally, alanine mu-
tations in cluster 3 (b-strand D and E) did not show any effects
on binding to VEGF and to all three anti-KDR antibodies in
both phage and KDR (1–3)-based ELISA (Table II and III). This
result is in good agreement with our model showing that all
the alanine mutations within this region are located on the
back face of the molecule, i.e. they are point away from the
binding surface for VEGF and neutralizing anti-KDR antibodies
(Fig. 4B).

As expected, combination of V2.5 (the variant with poor
MAB383 binding) and V2.6 (the variant with poor MAB664
binding) resulted in a variant (V2) that failed to bind both
MAB383 and MAB664. The binding of V2 to IMC-1C11 and
VEGF was also greatly reduced, although both V2.5 and V2.6
bind well to IMC-1C11 and VEGF. These results suggest that
multiple alanine mutations in this region most likely have
caused dramatic structure changes within domain 3 (Fig. 5B).
Recently, Piossek et al. (28) demonstrated that residue Asp257

as the key hydrophilic residue for VEGF binding. In our study,
the single D257A mutation (V2.2) in the context of KDR (1–3)
only mildly decreased VEGF binding. The binding of variant
V2.2 to the two other antibodies, MAB664 and IMC-1C11, was
also moderately affected (Table III). In contrast, the single
alanine mutation completely abolished the binding of MAB383,
strongly indicating Asp257 as a contact residue for the antibody.

Unlike MAB383 and MAB664, IMC-1C11 and VEGF require
domains 1–3 of KDR for efficient binding (Fig. 1). We note that
IMC-1C11 and VEGF follow the same binding pattern to var-
ious KDR deletion mutants (Fig. 2) and alanine variants (Table
III). In fact, IMC-1C11 was the only neutralizing antibody (out
of more than a dozen tested) that mimics VEGF in binding to
the receptor (18–21). IMC-1C11 was derived from a scFv orig-
inally isolated from a phage display library constructed from
the splenocytes of a mouse immunized with soluble KDR pro-
tein (19, 20). Our previously studies have demonstrated that
IMC-1C11 competed effectively with VEGF for binding to KDR
and blocked VEGF-induced receptor activation and mitogene-
sis of human endothelial cells (20). In addition, IMC-1C11
inhibited pathological angiogenesis in oxygen-induced prolifer-
ative retinopathy in a new born dog model.3 Taken together,
these results lend strong support to clinical evaluation of IMC-
1C11 as anti-angiogenesis agent.

In conclusion, we have mapped the binding epitopes within
KDR domain 3 for neutralizing anti-KDR antibodies, MAB383
and MAB664, using a structural alignment plus alanine-scan-
ning mutagenesis. A subset of residues critical for binding to
neutralizing anti-KDR antibodies was also found to be impor-
tant for VEGF binding. Further, IMC-1C11 was identified to
possess the same receptor-binding properties as the natural
ligand, VEGF. It is likely that other residues within KDR
domain 3 or other domains also play roles in antibody and
VEGF binding and/or in maintaining the structural integrity of
the receptor because only a selected group of residues were

3 D. S. McLeod, M. Taomoto, J. Cao, Z. Zhu, L. Witte, and G. A. Lutty,
et al., submitted for publication.
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targeted for alanine mutagenesis in this study. Definitive an-
swers will only be provided by the crystal structure of com-
plexes between KDR/VEGF and KDR/antibody.
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