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Abstract

Detailed description of the mechanism of action of the therapeutic antibodies is
essential for the functional characterization and future optimization of potential clini-
cal agents. We recently developed KDO035, a fully human antibody targeting vascular
endothelial growth factor receptor 2 (VEGFR2). KD0O35 blocked VEGF-A, and VEGF-
C-mediated VEGFR2 activation, as demonstrated by the in vitro binding and competi-
tion assays and functional cellular assays. Here, we report a computational model of
the complex between the variable fragment of KD035 (KD0O35(Fv)) and the domains
2 and 3 of the extracellular portion of VEGFR2 (VEGFR2(D2-3)). Our modeling was
guided by a priori experimental information including the X-ray structures of KD035
and related antibodies, binding assays, target domain mapping and comparison of
KDO35 affinity for VEGFR2 from different species. The accuracy of the model was
assessed by molecular dynamics simulations, and subsequently validated by muta-
genesis and binding analysis. Importantly, the steps followed during the generation of
this model can set a precedent for future in silico efforts aimed at the accurate

description of the antibody-antigen and more broadly protein-protein complexes.
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profiles.! Structurally, antibodies are multi-domain proteins composed

of beta-sheet containing immunoglobulin folds. The variable heavy

Monoclonal antibodies (MAbs) development has led to many effective
and successful therapeutics for the treatment of a wide spectrum of
diseases, from oncology to genetic disorders. Antibodies are by far
the most frequent form of protein therapies entering the clinic due in
part to their high affinity, target specificity, and favorable safety

chain (Vi) and the variable light chain (V,) pair together forming the
variable fragment (F,). Six hypervariable loops, known as
complementarity-determining regions (CDRs) are located in the V4
and V, domains, are responsible for the interaction with the antigen.
The binding site or the paratope is formed by solvent exposed amino
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acids located on the CDRs from V4 and V, which interact with amino
acids of the antigen-binding site or the epitope.?

A precise description of an antibody-antigen complex can drive
multiple aspects of antibody optimization, which is paramount for suc-
cessful development of a therapeutic agent. Structural analysis of
antibody-antigen complexes has proven to be highly useful in numer-
ous aspects of antibody development, including structure-based affin-
ity maturation campaigns aimed at the improvement of potency and
specificity.>* The information about MAbs epitopes taken from the
analysis of these complexes could differentiate between agents
targeting the same ligand and drive patentability and regulatory inter-
actions.” Additionally, the precise structural characterization of the
CDRs, principally responsible for the antibody affinity and specificity,
enables a focused approach in the functional optimization and
developability improvement of these therapeutic agents.®

X-Ray crystallography, nuclear magnetic resonance, and cryo-
electron microscopy are some of the experimental methods used to
ascertain detailed structural descriptions of antibody-antigen
complexes.””? Although highly accurate, these methods are also labo-
rious and resource and time consuming. Computational methods
developed to generate models of protein-protein complexes are
becoming the faster, more accessible and less resource and training
intensive alternatives to the classical tools of structural biology. Still,
the accuracy of these models relies heavily on the robustness and
availability of the structural information used as input, which is gener-
ated via experimental methods or by homology modeling.1°-22 In the
specific case of antibody-antigen complexes, the vast pre-existing
knowledge of MAbs structural features,? enables a reliable prediction
of the amino acids involved in the interaction with the target, particu-
larly if supported by data from antibody maturation efforts. Con-
versely, reliable epitope prediction remains a challenging
computational exercise and an open issue in the field, making
improvements of the existing modeling solutions a focus of much of
the ongoing discovery efforts.*3-2*

Many of the currently available engines for the generation of
models of protein-protein complexes are based on the docking of
unbound structures. The output of protein-protein docking processes
produces a database of numerous poses, reflecting many possible
binding modes, ranked using a scoring value. Multiple approaches can
be employed in the generation of these scores. One widely used strat-
egy is the classification the poses by a scalar value related to the
change in free energy derived from the formation of the complex.?%23
Even with the application of the most sophisticated and computation-
ally intensive scoring methods, accurate prediction of a native struc-
ture of the complex remains challenging, largely due to the vast
landscape of possible contacts made by two interacting proteins.?*
Information-driven docking methods allow for the sampling of possi-
ble binding modes guided by the introduction of restraints emanating
from previously available experimental data that may be used to set
up modeling restraints.2> This restraining information may result from
the experimental identification of residues previously mapped to the
protein-protein interface by biochemical and functional analysis,?®

the analysis of shape complementarity and electrostatics?” or the

definition of binding site by NMR titration and mutagenesis.?®2? Spe-
cifically, for the in silico generation of antibody-antigen complexes, it
has been reported that docking algorithms that incorporate informa-
tion about the antibody CDRs and even a coarse definition of the epi-
tope are able to generate improved predictions.?® The performance of
information driven protein-protein docking strategies is evaluated
continuously by the Critical Assessment of Predicted Interactions
(CAPRI) initiative which is a valuable resource for the comparison of
different docking algorithms and scoring methods.3%3! Additional
tools that evaluate the quality of docking models based on a single
measure are a good set up for the application of machine learning
methods on this assessment 3233

The mammalian vascular endothelial growth factors (VEGF-A,
VEGF-B, VEGF-C, VEGF-D, VEGF-E, and PIGF) and their receptors,
VEGFR1, VEGFR2, and VEGFR3, are key regulators of the process of
angiogenesis as well as vascular permeability and vessel dilation.3*3°
VEGF-A and VEGF-C signaling through VEGFR2 constitutes the major
angiogenic signaling pathway regulating endothelial cell sprouting,
migration, proliferation and survival.*¢~*® The mechanism of activation
of VEGFRs by VEGFs is well characterized. VEGFs are disulfide-linked
homodimers which bridge two receptor molecules through two identi-
cal binding sites at opposite ends. The formation of a VEGF:VEGFR
2:2 homotetramer results in the trans-activation of the intracellular
tyrosine kinase domains resulting in the activation of the downstream
intracellular signaling cascades.®®2? Available structural information
on the full length VEGFR2 ectodomain (Domains 1 through 7, D1-
D7) and binding analyses performed with the truncated extracellular
VEGFR-1 and -2 constructs show that the VEGF-A, VEGF-C, and
VEGF-E homodimers establish loop mediated interactions with the C-
terminal region of D2 and the N-terminal region of D3 of the recep-
tors. Further, the linker between D2 and D3 is positioned in close
proximity to the groove formed by the VEGF interface, resulting in an
additional set of contacts.**~*¢ The hydrophobic nature of these inter-
actions allows the binding with the different non-identical VEGFs.
Thus, binding of the dimeric VEGFs to the VEGFR2(D2-3) extracellular
segment positions the two receptor molecules at an optimal distance
for the transactivation of their intracellular kinase domains and subse-
quent signaling cascade activation.*”~4?

Due to the therapeutic potential of the blockade of VEGF binding
and VEGFR activation in oncology and other indications, several anti-
bodies targeting VEGFR2 ectodomain have been generated.”®>! In
fact, ramucirumab (Imclone/Eli Lilly), a direct VEGFR2 antagonist anti-
body, is currently approved as a treatment for a variety of solid
tumors. Consistent with its VEGF blocking activity, epitope mapping
based on the in vitro binding assays shows that ramucirumab interacts
preferentially with VEGFR2 D3; however, crystal structure of the
complex shows that additional interactions with the D2 cannot be dis-
carded.’® To expand on the existing therapeutics, we identified and
characterized another VEGFR2 antagonist antibody, KD035. KD035
binds with high affinity to VEGFR2 blocking receptor activation by
the native ligands, VEGF-A and VEGF-C. The absence of the structural
information describing the KDO35-VEGFR2(D2-3), we developed an
information-driven complex modeling strategy to characterize the
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antibody-receptor interface as a part of our development pathway.
Here we report a model for the KD035-VEGFR2(D2-3) complex gen-
erated using docking methods pre-informed by the experimental
information from the affinity maturation process and epitope map-
ping. The accuracy of our model was extensively confirmed by muta-
genesis and binding analysis. The model validation by site-directed
mutagenesis and its evaluation by MD simulation allowed us to eluci-
date structural basis of the inhibition of VEGFR2 activity by KDO35.
Consequently, we were able to make valuable inferences about
KDO035's mechanism of action, useful in functional data interpretation
and further affinity maturation campaigns. Additionally, the modeling
paradigm set up in this work may add to the future efforts aimed at
improving accuracy of computationally generated models of protein-

protein complexes.

2 | MATERIALS AND METHODS
21 | Generation, maturation, expression, and
purification of VEGFR2 antibodies

KDO035 was identified by panning of Dyax FAB-310 phagemid library
on immobilized human VEGFR2 (R&D systems) followed by affinity
maturation using a light chain shuffling method. The constructs carry-
ing KDO35 antigen-binding fragment (Fab) domain were cloned into
the mammalian expression vector pBhl (Dyax) and transiently
expressed in human 293 Expi cells (Invitrogen). Fabs were purified
from cell culture supernatant by passing it several times through a
protein A Sepharose HP column (GE Healthcare) using a peristaltic
pump for a period of 8 h and eluting with 1 M Glycine pH 2.0. The
eluate was further purified by size exclusion chromatography (SEC)
using a Superdex 75 increase (GE Healthcare) column.

The variable domain amino acid sequence of IMC-1121B (which
shares the amino acid sequence of ramucirumab as described in US
8057791 B2/EP 1916001 A2) was reverse-translated into DNA
sequences and optimized by using Integrated DNA Technologies
tools. The synthesized genes of 1121 light chain and heavy chain vari-
able domains were cloned into a mammalian expression vector pBh1l
(Dyax). The plasmid DNA containing 1121 gene was transfected and
expressed by using the FreeStyle™ MAX 293 Expression System
(ThermoFisher Scientific) according to the manufacture instruction.
The supernatant was harvested and purified by protein A (GE) with at
least 95% monomer detected by SEC-UPLC (Waters).

2.2 | VEGFR2 protein production

All the constructs including different lengths of the extracellular
domain of human VEGFR2 carrying an N-terminal His-tag was
expressed using the Bac-to-Bac baculovirus expression system in
Spodoptera frugiperda Hi5 cells (ThermoFisher). These proteins were
purified from conditioned media after 48 h of infection using a Nickel
Sepharose HP column (GE Healthcare) followed by dialysis in PBS and
a final step of purification by SEC using Superdex 200 Increase

column (GE healthcare). The integrity and aggregation of the WT and
mutated or truncated proteins were evaluated by inspection of the
SEC elution peak and by SDS PAGE.

2.3 | Binding ELISAs

Binding ELISAs for domain mapping studies were performed as previ-
ously described.’?>>® Binding ELISAs for mutagenesis analysis and
model validation were performed by coating the surface of Immulon
2 HB plates (ThermoFisher) overnight at 4°C with His-tagged
VEGFR2(D2-3) which were either wild-type, or the mutants L313R,
D257A/E261A, and M197A/M211A/1213A. The plates were then
washed with PBS supplemented with 0.1% Tween-20 and blocked in
a solution containing PBS supplemented with 3% milk. Separately,
serial dilutions of VEGF-A or KD0O35 Fab were prepared in the block-
ing solution and then incubated for 20 min at RT prior to the addition
to the plate. The Fab mixture was then added to the plate and incu-
bated for 1 h at RT, and subsequently washed and incubated with sec-
ondary antibody (anti-Fab HRP-conjugated goat polyclonal [R&D
systems]). The ELISAs were developed using TMB substrate
(ThermoFisher) and the reaction was stopped with 0.2 M H,SO,. The
ICso values were determined using the single site model in Prism
(GraphPad).

2.4 | Surface plasmon resonance (SPR) assay

SPR experiments described in this study were performed on a
BlAcore T200 instrument (GE Healthcare). KDO35 (5 pg/ml) was
coupled on a CM5 sensor chip (GE Healthcare) using amine coupling
method under standard conditions at a flow rate of 10 pl/min.
Briefly, KDO35 (5 pg/ml) was diluted in Acetate buffer pH 5.0 and
injected over sensor surfaces activated by a mixture of 1-Ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC)/N-hydroxysuccinimide
(NHS; GE Healthcare). Prior to the immobilization, VEGFR2(D2-3) WT
and the mutants L313R, D257A/E261A, and M197A/M211A/1213A
were diluted in the HBS-EB running buffer to a concentration of
600 nM and further diluted in two-fold steps to a minimal concentra-
tion of 4.7 nM. The concentration series of wild-type and mutant
VEGFR2(D2-3) constructs were injected for 200 s with a 600 s dissoci-
ation phase at a flow rate of 10 ul/min. Between injections, the chip
was regenerated using 10 mM Glycine/HCl. Data analysis was per-
formed using the BlAevaluation software (Biacore GE Healthcare). The
SPR sensorgrams were evaluated by fitting the curves to the 1:1 bind-
ing kinetics model and the affinity of KDO35 to the different VEGFR2
(D2-3) constructs were calculated.

2.5 | Crystallization

The Fab regions of B1 and KD0O35 were concentrated to 10 mg/ml
and crystallization trays were set up using the Hampton PEG-ION
screen HT (Hampton Research). Of note, 200 nl hanging drops for
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each of the 96 conditions were set up mixing the protein in a 1:1
ratio with the crystallization condition using a Mosquito robot (TTP
Labtech), incubated at 17°C and inspected using a Rock Imager
1000 system (Formulatrix). Both B1 and KDO35 crystals were
grown in a condition containing 0.2 M Na phosphate monobasic
monohydrate, 20% PEG3350 (Hampton PEG-lon screen #D3).
Crystals were harvested from the tray and frozen directly in liquid
nitrogen for data collection in a cryoprotectant solution containing
the crystallization condition supplemented with 20% ethylene

glycol.

2.6 | Data processing

All datasets were collected at the Argonne National Light Source
(Argonne, IL) beamline 19-BM. Both B1 and KDO035 data sets were
indexed and scaled using HKL3000 (HKL Research Inc.).>* The struc-
tures were solved using Phaser-MR from the Phenix suite®> using
the crystal structure of the Fab fragment of the human neutralizing
anti-West Nile Virus Mab (PDB ID 3N9G) as the search model.’®
Refinement was done using Phenix.refine.>®> Both KD035 and B1
data sets were subjected to three cycles of rigid body refinement
after finding the molecular replacement solution and subsequently
to more than 10 rounds of three cycles of reciprocal and real space
and B-factors and occupancies refinement. A subset of the collected
dataset with a high-resolution limit of 2.40 was used in the refine-
ment of KD035, evidenced by the lower number of unique reflec-
tions used in this step. The completeness and redundancy values for
the highest resolution shell from the trimmed data are 98.56% and
3.1, and the Rpyeas, CC1/2 and CC* values are 0.486, 0.782 and

t.>” Water molecules were

0.937. Model building was done using Coo
placed using Coot and updated by Phenix.Refine during the refine-
ment rounds. Data collection and refinement statistics are compiled

in Table 1.

2.7 | Antibody-antigen modeling

The model for the KD0O35(Fv) in complex with VEGFR2(D2-3) was
built using Molecular Operating Environment (MOE) (Chemical Com-
puting Group).>® The coordinates for KDO35 Fv were taken from the
crystal structure of KDO35 Fab solved at Kadmon as described above.
The coordinates for the VEGFR2(D2-3) domains were taken from the
crystal structure of these domains in complex with VEFG-C (PDB
code 2X1W—amino acids 134-319%%).The input coordinates were
processed using the protein preparation function implemented in
MOE, which consists in adding hydrogen atoms, assessing partial
charges using the OPLS-AA molecular mechanics force field and assig-
ning protonation states. The complex model was obtained using the
protein-protein dock tool in MOE. The docking algorithm in MOE>®
starts with a coarse-grained model which reduces the search space
complexity by representing the all atom protein structures as bead

models. The Hopf fibration is used to generate a set of uniformly

TABLE 1 Data collection and refinement statistics
KDO035 Fab B1 Fab
Data collection
Space group P12,1 P12,1
Unit cell parameters
a,b,c(h) 53.16, 90.23, 55.69, 66.41,
81.52 66.54
a, B,y () 90.0, 93.8, 90.0 90.0, 101.93,
90,0
Site of data collection ANLS (19ID) ANLS (19ID)
Measured reflections 166 839 (9252)° 59 942 (4560)
Unique reflections 50 743 (4626) 16 360 (1520)
Resolution (A) 39.46-1.99 42.12-2.49
(2.06-1.99) (2.58-2.49)
Completeness (%) 96.50 (88.57) 97.65 (91.57)
Average redundancy 3.3(2.0) 3.7 (3.0)
1/o(1) 6.71(0.76) 23.61(7.13)
Wilson B-Factor 33.17 30.03
Rineas’ 0.132 (1.05) 0.086 (0.30)
CC1/2 (0.31) (0.90)
ccx (0.69) (0.97)
Refinement
Resolution (A) 39.46-2.40° 42.12-2.49
Number of atoms
Protein 6276 3137
Solvent 139 36
Reflections used in 29 562 (2945)° 16 358 (1520)°
refinement
Reflections used for R- 1155 (119) 1636 (152)
free
R-work/R-free 0.20/0.28 0.19/0.25
R.M.S.D. values
Bond lengths (A) 0.011 0.010
Bond angles (°) 1.54 1.62
Average B factors (A?)
All atoms 33.93 30.56
Protein 33.92 30.53
Solvent 34.08 33.55
Ramachandran favored/ 94.22/0.72 92.14/2.14
outliers (%)
Rotamer outliers 4.03 4.06
Model contents
Protein residues 842 424
Waters 49 12
PDB accession code 7LSI 7LSB

#Values in parentheses are for the highest resolution shell.

PRmeas is Used as a redundancy independent measurement of internal data
quality.

“Data collection parameters for the subset of data used in refinement of
KDO35 are detailed in Section 2.

4Values in parentheses are for the highest resolution shell of the data
subset used for refinement. One crystal was used for each data set.
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distributed rotations®’ of the bead models and exhaustive sampling of
all translations for a given rotation is performed using a Fast Fourier
Transform. This generates a set of initial docked poses of the protein
bead models, which are then filtered based on the placement
restraints and subjected to coarse refinement. The refined bead model
poses are then converted back to all atom models which are further
refined with side-chain packing and molecular mechanics minimization
to produce a list of all atom protein-protein docked poses. The dock-
ing process included the specification of particular residues which
were candidates to be part of the antibody-antigen interface
according to our alignment-based epitope mapping and the compari-
son of B1 and KDO35 structures (see Section 3). The output database
consisted in 100 poses which were generated by triangle match place-
ment method with the side chain position refined by induced fit. The
poses were scored by the estimation of the free energy of the com-
plex (London AG) and rescored using the GVI/WSA function which
adds an empirical term to account for the desolvation effect.?®> The
protein preparation process mentioned above corrected most of the
Ramachandran outliers. All the residues selected for the docking site
restraint as well as those involved in the interactions were in Ram-

achandran favored or allowed regions.

2.8 | Molecular dynamics simulations

MD simulations were performed using NAMD.®° Explicit solvation
was performed using MOE after removal of crystallographic waters. A
total of 38 561 water molecules were added in a box with periodic
boundary conditions at a density of 1.032 g/cm® and keeping a dis-
tance of 10 A between the boundaries and the protein. The net
charge of the protein was neutralized with 150 mM NaCl. For energy
minimization and MD simulations, the AMBER14:EHT force field was
used and the electrostatic interactions were evaluated by the particle-
mesh Ewald method. The system was energy minimized for 5000
steps using the Deepest Descent and Conjugate Gradient methods.
For equilibration, the system was subjected to a 100 ps simulation to
gradually heating from 10 to 300 K. Next, a 100 ps NVT ensemble
was generated at 300 K followed by and NPT ensemble for 200 ps at
300 K and 1 bar. Then for the complex, a 50 ns production trajectory
was generated for further analysis. The database file containing the
trajectory was analyzed using MOE protein-ligand interaction finger-
print (PLIF) analysis.

29 | VEGF-A and VEGF-C competition assays

Serially diluted aliquots of KDO35 or ramucirumab were mixed
with fixed concentration of VEGFR2 (final concentration was
0.5 pg/ml) and incubated in RT for about 1 h. The mixture was
transferred to either VEGF-A or VEGF-C (R&D system) coated
ELISA plate and incubated at room temperature for 1 h. The signal
was detected by HRP-anti-human 1gG Fc specific antibody

(Jackson Immunoresearch).

3 | RESULTS

3.1 | Structure-enabled paratope mapping

Having generated a potent VEGFR2 targeting antibody (KD035), we
wanted to further characterize the mechanism of action and the
molecular drivers of binding specificity of this molecule. In order to
identify key residues in KDO35 responsible for ligand binding, we initi-
ated our analysis by solving X-ray crystal structures of KD0O35 Fab
and a B1 Fab (Figure 1A). B1 is a KDO35 parental antibody that was
isolated from the phage display library screen prior to the affinity mat-
uration process. KD035 was determined to have 8.2-fold greater
affinity for VEGFR2(D2-3) than B1, K of 0.22 nM versus 1.81 nM,
respectively, as measured by SPR (Table 2). The superposition of the
structures of KD035 and B1 Fv regions gave a Ca RMSD of 0.60 A
with localized structural differences in the CDRs of the light chain,
which harbored the mutations generated during the B1-KD035 affin-
ity maturation process (Figure 1B). We hypothesized that the compar-
ison analysis of the resulting structures could help us determine the
affinity maturation-generated changes in the CDRs that led to the
affinity improvement in KD035. We subsequently anticipated that the
identified side chains will serve as restraints in the modeling of the
KDO035-VEGFR2(D2-3) complex. Comparison of the protein surface
maps for both Fvs identified one positively charged patch and two
negatively charged patches in KDO35 which were not present in B1
(Figure 1C). The inspection of the side chains mapping within these
patches, highlighted the presence of three potentially relevant muta-
tions. The large positively charged patch in KDO35 resulted from the
N52K mutation, while the negatively charged patches were associated
with the D25E and S29D maturation changes. These three side chains
were largely solvent exposed as shown on the KDO35 Fv structure
(Figure 1D) and when shown in a structural alignment of KD035 CDRs
with their B1 counterparts (Figure 1E). The maturation related muta-
tions S29D and N52K can easily be related with an introduction of a
negative and positive charged patch on the antibody surface, respec-
tively. The introduction of a longer side chain by the D25E mutation
resulted in a negatively charged patch as a consequence of the greater
solvent exposure of the carboxylate group which can also be attrib-
uted to the conformational difference of CDR L1 between the two
antibodies (Figure 1E). The impact of these mutations on the antibody
surface charge distribution and their correlation with and 8.2-fold
improvement in affinity led us to postulate that least some of these
residues constituted a part of the binding interface with the receptor.
We therefore decided to include E25 (CDR L1) and D29 (CDR L1) and
K52 (CDR L2) as restraints for the definition of the KDO35 paratope

during the antibody-antigen docking process.

3.2 | VEGFR2 epitope mapping
To improve our ability to model KDO35(Fv)-VEGFR2(D2-3) interac-
tion, we needed to map the binding area of KD035 on VEGFR2 and

determine minimal receptor domain requirements for the interaction.
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To this end, we generated deletion constructs spanning various
domains of the human VEGFR2 extracellular region (Figure 2A). Using
full length VEGFR2(D1-7) extracellular region as reference, we

FIGURE 1  Structure of KD0O35
(Fab) and B1(Fab). (A) Superposition
of the KDO35(Fab) and B1 (Fab)
structures. KDO35 is shown in
cartoon rendering in pink (heavy
chain) and salmon (light chain) and B1
is shown in gray. CH, constant heavy;
CL, constant light; VH, variable heavy;
VL, variable light. (B) Superposition of
the variable domains of KD0O35 and
B1 facing the paratope region. H1-3
and L1-3 correspond to the CDRs of
the heavy and light chain,
respectively. (C) Surface patch
analysis of B1 and KDO35 Fvs, facing
the paratope region. Negatively
charged patches are shown in red,
positive charged patches are shown in
blue and hydrophobic patches are
shown in yellow. VH, variable heavy;
VL, variable light. The patches in
KDO035 VL are numbered to link them
to the side chains carrying the
particular charge shown in the
structure. (D) Structure of KD0O35
(Fv) (paratope view). The residues
shown in stick correspond to the
surface patches numbered in (C),
which were used as restrain during
the antibody-antigen model
generation. (E) Details of the
structures of the CDRs L1 and L2of
KDO035 and B1. The loops for KD035
(pink) and B1 (white) are shown as
cartoon representations and the loop
side chains are shown as sticks. An
alignment of the sequences of KD035
and B1 CDRs 1 and 2 is shown below
each structure. The side chains
underlined were chosen for binding
site restraint during the modeling
process and are also shown in the
corresponding structures. The number
between parentheses corresponds to
the number of the electrostatic
patches shown in (C)

49 55
éDNERPé
QODTNRPS

compared the affinity of KD0O35 to various domain deletions of
VEGFR2 by ELISA (Figure 2B). This analysis demonstrated that
KDO035 was able to bind to the first three N-terminal domains
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VEGFR2(D1-3) as strongly as to the D1-7 construct, while a con-
struct spanning Domains 2 and 3 only VEGFR2(D2-3) retained

around 80% of the full length ectodomain interaction in this

TABLE 2  Affinity values for VEGFR2(D2-3) to KD0O35(Fab) and
B1(Fab) measured by SPR(Biacore)

MAb K, x 10° (M 1s?}) Ky x 107 (s7Y) KD (nM)

KD035 2.67 5.78 0.22

B1 298 53.9 1.81
(A)

N LN N (N (N (N ¢

experiment, it showed no loss of binding in subsequent assays. We
also determined that both Domains 2 and 3 were required for the
interaction, given that the deletion of either of these domains resulted
in the loss of KD0O35 binding. Based on these data, we concluded that
the KDO35 epitope was contained principally within VEGFR2(D2-3).
Additionally, based on the absence of binding to the mouse VEGFR2
(D1-7), we determined that KDO35 does not recognize the mouse
orthologue (Figure 2B).

To further characterize the KD0O35 epitope and to guide the iden-
tification of the specific residues that make direct contacts with the

antibody, we took advantage of the homology between the human

(B) 120~

©
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1
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FIGURE 2 Mapping of the binding site of KD0O35 on VEGFR2 ectodomain. (A) Schematic of the organization of the extracellular domains 1-7
showing the different VEGFR extracellular fragments analyzed. (B) Binding analysis of KD0O35 to VEGFR2 to the different constructs schematized
in (A). All the constructs refer to human VEGFR2 with the exception of D1-7(m) which includes the mouse sequence. (C) Alignment of the
sequences of human and mouse VEGFR(D2-D3). Non-identical residues are shown in red. The four groups of human-to-mouse differences are
shown boxed and numbered as 1 through 4. (D, E) Binding analysis of KDO35 to VEGFR(D2-D3) human/mouse chimera and to mouse-to-human
group back mutations. Bars represent the mean + SD of duplicate or triplicate measurements plotted as percentage of the D1-7 binding.

(F) Structure of the VEGFR(D2-D3) ectodomains (PDB:2X1W*%). D2 is shown in blue and D3 in cyan. Solvent exposed residues from Group

4 mouse-to-human back mutations are shown in sticks and colored by element, carbohydrate decorations are shown as black sticks
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and mouse orthologues of VEGFR2. The alignment of human and
mouse sequences of VEGFR2(D2-3) showed that most of the differ-
ences are located in D3. More precisely, identity values were 92.5%
for D2 and 70.8% for D3 (Figure 2C). This allowed us to analyze the
differences in the D2-D3 construct that could account for the lack of
mouse cross reactivity. To this end we tested the binding of KD035
to the chimeric VEGFR2(D2-3) constructs where one of the two
human domains was replaced by the corresponding mouse sequence.
Consistent with the extent of identity between the mouse and human
proteins, the binding analysis of the human D2-mouse D3 and mouse
D2-human D3 chimeras showed that the interaction with KDO35 was
retained when D2 was switched to the mouse homologue but was
mostly abrogated when the mouse D3 as included (Figure 2D). To
extend these data we generated an additional series of human/mouse
chimeras, where systematic replacements of subsets of human-mouse
non-identical amino acids (labeled as Groups 1-4) were made trans-
ferring human sequences into the mouse D3 (Figure 2C). We then
analyzed the interaction of KDO35 with four VEGFR2(D2-3) con-
structs that included a human D2 followed by a chimeric mouse D3 in
which the human amino acids were introduced one group at a time.
Interestingly, KDO35 binding to the human D2-mouse D3 construct
was completely restored only when the amino acids in Group 4 were
mutated back to their human counterparts (Figure 2C,E). We there-
fore concluded that some of the positions in this group are responsi-
ble for the lack of KDO35 interaction with the mouse VEGFR2
(as shown above in Figure 2B) and could therefore be involved in for-
ming the KDO35(Fv)/VEGFR2(D2-3) complex interface. The final set
of VEGFR2 amino acids selected for setting the modeling restraint
was determined after inspecting the structure of VEGFR2(D2-3),
which is available in complex with VEGF-C (PDB:2X1W*). We
included only human/mouse non-homologous amino acids from
Group 4 with solvent exposed side chains in the structure (L304,
L313, T315, and S319; Figure 2F).

3.3 | Modeling the KD035 Fab—VEGFR2(D2-3)
interaction

Having identified the sites on the antibody and the receptor that
could be part of the complex interface (Figures 1D and 2F), we set up
a protein-protein docking process using the Fv part of our crystal
structure of KDO35 Fab and the previously reported structure of the
VEGFR2(D2-3) (PDB code 2X1W%4). These inputs were processed in
advance to the docking experiment to correct for missing side chains
and gaps generated during the structure building process, and to set
up side chain charges at pH 7.0. To increase the accuracy of the
antibody-antigen complex generation, we incorporated a placement
restraint by designating the above described amino acids as being a
part of the binding site for KDO35(Fv) and VEGFR2(D2-3). We also
included a refinement step by performing induced fit of the side
chains involved in the protein-protein interface and neighboring

regions. Finally the poses obtained were processed in two steps by

the calculation of free energy of binding by London dispersion
(London AG) and subsequently by the use of implicit solvent methods
(GBVI/WSA).2% The latest step resulted in a docking score (S) which
was the final scalar value used to rank the binding poses. Additional
information about the docking process can be found in the methods
section.

Given that the docking score is an approximation of the change in
the free energy of binding, it might be possible to assume that the
pose with the largest negative score is the one that most closely
resembles the native structure. However, this approach can be mis-
leading when the highest ranked poses have very similar score values.
In our case, the plot of the docking score values for the first five poses
(Figure 3A) showed a gap between the score of the highest ranked
pose and the rest. Whereas the first and the second pose differed in
1 kCal/mol, the S value of the subsequent poses differed in 0.5 kCal/
mol or less. This led us to pick the first pose for closer review and vali-
dation. The inspection of the structural features of this pose shows
that KDO35 CDRs in our model were positioned near the C-terminus
of D2 and the N-terminus of D3, close to the linker between the D2
and D3 domains of VEGFR2, positioning the KD035-binding site in
close proximity to the VEGFs binding site***° (Figure 3B).

34 |
model

Analysis of the KD035 Fab—VEGFR2(D2-3)

The detailed inspection of the protein-protein interface showed that
the VEGFR2 residue L313 (D3) was contributing to a network of
hydrophobic contacts mediated by the aromatic rings of Y137 (D2),
Y221 (D3), Y31 (CDR L1), W90 (CDR L3), and by the side chain of
V219 (D3) (Figure 4A). As mentioned before, L313 belongs to the
Group 4 of mouse/human non-homologous amino acids in VEGFR2
(D3). In fact, the mouse VEGFR2(D3) sequence contains an arginine at
this position (Figure 2C), which could be detrimental for KD0O35 bind-
ing and explain the lack of interaction with the mouse D3 we
observed in our ELISA experiments.

Other interactions included the side chains of E25 (CDR L1) and
D29 (CDR L1), which were set up as restraints defining KD035
paratope (Figure 2) and mediated contacts with the VEGFR2(D2) in
the model. E25 was located in close proximity to K183 (D2) allowing
for salt bridge formation. D29, by means of its interaction with K26
(CDR L1), established an H-bond with the backbone nitrogen of V147
(D2) (Figure 4B). An additional interaction in this area involves the
backbone carbonyl of G28 (CDR L1) which accepts and H-bond from
the side chain of T145 (D2) (Figure 4B). The third paratope restraint,
K52 (CDR L2), which introduced a positively charged patch on KD0O35
(Figure 2) was not involved in a polar interaction, but its alkyl group
and the ones of K316 and M314 (D3) were close enough to make
hydrophobic contact (Figure 4C). K52 preceding residue, N51, was
positioned in close proximity to E140 (D2) and K142 (D2) and with
R222 (D3) to mediate a robust net of H-bonds (Figure 4C). Interest-

ingly, these interactions provided a potential explanation for the
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FIGURE 3 VEGFR2(D2-3)/
KDO035 model. (A) Plot of the
docking score S versus pose
number for the first five poses of
the output database from the
KDO035-VEGFR2(D2-3) docking
experiment. The red arrow
indicates the pose with the most
negative score (highest ranked),
which was selected for
subsequent analysis.

(B) Overview of the structure
showing two orientations. D2 is
shown in blue and D3 in cyan,
KDO035 heavy chain in shown in
red and light chain in pink
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8.2-fold improvement in VEGFR2 affinity between KDO35 and its less
potent parental counterpart B1 (Table 2). Shorter side chains are pre-
sent in B1 at all three positions (D25, 529, and T51), given the impor-
tance of these residues in the complex formation, these changes
could directly contribute to the improved binding (Figure 1E). Our ini-
tial analysis focused on the changes in hydrophobic or electrostatic
features, thus KD0O35 N51 was not included as a docking restraint.
However, our model shows that the introduction of the T51N muta-
tion during the B1 to KD035 maturation process should contribute to
the observed increased affinity of KD0O35. To a minor extent, the
interaction involving K52 and the stabilization of D29 by K26 would
be negatively affected by the less suitable B1 residues N52 and S26
(Figure 1E).

Our model further suggested that residues in KD0O35 CDRs H1
and H3 were involved in the formation of KD035-VEGFR2(D2-3)
complex. Specifically, T28 (CDR H1) formed an H-bond with N259
(D3) and E261 (D3) whereas W31 (CDR H1) formed an H-bond with
D257 (D3). Additionally, the carbonyl of G26 (CDR H1) is mediating
an H-bond with K317 (D3). Interestingly, the mouse homologues of
N259 (D3) of E261 (D3) are threonine and histidine, respectively
(Figure 2C) and these positions belong to the Group 2 of human-
mouse differences in D3. We believe the mouse amino acids at these
positions would be able to mediate the described interactions with
KDO035 CDR H1 which is in accordance with the lack of binding resto-
ration when the human amino acids of Group 2 were introduced into
the D3 chimera (Figure 2E). On the other hand, K317 (D3) belongs to
Group 4 but it still possible that its interaction with KD0O35 CDR1 is
conserved by the arginine in the mouse orthologue position. Addi-
tional interactions include K144 (D2), which establishes a salt bridge
with the side chain of D50 (CDR L2) and an H-bond with the back-
bone carbonyl of E30 (CDR L1; Figure 4E).

—60.0 1
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Model validation: Mutagenesis and binding

In order to confirm the molecular basis of the KDO35(Fv)/VEGFR2
(D2-3) interaction suggested by our model, we generated a series of
VEGFR2 mutants bearing substitutions in some of the residues
predicted to be involved in establishing key contacts. The mutant
L313R (D3) was designed to disrupt the net of hydrophobic contacts
mediated by L313, by introducing a large, polar residue found in the
mouse homologue (Figure 4A). We also generated a D257A/E261A
(D3) double mutant, intended to disrupt the interaction of D257 and
E261 with W31 and T28 on KD035 CDR H1 (Figure 4D). As an addi-
tional and negative control, we made a third mutant, M197A/M211A/
1213A, representing substitutions in D2 amino acids that form a large
hydrophobic patch involved in the interaction with VEGF-A; however,
not predicted to be involved in KDO35 binding by our model*® (see
below).

The VEGFR2(D2-3) harboring these modifications were tested
for their interaction with VEGF-A, as a mean to check for deleterious
effects. VEGFR2 (D2-3) carrying the M197A/M211A/1213A mutation
expectedly abolished the binding to VEGF-A, while having no effect
on the interaction with KDO35 (Figure 5A). The L313R and D257A/
E261A mutants were able to bind to VEGF-A to a similar extent as
the WT VEGFR2(D2-3), confirming that the introduced substitutions
did not have any deleterious effect on protein folding. Consistent with
our model, where M197, M211, and 121 were not part of the
KDO035-VEGFR2(D2-3) interface, KD0O35 bound to the WT and the
M197A/M211A/1213A mutants, while the interaction was completely
abolished for the L313R mutant and to a large extent for the D257A/
E261A double mutant construct (Figure 5A). This confirmed our
model driven hypothesis that L313 was part of a net of hydrophobic
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FIGURE 4

Interactions shown by the KD035-VEGFR2(D2-3) model. (A) Hydrophobic interactions mediated by L313. Side chains involved in

the interactions are shown in stick format. L313 is colored yellow and the rest of the side chains are colored according to the domain or chain
they belong to. The yellow netted surface depicts the extent of the hydrophobic pocket surrounding L313. (B, C) Interactions mediated by KD035
L1 and L2, respectively. (D, E) Interactions mediated by KD0O35 HC. VEGFR2 D2 is colored blue and the D3 is colored cyan. KD035 HC is colored
red and the LC is colored pink. Amino acid labels include domain or chain information in parentheses

contacts contributing to the interaction with KDO35 (Figure 4A),
which could be disrupted by the introduction of a large polar residue.
It also validated our model-based observations for the interaction
between the D257/E261 pair and KD035 CDR H1 (Figure 4D).

In order to quantify the impact of these mutations and possibly
correlate them with the strength of the related interactions, we mea-
sured the affinity of the VEGFR2(D2-3) mutants to KDO35 by SPR. In
line with the ELISA data, this analysis showed that the KD0O35 binding
was completely abolished by the introduction of the L313R mutation

(Figure 5B), whereas the D257A/E261A mutation demonstrated a
27.5-fold decrease in affinity. Specifically, the resulting Kp values
were 1.3 nM for VEGFR2(D2-3) WT and 35.8 nM for the D257A/
E261A mutant. As anticipated, the control M197A/M211A/1213A
mutant showed a modest fourfold decrease in affinity (Figure 5B).
Data obtained from this mutagenesis analysis provided experimental
validation for our in silico model of the KD035-VEGFR2(D2-3) com-
plex, described in the highest ranked pose generated by the docking
analysis.
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FIGURE 5

Binding analysis of KD035 to VEGFR2(D2-3) mutants. (A) ELISA binding curves to VEGF-A (top) and KD035(bottom) are shown

for VEGFR2(D2-3) wild-type (WT) and the mutants L313R (red), D257A/E261A (blue) and M197A/M211A/1213A (green). Points and error bars
represent mean + SEM (n = 3) of absolute readout values for absorbance at 450 nm (A450). Dots represent mean + SD of duplicate or triplicate
measurements. (B) VEGFR2(D2-3) B: SPR binding analysis of KDO35 (ligand) to a concentration series of the VEGFR2(D2-3) WT or mutants
(analytes). Fitting traces are shown superimposed to the experimental sensorgrams with the affinity values calculated from the fitting following a
single kinetic model (inset). The sensorgrams shown belong to one representative experiment of duplicate measurements

3.6 | Model validation: Molecular dynamics
simulation

In order to further validate our model and the interactions suggested,
we performed a 50 ns MD simulation. The superposition of the trajec-
tory frames taken 1 ns apart allowed for the visualization of the struc-
tural variations produced by the movement of the VEGFR2(D2-3)
loops and the relative stability of the antibody chains (Figure 6A).
Interestingly, the bulk of the VEGFR2 variation was on the face oppo-
site to the KDO35 interface and primarily occurred in the VEGF-
binding site. The extent of these variations is quite evident in the
graphical representation of the calculation of the RMSD between the
C-alpha chains of the trajectory frames taking the starting modeled
coordinates as reference file (Figure 6B, KDO35, filled circles and
VGFR2(D2-3), open circles). In fact, KD035 chains show a small varia-
tion during the trajectory, with RMSD values ranging between 1.0 and
1.5 A. On the other hand, the RMSD values for the VEGFR2(D2-3)
coordinates jump up to 6.0 A in the first 20 ns, to become stabilized
at 4.0 A throughout the rest of the trajectory (Figure 6B). The

presence of stable RMSD values indicate that an energy minimum
was reached and that the 50 ns sampling time was adequate for this
analysis. The analysis of the interactions present in each frame was
done using the antibody-antigen interaction fingerprint tool in MOE
(Figure 6C). For each frame, an occurrence of an interaction is repre-
sented by a black bar. The pairwise analysis of KDO35 and VEGFR2
fingerprints allowed us to determine the specific interactions that are
conserved throughout the simulation. As expected, the hydrophobic
interface involving L313 (D3) is conserved, involving the interaction
with the KDO35 residues Y31 (CDR L1) and W90 (CDR L3;
Figures 6C and 4A). The interaction involving the KD035 light chain
restraints, E25 (CDR L1)—K183 (D2) and D29 (CDR L1)-V147
(D2) were maintained, alongside with the neighboring interactions
involving G28 (CDR L1; Figures 6C and 4B). Additionally, the interface
buried interactions between K144 (D2) and the KDO35 amino acids
E30 (CDR L1) and D50 (CDR L2) is also conserved during the simula-
tion analysis (Figures 6C and 4E). The interactions surrounding N51
and K52 (CDR L2), involving side chains from VEGFR2 D2 (E140 and
K142) and D3 (M314 and K316) domains were not strong enough to
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FIGURE 6 MD simulation of the KD0O35 (Fv)/VEGFR2 (D2-3) complex. (A) Ribbon rendering of the superposed frames of the simulation
trajectory. (B) Graph of the RMSDs for the C-alpha chains of KD035 (solid circles) and the VEGFR2 (D2-3) (open circles) over the 50 ns time
frame of the simulation. (C) 2D Antibody-antigen interaction fingerprint. Each black bar represents a contact occurring in a specific frame of the
simulation for KDO35 (left) and VEGFR2 (D2-3) (right). Interactions predicted by the model between specific amino acids of the antibody and the
receptor are delineated by the dotted lines between residues listed on the horizontal axis

be maintained throughout the simulation. This set of interactions
occurs at the linker between the VEGFR2 D2 and D3 domains which
is expectedly an area of high flexibility (Figures 6C and 4C). Lastly, the
interactions predicted for the KD035 heavy chain W31 (CDR H1)—
D257 (D3) and T28 (CDR H1)—N259 (D3)/E261 (D3) are present
throughout the frames (Figures 6C and 4D). This last set was also vali-
dated by the mutagenesis and binding assays where the VEGFR2(D2-
3) D257A/E261A mutant demonstrated diminished binding with
KDO035 (Figure 5). Overall, MD analysis strongly supported the
involvement of the interactions suggested by our model (particularly
those involving L313) in the formation of a stable complex. MD and
fingerprint analysis, further supported by Together with the mutagen-
esis data, 2D fingerprint of the interactions in the complex over the
MD simulation provided robust validation for our model of the
KDO035 (Fv)/VEGFR2(D2-3) interaction.

3.7 | KDO035 inhibits VEGFR2 by blocking VEGF-
receptor interaction

The therapeutic effects of VEGFR2 neutralizing antibodies stem from
their ability to block ligand-mediated receptor activation via disruption
of complex formation between the receptor and the VEGF homo-
dimer. We wanted to confirm that KDO35 was able to block VEGF-
receptor interaction and also extend our modeling studies to charac-
terize the molecular mechanism of this functional antagonism. X-ray
structures of VEGF-A, VEGF-C, and VEGF-E bound to VEGFR2(D2-3)
have been previously reported.*>#¢ Given that these three ligands
share the same binding site on the receptor, we focused on VEGF-C
for our comparison with the binding site of KD035. To this end, we
superposed the VEGFR2(D2-3)s from the VEGF-C/VEGFR2(D2-3)
structure (PDB:2X1W*¢) and from our KDO35(Fv)/VEGFR2(D2-3)
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model. The resulting VEGF-C/VEGFR2(D2-3)/KD035 ensemble
model is shown in Figure 7A. The inspection of the relative orientation
of VEGF-C and KD035-binding sites allowed us analyzes the potential
for competition between of VEGF-C and KDO035. The superposed
structures showed that, whereas both VEGF-C and KD035 have their
binding sites around the linker between D2 and D3, they bound to
opposite sides of VEGFR(D2-D3) with little superposition (Figure 7A).
Interestingly, the shared site of interaction included the contacts
mediated by loop L3 from VEGF-C (side chains 188-196) which inter-
acted with G312 and are close to L313 from VEGFR2 D3 (Figure 7B).
Therefore, we propose that the engagement of L313 by KDO35 plays
a role in the ability of this antibody to compete with VEGF-C for the
interaction with VEGFR2(D2-3).

Although not completely overlapping, KD035 and VEGF-C-
binding sites are immediately adjacent, which could cause a steric
overlap that would prevent VEGF-C (and by extension VEGF-A and
VEGF-E) binding when KDO35 is present. In order to confirm that the
closeness of the binding sites would in fact result in a competitive dis-
placement of the natural ligand by KD035 leading to functional recep-

tor antagonism, we performed quantitative competition assays. We
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FIGURE 7

measured the extent of displacement of VEGF-A or VEGF-C from the
receptor by the antibody by a competitive ELISA. KDO35 capacity to
compete with VEGF-A or VEGF-C was compared to ramucirumab,
VEGFR2 targeting antibody, whose binding and activity has been
extensively characterized.”® KD035 effectively blocked VEGF-A and
VEGF-C binding at low concentrations, with EC5os of 357 pM and
620 pM, respectively (Figure 7C). KD035 was similarly potent as ram-
ucirumab whose ECsgs were 470 pM and 690 pM, highlighting the
potential clinical utility of KD0O35. The ability of KD035 to block
VEGFs binding to the receptor in a dose dependent manner also vali-
dated our model where our antibody and the natural ligand were posi-
tioned to have adjacent, slightly superposed binding sites on the
receptor.

4 | DISCUSSION

Data-driven approaches to computational modeling are successful in
generating protein-protein structural models, which are predictive of the

native complex confirmation with a high degree of accuracy.326-31:34

VEGF-C

KDO035: 620 pM
Ramucirumab: 690 pM

-12 —1|0 -8
Log (M)

Structural basis of KDO35 competition with VEGF-C. (A) Superposed ensemble resulting from overlaying of the VEGFR2(D2-3)

domains from the KD0O35 complex model and from the VEGFR2(D2-3)/VEGF-C structure (PDB: 2X1W). VEGF-C is colored green. (B) Zoomed-in
view of the region boxed in (A). L313(D3) is shown in stick format and colored black. Side chains from either KDO35 or VEGF-C interacting with
L313 are shown in stick format. The interaction L313(D3)-L192(VEGF-C) is depicted. The color of sticks and legends follows the rule described
before for D2, D3 and VEGF-C. (C) ELISA based competition assays showing the displacement of VEGF-A (left) and VEGF-C (right) from their
binding site at VEGFR2(D2-3) by KD035 and ramucirumab. KD0O35 and ramucirumab plots are potted as mean + SEM of duplicate or triplicate
experiments. ECsg values calculated using a single site fit model are shown in the inset
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These methods use information about the CDRs and binding epitopes
to introduce restraints that increase the accuracy of the modeling
result. The data-driven approach used our study combined the com-
parison of the crystal structures of KDO35 and its parental antibody
with the data from the KD035-binding affinity changes with human
and mouse VEGFR2. These data combined to form model restraints
and define contacts for the antibody and the receptor. We employed
the analysis of protein surfaces and enumeration of the differences in
the distribution of charged patches as indicators of residues in KD035
that could be taken in consideration for paratope definition during the
docking processes. A comparative analysis between the parental clone
and KDO35 focusing on the topological features of the paratope sur-
face in combination with the charge distribution allowed for further
definition of the binding interface.

While the modeling field is constantly improving, currently, there
are still no scoring methods reliable enough to provide an adequate
degree of certainty in the generated complex predictions. As with the
experimentally determined structures, further validation is generally
required to justify the proposed binding modes. In our study, having
generated a series of possible binding poses we focused on the com-
plex with the lowest free energy score and went on to validate the
accuracy of the prediction via a mutagenesis-based analysis. In fact,
our ELISA and SPR assays confirmed the role of the most relevant
interactions suggested by the model. Additionally, as mentioned in
Section 3, the accuracy of the selected pose is also supported by the
fact that the predicted interactions provide an explanation for how
changes generated by affinity maturation improved VEGFR2 affinity
between the parental B1 and KDO35 antibodies. Furthermore, and
consistent with our initial domain mapping analysis, the model shows
that only VEGFR2 D3 amino acids included in the Group 4 of human-
mouse differences mediate interactions that would be severely
disrupted by the replacement with the mouse orthologue. This is very
remarkable for the interactions mediated by L313, which is an argi-
nine in the mouse VEGFR2(D3) sequence. Among the remaining
amino acids belonging to Group 4, which were set up as restraints,
only K317 mediates an H-bond which would be conserved by an argi-
nine in mouse VEGFR2. The remaining restraints (L304 and $319) are
located away from the modeled interface.

The analysis of the model and the confirmatory mutagenesis
showed that the extensive network of hydrophobic interactions medi-
ated by KD035 L1 and L3 CDRs with L313 of VEGFR2(D3) is an
important driver of affinity (Figure 4A). Existence of this network of
hydrophobic interactions surrounding L313 also provides an explana-
tion for the lack of KD035-binding to the mouse VEGFR2. This set of
interactions located at the linker between the VEGFR2 domains sug-
gests the possibility that the binding of KD035 may change their rela-
tive position, which may further contribute to the inhibitory activity if
the ligand-binding site is closely located.

Related to this, our model suggests that the interactions mediated
by L313 contribute to the receptor antagonist activity of KD035,
destabilizing the VEFG binding, and blocking functional receptor-
ligand complex formation (Figure 7B). However, other than the inter-

actions mediated with L313, there are no additional points within the

VEGFR2(D2-3) surface where the KD0O35 and VEGF binding sites
overlap. Based on our model and experimental data demonstrating
robust competition between KD035 and VEGFs, we speculate that
the displacement of the ligand from the receptor occurs primarily due
to the steric hindrance exerted by the proximity of the binding sites.
While not directly addressed by our data, the effect of KDO35 on the
relative orientation of the VEGFR2 D2 and D3 should not be dis-
carded. It is possible that upon antibody binding, these domains veer
away from the optimal orientation required for the formation of the
VEGF binding site thus further impeding optimal ligand binding. The
change in the relative orientation of D2 and D3 domains could be sta-
bilized by the hydrophobic network of interactions close to the D2-
D3 linker as mentioned above, and also by the described interactions
of KDRO35 LC and HC with D2 and D3, respectively.

Protein-protein interaction energetics are complex, involving
aspects of protein folding as well as conformational changes on pro-
tein surfaces (induced fit).* "% Understandably, the inherent flexibility
of each monomer contributes to the energy landscape of the com-
plex.* MD simulations are frequently utilized as a means to comple-
ment the information obtained by static analysis of protein-protein
docking®* and also to correct errors in the crystal structure mainly due
to packing forces. The inspection of the symmetry mates for our B1
and KDO35 structures show no involvement in the packing interfaces
of the CDR loops or areas which could otherwise affect their confor-
mation. However, the dynamics of the interface between the light and
heavy chains in the antibody influence the relative orientation of
these chains. This, alongside with the inherent flexibility of the CDR

65-67 and

H3 loop, determine the plasticity of the paratope surface
affect the energy landscape of the antibody-antigen complex.®® Epi-
topes, on the other hand are reportedly less flexible than paratopes
and non-epitopic regions.®® The stability of the suggested interactions
was assessed by means of MD simulation. Previous studies showed
that the trends that allow to differentiate between native and non-
native complexes are already evident within the first 5 ns, and are
only augmented during the rest of the simulation.®* Our analysis of
the trajectory during the 50 ns simulation showed limited variation in
the epitopic region and emphasized the stability of the Van der Waal
contacts established by L313, which are central for the functional
KDO035 complex formation. On the other hand, marginal H-bond and
salt bridge mediated interactions showed a greater instability. This
highlights the importance of the hydrophobic interactions, which were
also previously delineated for other therapeutic antibodies.®®

In summary, combining information from experimentally deter-
mined structures, data from binding assays and species cross reactiv-
ity we were able to generate a model of the binding site between
KDO035 on VEGFR2. The validation of an in silico protein-protein
model via MD simulation and directed mutagenesis (a method widely
used to validate experimentally determined complexes) is an accept-
able proof of accuracy. Often, the validation of models similar to ours,
relies largely on the macroscopic comparison with experimentally
obtained structures, without validating the accuracy of the interaction
surface at the level of the amino acid interactions.®2%2%%? Experimen-

tal validation and further analysis of the model allowed us to propose
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a reliable molecular mechanism for the competitive receptor occu-
pancy between KDO35 and VEGFs. We expect that future develop-
ments in epitope mapping, possibly fueled by the improvements in the
topological analyses of protein surfaces’® together with the applica-
tion of machine learning methods will greatly enhance the accuracy of
in silico models.”* In this regard, descriptions of structural and ener-
getic properties generated by the MD simulations will undoubtedly
contribute to the development of more accurate scoring methods.4*

Overall, the reliability of our model, supported by MD simulation
and mutagenesis analyses, sets up a protocol for a multidisciplinary
approach where protein-protein docking output can be effectively
restrained by the supplementary experimental information.
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