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Abstract

Objective—The allbp3 antagonist anti-platelet drug abciximab is the chimeric antigen-binding
fragment (Fab) comprising the variable regions of murine mAb 7E3 and the constant domains of
human IgG1 and light chain x. Previous mutagenesis studies suggested that abciximab binds to the
B3 C177-C184 specificity-determining loop (SDL) and Trp129 on the adjacent p1-a1 helix. These
studies could not, however, assess whether 7E3 or abciximab prevents fibrinogen binding by steric
interference, disruption of either the allbp3-binding pocket for fibrinogen or the B3 SDL (which
is not part of the binding pocket, but affects fibrinogen binding), or some combination of these
effects. To address this gap, we used cryo-electron microscopy (EM) to determine the structure of
the allb3-abciximab complex at 2.8-A resolution.

Approach and Results—The interacting surface of abciximab is comprised of residues from
all three complementarity-determining regions of both the light and heavy chains, with high
representation of aromatic residues. Binding is primarily to the $3 SDL and neighboring residues,
the p1-al helix, and B3 residues Ser211, Val212 and Met335. Unexpectedly, the structure also
indicated several interactions with allb. As judged by the cryo-EM model, molecular-dynamics
simulations, and mutagenesis, the binding of abciximab does not appear to rely on the interaction
with the allb residues, and does not result in disruption of the fibrinogen-binding pocket; it does,
however, compress and reduce the flexibility of the SDL.
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Conclusions—We deduce that abciximab prevents ligand binding by steric interference, with a
potential contribution via displacement of the SDL and limitation of the flexibility of the SDL
residues.

Keywords

integrin receptor; allbp3; antiplatelet agent; Cell Biology/Structural Biology; Platelets;
Myocardial Infarction; Percutaneous Coronary Intervention; Thrombosis

INTRODUCTION

The drug abciximab is the antigen-binding fragment (Fab) of a chimeric monoclonal
antibody (mAb) comprising the variable regions of murine mAb 7E3 and the constant
domains of human 1gG1 and light chain .1 Its target is the platelet integrin allbp3 receptor,
which is highly expressed on platelets and megakaryocytes and required for normal platelet
aggregation.? Patients who lack functional a.llbB3 receptors on an inherited basis have
Glanzmann thrombasthenia, a serious life-long bleeding disorder characterized by
mucocutaneous hemorrhage.3

mADb 7E3 and abciximab potently inhibit fibrinogen binding to allbp3, platelet aggregation
induced by multiple agonists that depend on ligand binding to allbp3, and platelet-mediated
thrombus formation 77 vivo.48 Abciximab was approved by the U.S. Food and Drug
Administration (FDA) for human use in 1994 as an adjunct to percutaneous coronary artery
intervention for the prevention of cardiac ischemic complications. The manufacturer has
estimated that more than 5 million patients worldwide have been treated with abciximab
since its approval (Private Communication, Dr. Elliot Barnathan, September 9, 2019). In
more than 40 studies conducted on more than 30,000 patients in randomized Phase 3 and
post-market studies of patients undergoing percutaneous coronary interventions, including
coronary artery stenting, abciximab decreased the odds of both all-cause mortality at 30 days
[odds ratio (OR) 0.79, 95% confidence interval (Cl) 0.64-0.97)] and death or myocardial
infarction at 30 days (OR 0.66, 95% CI 0.60-0.72).°

mAb 7E3 1gG has the unusual property of binding much more rapidly to activated platelets
than unactivated platelets.* The F(ab’), and Fab fragments of 7E3 bind more rapidly to
unactivated platelets than does the intact 1gG and so their rates of binding are less affected
by platelet activation. In a reciprocal manner, dimers, trimers, and tetramers of 7E3 bind less
rapidly to unactivated platelets than does the intact 1gG, and they demonstrate the greatest
increase in binding rate with platelet activation.1% Thus, 7E3 binding is consistent with size-
dependent access to its epitope. Despite its relatively slow binding to unactivated allbf3,
7E3 1gG eventually reaches the same maximal binding level as other mAbs to allbp3,
suggesting that allbp3 continually undergoes conformational changes that variably limit
access of 7E3 to its epitope.

mAb 7E3 reacts with non-human primate and dog platelets in addition to human platelets,11
which allowed for testing its anti-platelet and anti-thrombotic properties in a number of
animal models.” 8 12-14 mAb 7E3 and abciximab also react with the related integrin
receptor a VB3, which shares the same P integrin subunit.15-17
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The binding of mAb 7E3 to allbp3 has been studied biochemically and by site-directed
mutagenesis and electron microscopy (EM), leading to the localization of its epitope to
discontinuous areas of the $3 subunit head domain near the fibrinogen/Arg-Gly-Asp (RGD)
-binding pocket made up of the metal ion-dependent adhesion site (MIDAS) and the
adjacent to the metal ion-dependent adhesion site (ADMIDAS), as well as the nearby
specificity-determining loop (SDL),18-21 but none of the studies to date have had the
resolution to identify the specific antibody—integrin interactions at the atomic level or to
assess whether abciximab alters the fibrinogen/RGD-binding pocket itself. To address these
gaps in our knowledge, we have utilized cryo-EM to obtain a high-resolution three-
dimensional structure of the allbp3-abciximab complex and a combination of molecular
dynamics (MD) simulations and site-directed mutagenesis to probe the stability of its inter-
molecular interactions.

MATERIALS and METHODS

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Cloning, expression, protein purification, and complex formation

Based on previous studies by Zhu et al.,22 human allb integrin (residues 1-963) was fused
in frame at its C terminus to a PreScission protease cleavage site, an acidic coiled-coil
region, and a Strep Il tag, and cloned into the pEF1 vector (Invitrogen). Human B3 integrin
(residues 1-690) was fused in frame at its C terminus to a PreScission protease cleavage site,
a basic coiled-coil region, and an 8X histidine tag, and cloned into the pcDNA3.1 vector
(Invitrogen). The cloned allb subunit contains an Leu959Cys mutation, whereas the g3
subunit contains a Pro688Cys mutation; together, these mutations allow for the formation of
a disulfide bond between the two integrin subunit chains near the C terminus.

Recombinant allbp3 was expressed in mammalian cell culture using the Expi293
expression system (Thermo Fisher Scientific). Expi293 suspension cells were co-transfected
with allb- and p3-encoding plasmids using TransIT-PRO reagent (Mirus) according to the
manufacturer’s protocol. Transfected cells were cultured for 5-6 days in Expi293 expression
medium (Thermo Fisher Scientific) at 37°C, 8% CO,, with shaking at 125 rpm.

The expressing cells were harvested by centrifugation and the supernatant was dialyzed with
at least 3 changes against dialysis buffer (20 mM HEPES, pH 7.4, 300 mM NaCl, 2 mM
CaCly 1 mM MgCly). The allbp3 complexes were then purified using TALON metal-
affinity resin (Takara), followed by gel filtration (Superdex™ Increase 200, GE Healthcare
Life Sciences) in a buffer containing 20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM CaCl,, 1
mM MgCl,.

Abciximab was obtained from Centocor/Lilly. Purified allbp3 was mixed with abciximab at
a 1:6 molar ratio (0.74 pM/4.55 pM) in a buffer containing 20 mM HEPES, pH 7.4, 150 mM
NaCl, 2 mM CaCl,, 1 mM MgCl,, incubated for 2 hours at 4°C, and subjected to gel

filtration (Superdex™ Increase 200). The fractions containing allbp3-abciximab complexes
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were identified by SDS-PAGE followed by Coomassie blue staining and then imaged by
negative-stain electron microscopy (EM).

Protein sequencing

The primary amino-acid sequence of abciximab was determined by de novo peptide
sequencing®® 24 using tandem mass spectrometry (MS) by Rapid Novor Inc. Eight in-
solution and in-gel digestions of abciximab were prepared with 5 different enzymes (pepsin,
trypsin, chymotrypsin, Asp N, and Lys C). Prior to digestion, in-solution samples were
reduced and alkylated. For in-gel digestions, samples were reduced, electrophoresed in an
SDS-polyacrylamide gel, deglycosylated, reduced again, alkylated, and digested. All
digestions were analyzed by LC-MS/MS using Thermo Fisher Q Exactive™, Orbitrap
Fusion™ mass spectrometers. Peptides were characterized from LC-MS/MS data using de
novo peptide sequencing and then assembled into the antibody sequence.?4 Both heavy and
light chains were covered 100% with at least 5 peptide scans. The discrimination between
the Leu and Ile amino acids was based on three criteria: 1) The W-ion Isoleucine Leucine
Determination (WILD™) method (Rapid Novor Inc.), 2) enzyme specificity at Leu and lle
in chymotrypsin and pepsin digestions, and 3) statistical residue distribution and
homologous sequences by reference to the international ImMMunoGeneTics information
system (http://www.imgt.org/). This approach allowed for the discrimination between Leu
and Ille among all the Leu/lle amino-acids, except for heavy chain Leu/lle 98. That residue
was arbitrarily assigned as Leu98.

Negative-stain EM

4-pL aliquots of the allbp3-abciximab complex (0.01 mg/mL) were adsorbed for 30 s onto
glow-discharged copper grids covered with a carbon-coated plastic film and negatively
stained with 0.75% (w/v) uranyl formate solution as described.?> Specimens were imaged
with a CM10 electron microscope (Philips) equipped with a tungsten filament and operated
at an acceleration voltage of 100 kV. Micrographs were collected with an XR16L-ActiveVu
camera (AMT) at a defocus value of —1.5 um. The nominal magnification was 52,000,
which corresponds to a calibrated magnification of 41,513X and a pixel size of 2.65 nm at
the specimen level. From 49 images, 14,593 particles were automatically picked with
Gautomatch (http://www.mrc-Imb.cam.ac.uk/kzhang/Gautomatch/) and windowed into
128X128-pixel images. After image normalization and particle centering, the particle images
were classified into 100 groups using K-means classification procedures implemented in
SPIDER.26

Cryo-EM sample preparation and data collection

For cryo-EM grid preparation, vitrified grids were prepared with a Vitrobot Mark IV
(Thermo Fisher Scientific) set at 100% humidity and 4°C. 4-uL aliquots were applied to
glow-discharged Quantifoil 400 mesh 1.2/1.3 gold grids, which were blotted for 3 s with a
blot force setting of —2 and then plunged into liquid ethane.

Image stacks were collected with a Titan Krios electron microscope (Thermo Fisher
Scientific) in the Cryo-EM Resource Center at the Rockefeller University operated at an
acceleration voltage of 300 kV. Data were collected with a K2 Summit camera (Gatan) in
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super-resolution counting mode using SerialEM.2” The nominal magnification was 28,000X
(calibrated pixel size of 1.0 A on the specimen level) and the defocus range was —1.2 to —2.5
pum. Exposures of 10 s were dose-fractionated into 40 frames (250 ms per frame), with a
dose rate of 6 electrons/pixel/s (~1.5 electrons/A%/frame), resulting in a total dose of 60
electrons/AZ,

Image processing

Image stacks were motion-corrected, dose-weighted, summed, and binned over 2X2 pixels
in MotionCor2.28 The contrast transfer function (CTF) parameters were determined with
CTFFIND4.29 A total of 2,970,080 particles were auto-picked from 4,236 micrographs
using Gautomatch. The particles were extracted into 240X240-pixel images, rescaled into
80x80-pixel images, and subjected to 2D classification into 150 classes in RELION-3,30
which was used for all further processing steps. After discarding the particles in classes that
showed poor averages, the remaining 2,408,289 particles were subjected to 3D classification
into 6 classes using as reference an initial model generated in RELION-3. Three classes
showed clear secondary structure and the corresponding 1,161,396 particles were combined,
re-centered, and re-extracted into 288X288-pixel images. After 3D refinement and post-
processing, the overall resolution of the map was 3.0 A. Subsequent CTF refinement and
Bayesian polishing further improved the map to a resolution of 2.8 A. The local-resolution
map was calculated in RELION-3.

Model building and refinement

The crystal structure of allbp3 (PDB: 3FCS)22 and a homology model for abciximab
generated with PIGS3! were rigid-body fitted into the cryo-EM density map in UCSF
Chimera.32 Residues were manually fitted and adjusted in Coot.33 The built model was
refined with phenix.real_space_refine,34 followed by minor manual adjustments. To validate
the model, a cross-validation procedure was performed. The model was refined against half
map 1. Then, FSC curves were calculate between the refined model and half map 1 (work),
half map 2 (free), and the combined map.

Molecular dynamics simulations

Two sets of standard MD simulations were performed starting from the cryo-EM structure of
the allbp3-abciximab complex or the 2.55-A resolution X-ray crystal structure of ligand-
free allbp3 integrin in its closed conformation (PDB: 3FCS).22 S For the latter, only the
protein segments corresponding to those resolved by cryo-EM were simulated. Since the
flexible loop corresponding to B3 amino-acid residues 75 to 78 (GDSS) was not resolved in
either the cryo-EM or the crystal structure, it was built using a knowledge-based loop
prediction approach within the Bioluminate module of the Schrdédinger software package.
35-37 Non-protein molecules, except all metal ions, were removed from the simulation
setups of both the cryo-EM structure and the crystal structure. All water molecules that were
present in the crystal structure were included in the MD simulation setup for this structure.
To be able to compare between the two sets of simulations, crystallographic water molecules
that coordinated the metal ions in the MIDAS, ADMIDAS, and SyMBS were added to the
simulation setup of the cryo-EM structure after structural superimposition of all residues
within 4 A from the ions. After adding hydrogens, the crystal structure of allbp3 and the
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cryo-EM structure of the allbp3—abciximab complex were immersed in dodecahedral water
boxes of TIP3P water38 such that there were at least 10 A of water molecules on each side of
the protein systems. The NaCl concentration was set to 150 mM. The protein was modeled
using the CHARMM36m force field,39 with a 12-A cutoff for non-bonded interactions.
Long-range electrostatic interactions were calculated using the particle-mesh Ewald method.
40 All bonds involving hydrogen atoms were fixed using the LINCS algorithm,*! and
hydrogen masses were increased to 4 amu using a mass repartitioning scheme,*2 allowing a
time step of 4 fs. The crystallographic and cryo-EM systems were energy-minimized and
equilibrated at a temperature of 300 K using the Nosé-Hoover thermostat#3 44 and at a
pressure of 1 atm using the Parinello-Rahman barostat.4>: 46 After equilibration, 4
independent MD simulations of 500 ns each were run for each system. MD setup and
simulations were performed with the Gromacs 2018 software package,*’ and the simulation
trajectories were analyzed using cpptraj from AmberTools.*8

Protein—protein fingerprint analysis

To characterize the type of inter-molecular interactions between the allbf3 integrin protein
and abciximab, we calculated interaction fingerprints between side-chain atoms other than
hydrogen. A distance cutoff of 4.5 A between non-polar atoms was used to identify non-
polar interactions. Aromatic interactions were defined as those in which the distance
between atoms within two aromatic rings was less than 4 A and further classified by
orientation depending on the angle formed by the rings. Those with an angle between rings
of 0° were defined as purely face-to-face and those with an angle of 90° were defined as
purely edge-to-face. Interaction with angles between 30° and 150° were defined as edge-to-
face, and the remaining interactions were defined as face-to-face. Interactions were defined
as electrostatic if the distance between two charged atoms on different residues was less than
4 A Finally, a hydrogen bond, either direct or water-mediated, was defined by a distance
below 3.5 A between donor and acceptor atoms and an angle of less than 135° between the
three atoms forming the bond.

Calculations were performed on 4000 frames from the trajectories (two frames per ns of
simulation) using an in-house python script. The average probabilities and errors for each
inter-molecular interaction were estimated by counting the transitions from formed to
broken (¢1g) and from broken to formed (1) in the simulation trajectory, as well as the
number of frames in which the interaction did not change its state (¢yp and ¢y1). The
posterior distribution of the probabilities #that any given contact was formed or broken was
estimated from the likelihood

pel®) = [T 8% = 910°10(1 = 910) 11901 01(1 — 891)0
ij

and a Dirichlet prior on the probabilities #~Dir(#), following Noé et al.28 For each
interaction, the posterior of the contact fraction  was calculated from the posterior of the
transition probabilities ## using the detailed-balance condition
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Supplemental Figures VII and V11 report the median and 95% credible interval of these
values.

In silico mutation analysis

To characterize the contribution of individual interactions between a.llbp3 and abciximab to
the stability of the complex, we estimated the effect of every possible mutation at each
integrin residue involved in inter-molecular interaction by calculating the change in free
energy of binding, AAG(bind). The AAG(bind) was calculated as:

AAG(bind) = AG(I-A—T'- A)= AG(I + A— I' + A)

where /and /* represent the native and mutated integrin, respectively, A stands for
abciximab, /- Aand /" - A refer to abciximab complexes with native and mutated integrin,
respectively, and /+ Aand /' + A denote isolated integrin (native or mutated) and
abciximab. Using these definitions, negative values of AAG(b/nad) indicate that the mutant
integrin binds more strongly than the native integrin. Calculations were performed using the
Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) method using an
implicit (i.e., continuum) solvation model as implemented in the Residue Scanning panel of
the Biologics module of the Schrédinger software package.3-52 After each mutation, the
conformations of the mutated residues, as well as those of any residue within 3 A, were
predicted using the Prime side-chain prediction method with backbone sampling followed
by energy minimization. To account for protein flexibility in the free-energy estimation, 20
structures were obtained by clustering the combined MD simulation trajectories of the cryo-
EM structure into 20 clusters and selecting the structure with the lowest average root-mean-
square deviation (RMSD) from the other members in each cluster. The value of AAG(binad)
was calculated as an average over the individual values predicted for each representative
structure weighted by the relative sizes of individual clusters from which the representative
structures were chosen. The error was calculated as a standard error of the average over 20
representative frames. The significance of the change in binding free-energy was assessed
for individual mutations using one sample t-test. Mutations that had a non-significant change
(p>0.05) are indicated in Supplemental Figure IX. Normality of the data was confirmed
using Shapiro-Wilk test,

Analysis of the fraction of time during which allbf3 integrin residues are in contact with
abciximab residues

The fraction of time in which side-chain atoms other than hydrogen of allbB3 residues were
within 4.5 A of any side-chain atom other than hydrogen of abciximab was calculated with
cpptraj, averaging the values over all simulation frames.
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Effect of abciximab binding on the dynamics of select allbf3 residues

To assess the impact of abciximab binding on the dynamics of select allbp3 residues and
the SyMBS, MIDAS, and ADMIDAS metal ions, we measured the root-mean-square
fluctuations (RMSFs) of the allbp3 residues and ions at the interface with abciximab, and
compared them to the dynamics of equivalent residues in the crystal structure of allbp3
alone (PDB: 2FCS). RMSFs were calculated for the four separate 500 ns MD simulations
and then plotted as the mean + SD. We focused our attention on residues that have contact
fractions =0.5, including those in the SDL and residues involved in coordinating the SyMBS,
MIDAS, and ADMIDAS metal ions. For comparison with SDL residues, we performed
RMSF calculations on an allb loop (residues 118-128) and a p3 loop (residues 334-339)
near the abciximab-binding interface, with allb Thr119 and Glu120 and B3 Met335 and
Asp336 actually making contact with abciximab. The data were analyzed by comparing the
results obtained for individual residues in both the abciximab-bound and free receptor using
a two-tailed, Student’s #test. Four RMSF values were calculated for individual residues in
both the abciximab-bound and free receptor from each simulation replicate. Normality and
uniformity of variance were not tested. The data were analyzed by comparing the results
using a two-tailed, Student’s #test. Residues for which p < 0.05 were considered to have had
their dynamics significantly affected by abciximab binding.

Site-directed mutagenesis

Mutant B3 Met335Asp and allb Arg153Ser, Glul57Ala, and Asp159Val cDNA constructs
were generated with the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) according to the manufacturer’s protocol. Wild-type full-length allb cDNA in
PEF/V5-His A and wild-type full-length f3 cDNA in the pcDNA3.1/Myc-His expression
vector were used as the templates. Incorporation of mutations was confirmed by Sanger
sequencing of plasmid DNA (Genewiz).

Cell culture and transfection

HEK 293 cells (for stable cell lines) and HEK 293T cells were grown in Dulbecco’s
modified Eagle medium (DMEM) (GIBCO) supplemented with 10% fetal bovine serum.
Cells were grown to 85-90% confluence and then co-transfected with an equal amount of
wild-type or mutant full-length allb and wild-type or mutant full-length 3 cDNA using the
Lipofectamine™ 2000 Transfection Reagent (Invitrogen). The stable cell lines expressing
either wild-type or the B3 Met335Asp mutant integrin were generated by G418 selection. 48
hours post-transfection, G418 (0.8 mg/mL) was added to transfected cells and resistant cells
grown under selection for 14 days, followed by sorting for allbf3 expression using mAb
10E5. HEK?293T cells transiently expressing a.llb mutant integrins were harvested 48 hours
after transfection and studied immediately.

Flow cytometry

Wild-type and mutant cells were harvested with 0.05% trypsin-EDTA (Thermo Fisher
Scientific), washed with Dulbecco’s phosphate-buffered saline (DPBS; Thermo Fisher
Scientific) and resuspended in HEPES-buffered modified Tyrode’s buffer (HBMT; 10 mM
HEPES, pH 7.4, 12 mM NaHCO3,138 mM NaCl, 2.7 mM KCI, 0.4 mM NaH,PO,4, 0.35%
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bovine serum albumin, 0.1% glucose) with 2 mM Ca2* and 1 mM Mg?2* at a density of
0.5X10° cells/50 pL. Alexa488-conjugated mAb 10E5, mAb 7E3, or abciximab at 10 pg/ml
was added to a final concentration of 10-20 pg/ml and incubated for 30 minutes at room
temperature. The cells were washed once, resuspended with 450 uL of HBMT containing 2
mM Ca?* and 1 mM Mg?*, and analyzed by flow cytometry (Becton Dickinson
FACSCalibur). Background antibody binding was determined by adding 25-fold excess
unlabeled antibody. After the background was subtracted, the geometric mean fluorescence
values obtained with mAb 7E3 or abciximab were divided by the value obtained with 10E5
to normalize for differences in allbp3 expression. The data points for each of the three
separate analyses that were performed for each sample are reported.

Data availability

The cryo-EM map has been deposited at the Electron Microscopy Data Bank under
accession code EMD-21044 and the coordinates have been deposited at the Protein Data
Bank under accession code 6\VV4P. MD simulation data (initial coordinates and topologies, as
well as simulation trajectories) have been deposited within the Open Science Framework at
https://osf.io/jgcxk (DOI: 10.17605/0SF.10/JQCXK).

Statistical analysis

RESULTS

Statistical analyses are described in the experimental methods that employed statistical
analysis.

Cryo-EM structure of the allbf3-abciximab complex

We first prepared a complex of abciximab with human allbB3 ectodomain (allb residues 1-
963, B3 residues 1-690; stabilized throughout the analysis by a C-terminal coiled coil and
disulfide bond) (Supplemental Figure I1A) and assessed the quality of the complex by
negative-stain EM. Raw images showed a mono-dispersed particle population (Supplemental
Figure I1B) and 2D-class averages revealed a.llbp3 in the closed conformation with a Fab
fragment extending from the head domain (Supplemental Figure IC). The sample was
vitrified and imaged using a K2 Summit direct electron detector on a Titan Krios electron
microscope. Image processing (Supplemental Figure 1) resulted in a density map of the
abciximab-bound allbp3 headpiece at 2.8-A resolution (Figure 1A and Supplemental Figure
I11), which allowed us to build an atomic model for allb residues 1-451, comprising the p-
propeller domain, B3 residues 58-432, comprising the Bl and hybrid domains, and
abciximab residues 1-221 from the heavy chain (H) and residues 1-214 from the light chain
(L) (Figure 1B, left panel). The image processing and model refinement statistics are
summarized in Supplemental Table 1. A small density occupied the fibrinogen/RGD-binding
site but could not be modeled. Alignment of our model of the abciximab-bound allbp3
headpiece with the corresponding residues in the X-ray structure of the unliganded a.llbp3
ectodomain?? yielded a root-mean-square deviation (RMSD) between equivalent Ca atoms
of 0.7 A. In particular, abciximab binding does not appear to affect the fibrinogen-binding
pocket (Figure 1C). The one notable difference between the unliganded and the abciximab-
bound allbB3 headpiece is the conformation of the B3 subunit’s SDL, which is compressed
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upon abciximab binding (Figure 1D), with displacement of Lys181 by 3.4 A, Met180 by 3.0
A, and Thr182 by 2.4 A to prevent steric clashes, mostly of Lys181(B3) with His35(H), and
Tyrl78(p3) with Trp33(H), Tyr52(H), and Asn55(H).

The interacting surface of abciximab derived from the model and investigated by MD
simulations was comprised of contributions from residues from all three complementarity-
determining regions (CDRs) of both the light and heavy chain variable domains, with high
representation of aromatic residues (light chain Tyr50, Trpy94, and Tyr96; heavy chain
Tyr32, Trp33, Tyr52, Tyr99, Tyr102, and Tyr103) (Figure 1B, right panel). As expected from
prior mutagenesis studies, the interacting B3 residues include many residues from the
Cys177-Cys184 SDL (Cys177, Tyrl78, Met180, Lys181, Thr182, Thr183, and Cys184) and
neighboring residues (Glul71 and Asn175), as well as residues on the B1-a.1 loop that are
adjacent to and/or contribute to the MIDAS and ADMIDAS (Tyr122, Lys125, Asp126,
Trp129, and GIn132). Also represented are Ser211 and Val212, and Met335 and Asp336.
The Met335 carbonyl contributes to coordinating the ADMIDAS metal ion and this bond is
broken when ligand binds to the MIDAS, freeing the a7 helix to initiate its piston-like
motion, which is responsible for the dramatic swing-out motion of the hybrid domain away
from allb that places the receptor in the high-affinity ligand-binding conformation.53
Unexpectedly, two regions of allb (Thr119, Glul120 and Val156, Glul57, Asp159) were
identified as being within 4.5 A of an abciximab side-chain atom other than hydrogen.
Overall, the interaction between abciximab and a.llb3 buried a total of more than 1,200 A2
of solvent-exposed surface, 218 A2 with allb and 1,040 A2 with B3.

Superimposition of our structure of the allbp3-abciximab complex with structures of other
allbp3 and aV integrin-ligand complexes strongly suggests that abciximab bound to the
integrin would sterically prevent the binding of physiological ligands to these receptors
(Figure 2). The structure of the short fibrinogen y-chain peptide bound to allbp3 (PDB:
2VDO0)>* does not show substantial steric clashes with abciximab (Figure 2), which is
consistent with our previous data demonstrating that a small RGD peptide does not prevent
the binding of mAb 7E3.5° Nonetheless, by analogy, both mAb and abciximab would likely
interfere with the binding of the entire fibrinogen molecule as judged from overlays of our
allbp3-abciximab complex structure with structures of a VB3 in complex with fibronectin
domain 10 (PDB: 4MMX)®8 and a V@6 in complex with pro-TGF-B (PDB: 5FF0).19. 57

MD simulations

MD simulations were used to investigate the dynamics of the allbp3—-abciximab complex,
as well as the stability of the inter-molecular interactions seen in the cryo-EM structure. In
addition, to evaluate whether bound abciximab affects the integrin’s ability to bind ligand,
the allbp3 headpiece was also simulated in the absence of abciximab using as the starting
structure the X-ray crystal structure of unliganded a.llbp3 ectodomain in its closed
conformation (PDB: 3FCS).22 To facilitate comparison of the ligand-binding pockets in the
simulated cryo-EM and X-ray crystal structures, both simulation setups included the
crystallographic water molecules that coordinate the metal ions in the MIDAS, ADMIDAS,
and SyMBS. The mass-weighted RMSDs of the structures during the simulations (4X500 ns
for each system) from the starting structures showed that the a.llbp3-abciximab complex as
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a whole is more flexible than the unliganded integrin (Supplemental Figures IVA and VA).
The RMSD values of the individual allb and B3 integrin subunits in both sets of simulations
(Supplemental Figures IVB, IVC, VB, and VC) and of the variable regions of the abciximab
light and heavy chains (Supplemental Figures IVF and IVG) all remained below 2.5 A.
Similarly, the RMSD values of the constant regions of the light and heavy chains of
abciximab remained stable around 2.5 A and 3 A (Supplemental Figures IVH and 1V1).
However, the entire light and heavy chains of abciximab showed greater flexibility
(Supplemental Figures IVD, and IVE). Therefore, the major contribution to the greater
flexibility of the allbp3—abciximab complex compared to the unliganded a.llbB3 headpiece
results from the high flexibility of the hinge regions that connect the constant and variable
domains in abciximab.

Notably, the overall structural conformation of the fibrinogen/RGD-binding pocket was
similar between the cryo-EM structure of the allbp3-abciximab complex and the X-ray
structure of unbound allbB3 as assessed by the all-atom mass-weighted RMSD over time of
all residues that have atoms other than hydrogen within 4 A of the MIDAS, ADMIDAS, or
SyMBS metal ions in at least 10% of the MD frames (Supplemental Figure VI).

The nature of the inter-molecular interactions maintained between allbp3 and abciximab
residues during simulation was assessed by fingerprint analysis, and the results are shown in
Supplemental Figure VII for allbp3 residues and in Supplemental Figure VIII for
abciximab residues. The figures also depict the fraction of time a given residue is involved in
an intermolecular interaction. The analysis led to the identification of a number of
interactions between the B3 integrin subunit and the abciximab heavy or light chains that
were maintained during most of the simulated time (contact fraction greater than 0.70;
residue labels with dark grey background in Supplemental Figure VII). The involvement of
several of these B3 residues (e.g., Lys125, Trp129, and Thr182) in 7E3 binding was
previously suggested by mutagenesis studies.1? %8 Fingerprint analysis also indicated that
the allb subunit participates only weakly in the interaction with abciximab, with only the
Aspl159(allb)-Arg27(L) contact maintained for more than half of the simulation time
(contact fraction: 0.64).

Predictions of mutations that would eventually impact the stability of the a.llbp3—-abciximab
complex are shown in Supplemental Figure 1X. Specifically, the figure reports mutations
with calculated free-energy differences from wild type (AAG(bind)) larger than 3.5 kcal/mol.
Figure 3 illustrates the location of allbp3 and abciximab residues involved in intermolecular
contacts in at least 10% of the MD simulation frames (see also Supplemental Figures VII
and VIII), and visually summarizes the predicted top stabilizing (in green) and destabilizing
(in purple) mutations of allbp3 residues (see also Supplemental Figures 1X). Mutants
predicted to most destabilize the allbp3—abciximab complex (i.e., with the largest positive
AAG(bind) values) that had not been previously tested by mutagenesis were considered for
experimental testing. Since the interaction of abciximab with the allb residues was most
unexpected, and the interaction with Met335 in B3 has potential implications for
abciximab’s effects on the swing-out of the B3 subunit,3 we focused our attention on these
residues.
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To assess the contribution of different allb residues to abciximab binding, we focused on
Argl53, Glul57, and Asp159. Although Arg153’s interactions did not fulfill our criteria for
being at the interface with abciximab, the mutation modeling analysis predicted that an
Arg153Ser mutation would create a relatively large positive change in free energy (4.9 + 2.1
kcal/mol), suggesting that it may affect the binding. Glu157 did meet our criteria for being at
the abciximab interface, and although no substitutions of this residue were predicted to
produce an increase in free energy =3.5 kcal/mol, we selected the Glu157Val mutation
because it introduces a non-charged residue that would disrupt the salt bridge of Glu157
with Arg27 in the abciximab light chain. Asp159 had the highest contact fraction among the
allb residues at the abciximab interface and the Asp159Ala mutation was predicted to
produce the largest positive change in free energy (3.7 = 1.7 kcal/mol).

To adjust for differences in expression levels, we normalized the binding for allbp3
expression as judged by the binding of mAb 10E5. Neither individual allb mutant
Glul57Val nor Asp159Ala reduced either mAb 7E3 or abciximab binding compared to
binding to wild-type allbp3 (Supplemental Figure X). Binding was also unaffected by
combining the Arg153Ser and Asp159Ala mutations or by combining the Arg153Ser,
Glul57Val, and Asp159Ala mutations. Mutating p3 residue Met335 to aspartic acid, the
analogous murine residue and the mutation predicted to most affect the free energy of
binding, also did not affect the binding of either mAb 7E3 or abciximab.

Effect of abciximab binding on the dynamics of select allbf3 residues

Residues in the allb 118-128 and B3 334-339 loops in the absence of abciximab exhibited
dynamic motions (measured as RMSFs) that ranged from 0.4 to 2.2 A (Supplemental Figure
XI). Binding of abciximab resulted in an overall trend of reducing the RMSF values during
simulation. Figure 4 depicts allbp3 residues whose fluctuations are most affected by
complex formation with abciximab. Although binding of abciximab resulted in an overall
reduction of the RMSF values of the allb 118-128 and B3 334-339 loops, none of the
changes were statistically significant. The residues coordinating the metal ions had
uniformly lower fluctuations compared to the loops (0.4-0.7 A) with the exception of
Met335 (~1.3 A) (Supplemental Figure XI). Abciximab binding did not significantly alter
the dynamics of any of these residues except for Asp119, whose fluctuation reduction was
small but statistically significant (ARMSF=0.06 + 0.03, with p=0.03). The metal ions also
had low RMSF values and abciximab binding did not alter them. In sharp contrast, all eight
SDL residues, which demonstrated a range of fluctuations similar to those of the allb and
B3 loops, became significantly less mobile in the presence of abciximab. Among the
residues with contact fractions =0.5, allb Glu157 and Asp159 had relatively large
fluctuations (RMSF ~2 A), both in the absence and presence of abciximab; B3 Lys125 and
Trp129 showed the most dramatic reductions in fluctuations with abciximab binding
(ARMSF = 0.74 + 0.08 A with p<0.001 and 0.52 + 0.14 A with p<0.001, respectively);
residues near the SDL (Glul71,Tyr122, and Asn175) had intermediate reductions in
fluctuations (ARMSF = 0.38 £ 0.19 with p=0.01, 0.27 + 0.12 with p=0.01, and 0.25 + 0.09
with p=0.001, respectively); Leu128 and Val212 had minor reductions in fluctuations (0.16
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+ 0.08 with p<0.01 and 0.13 * 0.07 with p=0.02, respectively); and the fluctuations of
Aspl26, GIn132, and Ser211 were unaffected.

DISCUSSION

Our high-resolution cryo-EM structure of the allbp3-abciximab complex provides
important new insights into how abciximab inhibits ligand binding to allbp3, including
unexpected contacts with several allb residues, a lack of effect on the fibrinogen/RGD-
binding pocket, and effects on the dynamics of the B3 SDL. The results of the current study
demonstrate that abciximab binds primarily to a discontinuous epitope on the B3 integrin
subunit that includes the Cys177-Cys184 segment in the SDL and the helical region between
Tyr122 and Trp129 that contributes to both the MIDAS and ADMIDAS. These data are in
full accord with previous studies by others18: 20 and our own studies!® of the binding of
mAb 7E3 based on site-directed mutations, as well as our localization of the mAb 7E3
epitope to the allbp3 head domain by negative-stain EM.2

The interactions of abciximab with several allb residues was surprising because the above
site-directed mutagenesis studies demonstrated that swapping the murine for human
Cys177-Cys184 sequence within the SDL essentially eliminates mAb 7E3 binding, and
substituting the two murine B3 residues Trp129 and Asn 133 for their human counterparts
(Ser and Thr, respectively), results in partial loss of mAb 7E3 binding.18 Furthermore, these
same investigators did not find a reduction in mAb 7E3 binding to nine different mouse-
human allb hybrid receptors, including one (Val156-Trp162) that included three of the
residues (Val156, Glu157, and Asp159) that were within 4.5 A from abciximab residues in
the cryo-EM structure. To gain a better understanding of the strength of the interactions
between allb and abciximab we performed MD simulation studies and found that the
majority of the interactions involving the allb subunit were lost during most of the
simulated time, with only the Asp159(allb)-Arg27(L) contact remaining formed for slightly
more than half of the time, suggesting that these interactions are relatively weak. To further
explore their contribution to abciximab binding, and based on predictions of changes in free
energy with different mutations, we made individual allb Glu157Val and Asp159Ala
substitutions and combined substitutions of allb Arg153Ser + Asp159Ala and Arg153Ser +
Glul57Val + Aspl159Ala, and found that none of these reduced abciximab binding when
normalized for allbp3 expression.

The other two allb residues identified in the cryo-EM structure as interacting with
abciximab (Thr119 and Glu120) had very low contact fractions during the MD simulations
and so were not further investigated. Taken together, our results suggest that while
abciximab makes some contact with allb, these interactions do not make a major
contribution to abciximab binding. This conclusion is consistent with previous studies by
others and our group demonstrating that 7E3 and abciximab also react with a\Vp315: 16,59
and that 7E3 does not hold the a.llbp3 receptor together when exposed to EDTA under
conditions that dissociate allb from g3.11

Our atomic-level structure and MD simulations indicate that while abciximab interacts
directly with B3 Asp126, which helps coordinate the ADMIDAS metal ion, it does not alter
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the fibrinogen/RGD-binding site itself, nor does its binding adjacent to the fibrinogen/RGD-
binding site affect the dynamics of the residues that coordinate the three metal ions or the
movement of the metal ions themselves. Although we cannot formally exclude the
possibility that abciximab might cause allosteric modulation of the fibrinogen/RGD-binding
pocket over a longer simulation time scale or different simulation conditions, the lack of an
effect on the fibrinogen/RGD binding pocket itself is consistent with our previous finding
that a small RGD peptide does not inhibit mAb 7E3 binding to a.llb@3%° and the lack of a
major impact of the binding of the small fibrinogen -y-chain peptide on the residues involved
in binding abciximab.>* The inferred sterical clashes between abciximab and the larger

a VB3 ligand derived from fibronectin based on the overlap of the crystal structures, as well
as the inferred clashes based on the crystal structure of the proTGF-B1-a V6 complex,
support the hypothesis that abciximab probably primarily inhibits fibrinogen binding by
sterical interference.

Our structure also showed that abciximab binds to B3 Tyr122, Lys125, and Thr182, residues
that link the MIDAS domain to the SDL.1% 57 Qur previous mutagenesis studies suggested
that mutating Thr182 to Asn results in a conformational rearrangement of the SDL, with 7E3
only reacting with one of the possible conformations.1? Since the Thr182Asn mutation is
predicted to only produce a small increase in free energy (1.9 + 0.8 kcal/mol), it is likely that
the effect of the Thr182Asn mutation on 7E3 binding is caused by a conformational
rearrangement of the SDL, although we cannot exclude the possibility of a contribution from
the loss of the direct interaction between 7E3 and Thr182.

We previously reported that mutating Lys125 to either Ala or Arg does not alter 7E3 binding
whereas the Lys125GIn mutation reduces binding by 50%.19 Of note, in our current studies
the Lys125GIn mutation was predicted to increase the change in free energy the most among
the mutations (10.2 + 1.3 kcal/mol vs 7.6 £ 0,8 kcal/mol for the Ala and —1.4 + 2.4 kcal/mol
for the Arg mutations), and its effect may also be due, in part, to its disrupting the link
between the a1 helix and the SDL and/or producing a conformational change in the a1 helix
(residues 125-127).19

Our data also demonstrate that in addition to binding to the SDL, abciximab distorts the
SDL and limits its dynamics. None of the residues in the fibrinogen y-chain sequence that
binds to the fibrinogen/RGD pocket (y—404-411) interact directly with the SDL,>* but none
the less, the SDL may play an important role in defining allbp3 ligand-binding specificity.
For example, Takagi et al.?% found that swapping the 3 SDL (Cys177-Cys184) into 1 and
then expressing the mutant in combination with aV converted the ligand-binding specificity
such that the mutant could bind fibrinogen, von Willebrand factor, vitronectin, and
fibronectin, whereas aVVB1 only bound fibronectin. In addition, reverse swapping of the p1
SDL into B3 resulted in a marked reduction in a VB3 binding to fibrinogen, vitronectin, and
von Willebrand factor. The SDLs of other integrin receptors have also been reported to affect
ligand binding, including p261 and B4.62 Moreover, the crystal structure of aVB6 in
complex with a pro-TGF-B3 peptide®’ demonstrates direct binding of the peptide to the 6
SDL. Additional support for the importance of the connection between the SDL and the
fibrinogen/RGD-binding pocket comes from analysis of the two Glanzmann thrombasthenia
patients with different missense mutations of p3 Arg214 that did not cause major reductions
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in expression.3 64 Arg214 does not interact with any of the y—404-411 residues, but it does
link the SDL to the a.2-a.3 loop by a salt bridge with Asp179. In both cases, the receptors
retained some ability to bind RGD peptides, but not fibrinogen or mAb PAC1, which has an
RYD sequence in its variable domain and selectively binds to activated a.llbp3.5% Thus,
collectively, we deduce that abciximab prevents ligand binding by steric interference, with a
potential contribution via alteration of the SDL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ADMIDAS adjacent to metal ion-dependent adhesion site
CDR complementarity-determining region

Cl confidence interval

Cryo-EM cryo-electron microscopy

CTF contrast transfer function

DMEM Dulbecco’s modified Eagle medium
DPBS Dulbecco’s phosphate-buffered saline

EM electron microscopy

FDA Food and Drug Administration

H heavy chain

HBMT HEPES-buffered modified Tyrode’s buffer
mAb monoclonal antibody

L light chain

MIDAS metal ion-dependent adhesion site
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HIGHLIGHTS

. Abciximab was the first approved allbp3 antagonist and has been
administered to millions of patients undergoing percutaneous coronary
interventions.

. Cryo-electron microscopy of the abciximab-a.llb@3 complex at 2.8-A
resolution defines abciximab’s epitope and mode of binding.

. Abciximab binds adjacent to the Arg-Gly-Asp (RGD) ligand-binding site,
does not disrupt the metal ion dependent adhesion site (MIDAS), but does
compress and restrict the mobility of the B3 specificity determining loop
(SDL).

. Abciximab most likely prevents ligand binding by steric interference, with a
potential contribution from its effects on the SDL.
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Figure 1.
Cryo-EM structure of the allbp3-abciximab complex. (a) Density map of the allbp3-

abciximab complex at 2.8-A resolution, segmented and colored according to the individual
polypeptide chains. (b) Left panel: Atomic model of the allbp3-abciximab complex colored
as in panel (a). The green spheres represent the metal ions in the MIDAS, ADMIDAS and
SyMBS. VH: variable domain of the heavy chain; CH1: first constant domain of the heavy
chain; VL.: variable domain of the light chain; CL: constant domain of the light chain. Hinge
region denotes the flexible linkers that connect the variable and constant domains in
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abciximab. Right panel: Interaction surfaces of abciximab (top) and allbp3 (bottom). Side
chains of residues that are within 4.5 A from a side chain of the interacting protein are
shown in stick representation. (c) Fibrinogen/RGD-binding pocket in the cryo-EM structure
of the allbp3-abciximab complex (colored as in panel (a)) and in the X-ray crystal structure
of the unliganded a.llbp3 integrin (light grey with metal ions shown as black spheres). The
overlay shows that abciximab binding does not induce meaningful differences in the binding
pocket. The boxed area is shown in panel d. (d) Conformation of the 3 SDL loop in the
cryo-EM structure of the allbp3—abciximab complex (dark grey with SDL in blue) and in
the X-ray crystal structure of the unliganded all1bp3 integrin (light grey with SDL in cyan).
Abciximab is shown as an orange transparent surface to illustrate that the SDL in the
conformation seen in the X-ray crystal structure of the unliganded a.llbp3 integrin (cyan)
would clash with abciximab.
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Figure 2.
Abciximab prevents ligands from access to the integrin ligand-binding pocket. (a) Shown are

superimpositions of our structure of the allbp3—-abciximab complex (allbp3 in grey ribbon
representation and abciximab as transparent grey surface) with other ligand—integrin
complexes, which are aVB6 (salmon) in complex with pro-TGF- (red) (PDB: 5FFQ)38,

a V3 (light blue) in complex with the tenth domain of fibronectin (dark green) (PDB:
4MMX)37, and allbp3 (light green) in complex with a peptide of the fibrinogen y-chain
(blue) (PDB: 2VDO0)3>. The overlays show that ligand binding would cause sterical clashes
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with the bound abciximab. (b) Ligand binding has little effect on the abciximab-binding
region of allbB3. Left panel: Superimposition of our allbf3-abciximab complex structure
(allbp3 shown in light grey and abciximab in yellow and orange) with the crystal structure
of unbound allbp3 (light green) (PDB: 3FCS)?2 shows that abciximab does not affect the
ligand-binding pocket. Right panel: Superimposition of our allbp3-abciximab complex
structure (allbp3 shown in light grey and abciximab in yellow and orange) with the crystal
structure of allbB3 (dark green) in complex with a peptide of the fibrinogen y-chain (red)
(PDB: 2VDO)35 shows that peptide binding induces only subtle changes to the abciximab-
interacting region of allbp3.
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Figure 3.
Visualization of residues in (a) allbp3 and (b) abciximab involved in inter-molecular

contacts in at least 10% of the MD-simulation frames (see also Supplemental Figures VI
and VIII). Insets in panel a refer to residues with calculated free-energy differences
(AAG(bind)) from wild type that are larger than 3.5 kcal/mol for top stabilizing (in green)
and destabilizing (in purple) mutations of allbp3 residues (see also Supplemental Figure
1X).
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Figure 4.
Residues of allbp3 whose fluctuations are most affected by complex formation with

abciximab are shown in stick representation and color-coded based on the change in RMSF.
The RMSF changes are statistically significant in all of the residues depicted in stick
representation (see also Supplemental Figure XI).
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