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The platelet integrin o33 is essential for
hemostasis and thrombosis through its
binding of adhesive plasma proteins. We
have determined crystal structures of the
oypP3 headpiece in the absence of ligand
and after soaking in RUC-1, a novel small
molecule antagonist. In the absence of
ligand, the o533 headpiece is in a closed
conformation, distinct from the open con-

formation visualized in presence of Arg-
Gly-Asp (RGD) antagonists. In contrast to
RGD antagonists, RUC-1 binds only to
the «y subunit. Molecular dynamics re-
vealed nearly identical binding. Two spe-
cies-specific residues, o), Y190 and oy
D232, in the RUC-1 binding site were
confirmed as important by mutagen-
esis. In sharp contrast to RGD-based

antagonists, RUC-1 did not induce o33
to adopt an open conformation, as deter-
mined by gel filtration and dynamic light
scattering. These studies provide in-
sights into the factors that regulate inte-
grin headpiece opening, and demon-
strate the molecular basis for a novel
mechanism of integrin antagonism.
(Blood. 2010;116(23):5050-5059)

Introduction

Integrins are cell surface—adhesion receptors that contain nonco-
valently associated o and {3 subunits, each with a single-pass
transmembrane domain and a typically short cytoplasmic do-
main."? Ectodomains are structurally complex, with 4 or 5 domains
in o and 8 in 3. The o and 3 subunits come together in the integrin
head to form the binding site for ligands. Crystal structures of
full-length ectodomains of integrins ay 33, o33, and axf3, have all
revealed a compact, bent conformation.’® The o and 8 subunits are
each acutely bent at their knees, between the upper- and lower-leg
domains (Figure 1A). The bend brings head and upper-leg domains
(collectively termed “the headpiece”) into intimate contact with the
lower-leg domains. An extensive, largely hydrophilic surface of
> 4000 A2 between the headpiece and lower legs, and between the
o and 3 legs, becomes solvent exposed on integrin extension
(Figure 1A). Alarge body of crystallographic, electron microscopic
(EM), and mutational evidence shows that the bent conformation
represents the low affinity, resting state of integrins,” although
some studies have nonetheless reached different conclusions.>%?

Two types of fundamental conformational changes have been found
in integrins based on EM and crystallographic data: (1) integrin
extension at the knees and (2) swing out at the interface between
the B subunit BI and hybrid domains, converting the headpiece
from the closed to the open conformation (Figure 1A). The
C-terminal «7-helix of the BI domain links conformational
changes at the interface with the hybrid domain to the opposite
end of the BI domain, changing conformation and affinity at the
ligand binding site at the interface with the a subunit 3-propel-
ler domain. Integrin affinity up-regulation is intimately associ-
ated with the transition from the closed to open headpiece
conformation.”

Previously, complete ectodomain and headpiece integrin
crystal structures have revealed different headpiece conforma-

tions. In the complete ectodomain crystal structures, integrin
headpieces adopt a closed conformation.’¢ Before the current
study, the only crystal structures of an integrin headpiece
fragment, those of a3, were found in open conformation. All
of these structures contained an ay,[3; ligand, ligand mimetic, or
pseudoligand that coordinated the metal ion—dependent adhe-
sion site (MIDAS) Mg?", supporting the hypothesis that ligand
binding induces and/or stabilizes the open/swung-out conforma-
tion.!%!! The possibility has been raised, however, that the open
headpiece conformation was not the result of ligand binding, but
rather a loss of the lower legs and associated headpiece-tailpiece
interactions.!?> We considered this hypothesis unlikely, however,
because ligand and ligand-mimetic drugs induce the open
headpiece conformation in both headpiece fragments and the
entire ectodomain, as demonstrated by small angle x-ray
scattering and EM.1713-16 In fact, EM studies show that when the
entire integrin ectodomain extends, individual molecules can
have either a closed or open headpiece.'>!'7 Nonetheless, a
crystal structure of a headpiece fragment in closed conformation
would exclude the possibility that the open conformation was an
artifact of truncation. Furthermore, because the hybrid domain
has extensive contacts with lower-leg domains in the bent
conformation*® (Figure 1A), in the absence of such restraints in
a headpiece fragment, it would be interesting to know if atomic
details at the ligand binding site and the BI/hybrid domain
interface would differ from those seen in the bent conformation.
Moreover, if such a closed conformation lacked a ligand or
pseudoligand, it would further add to the correlation between
ligand binding and headpiece opening. In addition, because
controversy remains as to whether integrins bind metal ions
before or after ligand binding,>%!8 the occupancy of metal
binding sites would also be of interest.

Submitted April 20, 2010; accepted July 26, 2010. Prepublished online as
Blood First Edition paper, August 2, 2010; DOI 10.1182/blood-2010-04-281154.

*Jieqing Zhu, Jianghai Zhu, and Ana Negri contributed equally to this paper.

The online version of this article contains a data supplement.

5050

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2010 by The American Society of Hematology

BLOOD, 2 DECEMBER 2010 - VOLUME 116, NUMBER 23

20z Aey 90 uo 3sanb Aq Jpd-050500016708UZ/¥¥8ZEE L/0S0S/€T/9 1 LAAPd-8]oIlE/POO|G/8U suOedlqndyse//:diy wouy papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2010-04-281154&domain=pdf&date_stamp=2010-12-02

BLOOD, 2 DECEMBER 2010 - VOLUME 116, NUMBER 23

Highly expressed on platelets, integrin o33 plays an essential
role in the maintenance of hemostasis and the formation of
pathologic platelet-mediated thrombi.'” ay,B5 recognizes an Arg-
Gly-Asp (RGD) sequence in ligands as well as the Lys-Gln-Ala-Gly-
Asp-Val (KQAGDV) sequence of the fibrinogen yC module.!%2°
Two FDA-approved RGD-mimetic ayy,[35 antagonists, tirofiban and
eptifibatide, are currently in use for the treatment of select
thrombotic complications of cardiovascular disease.?"-??> Cocrystal-
lization of these drugs with the integrin o35 headpiece revealed
that they bind in the same way as peptides containing the RGD
sequence.'®!! The basic Arg side chain or nitrogen-containing drug
moiety binds to Asp-224 in a pocket of the oy, B-propeller domain
whereas the acidic Asp side chain or a carboxyl moiety in the drug
directly coordinates the MIDAS Mg?* ion in the B3 BI domain.!1-?3
Ligand binding stabilizes the open headpiece conformation, which
is characterized by a coordinated series of movements, including:
(1) movement of the BI domain B1-al loop toward the ligand,
(2) movement of the B6-a7 loop “downward,” and (3) piston-like
movement of the a7-helix downward, causing a large swing-out
movement of the hybrid domain, which is visible as the open
headpiece conformation at EM and small angle x-ray scattering
resolution. 41317

Conformational changes in the ayy,[3; receptor on the platelet
surface in patients treated with RGD-mimetics have potentially
important implications for therapy.?*3! Preexisting or neoantigen-
induced drug-dependent antibodies to o33 may be responsible, at
least in part, for the thrombocytopenia observed in as many as 5%
of treated patients.?-3! Furthermore, a paradoxical increase in the
risk of thrombosis was observed in association with treatment
using some orally active, RGD-mimetic o33 antagonists.’? In
some cases, autoantibodies that can bind to ligand-induced binding
site (LIBS) epitopes can activate patient platelets by simulta-
neously engaging the platelet Fc receptor.’® In the majority of
cases, however, the etiology of thrombosis is unclear. One possible
explanation is that RGD-mimetic antagonists induce the high-
affinity state of the receptor, thus priming it to bind ligand after
drug dissociation from the receptor.3>-34 Ligand binding could then
support platelet aggregation and potentially contribute to an
increase in cardiovascular events.32-33

A novel small molecule (M, 265) oyp[3; antagonist termed
RUC-1 is effective in inhibiting platelet aggregation in vitro as well
as thrombus formation in experimental models in vivo.33-3¢ RUC-1
is specific for a3 relative to ayf3;. It demonstrates little or no
ayp33-priming activity and induces little or no exposure of the 33
LIBS epitope recognized by monoclonal antibody AP5. Prelimi-
nary molecular docking studies suggested that, in contrast to
RGD-mimetics, which bind to both the ayy and the B3 subunits,
RUC-1 binds exclusively to the oy, subunit.

We report the first crystal structure for an integrin headpiece
fragment in the absence of a peptide ligand, ligand mimetic, or
pseudoligand. Despite the absence of leg domains, the headpiece is
in closed conformation. The crystal structure in the presence of
RUC-1 confirmed that RUC-1 binds exclusively to oy and
provides the atomic details of its binding site. RUC-1 binding is
not associated with remodeling to the high-affinity state, as
further confirmed by gel filtration and dynamic light scattering
(DLS). Molecular dynamics (MD) simulations and mutagenesis
provide additional support for the proposed RUC-1 binding
mechanism.

REGULATION OF INTEGRIN HEADPIECE OPENING 5051

Methods

Protein expression, purification, and crystallography

The soluble aypB3 headpiece construct contains residues 1-621 of ayy, and
1-472 of B; (Figure 1B)."! The B3 headpiece was stably expressed in
CHO Lec.3.2.8.1 cells and purified with a Ni-NTA column (Figure 1B).
After chymotrypsin digestion and a second Ni-NTA column purification, it
was further purified by gel filtration (Figure 1C). The thigh domain of the
oy subunit remained after chymotrypsin digestion based on the
molecular weight (~67 kDa) deduced by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (Figure 1C). This untagged o33
headpiece was used for gel filtration and DLS studies, as described
below. The untagged aypP3 headpiece-10ES5 Fab complex was purified
by gel filtration and treated with carboxypeptidase A and B in the
presence of 1mM Zn?*, and purified by gel filtration in Tris-buffered
saline with 1ImM Ca2*/Mg2*. Carboxypeptidase treatment removed the
aypp-thigh domain, decreasing the molecular weight to ~ 50 kDa (Figure
1D). There was no molecular weight change for the (33 subunit after
carboxypeptidase treatment (Figure 1C-D). The ayp,83/Fab complex was
concentrated in Tris-buffered saline with ImM Ca?*/Mg?* to 10 mg/mL
and crystallized in 11% PEG 8000, 0.2M ammonium sulfate, 0.1M
Tris-HCI, pH 8.9 at 4°C. RUC-1 was soaked into the op,33/Fab crystals
at 5000.M in the well solution containing 1mM Ca?t/Mg?* for 2 days.
Crystals were harvested in 15% PEG 8000, 0.2M ammonium sulfate,
0.1M Tris-HCI, pH 8.9 plus ImM Ca?*/Mg?" with glycerol as a
cryoprotectant in 5% increments up to a 20% final concentration, and
then flash-frozen in liquid nitrogen. We also soaked crystals with
200pM quinine in 15% PEG 8000, 0.2M ammonium sulfate, 0.1M
Tris-HCI, pH 8.9, with ImM Ca?*, 5SmM Mg?*, and 20% glycerol for
3 days before freezing in liquid nitrogen. Because no electron density of
quinine was observed, the crystal was considered a native crystal at a
higher Mg2* concentration. Diffraction data collected at ID-23 of APS
was solved using molecular replacement. Final refinement with REF-
MACS used translation, libration, screw motion as well as noncrystallo-
graphic symmetry.

Gel filtration

The chymotrypsin-treated and purified o3 headpiece at 5.6uM was
incubated with RUC-1, eptifibatide, or tirofiban at 600 uM, 120uM, and
56uM, respectively, at 25°C for 1 hour and analyzed by chromatography
(Superdex 200; GE Healthcare Life Sciences) in Tris-buffered saline with
ImM Ca?*/Mg?*.

Dynamic light scattering

Stokes radii of the chymotrypsin-treated and purified a3 headpiece
alone at 22uM or after mixing with RUC-1, eptifibatide, or tirofiban at
500pM, 240pnM, and 56pM, respectively, were measured at 25°C by
Viscotek 802 DLS (Viscotek Corporation) in Tris-buffered saline with
ImM Ca>*/Mg>*.

Standard MD and metadynamic simulations

MD simulations of RUC-1 alone in a water environment or bound to normal
human a3 were carried out using Amber 10 suite of programs
(http://ambermd.org), as described in the supplemental data (available on
the Blood Web site; see the Supplemental Materials link at the top of the
online article). The well-tempered metadynamics algorithm37-3? was used to
enhance conformational sampling of RUC-1 in the binding pockets of
normal or mutant human o33.

RUC-1 inhibition of fibrinogen binding to normal human ;B3
and oy Y190F and D232H mutants

Human full-length oy, Y190F and D232H mutant cDNAs were generated
by site-directed mutagenesis (QuickChange XL Site-Directed Mutagenesis
Kit; Stratagene). HEK 293 transfectants were selected in 800 pg/mL G418.
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Figure 1. Cartoon models of integrin receptor
conformational states and headpiece construct.
(A) Three major conformational states of integrin recep-
tor. (B-D) Integrin oypB3 headpiece construct, protein
purification, and protease digestion. The 83 head-
piece was first purified by Ni-NTA (B), then treated with
chymotrypsin and further purified by Ni-NTA and gel
filtration (C). It was then treated with carboxypeptidase
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The cells expressing high levels of a3 were sorted based on binding of
Alexa 488-conjugated monoclonal antibody (mAb) 10E5* (BD FACSCali-
bur; BD Biosciences) and expression of a3 was assessed by the binding
of the same antibody on each day of experimentation.

For the Alexa 488-fibrinogen binding assay, HEK293 cells were
incubated in HEPES buffer-modified Tyrode solution with or without
15 pg/mL activating antibody PT25-24! for 5 minutes at 25°C and then
Alexa 488 fibrinogen (200 pg/mL; Invitrogen) was added and incubated
at 37°C for 30 minutes. Samples were then washed once and resus-
pended in 0.5 mL of HEPES-buffered modified Tyrode solution
containing Ca2*/Mg?* and analyzed by flow cytometry. Net normalized
fluorescence intensity (NNFI) was calculated from the geometric mean
fluorescence intensity of the cells after subtracting background fluores-
cence and dividing by the a33 receptor expression level determined by
the binding of mAb 10ES. The ICsy of RUC-1 inhibition of fibrinogen
binding to normal or mutant o33 was determined after log transforma-
tion and removal of outlier values. Each NNFI value was divided by
the NNFI of the PT25-2-activated sample in the absence of RUC-I.
The latter sample and the maximally inhibited sample in the presence of
the blocking mAb 10ES5 were used to define the range of RUC-1
concentrations (0 and infinity). Mean (SD) was computed at each
concentration level for normal a3, o, Y 190F mutant and oy, D232H
mutant. For the data with each receptor, a sigmoidal model was fitted
on mean (SD) with log transformation on RUC-1 concentration to
estimate the ICsy for fibrinogen binding (BioDataFit 1.02; Chang
Bioscience Inc).

Results

Structure of a headpiece fragment in the closed conformation

Soluble headpiece protein was purified by Ni-NTA—-affinity chroma-
tography (Figure 1B right panel) and treated with chymotrypsin to
remove C-terminal tags (Figure 1C). The untagged protein was
digested by carboxypeptidases A and B in the presence of mAb
10E5 Fab and finally purified by gel filtration (Figure 1D).
Carboxypeptidase, together with trace amounts of chymotrypsin
(data not shown), removes the oy, thigh domain (note the change in
ayp, size in sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis between Figure 1C-D).

The purified headpiece/Fab complex in Tris-buffered saline
containing ImM Mg?* and 1mM Ca?* was crystallized in 11%
PEG 8000, 0.2M ammonium sulfate, and 0.1M Tris-HCI, pH 8.9 at
4°C, which gave the 2.3 A resolution structure (native-1; Table 1).
Crystals were also soaked in SmM Mg?* and 1mM Ca?*, which
gave the 2.25 A resolution structure (native-2; Table 1). Both
structures were refined to an Rg.. of 21.3% (Table 1). Two
independent a5 headpiece/Fab complexes were present per
asymmetric unit (Table 1).
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Table 1. Statistics of X-ray diffraction data and structure refinement

REGULATION OF INTEGRIN HEADPIECE OPENING 5053

aypP3 headpiece native-1

aypP3 headpiece native-2 aypP3 headpiece with

Protein (1mM Mg?+) (5mM Mg?+) RUC-1 (1mM Mg?+)
Space group P2,2,2 P2,2,2 P2,2,2
Unit cell (a, b, ¢), A 259.0, 144.5,104.2 260.7,145.2,104.4 259.5,144.3,104.4
o, By, ° 90, 90, 90 90, 90, 90 90, 90, 90
Wavelength, A 1.00695 0.97948 1.00795
Resolution, A 50-2.3/2.36-2.309| 50-2.25/2.37-2.251 50-2.4/2.46-2.401
No. of reflections, total/unique 948 770/169 848 1244 812/187 671 807 082/145 845
Completeness, % 97.7/96.99| 99.9/99.99| 95.1/95.69|
o (1) 11.7/2.19 12.1/1.99 13.3/2.39
Rmerges %* 10.0/83.99 9.4/99.41 8.9/99.11
Ruworkt/Rireet 0.177/0.213 0.172/0.213 0.172/0.216
RMSD: Bond, A 0.007 0.009 0.007
RMSD: Angle, ° 1.08 1.15 1.09
Ramachandran plot§ 97.0%/2.9%/0.1% 95.3%/4.4%/0.3% 95.8%/4.0%/0.2%
Molecules/asymmetric unit 2 2 2
Resides, a/Bs 1-454(453)/1-466(471)** 1-457(453)/1-466(471)** 1-454(453)/1-466(467)**
Non-H atoms, 20770/238/1061 20776/180/1227 20764/193/792
protein/carbohydrate/water
Protein Data Bank code 3NID 3NIG 3NIF

*Rmerge = 2n3illi(h) —<I(h)>[/=nZilli(h)|, where li(h) and <I(h)> are the ith and mean measurement of the intensity of reflection h.

TRwork = Zhl|Fobs(h)| — |Feaic(h)||/Zn| Fobs(h)|, where Fops(h) and Feac(h) are the observed and calculated structure factors, respectively. No I/o cutoff was applied.
1Riree is the R value obtained for a test set of reflections consisting of a randomly selected 0.6% subset of data excluded from refinement.

§Residues in favorable, allowed, and outlier of the Ramachandran plot as reported by MOLPROBITY.45

{INumbers correspond to the last resolution shell.
**Numbers in parentheses correspond to chains C and D.

The structures contain the «y, P-propeller domain, the B3
plexin/semaphorin/integrin (PSI), hybrid, BI, and I-EGF1 domains,
and the 10ES Fab bound to the 3-propeller cap subdomain (Figure
2A). Our previous crystal structures of the oy,[3; headpiece were
obtained with a similar protein preparation in complex with
ligand-mimetics or a pseudoligand, with or without 10E5 Fab.!0:1!
Four molecules in unique lattice environments, 3 per asymmetric
unit in the absence of Fab, and one per asymmetric unit in the
presence of Fab, all adopted similar open headpiece conformations
(Figure 2B). In our current headpiece structures, density for a
pseudoligand was not found around the ligand-binding site; only
waters surround the MIDAS Mg?* (Figure 2D). The conformations
of the B-propeller and the 10ES Fab are essentially identical to
those in the previous structures (Figure 2B). However, in contrast
to the open conformation adopted by the liganded headpiece
fragments, the unliganded oyp3; headpiece fragments adopt the
closed conformation (Figure 2B). The orientation between the I and
hybrid domains is acute, as seen in bent ectodomain structure rather than
obtuse, as seen in liganded, open headpiece structures (Figure 2B).

In our closed headpiece structures, the conformation of the
BI domain, including the metal ion binding sites, the B1-al
loop, the oal-helix, the B6-a7 loop and the «7-helix, is
essentially identical to the conformation seen in the bent
ectodomain structures (Figure 2C). Very clear densities are seen
for the Ca?" in the SyMBS, the Mg?" in the MIDAS, the Ca?* at
the ADMIDAS, and their coordinating waters in the native-2
structure in 5mM Mg?* and 1 mM Ca?" (Figure 2D). Similar
results were obtained in the native-1 structure in ImM Mg?* and
ImM Ca?*, except the densities for the MIDAS Mg?* and its
coordinating waters are poorly defined.

Some variation in Bl/hybrid domain orientation is seen among
apPB; and ayPs structures with closed headpieces, and among
structures with open headpieces (Table 2). The angle between the
BI and hybrid domains was ~ 12° wider in closed headpiece
structures than in bent ectodomain structures (Table 2). This result
was because of slight libration of the last C-terminal turn (Gly-349-

Ser-353) of the a7-helix and its connecting loop to the 3-strand of
the hybrid domain (Figure 2C). The last turn of a-helices hydrogen
bond only to preceding, and not succeeding, a-helical residues.
Within the last turn of the a7-helix, beginning with Gly-349, small
variations in the hydrogen bond pattern within this helical turn, and
the subsequent loop permit slight rocking at the 1/hybrid interface.
Similar variations (~ 12°) in BI/hybrid domain orientation were
observed among the open headpiece structures in different crystal
forms (Table 2), and these also correlated with libration of the last
turn of the a7-helix and the following loop to the 3 hybrid domain.
This variation is much less than that between the open and closed
headpiece (Figure 2B and Table 2).

The slightly swung-out position of the hybrid domain in the
closed headpiece fragment structure with respect to that in the
entire ectodomain structure was associated with some remodeling
of the hydrogen-bonding network at the B; @ I/hybrid domain
interface (Figure 2E-F). In particular, the hydrogen bonds between
the Ser-300, Arg-360, and Asp-358 side chains, and between the
Lys-417 and Asn-303 side chains, were broken (Figure 2E-F). The
Arg-352 side chain, which is central in the interface, adopted a
different orientation, forming new hydrogen bonds with side-chain
oxygens of Tyr-348 and GIn-106 (Figure 2E-F). In addition, the
Lys-422 side chain formed a hydrogen bond with the Asp-241 side
chain. The hydrogen bonds between the Asp-109 side chain and the
Ser-147 side chain and backbone, and between the Ser-353
backbone oxygen and the Gly-388 and Leu-389 backbone nitro-
gens, were maintained (Figure 2E-F). The positions of Tyr-348 and
Tyr-110, which are central in the interface, were not changed
(Figure 2E-F).

RUC-1 binds only to the «y, portion of the ligand
binding pocket

A crystal soaked with RUC-1 diffracted to 2.4 A (Table 1) with
clear density for RUC-1 in each of the 2 molecules of the
asymmetric unit (Figure 3A-B). RUC-1 binds exclusively to the
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Closed headpiece (2 molecules)
Open headpiece (3FCU, 3 molecules)

Closed headpiece from allbB3
complete ectodomain structure

Closed headpiece from
5 yaVB3 complete ectodomain

allb

C Qﬂ\ D
) ‘k/ﬁ1-a1 loop 4

.‘%4‘ B6-a7 loop
<4

allb or aV closed

Figure 2. The crystal structure of o3 headpiece in closed conformation. (A) Cartoon diagram of the «yB3 headpiece complex with 10E5 Fab. Ca?* and Mg?* ions are
yellow and silver spheres, respectively. (B) Superposition of the closed headpiece structure found in this study (2 molecules in one asymmetric unit, red) with the indicated
previously reported structures (number of molecules per asymmetric unit). The structures were aligned on the «p-propeller and the B3 Bl domains by the super command of
Pymol. (C) Superposition of B3 Bl domains of the closed a3 headpiece structure in this study (red) and the closed headpiece structure of o33 entire ectodomain (blue).
Metal ions are shown as spheres. (D) 2Fo-Fc maps of metals and coordinating waters in B3 81 domain in the presence of 5mM Mg?* and 1mM Ca?*. The maps are contoured at
1.5 0. Ca?* (gold) and Mg?* (green) ions are large spheres. Waters (red) are small spheres. Nitrogen atoms are blue and oxygen atoms are red. Metal coordination and
hydrogen bonds are dashed. (E) The B3 BI/Hybrid interface in the complete o35 ectodomain structure. (F) The B3 BI/Hybrid interface in the closed headpiece structure. The
2 structures were aligned on the B3 gl domain.

ligand-binding pocket formed by the ay3-propeller domain (Fig-  local conformational changes, such as in the Bl1-al and B6-a7
ure 3A-B). In sharp contrast, the RGD-mimetic drug, tirofiban, loops or a7-helix (supplemental Figure 1A).

binds to both the ayy, B-propeller and B3 BI domain!®!! (Figure 3C). RUC-1 fits into a hydrophobic pocket lined by ayy, residues
Compared with the native structure, RUC-1 did not induce any  Phe-160, Tyr-190, Leu-192, and Phe-231 (Figure 3D). In the largest

Table 2. Degree of variation in B3 Bl-hybrid domain orientation among B3 integrin structures

aypP3closed oy bP3 ectodomain ayP; liganded ectodomain aypP3 open

headpiece* (3FCS)* ayP; ectodomain (3IJE)t (1L5G)t headpiecet

aybBs closed headpiece* 3.0° 12.6°-13.3° 11.5°-13.5° 13.9°-15.9° 51.3°-62.3°
aypPB3 ectodomain (3FCS)* — 0.2° 7.4°-7.4° 8.2°-8.3° 57.9°-69.7°
«VB3 ectodomain (3IJE)T — — — 1.9° 55.1°-66.3°
«VB3 liganded ectodomain (1L5G)t — — — — 55.5°-66.6°
ayipB3 open headpiecet — — — — 1.2°-12.3°

Each pair of domains from 2 molecules was superposed using the 83 81 domain, and the change in angle upon superimposing the B3 hybrid domain was calculated.
— indicates duplicates or no comparison possible because only one structure is available.

*Two molecules in current ay;p33 closed headpiece structure and 2 molecules in Protein Data Bank (PDB) code 3FCS.

tOne molecule in Protein Data Bank 3IJE and one molecule in PDB 1L5G.

10One molecule in Protein Data Bank 2VDR and three molecules in PDB 3FCU.

20z Ae 90 uo 3sanb Aq pd 0505000 | 6¥08UZ/Y8ZEEL/0S0G/EZ/91 L/yPd-01o1e/pOO|g/}ou sUOKED!IgNdysE//:d)y WOy papeojumoq



BLOOD, 2 DECEMBER 2010 - VOLUME 116, NUMBER 23

Figure 3. The binding pocket of RUC-1 in the closed
apPs headpiece crystal structure. (A) Overview of
RUC-1 binding site. oy, (light blue), B3 (wheat), and Fab
(gray) are shown as solvent-accessible surfaces. RUC-1
is shown as spheres with green carbons, red oxygens,
blue nitrogens, and yellow sulfurs. (B) Close-up of the
RUC-1 binding site. Selected side chain and backbone
atoms are shown in stick with other regions in cartoon.
Color code is as in panel A. A simulated annealing omit
map for RUC-1 is shown at 1o. Water molecules are
small red spheres. (C) The tirofiban binding site (Pro-
tein Data Bank code 2VDM). Color code is same as in
panel A. Ca2* ions of the SyMBS or the ADMIDAS
(yellow), and the Mg2* ion of MIDAS (silver) are shown
as spheres. (D, F, and G) Comparison of RUC-1,
KQAGDYV, and RGDV binding sites. Color codes are as
above, except KQAGDV and RGDV are shown as
sticks with cyan carbons, after superposition on the
RUC-1 complex using super command in Pymol with
the ayp B-propeller and Bz Bl domains. (E) Comparison
of small molecule binding locations. Crystal structures
(Protein Data Bank code in parentheses) containing
the indicated small molecules were superimposed as
above. The ligands from the structures are shown in
exactly the same alignment, except for vertical separa-
tion on the page.

hydrophobic contact, the fused ring of RUC-1 lies flat against the
aromatic ring of Tyr-190 to form a - stacking interaction (Figure
3D). The orientation of the Tyr-190 side chain is stabilized by a
hydrogen bond between the Tyr-190 hydroxyl group and the
backbone carbonyl oxygen of 3; Arg-216 (Figure 3D). The basic
piperazinyl nitrogen of RUC-1 forms hydrogen bonds to the ayy,
Asp-224 side chain and to the backbone carbonyl oxygen of
Ser-225 (Figure 3D). The side chain orientation of Asp-224 is also
stabilized by a hydrogen bond with the backbone nitrogen of
Trp-162 (Figure 3D). The carbonyl oxygen of RUC-1 forms
hydrogen bonds to 2 water molecules that are held in place by
the side chain oxygens of oy, Asp-232 (Figure 3D). RUC-1 does
not have direct contact with B3 residues. However, one of the
waters that interacts with the carbonyl oxygen of RUC-1
hydrogen bonds with the 33 Ala-218 backbone nitrogen, and one
of the nitrogens of RUC-1’s fused ring forms a hydrogen bond
with a water molecule that is stabilized by hydrogen bonding
with the carbonyl oxygen of 35 Arg-216 (Figure 3D).

Similar to RGD-based anti-ay,3; and anti-oy3 drugs, RUC-1
has a basic piperazinyl group that mimics the Lys or Arg. However,

KQAGDV (2VDO)

RGDV (2VDR)

Eptifibatide (2VDN)

RUC-1

Tirofiban (2VDM)

L-739758 (2VC2)

Cilengitide (1L5G)
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it lacks a carboxyl group mimic of the Asp (Figure 3E). RUC-1
binds to the same pocket as occupied by the Lys-Gln-Ala (KQA)
sequence in the fibrinogen yC peptide KQAGDV (Figure 3F) and
by the Arg of the RGD motif (Figure 3G). RUC-1 mimics the Lys
or Arg by forming a hydrogen bond with Asp-224. The KQAGD
sequence and RGD sequence take “upper” and “lower” paths in a
hydrophobic pocket to Asp-224. It is of interest that the 3 rings of
RUC-1 occupy both of these routes—and the space in between—to
fill the hydrophobic binding pocket (Figure 3F-G). In addition, the
RUC-1 carbonyl group mimics the water-mediated hydrogen-bond
interaction of the carbonyl oxygen of the Ala of KQAGDYV and the
Arg of RGDV (Figure 3F-G). Compared with these peptides,
RUC-1 is expected lose less entropy on binding because of its fused
ring structure.

The binding pose of RUC-1 in ay,[3; headpiece crystals was
almost identical to that obtained in MD simulation (Figure 4A).
Several important interactions were maintained during the entire
simulation, including: (1) the hydrogen bond between either of the
2 oxygens of the oy Asp-224 carboxyl side chain and the
piperazinyl nitrogen of RUC-1 (Figure 4B), (2) the hydrogen bond
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Figure 4. The binding pocket of RUC-1 studied by
molecular dynamics (MD) simulations. (A) Compari-
son of the binding site of RUC-1 in crystal structure
(magenta) and in a representative conformation (at
8 nanoseconds) of the last 5 nanoseconds of a 10-
q nanosecond MD simulation (cyan). The structures were
aligned on the oy B-propeller domain by Pymol. oy
and B3 subunits are shown in light blue and wheat,
respectively. (B-D) Specific distance changes during
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between the other ayy, Asp-224 side chain oxygen not engaging the
piperazinyl nitrogen and the backbone nitrogen of ayy, Trp-162
(Figure 4B), (3) the m-m stacking interaction between the RUC-1
fused ring and the ayy, Tyr-190 (Figure 4C), (4) the polar interaction
between the Tyr-190 hydroxyl group and the backbone carbonyl
oxygen of the 35 Arg-216 (Figure 4C), and (5) the water molecule-
mediated polar interactions between Asp-232 and the carbonyl
oxygen of RUC-1 (Figure 4D).

RUC-1 specifically recognizes the human oy, integrin subunit

RUC-1 is a less potent inhibitor of mouse and rat op,[33 and does
not inhibit ay[3.333¢ There is no equivalent of residues Asp-224,
Phe-160, and Phe-231 in ay, consistent with lack of anti-ay
integrin activity. Human, murine, and rat oy all have the
Asp-224 that interacts with the basic piperazinyl nitrogen of
RUC-1 as well as Phe-160 and Phe-231 that interact with the
heterocyclic fused-ring structure of RUC-1 (Figure 3D). How-
ever, both mouse and rat have oy Y190F substitutions. In
addition, rat oy, has a D232H substitution. The Y190F substitu-
tion may change this residue’s orientation because of the loss of
the hydrogen bond to 33 Arg-216, with the D232H substitution
disrupting the water-mediated interaction between RUC-1 and
oy, Asp-232 (Figure 3D).

Well-tempered metadynamic simulations®’ using a restraining
potential to limit exploration of ligand phase space showed that
RUC-1 formed the same type of interactions with the receptor as
found by standard MD simulations and X-ray crystallography
(supplemental Figure 2A). In contrast, this RUC-1-preferred
binding mode did not correspond to the lowest-energy minima in
simulations of the Y190F (supplemental Figure 2B) or D232H
mutants (supplemental Figure 2C).

To test the importance of ayy, Tyr-190 and Asp-232 for RUC-1
binding, we expressed Y190F and D232H mutants in HEK 293
cells. Fibrinogen bound equally well to human oy,3; and both
mutants in the presence of the activating mAb PT25-2 (Figure 5).
RUC-1 blocked fibrinogen binding to HEK293 cells expressing
normal human oqpB; with an ICsy of 8uM (95% confidence
interval [CI] 6-12uM; Figure 5). In sharp contrast, the RUC-1
ICsy was increased to 80pM (95% CI 45-138uM) for the oy,
Y190F mutant and 1000pM (95% CI 886-1127uM) for the ayy,
D232H mutant.

Time (ps)

— Water molecules between RUC-1 and D232

10-nanosecond MD simulations. Values for crystal
structure are indicated by triangles. (B) Minimum dis-
tance between the basic nitrogen of RUC-1 and either
of the 2 oxygens of the Asp-224 side chain (blue line).
Minimum distance between either of the 2 oxygens of
the Asp-224 side chain and the backbone nitrogen of
Trp-162 (red line). (C) Distance between the oxygen of
the Tyr-190 side chain and the backbone carbonyl
oxygen of B3 Arg-216 (blue line). Distance between the
<q centroid of the aromatic ring of Tyr-190 side chain and
the centroid of the RUC-1 fused ring (orange line).
(D) Number of water molecules either forming direct inter-
actions with the RUC-1 carbonyl oxygen or interacting
with the carboxyl oxygens of the Asp-232 side chain.

6000 7000 8000 9000 10000

6000 8000 10000

Time (ps)

RUC-1 does not induce conformational rearrangement of
integrin oypP3

RUC-1, unlike tirofiban and eptifibatide, does not induce conforma-
tional changes in 33, as judged by the binding of the 3; LIBS mAb
APS5. Nor does it induce ligand binding, as judged by a priming
assay.> The crystal structure data in the current study showed that
RUC-1 failed to initiate movements in the 31-a1 and B6-a7 loops
or the a7-helix. However, since lattice contacts could interfere with
large structural rearrangements, such as hybrid domain swing out,
we examined the effect of RUC-1 on the conformation of the ouy,33
headpiece in solution.

Induction of conformational change in o33 was measured by
an increase in Stokes radius in gel filtration or DLS. In these
experiments, the chymotrypsin-treated, purified o3 headpiece,
including the oy, thigh domain (see “Methods” and Figure 1C) was
analyzed before and after mixing with saturating concentrations of
RUC-1, tirofiban, or eptifibatide. RUC-1 did not induce a shift in
the elution volume of the ay,3; headpiece in gel filtration (Figure
6A). In contrast, tirofiban and eptifibatide each substantially shifted
elution volume, indicating a less compact structure (Figure 6A-B).

Aallb human
Oallb Y190F
Vallb D232H

Fibrinogen binding (normalized % of control)
6

1 1 1 1 1
0.1 1 10 100 1000
RUC-1 (M)

Figure 5. The oy, Y190F and D232H mutations increase the RUC-1 IC5q for
fibrinogen. Fibrinogen binding to cells expressing normal human opBs, the oy
Y190F mutant, or the oy, D232H mutant receptor in the presence of the activating
monoclonal antibody PT25-2 was determined. The data were normalized and the
mean =+ standard error of the mean (SEM) for each concentration of RUC-1 tested
is depicted.
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Figure 6. Conformational change of integrin o,8; headpiece
studied by gel filtration and dynamic light scattering. (A) Gel A 751
filtration profile of «pB3 headpiece alone or bound with antagonists. The 65
untagged aypBs headpiece was mixed with saturating amounts of
RUC-1, tirofiban, or eptifibatide and incubated at room temperature for
1 hour before Superdex 200 chromatography in Tris-buffered saline
with TmM Ca2*/Mg?*. The elution volumes are shown in parentheses.
(B) Stokes radius measured by gel filtration or dynamic light scattering.
(C-D) The structures with surface representation indicate the putative
conformational rearrangement after drug binding. The structures were
generated by adding the ay, thigh domain from the complete ectodomain
structure to the headpiece crystal structures. The Ca?* and Mg?* ions
are shown as yellow and silver spheres, respectively. RUC-1 (C) and
tirofiban (D) are shown as spheres.

REGULATION OF INTEGRIN HEADPIECE OPENING 5057

allbB3 + tirofiban (11.98 ml)
allbB3 + eptifibatide (11.98 ml)

allbf3 + RUC-1 (12.35 ml)
allbB3 alone (12.34 ml)

Volume (ml)

Stokes radii measured by gel filtration or dynamic light scattering (DLS)

Gelfiltration DLS
allbB3 headpiece alone 4.79nm 4.88nm
allbB3 headpiece + RUC-1 4.78 nm 4.86 nm
allbB3 headpiece + tirofiban 5.13nm 5.22nm
allbB3 headpiece + eptifibatide 5.13nm 5.27 nm

When measured by DLS, the Stokes radii for the ayy,[3; headpiece
were 4.88 nm and 4.86 nm in the absence and presence of RUC-1,
respectively (Figure 6B)—a result that is again consistent with the
absence of a conformational rearrangement (Figure 6C). In con-
trast, tirofiban and eptifibatide both increased the Stokes radius of
the o35 headpiece, to 5.27 nm and 5.22 nm, respectively (Figure
6B)—corresponding with what would be expected from a swing-
out motion of the 35 hybrid domain (Figure 6D). Estimates of the
Stokes radii with HYDROPRO** were 4.68 nm for the closed
headpiece structure (Figure 6C) and 5.03 nm for the open head-
piece structure (Figure 6D). The Stokes radii measurements
demonstrate that the oyp[3; headpiece in solution remains in a
compact closed conformation after treatment with RUC-1.

Discussion

In our integrin oy,PB; headpiece fragment preparation, the oy,
subunit was truncated after the 3-propeller domain; the (3; subunit
was truncated after the I-EGF1 domain (Figure 1D). Before this
work, all crystal structures showing the closed headpiece were of
intact ectodomains in the bent conformation,3-> whereas all crystal
structures showing the open headpiece were of the same headpiece
fragment used here.!® Open headpiece crystal structures have been
obtained with or without 10ES Fab, which binds a region of oy,
with our current closed headpiece crystal structure, that does not
shift in allostery.!! Together with our current closed headpiece crystal
structure, these data exclude the possibility that leg truncation alone is
sufficient to induce hybrid domain swing out.'?

The presence of closed and open integrin headpieces in crystal
structures, in the absence of constraints imposed by contacts with
the lower legs, is a finding that is in agreement with EM studies of
integrins a3, oy B2, and ax3,—all of which revealed closed and
open headpiece conformations in extended integrins, with the
closed headpiece conformation predominating under nonactivating
conditions.'>1743 EM study of the asB, headpiece also revealed a
closed conformation in the absence of ligand.'® Cocrystals of the
aypPs headpiece with 3 ligand-mimetic antagonists all demon-
strated the open conformation.!! It is of interest that the cacodylate
ion was found to act as a pseudo-ligand, coordinating the (33
MIDAS and stabilizing the open conformation when the o33
headpiece was crystallized in the absence of antagonists.!! No
electron density for such a pseudo-ligand was found in the closed
headpiece crystal structure in the current study. Instead, we
observed ordered water molecules around the MIDAS Mg?* ion.
Similarly, none of the closed headpiece, bent ectodomain crystal
structures showed an electron density corresponding to a ligand or
pseudo-ligand. We conclude that the presence of a closed or open
headpiece correlates with the absence or presence of MIDAS
ligation, respectively, and does not correlate with the absence or
presence of leg domains. In vivo, two mechanisms are thought to
stabilize the high affinity, open headpiece conformation. One is
binding to ligand. The other is lateral force exerted parallel to the
direction of hybrid domain swing out by actin cytoskeleton
association with the integrin 3-subunit cytoplasmic domain.’

The two independent ayp,[3; headpiece molecules in our crystal
asymmetric unit provide further information on the range of
BI/hybrid domain orientations and interfaces accessible in the
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closed headpiece conformation. The conformation of the (I
domain in our closed headpiece structure is essentially identical
with that of the bent «yP; entire ectodomain structure, with
Ca-RMSD of 0.48 A for residues Asp-109-Ser-353. However, the
orientation between the Bl/hybrid domains varied between the
closed headpiece and the bent ectodomain structures. In addition,
some of the hydrogen-bond networks in the Bl/hybrid interface
were remodeled in our closed headpiece structure (Figure 2E,F).
Interestingly, similar variations in BI/hybrid domain orientation
were observed among the open headpiece structures in different
crystal forms (Table 2). These variations are all the result of
displacement at the last turn of the a7-helix and its linked loop to
the 3 hybrid domain.

Similar to our previous structure of the complete o33
ectodomain, we found that MIDAS, SyMBS, and ADMIDAS were
preloaded with metal ions when the protein solution contained
ImM Mg?* and 1mM Ca?*, even though the crystallization well
solution did not contain cations. Metal ion occupancy of SyMBS
and ADMIDAS with Ca>* was complete under these conditions,
whereas occupancy of MIDAS was partial. Occupancy of all sites
was complete when the crystals were soaked in the well solution
containing SmM Mg?* and 1mM Ca?*. Furthermore, excellent
densities were observed for all of the water molecules in the inner,
octahedral coordination shells of MIDAS Mg?* and ADMIDAS
Ca?*. The apparently looser binding of MIDAS Mg?* compared
with the ADMIDAS Ca?* may be the result of its coordination by
only 2 groups supplied by the protein; the other 4 inner coordina-
tions are to water. The finding in an ay[3; ectodomain structure that
there is a lack of metal ion at the SyMBS, and only partial
occupancy at MIDAS,>¢ is explicable based on the use of only
Ca’* in crystallization, the synergy between Ca?* and Mg?* in
integrin ligand binding, and the coordination of SyMBS and
MIDAS by Glu-220 (Zhu et al’ and references therein). Our results
showing that metals are preloaded make the proposal highly
unlikely that metal binding to SyMBS and MIDAS is induced by
ligand binding.>?* Furthermore, MIDAS is buried by ligand
binding, and SyMBS, which is completely surrounded by protein
ligands, is already buried with no water accessibility before ligand
binding and becomes buried more deeply afterward.

Role of binding to 1 MIDAS metal ion and B1-a1 backbone in
headpiece opening

Comparison of our unliganded closed ay,f3; headpiece structure
with our previously described liganded open o33 headpiece
structure, along with the failure of RUC-1 to induce the open
conformation of (3, supports the hypothesis that engaging the
MIDAS metal ion and the 1-al loop backbone by the ligand
carboxyl group is the mechanism by which ligand binding triggers
adoption of the open conformation. It could be argued that crystal
contacts prevented ayp[3; from adopting the open conformation
when RUC-1 was soaked into the crystal. However, soaking the
RGD-based antagonist cilengitide into the oy33 ectodomain crystal
induced the movement of the 1-al loop, the breaking of the
Met-335 carbonyl coordination of the ADMIDAS metal ion, and
ADMIDAS metal ion movement toward MIDAS?® (supplemental
Figure 1B). Moreover, soaking tirofiban or eptifibatide into our
closed headpiece crystals also induced similar local conformational
changes (J.Z.,J.Z., T.A.S., unpublished data, 2010).

Our biophysical studies demonstrated that RUC-1 does not alter
the gel filtration or DLS properties of the oypB; headpiece,
providing support for it not inducing a conformational change in
{33 In contrast, eptifibatide and tirofiban each induced an increase
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in Stokes radius of approximately 0.34 nm. This increase is in
accord with the calculated increase of 0.35 nm in Stokes radius
using the coordinates of the closed and open headpiece structures.
Thus, these results provide strong support for the hypothesis that
tirofiban and eptifibatide induce hybrid domain swing out in
solution. The difference between RUC-1 and the traditional RGD
antagonists in their ability to induce hybrid domain swing out
provides additional support for the importance of the MIDAS-
coordinating carboxyl group in inducing this conformational
change. Ligand engagement of the (3; I domain, and in particular
coordination to the MIDAS metal ion and hydrogen bonds to the
backbone of the 31-a1 loop, is therefore the most likely trigger for
B3 swing out. These interactions may be sufficient to induce
opening because the cacodylate ion, acting as an o35 pseudoli-
gand and binding exclusively to the MIDAS metal ion and the
backbone of the PBl-al loop, was associated with the open
conformation.!!

Implications for novel drug design

Previous attempts to target oy,[3; and other integrin receptors that
bind RGD-containing peptides have focused on developing high-
affinity congeners that mimic the RGD sequence in having both
positive and negative charge groups separated by a distance similar
to that in RGD peptides. The weight of evidence now suggests that
such molecules may induce conformational changes that are
undesirable in that they can induce the high-affinity ligand binding
state of the receptor and can expose regions of the receptor that can
serve as neoepitopes for preexisting or induced antibodies that may
be responsible, in part, for the thrombocytopenia associated with
these agents.** Our studies with RUC-1 indicate that it is possible to
identify molecules that can block ligand binding without engaging
the 35 MIDAS metal ion or inducing either a high-affinity binding
state or a major conformational change in the (35 subunit. Moreover,
RUC-1 demonstrates that it is possible to obtain high specificity for
human o35 relative to human ay33—and even o35 from other
species—with a small molecule that binds exclusively to oyp.
Although RUC-1 has considerably lower affinity for o35 than
eptifibatide or tirofiban, it is within the range of affinities of a
sizable percentage of drugs. Thus, RUC-1 provides important proof
of concept in designing a new class of integrin receptor antagonists
that may have therapeutic advantages over those based on the RGD
sequence.
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