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CARDIOVASCULAR DISEASE

Structure-Guided Design of a High-Affinity Platelet

Integrin oy,Bs Receptor Antagonist That Disrupts
Mg** Binding to the MIDAS

Jieqing Zhu,"** Won-Seok Choi,?* Joshua G. McCoy,** Ana Negri,’* Jianghai Zhu,'*
Sarasija Naini,? Jihong Li,®> Min Shen,* Wenwei Huang,4 Daniel Bougie,2 Mark Rasmussen,?
Richard Aster,? Craig J. Thomas,* Marta Filizola,® Timothy A. Springer,’ Barry S. Coller®*

An integrin found on platelets, a,,33 mediates platelet aggregation, and a3 antagonists are effective antithrombotic
agents in the clinic. Ligands bind to integrins in part by coordinating a magnesium ion (Mg?*) located in the p subunit
metal ion-dependent adhesion site (MIDAS). Drugs patterned on the integrin ligand sequence Arg-Gly-Asp have a
basic moiety that binds the oy, subunit and a carboxyl group that coordinates the MIDAS Mg>* in the B; subunits.
They induce conformational changes in the 5 subunit that may have negative consequences such as exposing pre-
viously hidden epitopes and inducing the active conformation of the receptor. We recently reported an inhibitor of
aypP3 (RUC-1) that binds exclusively to the oy, subunit; here, we report the structure-based design and synthesis of
RUC-2, a RUC-1 derivative with a ~100-fold higher affinity. RUC-2 does not induce major conformational changes in B3
as judged by monoclonal antibody binding, light scattering, gel chromatography, electron microscopy, and a recep-
tor priming assay. X-ray crystallography of the RUC-2-o,,B5 headpiece complex in 1 mM calcium ion (Ca**)/5 mM
Mg?* at 2.6 A revealed that RUC-2 binds to ay, the way RUC-1 does, but in addition, it binds to the p; MIDAS residue
glutamic acid 220, thus displacing Mg®* from the MIDAS. When the Mg>* concentration was increased to 20 mM,
however, Mg?* was identified in the MIDAS and RUC-2 was absent. RUC-2's ability to inhibit ligand binding and
platelet aggregation was diminished by increasing the Mg>* concentration. Thus, RUC-2 inhibits ligand binding by
a mechanism different from that of all other a5 antagonists and may offer advantages as a therapeutic agent.

INTRODUCTION

Integrin receptors are heterodimeric complexes composed of o and
subunits that bind ligand and transduce signals bidirectionally (1, 2).
They contribute to many different biologic and pathologic processes, in-
cluding hemostasis, thrombosis, angiogenesis, immunity, development,
bone resorption, and metastases (3-7). The platelet o;y,B3 receptor is
a validated therapeutic target, with three separate agents that inhibit
ligand binding to the receptor (abciximab, eptifibatide, and tirofiban)
approved for human use. These have shown clinical benefit in con-
trolled trials in selected high-risk patients when used as adjunctive
therapy to prevent ischemic complications of percutaneous coronary
interventions and in other clinical conditions (8). The current agents
have several limitations, however, including the need for intravenous
administration and the induction of thrombocytopenia in some pa-
tients (9, 10). A number of oral oyp,B; antagonists patterned after the
Arg-Gly-Asp (RGD) integrin binding sequence have been developed,
but none have achieved regulatory approval because they were not
efficacious when used as chronic therapy (11). Treatment with several
of the agents was associated with an increased risk of death (11, 12),
as well as with thrombocytopenia and an increased risk of bleeding in
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a small percentage of patients (13). Both the increased risk of death
associated with the oral agents and the thrombocytopenia associated
with both the intravenous and the oral agents have been hypothesized
to result, at least in part, from conformational changes in the receptor
induced by the binding of the agents (9, 10, 13-20).

On the basis of electron microscopy (EM) and x-ray crystallography
studies, the two best documented conformational changes in the re-
ceptor are headpiece extension and headpiece opening, in which the
B5 hybrid domain swings away from the oy, B-propeller domain at its
junction with the B3 BI domain (21-24). This latter movement is linked
with remodeling of the B; BI domain at the ligand-binding pocket
formed at its interface with the oy, subunit B-propeller domain. Crys-
tal structures of the ayp,B; binding pocket in complex with eptifibatide,
tirofiban, and other RGD-based antagonists, as well as the binding of
the fibrinogen y-chain C-terminal peptide, have identified a common
binding mechanism involving binding to Asp224 in oy, via the com-
pound’s Arg (or its equivalent basic or Lys moiety) and coordinating
the metal ion-dependent adhesion site (MIDAS) Mg2+ ion in the B3
subunit via one of the oxygen atoms in the compound’s Asp carboxyl
or an equivalent carboxyl (22, 23). The binding of these agents was
associated with the receptor adopting the B; swing-out conformation
as judged by x-ray crystallography (23). Because very early treatment
of myocardial infarction with oyy,B; antagonists can prevent cardiac
damage (25-27), it would be desirable to have an orally active agent
that inhibits the receptor but does not induce the global conforma-
tional changes in the receptor.

We recently reported on a small-molecule inhibitor of oy, termed
RUC-1 (Fig. 1) that was identified by high-throughput screening with
an assay based on the adhesion of platelets to immobilized fibrinogen
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(28, 29). RUC-1 is specific for o,B; relative to oyfs, 0281, and glyco-
protein Ib (GPIb) and has antithrombotic effects in murine models in
both large and small blood vessels when administered at 25.6 mg/kg.
RUC-1 differs from the RGD-based op,5 antagonists eptifibatide and
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Fig. 1. Chemical structure of RUC-2 and effects on platelet adhesion and
aggregation. (A) Chemical structures of RUC-1 (left) and RUC-2 (right). (B)
Effect of RUC-1 and RUC-2 on platelet adhesion to immobilized fibrinogen.
RUC-1 and RUC-2 were tested at the indicated concentrations. Data are
means + SD and n = 5. (C) Effect of RUC-1, RUC-2, and eptifibatide on plate-
let aggregation induced by ADP. Citrated PRP was incubated with either
RUC-1, RUC-2, or eptifibatide at the indicated concentrations for 15 min,
and then aggregation was induced by adding ADP (5 uM). The initial slope
of aggregation was measured, and the inhibition was assessed as a percent-
age of the aggregation in the absence of an oy,B5 antagonist (designated
as a concentration of 1077). The 1C5, for RUC-2 (96 + 5 nM) was more than
two logs lower than the ICso for RUC-1 (9.7 = 1 uM) and nearly a log higher
than the IC5, for eptifibatide (12 £ 1 nM).

www.ScienceTranslationalMedicine.org

tirofiban in producing less extensive exposure of B; ligand-induced
binding sites as detected by monoclonal antibodies (mAbs), suggesting
that it also produces less extensive conformational changes in the B
subunit (28). Computer-assisted molecular docking studies corroborated
by molecular dynamic (MD) simulations suggested that RUC-1 binds
exclusively to the ayy, subunit, providing a potential explanation for its
reduced ability to expose B; ligand-induced binding sites (28-30).
Subsequent studies in which RUC-1 was soaked into crystals of the
om,P; headpiece confirmed that it binds exclusively to oy, and, thus,
unlike the RGD-based compounds, does not coordinate the B3 MIDAS
metal ion (30). RUC-1 also does not initiate the reorganization of the
B metal ions that is associated with the binding of RGD-based antag-
onists and the adoption of the B; swing-out orientation. Additional gel
permeation and dynamic light scattering (DLS) studies demonstrated
that, unlike eptifibatide and tirofiban, RUC-1 does not induce confor-
mational changes detectable by these techniques (30).

To further explore the oy,B; binding pocket and obtain additional
information on the correlation between binding mechanism and in-
duction of conformational changes in the receptor, we synthesized a
series of derivatives of RUC-1 guided by structural and energetic con-
siderations. One of these, termed RUC-2 (Fig. 1A and fig. S1), was
more than 100 times more potent in inhibiting platelet aggregation
than RUC-1, and so it was selected for further evaluation.

RESULTS

RUC-2’s chemical and biologic properties are summarized in Table 1.

Platelet adhesion screening assay

In five separate experiments, RUC-2 produced 83 + 7% (mean + SD)
inhibition of platelet adhesion to fibrinogen at a concentration of
100 uM, 80 + 13% inhibition at 30 uM, and 66 + 10% inhibition at
10 uM (Fig. 1B); the comparable values for RUC-1 at the same con-
centrations were 70 + 15%, 38 + 10%, and 22 + 8%. For further com-
parison, tirofiban produced 87 + 9% inhibition at 10 uM.

Platelet aggregation: Human platelets

RUC-2 inhibited adenosine diphosphate (ADP)-induced platelet ag-
gregation of citrated platelet-rich plasma (PRP) with an ICs, (the
concentration of a substance required to inhibit the activity of another
substance by 50%) of 96 + 5 nM (n = 4) (Fig. 1C). By comparison,
RUC-I’s ICsy was more than two logs higher, at 9.7 + 1.0 uM. For
comparison, the ICs, for eptifibatide was 12 £ 1 nM when tested on
the same PRP samples. When PPACK (Phe-Pro-Arg chloromethyl ke-
tone) was used as the anticoagulant instead of citrate, the IC5, for
RUC-2 was more than twofold higher (220 nM; n = 4).

Platelet aggregation: Mouse and rat platelets

At doses that nearly completely inhibited human platelet aggregation,
RUC-2 (1 uM), like RUC-1 (100 uM), did not inhibit either mouse or
rat platelet aggregation induced by ADP (fig. S2, A and B). In contrast,
RUC-2 essentially completely inhibited the aggregation of platelets from
a mouse expressing human oy, and mouse B; (hallb/mp3) (fig. S2C).

Platelet adhesion/aggregation to collagen

Consistent with our previous reports (28, 31), the anti-0,; mAb 6F1
produced 95% inhibition of platelet adhesion/aggregation to collagen,
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whereas the anti-oy; mAb 10E5 and the anti-op,Bs; + oyps; mAb
7E3 produced ~30% inhibition (fig. S3). RUC-2 at 1 to 100 pM also in-
hibited adhesion/aggregation by ~30%, and combining RUC-2 with the
anti-oy,P; antibody 10E5 did not further inhibit adhesion/aggregation.
Microscopic analysis indicated that, as reported with RUC-1 and the
anti-mAb 10E5, RUC-2 did not decrease platelet adhesion to collagen,
but decreased the recruitment of additional platelets to the adherent
platelets.

ayPB3-mediated cell adhesion to vitronectin and

oy pB3-mediated cell adhesion to fibrinogen

The oBs-specific mAb LM609 inhibited adhesion of human embry-
onic kidney (HEK) 293 cells expressing o3 to vitronectin by 74 +
27% (n = 4) at 20 pg/ml, and the anti-oyfB; + oypPs mAb 7E3 in-
hibited adhesion by 80 + 12% (n = 4) at 40 ug/ml (fig. S4A). In con-
trast, RUC-1 at 100 uM produced only 5 + 7% (n = 4) inhibition and
RUC-2 at 10 uM produced only 6 + 15% (n = 4). The RUC-1 and
RUC-2 data are both similar to the 2 £ 9% (range, 9.4 to +7.6%)
(n = 3) inhibition produced by the oyy,Bs-specific mAb 10E5.

Table 1. Properties of RUC-2, 2-amino-N-(3-(5-oxo-7-(piperazin-1-yl)-5H-
[1,3,4]thiadiazolo[3,2-a]pyrimidin-2-yl)phenyl)acetamide (NCGC00183896-01)
(ML165).

Category Parameter Description
Compound Citation
Name (RUC-2) (NCGC00183896-01) (ML165)
Chemical descriptors
Molecular weight 385.443 g/mol
Entries in chemical ~ PubChem: CID 44820665, SID 8944968
databases
Additional pK, values by titration in water:
comments 6.41 and 8.08
In vitro Target oypPs receptor
profiling
Potency 96 = 5 nM in ADP-induced platelet
aggregation assay
Selectivity 6 + 15% inhibition of ligand binding
to the oyBs receptor.
SAR A manuscript detailing the SAR is in
preparation.
Mechanism of Orthosteric inhibition at the RGD
inhibition binding domain as determined by
x-ray crystallography
Structure of PDB code 3T3M
target-probe
complex
Cellular Validation of RUC-2 inhibited oy,B3-dependent
profiling cellular target platelet adhesion to fibrinogen in a

screening assay and oy,Bs-dependent
platelet aggregation. It was found to
bind to the target via x-ray
crystallography (PDB code 3T3M).

RUC-2 had minimal effect on
oyBs-mediated cell adhesion
to vitronectin.

Validation of
cellular specificity
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LM609 did not inhibit the adhesion of HEK293 cells expressing
oqpPs to fibrinogen (fig. S4B), whereas 10E5 produced 79 + 10% in-
hibition, 7E3 produced 87 + 9% inhibition, RUC-1 produced 55 + 5%
inhibition, and RUC-2 produced 65 + 5% inhibition (all n = 4) at the
same concentrations indicated for the ayf; experiments.

Induction of ligand-induced binding site epitopes

Two different B3 ligand-induced binding site antibodies were tested,
AP5 and LIBS1, which bind to the PSI (plexin-semaphorin-integrin)
domain and the distal leg region, respectively (32, 33). The net nor-
malized fluorescence intensity in the presence of eptifibatide (10 uM,
30-min incubation at 22°C) was assigned the value of 100%. Untreated
platelets bound 7 + 3% (1 = 5) of the amount of AP5 bound in the pres-
ence of eptifibatide (fig. S5). In the presence of RUC-1, platelets bound
10 + 4% of the amount of AP5 bound in the presence of eptifibatide,
and in the presence of RUC-2, they bound 18 + 5%. The comparable
data for LIBSI binding after 30 min were 22 + 3% (n = 5) for untreated
platelets, 18 + 2% for platelets in the presence of RUC-1, and 21 + 3%
for platelets in the presence of RUC-2. The oy, LIBS antibody PMI-1
was also tested (34). Untreated platelets bound 46 + 5% (n = 4) of the
amount of PMI-1 that platelets treated with eptifibatide bound; both
RUC-1 and RUC-2 increased PMI-1 binding to similar extents (73 + 9
and 82 + 13%, respectively).

Effect of RUC-1 and RUC-2 on recruitment of
oybB3-dependent antibodies to platelets

Sera from 20 patients who developed thrombocytopenia after treat-
ment with the RGD-mimetic platelet inhibitors tirofiban (5 cases)
or eptifibatide (15 cases) were studied for reactivity with normal hu-
man platelets pretreated with tirofiban (4.0 uM), eptifibatide (2.4 pM),
RUC-1 (100 pM), RUC-2 (3.9 uM), or, as a control, a structurally re-
lated derivative of RUC-1 that does not inhibit ligand binding. In ac-
cord with our previous studies (9), pretreatment of platelets with either
tirofiban or eptifibatide enhanced recruitment of immunoglobulin
G (IgG) to the platelet surface from the sera of all of the patients. The
strength of these reactions, as judged by median fluorescence intensity
(MFI), ranged from 2.2 to 54 (median, 8.0) times the strength of the
reactions obtained with control platelets treated with the inactive de-
rivative of RUC-1. Neither RUC-1 nor RUC-2 induced recruitment of
patient IgG to platelets when tested with all 5 tirofiban samples and 13
of 15 eptifibatide samples. Two sera from patients who experienced
eptifibatide-induced thrombocytopenia recognized platelets treated
with RUC-1 or RUC-2. One of these produced median MFI values
with RUC-1- and RUC-2-treated platelets that were 6.8 and 4.2 times
greater than the signals obtained with control platelets, but these in-
creases were only 13 and 8%, respectively, of the values obtained with
eptifibatide-treated platelets. The second recognized platelets pretreated
with RUC-2, but not RUC-1, producing a signal that was 14 times the
signal obtained with control platelets and 1.4 times the signal obtained
with the eptifibatide-treated platelets. These two eptifibatide-treated
patient samples were also unusual in that both tirofiban and the pep-
tide RGDW were able to recruit patient IgG.

Effect of RUC-2 on extension of purified o,,B3 as

judged by EM

In accord with the data of Ye et al. (35), in the absence of compounds,
omP; primarily adopted a compact conformation adjacent to the
nanodisc (Fig. 2), giving nanodisc-integrin length (NIL) values primarily
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between 11 and 17 nm (Fig. 2, A, B, and E). Occasional nanodiscs, nanodiscs in the range of 11 to 17 nm, and a small subpopulation
however, contained ojy,B; molecules that were extended, giving NIL  in the range 18 to 23 nm (Fig. 2, B and E). Both eptifibatide and
values between 18 and 23. As a result, the NIL frequency distribution  tirofiban shifted the distribution in a dose-dependent manner such
showed a bimodal pattern, with a marked predominance of o,B; that, at the highest doses, most oyp,B; nanodiscs had NIL values in

Bent G“bps
Nanodisc

£ ~ Extended
£ S8 o3

_ % Nanodisc

B
40 1 40 eer L.
g 25, --Control ¥ et Eptifibatide
- -=RUC1 -©-0.25 uM
S 30 -+RUC2 .8 307 =-0.5 uyM
3 251 3 25- 1M
= =
7] - 4
= 20 % 20
g 151 2 151
c c
2 10+ 2 10+
%z &
i i £ 1 4 A
0+ —SPE-5-5-0 0+ T -E
T 1 15 19 23 27 7 1 15 19 23 27
Size (nm) Size (nm)
D E
40 - 100 -
£ 351 Tirofiban &
‘=’ --0.25 uM & 804
-f-’_, 30 -=0.5 yM g
3 251 , =M 8 e
] g
: 2 40 — Control
§ s RUC-1
2 - RUC-2
3 4
z € 2 Eptifibatide
o y e ‘ — Tirofiban
R e .
7 1 15 19 23 27 10 12 14 16 18 20 22 24
Size (nm) Size (nm)

Fig. 2. Negative stain EM of o3 nanodiscs in the absence and presence of oy,Bs antagonists. (A)
Representative images of bent and extended a,B5 nanodiscs and images of oy,B3 nanodiscs in the
presence of buffer, eptifibatide (1 uM), tirofiban (1 uM), RUC-1 (100 uM), or RUC-2 (10 uM). (B to D)
Quantitative measurements of ay,B3 NIL values in the absence and presence of o,,83 antagonists. (B)
NIL value distributions in the presence of buffer, 100 uM RUC-1, or 10 uM RUC-2. (C and D) Dose-
dependent NIL value distributions in the presence of eptifibatide (C) or tirofiban (D). The mean + SD
of five separate experiments is depicted for each condition; a total of 600 to 700 particles contained in
five separate electron microscopic images were measured at x33,000 magnification in each experiment.
(E) Cumulative percentage of NIL values in the presence of buffer, 100 uM RUC-1, 10 uM RUC-2, 1 uM
eptifibatide, or 1 uM tirofiban.
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the range of 18 to 23 nm (Fig. 2, A and
Cto E) (P < 0.001 and P < 0.001, respec-
tively). In contrast, neither RUC-1 at con-
centrations up to 100 uM nor RUC-2 at
concentrations up to 10 uM produced a
significant shift in NIL values (P = 0.23
and 0.37, respectively) (Fig. 2, A, B, and E).

Effect of RUC-2 on the Stokes radius
of the soluble o,,,; headpiece

We examined the effect of RUC-2 on the
conformation of the ojp,B; headpiece in
solution by gel filtration or DLS with or
without near-saturating concentrations
of RUC-1, RUC-2, or tirofiban. Consist-
ent with our previous results (30), gel fil-
tration showed that tirofiban induced a
substantial reduction in the oyB; head-
piece elution volume (0.38 ml) (Fig. 3A).
In contrast, RUC-2 and RUC-1 had lit-
tle effect on elution volume of the o;p,B3
headpiece (0.07 and 0.03 ml, respectively)
(Fig. 3A). These changes in elution vol-
umes corresponded to a 0.4-nm increase
in Stokes radius with tirofiban, and little
or no increases with RUC-1 or RUC-2
(Fig. 3B). When measured by DLS, a similar
increase in Stokes radius was found with
tirofiban (0.45 nm). RUC-1 and RUC-2
produced considerably smaller but mea-
surable increases in Stokes radius (0.08
and 0.16 nm, respectively) (Fig. 3B). These
results suggest that RUC-2 induces less
opening of the oyp,B; headpiece in solu-
tion than tirofiban.

Effect of RUC-2 on

B3 high-affinity

ligand-binding conformation
Because small-molecule ojp,p; antago-
nists based on the RGD motif induce a
high-affinity ligand-binding conforma-
tion in oypP3 (16, 20, 36-38), and because
this activity has been proposed to explain
the paradoxical increase in thrombotic
death associated with the small-molecule
oral ayy,B; antagonists (11, 12, 14, 18, 37),
we tested the “priming” effect of RUC-2,
that is, its ability to induce fibrinogen bind-
ing to platelet oy,Bs. Incubation of washed
platelets with eptifibatide (1 uM), tirofiban
(0.5 uM), or an RGDS peptide (100 uM),
followed by fixation in paraformaldehyde
and washing, increased the binding of
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Fig. 3. Stokes radius determinations by gel filtration and DLS. (A) Gel
filtration profile of oy,P3 headpiece alone or bound with antagonists. The
untagged oy,B3 headpiece was mixed with near-saturating concentrations
of RUC-1, RUC-2, or tirofiban and incubated at room temperature for
1 hour before chromatography on Superdex 200 in tris-buffered saline
plus 1 mM Ca®**/Mg?*. The elution volumes are shown in parentheses. (B)
Stokes radii calculated from gel filtration or DLS. Data are means + SD (n = 2
for gel filtration; n = 3 for DLS).

fluorescent fibrinogen to platelets as judged by the percentage of plate-
lets with fluorescence values above those in the absence of the agents.
The values were 47 + 9, 34 + 12, and 48 + 8% (n = 4), respectively
(Fig. 4). In contrast, the value for RUC-1 (100 uM) was only 8 + 3% (n =
4), and for RUC-2 (1 uM), it was only 4 + 3% (n = 4). Increasing the
RUC-2 concentration to 5 uM, more than 20-fold its ICsp, did not in-
crease the fibrinogen binding. The specificity of the fibrinogen binding
induced by the agents was established by the ability of eptifibatide to
block the binding when present during the fibrinogen binding step [for
example, in one experiment, the incremental fibrinogen binding values
for eptifibatide (34%), tirofiban (17%), the RGDS peptide (36%), and
RUC-1 (2%) were all reduced by eptifibatide to 0%; RUC-2 did not
produce any incremental binding in this experiment].

Mechanism of RUC-2 binding to o,,B3 as

revealed by crystallography

An oyppB; headpiece-Fab complex was crystallized in the closed head-
piece conformation (30). We obtained a diffraction data set to 2.6 A
from a crystal soaked with RUC-2 in 1 mM Ca®" and 5 mM Mg
(Table 2). Clear electron densities for RUC-2 and Ca*" ions at the syn-
ergy metal binding site (SyMBS) and the adjacent to MIDAS metal
binding site (ADMIDAS) were found at the RGD-binding pocket in
each of the two crystallographically independent molecules in the asym-
metric unit (Fig. 5A). However, we saw no density for a metal ion at the
MIDAS (Fig. 4A). Compared to the native structure (21, 30) or the struc-
ture of the RUC-1 complex (30), soaking RUC-2 into the crystal did not
induce any significant change in the oy, or B; subunits, except for the
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Fig. 4. Effect of RUC-2 on priming platelets to bind fibrinogen. Washed
platelets were incubated with eptifibatide (1 uM), tirofiban (0.5 uM),
RGDS (100 uM), RUC-1 (100 uM), or RUC-2 (1 uM) for 20 min and fixed
with 1% paraformaldehyde for 40 min. After the paraformaldehyde was
quenched with glycine (5 mM), platelets were washed and incubated with
fluorescent fibrinogen (200 pg/ml) in the presence of 2 mM Ca®" and
1 mM Mg?*. After washing, the platelets were analyzed by flow cytometry.
(A) Mean = SD (n = 4) net platelet fluorescence (NPF), defined as the per-
centage of platelets with fluorescence intensity values above 25 arbitrary
units (AU) in the presence of one of the antagonists minus the percent-
age in the absence of the antagonist. Eptifibatide blocked the binding
of fibrinogen induced by the antagonists, yielding values equal to or
below the control value. (B) Fluorescence data from one of the four simi-
lar experiments.

103

absence of the Mg”" ion at the MIDAS (Fig. 5A). To test for competition
between RUC-2 and Mg**, we also obtained 2.2 and 2.4 A diffraction
data sets from crystals soaked with RUC-2 in the presence of | mM Ca®*
and 20 mM Mg”". Clear electron densities of Ca>* ions at the SyMBS and
ADMIDAS, as well as a Mg*" ion at the MIDAS, were found in both
crystals, but no densities of RUC-2 were visible in either of the two
independent molecules in the asymmetric unit in the crystals (fig. S6).
Instead, the ligand-binding pocket was occupied by water molecules.
RUC-2 fits into the same binding pocket in the oy, B-propeller do-
main as RUC-1, which is lined with residues Phe'®’, Tyr'®’, Leu'*?,
Asp®**, Phe™!, and Asp™* (Fig. 5, B and C). RUC-2 maintains the same
interactions as seen with RUC-1, including the hydrogen bonding with
Ol Asp224, the m-m stacking interaction with oy, Tyrlgo, and the
water-mediated hydrogen bonding with ayy, Asp®” (Fig. 5, B and C).
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Table 2. Statistics of x-ray diffraction data and structure refinement. RMSD, root mean square deviation.

Ligand

RUC-2 (1 mM Ca/5 mM Mg)

RUC-2 (1 mM Ca/20 mM Mg)

Space group

Unit cell
(a, b, ¢ (A

(o B v) O
Wavelength (A)
Resolution (A)
Number of reflections (total/unique)
Completeness (%)
I/s(1)
Rmerge (%)"
Rwork'/Riree”

RMSD
Bond (A)

Angle (°)
Ramachandran plot!

Molecules per asymmetric unit

P2,2,2

261.2, 1453, 104.7

P2,2,2

259.5, 1453, 104.8

90, 90, 90 90, 90, 90
1.0331 1.0332
50-2.6/2.74-2.60* 50-2.2/2.32-2.20*
743,660/118,868 1,236,472/199,292*
96.7/92.3* 99.3/96.2%
6.2/1.8% 13.4/1.6*
17.6/89.7% 8.1/102.5*
0.179/0.222 0.189/0.220
0.006 0.009
0.696 0.850
95.0%/4.7%/0.3% 95.8%/4.0%/0.2%
2 2

Residues, oy/Bs

1-454 (453)/1-466 (471)"

1-454 (453)/1-466 (471)"

Non-H atoms, protein/carbohydrate/water 20,770/195/855 20,866/195/1,291
PDB code 3T3M 3T3P
*Numbers correspond to the last resolution shell. tRmerge = Zn2illith) — (Ih)|/ZxZ{li(h), where I(h) and (I/(h)) are the ith and mean measurement of the intensity of reflection h. FRwork =

ShllFobs ()] = |Feaic (M||/2h|Fobs (h)], where Fopg (h) and Feyic (h) are the observed and calculated structure factors, respectively. No //s cutoff was applied.
set of reflections consisting of a randomly selected 0.86 or 0.5% subset of data excluded from refinement.

by MolProbity. Numbers in parentheses correspond to chains C and D.

In addition to the interactions with oy, RUC-2 makes direct contacts
with the B; BI domain. Its primary amine group forms hydrogen bonds
with one of the oxygens of the B3 Glu**° carboxyl side chain and with the
carbonyl oxygen of B; Ala>"® through a water molecule (Fig. 5B). In ad-
dition, RUC-2’s phenylacetamide nitrogen forms a hydrogen bond with
the carbonyl oxygen of B; Asn”'”. The phenyl group in RUC-2 that re-
places the ethyl group in RUC-1 also increases hydrophobic interactions
with the binding pocket. These additional interactions with the B sub-
unit can account for the higher affinity of RUC-2 compared with RUC-1.

Like the RGD-mimetic drug tirofiban, RUC-2’s Arg-mimetic
piperazinyl group interacts with oy, Asp’>*. However, RUC-2 lacks
an Asp-mimetic terminal carboxyl group with which to interact with
the MIDAS Mg®" ion and the backbone nitrogen atoms of the MIDAS
residues Tyr'** and Ser'** (Fig. 5, B and D). Instead, RUC-2 has a ter-
minal primary amine group that interacts directly with the side-chain
oxygen of Glu° that ordinarily contributes to coordinating the MIDAS
Mg*" ion. The absence of the MIDAS Mg** metal ion in the presence
of RUC-2 thus likely reflects the loss of metal ion coordination by the
Glu* carboxyl oxygen, steric hindrance, and/or electrostatic repulsion
(Fig. 5B). When a higher concentration of Mg2+ was used (20 mM)
during crystal soaking, we identified the Mg** but not RUC-2 (fig. S6),
suggesting that RUC-2 competes with Mg>* for interaction with Glu**.

Molecular docking and MD simulations

A single RUC-1-like docking pose of RUC-2 was identified in the ab-
sence of the MIDAS Mg”" ion, regardless of whether the primary
amine was uncharged or positively charged, and this pose remained

8Rfrce is the R value obtained for a test
||Residues in favorable, allowed, and outlier of the Ramachandran plot as reported

stable throughout 10 ns of MD simulation (fig. S7). As inferred from
the crystal structure, the primary amine group of RUC-2 interacted
directly with the carboxyl oxygen of the B3 Glu*’ residue regardless
of whether the RUC-2 primary amine was uncharged (fig. S7, A and
C) or positively charged (fig. S7, B and D). The interaction remained
stable in both simulations with slightly different relative average dis-
tances (~3.5 A versus ~2.8 A, respectively).

Mg2+ effects on the IC5o of RUC-2, RUC-1, and tirofiban
Both crystallographic and computational data supported a model in
which RUC-2 and Mg** compete for binding to the same Glu**° car-
boxyl oxygen. To test this hypothesis, we assessed the binding of the
ligand-mimetic mAb PAC-1 to Chinese hamster ovary (CHO) cells
expressing recombinant human oyp,B; after activation with the mAb
PT25-2 at different Mg®* concentrations (Fig. 6, A to D). In going from
1 to 50 mM Mg*", the RUC-2 ICs, increased by ~3.9-fold, reflecting
nearly a 75% reduction in affinity. In contrast, the IC5, of RUC-1 was
increased by only ~6% and that of tirofiban was completely unchanged.
Thus, as predicted from the structural studies, higher Mg>* concentra-
tions can decrease RUC-2’s inhibition of ligand binding.

To further test the effects of varying the Mg** concentration on
RUC-2’s ability to inhibit om,B; ligand binding, we performed the
platelet adhesion to fibrinogen assay at different Mg>" concentrations,
keeping the Ca®" concentration at 1 mM. In three separate experiments,
the ICs for RUC-2 increased from 0.29 + 0.1 uM (mean + SD) at
1 mM Mg®" to 091 + 021 uM at 20 mM Mg*>* (P < 0.01) and to
1.3 + 0.35 uM at 50 mM Mg** (P < 0.01) (Fig. 6, E to G). Thus, in
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Fig. 5. The binding pocket of RUC-2 in the closed a3 headpiece crystal
structure. (A) Electron density maps of RUC-2 and metal ions. oy, B-propeller
(light blue) and Bs Bl (wheat) domains are shown as cartoon. Ca* ions of
the SyMBS and ADMIDAS are shown as yellow spheres. RUC-2 and selected
oypP3 side-chain and backbone atoms are shown as sticks with green (RUC-2),
light blue (allb), or wheat carbon (83), red oxygen, blue nitrogen, and yellow
sulfur atoms. 2Fps — Feaic Maps at 1.5 o for RUC-2 and Ca>* ions are shown in
orange and blue, respectively. (B to D) Comparison of RUC-2, RUC-1 (PDB
code 3NIF), and tirofiban (PDB code 2VDM) binding modes. Color code is
the same as in (A). oy, and B3 are shown as solvent-accessible surfaces.
Ca*" ions of SyMBS or ADMIDAS (yellow) and the Mg>" ion of MIDAS (silver)
are shown as spheres. Water molecules are small red spheres. Hydrogen and
metal coordination bonds are shown as blue dashed lines. The RUC-1 and
tirofiban structures are after superposition on the RUC-2 complex using
super command in PyMOL with the oy, B-propeller and B3 Bl domains.

Aip MIDAS
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going from 1 to 50 mM Mg2+, there was an ~4.5-fold increase in ICs,
corresponding to ~80% decrease in affinity. Neither RUC-1 nor tirofiban
showed a comparable increase in ICs, at higher Mg>" concentrations.
Finally, we tested the effect of RUC-2 (1 uM) and RUC-1 (100 uM) on
platelet aggregation induced by a thrombin receptor—activating peptide
(SFLLRN) at different Mg2+ concentrations and observed that the inhib-
itory effect of RUC-2 was clearly attenuated at 20 mM Mg>", whereas
the effect on RUC-1 was much less evident (Fig. 6H).

DISCUSSION

We previously demonstrated that a small, ajy,-specific compound
(RUC-1) could effectively inhibit ligand binding, platelet aggregation,
and in vivo thrombus formation mediated by human oyp,B; (28, 29).
Docking studies, MD simulations, and crystallographic structural data
defined its mode of binding, which was further supported by cross-
species and mutagenesis studies (28, 29). Here, we have built on these
data by rationally designing, synthesizing, and then analyzing the bind-
ing of RUC-2, a RUC-1 derivative that is greater than 100 times more
potent in inhibiting platelet aggregation.

RUC-2 is somewhat larger than RUC-1 (molecular weight, 385
versus 265) but still well below the 500 molecular weight cutoff com-
monly used to assess a compound’s suitability to function as an oral
therapeutic. It retains many of RUC-1’s properties, including selectiv-
ity for am,Bs compared to ovf;, and for human oyp,p; compared to
mouse or rat op,Ps. It also shares RUC-1’s decreased ability to induce
the B3 LIBS epitopes compared to eptifibatide, suggesting that it induces
less extensive conformational changes in the receptor. In accord with
this hypothesis and in contrast with the results with both eptifibatide
and tirofiban, RUC-2 did not induce ayy,B; receptor extension as
judged by electron micrographs of oyp,f; inserted into nanodiscs,
nor did it produce the major shift in elution volume in gel filtration
or the major change in DLS produced by these drugs. Studies by sev-
eral investigators on different RGD-based oiy,B3; antagonists showed
that the antagonists that induce exposure of B; LIBS epitopes all share
a structure that includes a carboxyl capable of coordinating the MIDAS
metal ion (14, 16, 37-39). Moreover, unlike eptifibatide and tirofiban,
RUC-2 did not “prime” the oyy,B5 receptor, that is, induce it to adopt a
high-affinity fibrinogen binding conformation (16, 20, 36, 37, 40). This
is of particular note because the capacity to prime the receptor may ex-
plain the lack of efficacy and variable increase in mortality associated
with the first generation of oral oyy,B; antagonists, which were based on
the RGD sequence (11, 12, 14). We used a modification of the original
priming assay developed by Du et al. (36), which uses fixation before
washing away the agent. We and others have developed variations of
this assay, some of which do not involve fixation (16, 28, 37, 40, 41),
and we obtained similar results with RUC-1 using one of these assays
(28). After evaluating a number of different assays, we found that the
assay we used in this study provided the most consistent results. How-
ever, none of these assays has been validated with in vivo data.

After ligand binding, integrin receptors are capable of initiating
outside-in signaling (7). We did not directly study the effect of RUC-2
on such signaling, but because ligand binding is associated with con-
formational changes in the B3 subunit (23), RUC-2’s inability to induce
such changes may make it less likely to induce outside-in signaling.

To further explore the conformational changes induced in oyp,B;
by RUC-1 and RUC-2, we analyzed the effect of the compounds on
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inducing platelet recruitment of IgG
from the serum of patients who devel-
oped thrombocytopenia when treated
with either tirofiban or eptifibatide. In
these cases, the drug used to treat the pa-
tient induced recruitment of IgG to the
platelet. In contrast, neither RUC-1 nor
RUC-2 induced recruitment of IgG com-
pared to control in all five patients studied
with tirofiban-dependent thrombocyto-
penia. Similarly, in 13 of 15 patients with
eptifibatide-dependent thrombocytopenia,
neither RUC-1 nor RUC-2 induced IgG re-
cruitment. In one patient with eptifibatide-
dependent thrombocytopenia, however,
both RUC-1 and RUC-2 enhanced platelet
IgG recruitment to a minor degree, and in
another, RUC-2, but not RUC-1, induced
substantial IgG recruitment. Thus, in most
cases, RUC-2 does not expose and/or con-
tribute to the neoepitopes induced and/or
created by tirofiban or eptifibatide that are
recognized by patient IgG and that are as-
sociated with the development of clinical
thrombocytopenia. It is possible, however,
that RUC-2 can induce platelet recruitment
of other individuals’ IgG and that this could
lead to thrombocytopenia.

To assess the structural basis for RUC-2’s
greater potency than RUC-1, we used both
computational and x-ray crystallographic
techniques. By soaking RUC-2 into the
closed oyy,B3 headpiece crystal in the pres-
ence of 1 mM Ca”* and 5 mM Mg*", we
obtained good electron density for RUC-2
at the RGD binding pocket of oyy,Ps.
The RUC-2 crystal structure showed the
same oy, subunit binding features as did
RUC-1. In addition, the primary amine of
RUC-2 interacted with the B3 subunit
by forming a hydrogen bond to the car-
boxyl oxygen of Glu*** that ordinarily co-
ordinates the MIDAS Mg?*, and RUC-2’s
phenylacetamide nitrogen formed a hy-
drogen bond to the backbone oxygen of
B; Asn*"®. These additional interactions
and the hydrophobic interactions of the
phenyl ring of RUC-2 with the B5 subunit
most likely account for its more than 100-
fold higher affinity for oyy,B; than RUC-1.
Remarkably, no electron density for the
Mg ion at the MIDAS was visible in the
omP3 headpiece-RUC-2 complex struc-
ture. This is in contrast to our previously
reported native crystal structures in the pres-
ence of 5 mM Mg*", which showed clear
electron density for the Mg®" ion in the
MIDAS (30). To assess whether RUC-2 was
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competing for binding to the B3 Glu**> MIDAS carboxyl oxygen, we
also soaked RUC-2 into the crystal in the presence of 20 mM Mg™".
Both of the two higher-resolution data sets obtained under these con-
ditions showed clear densities for a Mg”" at the MIDAS, but no den-
sities for RUC-2. These results indicate that RUC-2 and the Mg>" ion
compete with each other for binding to B;. In the absence of ligand,
the MIDAS Mg”" ion is held in place by direct coordination by one
of the side-chain oxygens of Glu**® and the side-chain oxygen of
Ser'?!, as well as indirect coordination by Asp''® and Ser'** through
water molecules. The other Glu**° carboxyl oxygen directly coordi-
nates the Ca** in the SyMBS, and thus, it plays a major role in the
structures of both the SyMBS and the MIDAS. The importance of
the MIDAS metal ion in ligand binding is well established from mu-
tational studies of cells expressing recombinant oyy,B;, studies of pa-
tients with the hemorrhagic disorder Glanzmann thrombasthenia
who harbor naturally occurring mutations (42, 43), and the crystal-
lographic evidence that ligands bind to ayy,B; through direct coordi-
nation of the MIDAS Mg*" by a carboxyl oxygen (22, 23). The crystal
structure also provides important information on RUC-2’s propensity
to induce conformational changes in oyy,B3. Thus, RUC-2, like RUC-1,
does not induce conformational changes in either the oy, or the B,
subunits in the a,P; headpiece.

The results of molecular docking and MD simulation studies of
RUC-2 performed in the absence of the MIDAS Mg** support the
stability of the hydrogen bond between RUC-2’s primary amine group
and the carboxyl oxygen of Glu**° that ordinarily coordinates the
MIDAS Mg”" ion. This interaction was observed whether the primary
amine was uncharged or positively charged, but the interaction was
tighter when the primary amine group of RUC-2 was positively charged.
The pK, (where K, is the acid dissociation constant) 1 and pK, 2
values of RUC-2 (corresponding to the primary amine and piperazine
nitrogen, respectively) determined directly by titration in water were
641 and 8.08, respectively. The value of pK, 1 is significantly lower
than that of primary amines in amino acids (~8.8 to 10.8); however,
the functional pK, value of the primary amine is likely influenced by
the binding pocket microenvironment of op,Bs.

A review of the Mg”* concentration data in the crystal structure
studies of o;pP3; and oyPs; demonstrates that the MIDAS was not
clearly filled with Mg*" in the absence of exogenous Mg** or in the
presence of I mM Mg**, but was filled at concentrations of 5 mM or
above (21, 23, 30, 44). We could not identify any studies in which the
affinity of Mg*" for the ay,B; MIDAS was directly determined, but
Pesho et al. (45) found that it required millimolar concentrations of
Mg*" to displace Ca®" from the MIDAS of an isolated B BI domain
containing a mutation in the ADMIDAS (D126A). Our crystal struc-
ture data obtained at 5 and 20 mM Mg** suggest that RUC-2 can
compete successfully with Mg>* for binding to Glu**® at 5 mM, but
not 20 mM. In support of a competition between Mg”" and RUC-2
for binding to B3, we found that high concentrations of Mg®" in-
creased RUC-2’s ICs for inhibiting both ligand binding to recombi-
nant op,Ps and platelet oyp,Ps-mediated adhesion to fibrinogen, as
well as platelet aggregation induced by a thrombin receptor-activating
peptide. In contrast, increasing the Mg®" concentration had little effect
on inhibition by tirofiban and/or RUC-1 in the same systems.

RUC-2 may offer advantages over existing intravenous ojy,; an-
tagonists if its reduced capacity to induce conformational changes in
the receptor translates into a reduced incidence of thrombocytopenia
and a decreased capacity to paradoxically induce ligand binding. If it is
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rapidly orally bioavailable or can be modified to become such, it may
be especially valuable in the prehospital treatment of myocardial in-
farction because, currently, more than half of the deaths from myo-
cardial infarction occur during the prehospital phase (~300,000 deaths
per year in the United States alone) (46), and early treatment with
o3 antagonists can increase blood flow, decrease mortality, and even
abort the progression of myocardial infarction in more than 25% of
cases if administered in the first hour (25, 26, 47-49). Definitive testing
of the value of RUC-2 or a related derivative of RUC-2 in the prehos-
pital setting could be performed in a randomized study of ambulance
administration of RUC-2 versus placebo; indeed, in a study that en-
rolled just 179 patients with this trial design, abciximab demonstrated
statistically significant benefits in infarct size, left ventricle ejection frac-
tion, major adverse coronary events, ST segment elevation resolution,
and heart failure (50).

Although RUC-2 is highly specific for human oyy,, preclinical test-
ing can be performed in mice that have targeted deletion of murine
o, and insertion of human oy, as we demonstrated with RUC-1
(29). In addition, preclinical testing of RUC-2’s effect on the ability
of human platelets to form thrombi in vivo can be performed in mice
that carry an engineered von Willebrand factor that interacts with hu-
man GPIb (51). The clinical relevance of this model is supported by
the strong correlation between the antithrombotic effects of the cur-
rently approved antiplatelet agents in this model and their observed
clinical efficacy (52).

In conclusion, we report that RUC-2, a high-affinity derivative of
RUC-1, specifically inhibits ligand binding by a novel mechanism,
leading to loss of the MIDAS metal ion while producing only minor
changes in the conformation of B3. Although there are theoretical rea-
sons to hope that RUC-2 will have therapeutic advantages over exist-
ing oq,PBs antagonists, this remains to be tested directly.

MATERIALS AND METHODS

Synthesis of RUC-2
The synthesis of RUC-2 (NCGC00183896-01) is shown in fig. S1 and
described in detail in the Supplementary Materials.

Purification of integrin o3

omPs was purified from outdated single-donor platelet concen-
trates obtained from the New York Blood Center as described in
detail in the Supplementary Methods. In brief, washed platelets
were lysed in n-octyl-B-p-glucoside and oyy,B; was purified by sequen-
tial concanavalin A, heparin, Q-Sepharose, and Sephacryl S300 HR
chromatography.

Preparation of o;,B3-containing nanodiscs

oypPs-containing nanodiscs were prepared by a modification of pre-
viously described techniques (35, 53, 54). In brief, a His-tagged mem-
brane scaffold protein was prepared as a recombinant protein in
Escherichia coli, and final assembly consisted of solubilizing an equi-
molar mixture of 1,2-dimyristoyl-sn-glycero-3-phosphocholine and
1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) in octylgluco-
side and cholate and then adding the purified oyy,B;. The detergents
were removed with macroporous polymeric beads (Bio-Bead SM-2),
and then the oyp,B3 nanodiscs were separated from the empty nanodiscs
by gel filtration.
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Negative staining EM and evaluation of oy,p3

nanodisc particle size

o B3 nanodiscs were treated with eptifibatide, tirofiban, RUC-1, or
RUC-2 for 1 hour at room temperature at the concentrations indicated
in the text. Samples were loaded onto carbon-coated copper grids that
were glow-discharged and then stained with 2% uranyl acetate, fol-
lowed by drying. Imaging of oyy,B; nanodiscs was performed with a
JEOL JEM 100CX transmission electron microscope at 80 kV and
magnifications of x33,000 and x50,000. The images of 0,35 nanodiscs
were taken from randomly chosen fields on each EM grid. Between
100 and 150 oyy,B5 nanodisc particles were present in each image at a
magnification of x33,000. The lengths of all of the particles in each image
were measured with ImageJ [National Institutes of Health (NIH)].

Platelet function assays

The following assays were all carried out as previously described
(28, 30): platelet and HEK293 cell adhesion to fibrinogen, platelet
adhesion/aggregation on collagen, platelet aggregation to ADP (5 uM),
binding of fluorescent fibrinogen to platelets in the presence of the ac-
tivating mAb PT25-2, binding of the op,-specific (PMI-1) and Bs-specific
(AP5 and LIBSI) LIBS mAbs to platelets, and HEK293 cell oiy/5-mediated
adhesion to vitronectin.

Priming assay

To assess the ability of eptifibatide, tirofiban, RUC-1, and RUC-2 to in-
duce the high-affinity, ligand-binding state of the oyy,B3 receptor, we
used a modified version of the assay developed by Du et al. (36).
Platelets washed in Hepes-modified Tyrode’s buffer were incubated
with the compounds for 20 min at room temperature, fixed with 1%
paraformaldehyde for 40 min at room temperature, incubated with
5 mM glycine for 5 min at room temperature, washed four times, re-
suspended in buffer containing 2 mM Ca®* and 1 mM Mg*", incubated
with Alexa Fluor 488-conjugated fibrinogen (200 ug/ml; Invitrogen)
(with or without 10 uM eptifibatide) for 30 min at 37°C, washed, di-
luted 10-fold, and analyzed by flow cytometry. The net fluorescence
was calculated by determining the percentage of platelets with fluores-
cence values greater than 25 arbitrary units and subtracting the per-
centage in the untreated samples. In the four experiments, the mean +
SD values in the untreated samples were 9 + 3%.

Protein expression, purification, and crystallography

The expression, purification, and crystallization of the o5 headpiece
(o, B-propeller, thigh, and calf-1 domains and B5 BI, hybrid, PSI, and
IEGF-1 domains) in complex with 10E5 Fab were performed as pre-
viously described (30). RUC-2 was soaked into the oyp,Bs/Fab crystals
at 37.5 uM in the crystallization well solution containing 1 mM Ca®*
and 5 mM (or 20 mM) Mg** for 3 to 5 days. Crystals were harvested
in 15% PEG 8000 (polyethylene glycol, molecular weight 8000), 0.2 M
ammonium sulfate, 0.1 M tris-HCI (pH 8.9) plus 1 mM Ca®" and 5 mM
(or 20 mM) Mg"; cryoprotected with additional glycerol in 5% incre-
ments up to a 20% final concentration; and then flash-frozen in liquid
nitrogen. Diffraction data collected at ID-23 of APS were solved by
molecular replacement. Final refinement with Phenix used translation-
libration-screw and noncrystallographic symmetry analyses.

Gel filtration and DLS
The purified oyy,B; headpiece at 2.0 uM was incubated with RUC-1,
RUC-2, or tirofiban at 500, 100, and 56 pM, respectively, at 25°C for
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1 hour and subjected to Superdex 200 chromatography in tris-buffered
saline plus 1 mM Ca**/Mg**. DLS of the purified oypBs headpiece
alone at 20 uM or after mixing with RUC-1, RUC-2, or tirofiban at
500, 100, and 56 pM, respectively, was measured at 25°C with a Viscotek
802 DLS (Viscotek Corp.) in tris-buffered saline plus 1 mM Ca**/Mg**.

Molecular docking

The crystal structure of the oy,B; headpiece cocrystallized with the in-
hibitor RUC-1 (28-30) was used for the docking of RUC-2 [Protein
Data Bank (PDB) code 3NIF]. After RUC-1 was removed from the
structure, RUC-2 docking was performed in the absence of the MIDAS
Mg ion. The SyMBS and ADMIDAS Ca®" ions were retained, as were
the crystallographic water molecules around the ions and the two water
molecules close to Asp>*>. In the latter case, only the MIDAS Mg*" was
removed. Further details are provided in the Supplementary Materials.

MD simulations

The MD simulations of the o35 complex with RUC-2 bound in a sim-
ilar fashion to RUC-1 were carried out on truncated forms of the pro-
tein system (that is, oy, residues 1 to 452 and B; residues 108 to 352)
with the Amber10.0 suite of programs. Further details are provided in
the Supplementary Materials.

Detection of antibodies from patients with tirofiban- or
eptifibatide-induced thrombocytopenia

To assess whether RUC-1 or RUC-2 induces conformational changes
in ogpPs similar to those produced by eptifibatide and tirofiban that
result in recruitment of IgG to the platelet surface in patients who de-
velop thrombocytopenia after treatment with one or the other drug, we
used the assay described previously (9). Further details are provided in
the Supplementary Materials.

Effect of Mg>* concentration on RUC-2’s ability to
inhibit ligand binding to oy,,p3
CHO-K cells stably expressing human oyy,; were incubated with or
without drugs at the indicated Mg** concentrations plus 1 mM Ca®*
for 30 min, and then incubated with mAb PAC-1 (5 pg/ml) (ligand-
mimetic IgM, selective for the activated conformation of oyp,Bs) plus
activating mAb PT25-2 (5 pg/ml) for another 30 min at 25°C. Cells
were washed and incubated with phycoerythrin-labeled goat anti-
mouse IgM on ice for 30 min and analyzed by flow cytometry after wash-
ing. The expression of oP; was detected with mAb 10E5 and Alexa
Fluor 488-labeled goat anti-mouse IgG. PAC-1 binding is presented
as mean + SD of percentage of MFI of PAC-1 binding to the MFI of
10E5 binding.

Titration analysis of RUC-2 in water was performed by Analiza
Inc. by retention time analysis using parallel capillary electrophoresis
separation.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/125/125ra32/DC1

Materials and Methods

Fig. S1. Synthesis of RUC-2 (1) (NCGC00183896-01).

Fig. S2. Effect of RUC-1 and RUC-2 on the aggregation of citrated platelet-rich plasma from
mice (A), rat (B), and transgenic mice expressing human oy, and mouse B3 (C).

Fig. S3. Effect of mAbs 6F1, 10E5, or 7E3, RUC-1, and RUC-2 on platelet adhesion to collagen.
Fig. S4. Effect of mAbs LM609 or 7E3, RUC-1, and RUC-2 on adhesion of HEK293 cells
expressing oyfs to vitronectin and HEK293 cells expressing oyuf; to fibrinogen.
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Fig. S5. Induction of ligand-induced binding site (LIBS) epitopes.

Fig. $6. Ligand-binding pocket of ay,B; headpiece crystal soaked with RUC-2 and 20 mM Mg?*.
Fig. S7. Results of the MD simulations of the RUC-2-0y,B3 fragment complexes in the absence
of the MIDAS Mg?* ion.
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Structure-Guided Design of a High Affinity Platelet Integrin albp3 Receptor Antagonist
That DisplacesMg® from the B3 MIDAS

Supplementary Materialsand M ethods

Materials: RUC-1, the inactive piperidine derivative of RUCRiAbs AP5 (a generous
gift of Dr. Peter Newman, BloodCenter of WisconsitQE3, and 7E3, tirofiban, and eptifibatide
were obtained as previously described. &hiep3 activating mAb PT25-2 was a generous gift
of Dr. Makoto Handa of Keio University, Tokyo, Jap@). n-octyl$-D-glucoside (OG), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), d@n@-dimyristoyl-sn-glycero-3-phospho-
(2’-rac-glycerol) (DMPG) were purchased from AnaggMaumee, OH). Prostaglandin E
(PGR), isopropylp-D-1-thiogalactopyranoside;methyl glucoside, leupeptin, uranyl acetate,
and Triton X-100 were purchased from Sigma (St.i€oMO, USA). Con A-Sepharose, Q-
Sepharose, Nickel-Sepharose, Sephacryl S300, Sap20dHR, and NHS-activated Sepharose
were purchased from GE Healthcare (Piscataway,Bid)Bead SM-2 was purchased from Bio-
Rad (Hercules, CA). PAC-1 was purchased from BDsBiences (San Diego, CA) and 400
mesh carbon-coated copper grids were purchasedBteatron Microscopy Sciences (Hatfield,

PA).

General Synthetic Methods: Samples were analyzed for purity on an Agilen02
series LC/MS using a Zorbax Eclipse XBD-C8 revgykase (5 micron, 4.6 x 150mm) column
and a 1.1 mL/min flow rate. A gradient was perfodusing an acetonitrile/water mobile phase
(each containing 0.1% trifluoroacetic acid). Thadient was 4% to 100% acetonitrile over 7
minutes and purity of final compounds was determhinsing a two microliter injection with

guantitation by AUC at 220 and 254 nanometers. @hatography on silica gel was performed



using forced flow (liquid) of the indicated solvesystem on Biotage KP-Sil prepacked
cartridges and using the Biotage SP-1 automatedn@itography systemtH-spectra were
recorded on a Varian Inova 400 MHz spectrometeendbal shifts are reported in ppm with the
solvent resonance as the internal standard (D@6 ppm and DMS@s 2.5 ppm). High
resolution mass spectral data was collected indhageng an Agilent 6210 time-of-flight mass

spectrometer, also coupled to an Agilent Technel® @00 series HPLC system.

Synthesis of RUC-2: To a solution of 5-(3-nitrophenyl)-1,3,4-thiadi&2amine @) (3.0
g, 13.50 mmol) in MeCN (120 mL) was added methgh8ro-3-oxopropanoate (1.735 mL,
16.20 mmol). The mixture was stirred at room terapee for 2 h. After consumption of the

starting material, POGI(60 mL, 644 mmol) was added along with DIPEA (3.386L, 13.50

mmol) in MeCN (10 mL). The mixture was heated ia thicrowave at 150 °C for 25 min,
cooled, and concentratédvacuo. The resulting slurry was taken up in chloroforrauped over

ice and washed with saturated NaH{ @ater and brine, dried over Mgg(and concentrated

in vacuo to give a dark red oil which was purified via aolan chromatography on a 100 g snap
column with 0-10% EtOAc/DCM gradient elution to giv-chloro-2-(3-nitrophenyl)-5H-
[1,3,4]thiadiazolo[3,2-a]pyrimidin-5-one3) (1.36 g, 4.41 mmol, 32.6 % yield) as an orange
solid. To a solution of 7-chloro-2-(3-nitrophenydii-[1,3,4]thiadiazolo[3,2-a]pyrimidin-5-one
(3 (1.0 g, 3.24 mmol) in MeCN (30 ml) in a microwavial was addedert-butyl 1-
piperazinecarboxylate (0.724 g, 3.89 mmol) folloviegdDIPEA (1.697 ml, 9.72 mmol). The
mixture was heated in the microwave at 150 °C tonn., cooled and concentratedvacuo
and purified via column chromatography on a 50a@pstolumn with 0-10% MeOH/DCM
gradient elution to give tert-butyl 4-(2-(3-nitragryl)-5-ox0-5H-[1,3,4]thiadiazolo[3,2-

a]pyrimidin-7-yl)piperazine-1-carboxylatd)((1.44 g, 3.14 mmol, 97 % yield) as a tan solid. T



a solution of tert-butyl 4-(2-(3-nitrophenyl)-5-0%d1-[1,3,4]thiadiazolo[3,2-a]pyrimidin-7-
yl)piperazine-1-carboxylatet) (769 mg, 1.677 mmol) in EtOH (12 ml) at room teargiure was
added Raney(R) 2400 nickel (98 mg, 1.677 mmolpfedd by hydrazine (0.526 ml, 16.77
mmol) dropwise. The mixture was stirred at roomgenature for 4 hours. The reaction was
monitored by TLC and LC/MS and additional nicketldrydrazine were added until the starting
material disappeared. The mixture was filtered @edite and concentrated vacuo to give

crude tert-butyl 4-(2-(3-aminophenyl)-5-oxo-5H-[ARhiadiazolo[3,2-a]pyrimidin-7-
yl)piperazine-1-carboxylaté) (443 mg, 1.034 mmol, 61.6 % yield) as a tan sdlidide tert-
butyl 4-(2-(3-aminophenyl)-5-oxo0-5H-[1,3,4]thiad@a[3,2-a]pyrimidin-7-yl)piperazine-1-
carboxylate %) (60 mg, 0.140 mmol) was dissolved in DMF (1.5 mL9 this solution was
added the Boc-glycine (37 mg, 0.210 mmol) then EB@3 mg, 0.210 mmol). After stirring at
room temperature for 24 hours, the mixture wasrtakein water and ethyl acetate. The layers
were separated and the aqueous layer was extnaittedthyl acetate. The combined organic

extracts were then washed with water twice, thémebdried over MgS@ and concentrateidh

vacuo to give a yellow solid which was purified via coln chromatography with 2-7%
MeOH/DCM gradient to give tert-butyl 4-(2-(3-(2«(te
butoxycarbonylamino)acetamido)phenyl)-5-oxo-5H-[4]thiadiazolo[3,2-a]pyrimidin-7-
yl)piperazine-1-carboxylate (crude material conBarby LCMS analysis). The residue was
dissolved in 2 mL of dichloromethane. To this s@atrifluoroacetic acid (1 ml, 13.0 mmol)
was added and the mixture was stirred for 18 hdurs.solution was then concentratadiacuo
and washed with dichloromethane to give a crudewesdolid that was dissolved in methanol
and purified by preparative HPLC to give 2-amind3dN(5-oxo-7-(piperazin-1-yl)-5H-

[1,3,4]thiadiazolo[3,2-a]pyrimidin-2-yl)phenyl)a@hide (RUC-2)(NCGC00183896-01)((40



mg, 49%) as a tan solid after HPLC purificatidd.NMR (400 MHz, DMSOdg) 6 ppm 8.31 (s,
1 H), 7.86 (dJ=7.43 Hz, 1 H), 7.48 - 7.58 (m, 2 H), 5.38 (s, 1 8146 (br. s., 4 H), 3.29 (s, 2
H), 2.67 - 2.76 (m, 4 H); LCMS (electrospragyz 386.1 (MH); HPLC: & = 2.70 min, U\$s, =
>95%. HRMS (ESI)m/z caled for GsH20N70,S[M+H] " 386.1394, found 386.1393. RUC-2 was
synthesized as both the free base and a trifluetmaacid salt. The free base was soluble in
water at concentrations up to 90 uM and in 10% DM$®@ater at concentrations up to 1 mM.
Purification of integrin alIg3: allbpf3 was purified from outdated single donor platelet
concentrates obtained from the New York Blood QGeloyewashing platelets in the presence of
PGE; removing contaminating blood cells by centrifugaf lysing the resuspended platelets at
4°C in 5% (w/v) n-octylp-D-glucoside (OG) in 150 mM NaCl, 20 mM HEPES, 1 fidC}, 1
mM MgCl,, 10uM leupeptin, pH 7.4; performing concanavalin A aiffy chromatography
[binding buffer: 150 mM NacCl, 1% (w/v) OG, 20 mM IRES, 1 mM CaG| 1 mM MgCl, pH
7.4; washing buffer: binding buffer + 20 méimethyl glucoside; elution buffer: binding buffer
+ 1M a-methyl glucoside]; performing heparin affinity omnatography; applying the flow
through fraction to Q-Sepharose [binding buffer:na®l NacCl, 1% (w/v) OG, 10 mM HEPES, 1
mM CaC}, 1 mM MgCbh, pH 7.4; washing buffer: binding buffer + 200 mMa@Gl; elution
buffer: binding buffer + 400 mM NacCl]; and perfomgi gel size exclusion chromatography on
Sephacryl S300 HR [running buffer: 150 mM NacCl, @) OG, 10 mM HEPES, 1 mM
CaCb, 1 mM MgCh, pH 7.4].
Preparation of albp3-containing nanodiscs: allb3-containing nanodiscs were
prepared by a modification of the techniques dbsdrby Ritchie et al., Babyurt and Sligar, and
Ye et al. 2-4). A full description is being reported separatéhybrief, the His-tagged membrane

scaffold protein was prepared as a recombinaneprat E. coli and purified by Ni affinity



chromatography and anion exchange chromatograpphgl &sembly consisted of solubilizing
an equimolar mixture of 1,2-dimyristoyl-sn-glyce3ephosphocholine and 1,2-dimyristoyl-sn-
glycero-3-phospho-(1’-rac-glycerol) in octylglucdsiand cholate and then adding the purified
allbB3. The detergents were removed with macroporougparic beads (Bio-Bead SM-2) and
then thenllb3 nanodiscs were separated from the empty nanduolysgsl filtration.

Negative staining electron microscopy and evaluation of albp3 nanodisc particle
size: allbpB3 nanodiscs were treated with eptifibatide, tiraibRUC-1, or RUC-2 for 1 hour at
room temperature at the concentrations indicateédaniext. Samples were loaded onto carbon-
coated copper grids that were glow-discharged tgrbbon coating unit (Edwards; Crowley, UK)
and then stained with 2% uranyl acetate, followgdtying. Imaging ofillbf3 nanodiscs was
performed using a JEOL JEM 100CX transmission sdeamicroscope (Jeol Ltd; Tokyo, Japan)
at 80 kV and magnifications of 33,000X and 50,000%lividual nanodiscs containindlbf33
were manually selected for analysis using Imade¢ld,(Bethesda, MD). The distance from the
bottom of the nanodisc to the height of thi 3 complex (nanodisc-integrin length; NIL) was
measured as an indicator of integrin extension.fidguency distribution of NIL values was
then analyzed for untreatetib 3 nanodiscs andllbf3 nanodiscs in the presence of different
compounds.

Platelet function assays. The following assays were all carried out as resiy
described§, 6): platelet and HEK293 cell adhesion to fibrinogplatelet adhesion/aggregation
on collagen; platelet aggregation to ADP (5 puMiiding of fluorescent fibrinogen to platelets in
the presence of the activating mAb PT25-2; binadihtheallb-specific (PMI-1) ang3-specific
(AP5 and LIBS1) LIBS mAbs to platelets; HEK293 agl3-mediated adhesion to vitronectin;

and Stokes radius determination by chromatograptdydgnamic light scattering.



Protein expression, purification and crystallography: The expression, purification,
and crystallization of thellb3 headpiecea{lb B-propeller, thigh, and calf-1 domains gl
B1, hybrid, PSI, and IEGF-1 domains) in complex WliES Fab were performed as previously
described ). RUC-2 was soaked into thd#lbp3/Fab crystals at 37,8 in the crystallization
well solution containing 1 mM Gaand 5 mM (or 20 mM ) Mg for 3-5 days. Crystals were
harvested in 15% PEG 8000, 0.2 M ammonium sulateM Tris-HCI, pH 8.9 plus 1 mM G4
and 5 mM (or 20 mM) Mg and cryoprotected with additional glycerol in 586rements up to a
20% final concentration, and then flash frozerigaill nitrogen. Diffraction data collected at
ID-23 of APS was solved using molecular replacemiéinial refinement with Phenix utilized

translation-libration-screw (TLS) and noncrystatimghic symmetry (NCS) analyses.

Gl filtration and dynamic light scattering (DL S): The purifieda, 3 headpiece at 2.0
uM was incubated with RUC-1, RUC-2, or tirofiban5®0uM, 100uM, and 56uM,
respectively, at 25°C for 1h and subjected to SigeR00 chromatography in Tris-buffered
saline plus 1 mM C&/Mg**. DLS of the purified,Bs headpiece alone at 201 or after mixing
with RUC-1, RUC-2, or tirofiban at 50&M , 100uM, and 56uM, respectively, were measured
at 25°C using a Viscotek 802 DLS (Viscotek Corporgtin Tris-buffered saline plus 1 mM

ca'IMg?".

Molecular docking: The crystal structure of thellb(33 headpiece co-crystallized with
the inhibitor RUC-1 %-7) was used for the docking of RUC-2 (PDB code 3Nijer RUC-1
was removed from the structure, RUC-2 docking wardopmed in the absence of the MIDAS
Mg** ion. The SyMBS and ADMIDAS C& metal ions were retained, as were the
crystallographic waters around the ions and the water molecules close to Asp232. In the

latter case, only the MIDAS Mgwas removed.



Prior to RUC-2 docking, a thorough explorationtwé tonformational space accessible to
the ligand was performed. Specifically, about 3,@@dformations of RUC-2 were obtained
using the program OMEGA version 2.3.2 (OpenEye r8ifie Software, Santa Fe, NM). The
semi-empirical quantum chemistry program AMSOL i@rs/.0 (Department of Chemistry and
Supercomputing, University of Minnesota, MinneapplMN) was used to calculate partial

atomic charges and transfer free energies.

Docking calculations of RUC-2, with its primary amai either uncharged or positively
charged were performed with DOCK 3.5.38} 9). Forty-five matching spheres, labeled for
chemical matching based on the local receptor enmient, were used to replace the atoms of
the crystallographic ligand RUC-1. An energy-basedre corresponding to the sum of the
receptor-ligand electrostatic and van der Waal®radtion energies corrected for ligand
desolvation were assigned to each conformation. Gés scored conformations of RUC-2
maintaining the same stable interactions of RU-ithin the allbf3 binding site received
100 steps of rigid-body energy minimization priar further optimization using standard

molecular dynamics (MD) simulations.

Molecular Dynamics (M D) simulations: The MD simulations of the selected complexes
of allb3with RUC-2 bound in a similar fashion to RUC-1 weeeried out on truncated forms
of the protein system (i.eallb residues 1-452 an@3 residues 108-352) using the AMBER10.0
suite of programs (http://ambermd.org/). The ihigaometry of RUC-2 was optimizeb initio
using a restricted Hartree-Fock (RHF) method al®d34G (d) basis set, as implemented in the
Gaussian 03 program(), and previously calculated RESP point char@es)( The bonded and
non-bonded RUC-2 parameters were automaticallygasdi using the general AMBER force

field (GAFF) for organic moleculed.]). Each molecular system was neutralized by théiadd

7



of seven or five sodium iond%), and immersed in a rectangular box of ~22,500 PIR&ter
molecules. Periodic boundary conditions and the NéhBemble (constant pressure and
temperature) were applied during the MD simulatioBkectrostatic interactions were treated
using the smooth Particle Mesh Ewald (PME) metH®) With a grid spacing of 1 A. The cutoff
distance for the nonbonded interactions was s@tAo The SHAKE algorithm4) was applied

to all bonds, and an integration step of 2.0 fs used. Solvent molecules and counterions were
first relaxed by energy minimization and then akamlvto redistribute around positionally
restrained protein-ligand complexes (25 kcal ‘mAI%) during 0.1 ns. The initial positional
restraints were increasingly reduced in a serie®wf relaxation runs of 0.1 ns each until they
were completely removed. The resulting systems \a#osved to equilibrate in the absence of
any restraints for 10 ns during which system cowatdis were collected every 2 ps for further
analysis, as previously describeg). (The molecular visualization package PyMOL wasdut

visually inspect representative snapshots.

Detection of antibodies from patients with tirofiban- or eptifibatide-induced
thrombocytopenia: To assess whether RUC-1 or RUC-2 induce confoonati changes in
allbB3 similar to those produced by eptifibatide andfifran that result in recruitment of IgG to
the platelet surface in patients who develop throcgtopenia after treatment with one or the
other drug, we used the assay described previglS)y In brief, 10ul of patient serum diluted
1:5 was incubated with 5xi@vashed group O platelets (isolated from citratémles blood and
washed in the presence of PEogether with tirofiban (4M), eptifibatide (2.4uM), RUC-1
(200 uM), or RUC-2 (3.9uM) in a total volume of 5Qul. After 1 hour at RT, platelets were
washed twice in HEPES buffer containing the druthatsame concentration as in the primary

mixture and suspended in gbof HEPES buffer containing the drug at twice tomcentration



used in the primary mixture and 25 ul of fluoreseabeled anti-lg antibody (heavy and light
chain-specific), diluted 1:100. After incubationthre dark for 45 minutes, an aliquot was diluted
in 0.1 ml buffer and platelet-bound fluorescences aaalyzed by flow cytometry (FACScan,
Becton-Dickinson). A “positive” reaction was defthas a median platelet fluorescence intensity
(MFI) at least twice that of platelets treated idleadly in the absence of drug. This value always
exceeded the value obtained with normal serumghug or patient serum in the absence of drug

by at least three standard deviations.

Statistical analysis. Data are presented as mean = SD. Group compangeres performed by
Student’s t test. 165 values for platelet aggregation data, which wet@essed as a percentage
of the control value in the absenceodib3 antagonist, were estimated from a two-parameter

logistic function. The Ig (€) was given by the logistic function:

'R T4

1
R H
e R

flx)=

1 + gtlloglz)-togle]]
where b represents the slope. The drc (dose respamses) package from R open source

software ywww.R-project.orgy was used to compute thesi§.

Supplementary Figure L egends

Fig. SL. Synthesis of RUC-2 (1) (NCGC00183896-01).



Fig. S2. Effect of RUC-1 and RUC-2 on the aggregation itfated platelet-rich plasma from
mice (A), rat B), and transgenic mice expressing humgn and mouses (C). RUC-1 was
tested at 100M and RUC-2 at 1uM. Aggregation was induced by ADP (g for mouse and
rat; 5uM for human) in the absence of either compoundtfodnor in the presence of one or the

other compound. Single representative tracingpeagented.

Fig. S3. Effect of mAbs 6F1, 10E5, or 7E3, RUC-1, and RRIGh platelet adhesion to collagen.
Rat skin type 1 collagen was immobilized on midestiplates and washed platelets in buffer
containing Mg* were allowed to adhere for 1 hour in the absemgeesence of the mAbs 6F1,

10E5 or 7E3, RUC-1, RUC-2, or RUC-2 + 10E5 at titidated concentrations.

Fig. $4. Effect of mAbs LM609 or 7E3, RUC-1, and RUC-2 adhesion of HEK293 cells
expressingayPs to vitronectin and HEK293 cells expressing,ps to fibrinogen. Cells
expressingayps or aypPs, respectively, were added to microtiter wells peded with either
vitronectin (5 pg/ml) or fibrinogen (50 pug/ml). Aft 1 hour, the wells were washed and cell
adhesion measured by assaying endogenous acidhattase activity. mAb LM609 is specific

for ayvps whereas mAb 7E3 reacts with beilf3s andoyps.

Fig. S5. Induction of ligand-induced binding site (LIB)itopes. The binding of th&3
antibodies AP5 and LIBS and the LIBS antibody PMirdre tested in the presence of

eptifibatide (1uM), RUC-1 (100uM), and RUC-2 (1uM). The net fluorescence intensity after

10



subtracting background binding was expressed asceptage of the value in the presence of

eptifibatide, the positive control.

Fig. S6. Ligand-binding pocket odypp3 headpiece crystal soaked with RUC-2 and 20 mM*Mg
(A) Molecule 1 of asymmetric unitBj Molecule 2 of asymmetric unit. 2Fo-Fc maps atclfér
water (red spheres), Gbns (green spheres), €aons (yellow sphere), and Mgion (silver
sphere) are shown in blue. Selected side chainshanen as sticks with red oxygens and blue

nitrogens.

Fig. S7. Results of the MD simulations of the RUCeZsP3 fragment complexes in the absence
of the MIDAS Md* ion. (A) Representative snapshot from MD simulations efRiUC-2 (+1
charge)ellbp3 fragment complexH) Representative snapshot from MD simulations ef th
RUC-2 (+2 chargeddlbp3 fragment complex @) Minimum distance between either oxygen of
the Glu-220 side chain and the nitrogen of the it@aimneutral amine of RUC-2Dj Minimum
distance between either oxygen of the Glu-220 slideén and the nitrogen of the terminal,

charged amine of RUC-2.

11



Fig. S1
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Fig. S2
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Fig. S3
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Fig. S5
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