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Abstract

An integrin found on platelets, a;,B3 mediates platelet aggregation, and a B3 antagonists are
effective antithrombotic agents in the clinic. Ligands bind to integrins in part by coordinating a
magnesium ion (Mg2*) 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
a1p Subunit and a carboxyl group that coordinates the MIDAS Mg2* in the B3 subunits. They
induce conformational changes in the B3 subunit that may have negative consequences such as
exposing previously hidden epitopes and inducing the active conformation of the receptor. We
recently reported an inhibitor of apB3 (RUC-1) that binds exclusively to the aj, subunit; here,
we report the structure-based design and synthesis of RUC-2, a RUC-1 derivative with a ~100-
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fold higher affinity. RUC-2 does not induce major conformational changes in p3 as judged by
monoclonal antibody binding, light scattering, gel chromatography, electron microscopy, and a
receptor priming assay. X-ray crystallography of the RUC-2—,B3 headpiece complex in 1 mM
calcium ion (Ca%*)/5 mM Mg?* at 2.6 A revealed that RUC-2 binds to a, the way RUC-1 does,
but in addition, it binds to the B3 MIDAS residue glutamic acid 220, thus displacing Mg?* from
the MIDAS. When the Mg2* concentration was increased to 20 mM, however, Mg2* was
identified in the MIDAS and RUC-2 was absent. RUC-2s ability to inhibit ligand binding and
platelet aggregation was diminished by increasing the Mg2* concentration. Thus, RUC-2 inhibits
ligand binding by a mechanism different from that of all other a.; ;B3 antagonists and may offer
advantages as a therapeutic agent.

INTRODUCTION

Integrin receptors are heterodimeric complexes composed of a and B subunits that bind
ligand and transduce signals bidirectionally (1, 2). They contribute to many different
biologic and pathologic processes, including hemostasis, thrombosis, angiogenesis,
immunity, development, bone resorption, and metastases (3-7). The platelet a3 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 controlled 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
patients (9, 10). A number of oral a3 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 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 receptor are headpiece extension and headpiece
opening, in which the B3 hybrid domain swings away from the a, B-propeller domain at its
junction with the B3 Bl domain (21-24). This latter movement is linked with remodeling of
the B3 Bl domain at the ligand-binding pocket formed at its interface with the a, subunit -
propeller domain. Crystal structures of the a B3 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 Asp?24 in a, via the compound’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
B3 swing-out conformation as judged by x-ray crystallography (23). Because very early
treatment of myocardial infarction with a ;B3 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 conformational changes in the receptor.

We recently reported on a small-molecule inhibitor of B3 termed RUC-1 (Fig. 1) that
was identified by high-throughput screening with an assay based on the adhesion of platelets
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to immobilized fibrinogen (28, 29). RUC-1 is specific for a3 relative to ayfs, asp1, and
glycoprotein 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
apP3 antagonists eptifibatide and tirofiban in producing less extensive exposure of B3
ligand—induced binding sites as detected by monoclonal antibodies (mAbs), suggesting that
it also produces less extensive conformational changes in the B3 subunit (28). Computer-
assisted molecular docking studies corroborated by molecular dynamic (MD) simulations
suggested that RUC-1 binds exclusively to the a, subunit, providing a potential
explanation for its reduced ability to expose B3 ligand-induced binding sites (28-30).
Subsequent studies in which RUC-1 was soaked into crystals of the a,B3 headpiece
confirmed that it binds exclusively to a, and, thus, unlike the RGD-based compounds,
does not coordinate the p3 MIDAS metal ion (30). RUC-1 also does not initiate the
reorganization of the B3 metal ions that is associated with the binding of RGD-based
antagonists and the adoption of the B3 swing-out orientation. Additional gel permeation and
dynamic light scattering (DLS) studies demonstrated that, unlike eptifibatide and tirofiban,
RUC-1 does not induce conformational changes detectable by these techniques (30).

To further explore the ajpP3 binding pocket and obtain additional information on the
correlation between binding mechanism and induction of conformational changes in the
receptor, we synthesized a series of derivatives of RUC-1 guided by structural and energetic
considerations. 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.

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 M, 80 £ 13% inhibition at 30 .M, and 66
+ 10% inhibition at 10 uM (Fig. 1B); the comparable values for RUC-1 at the same
concentrations were 70 = 15%, 38 £ 10%, and 22 + 8%. For further comparison, tirofiban
produced 87 = 9% inhibition at 10 pM.

Platelet aggregation Human platelets

RUC-2 inhibited adenosine diphosphate (ADP)—induced platelet aggregation of citrated
platelet-rich plasma (PRP) with an 1Cgq (the concentration of a substance required to inhibit
the activity of another substance by 50%) of 96 + 5 nM (7= 4) (Fig. 1C). By comparison,
RUC-1’s I1Csq was more than two logs higher, at 9.7 + 1.0 wM. For comparison, the ICgq for
eptifibatide was 12 £ 1 nM when tested on the same PRP samples. When PPACK (Phe-Pro-
Arg chloromethyl ketone) was used as the anticoagulant instead of citrate, the 1Cgq 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 pM), like
RUC-1 (100 M), 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 a;p and mouse B3 (hallb/mp3) (fig. S2C).
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Platelet adhesion/aggregation to collagen

Consistent with our previous reports (28, 31), the anti-a,1 mAb 6F1 produced 95%
inhibition of platelet adhesion/aggregation to collagen, whereas the anti-ap3 mAb 10E5
and the anti-apB3 + ayBz MAb 7E3 produced ~30% inhibition (fig. S3). RUC-2 at 1 to 100
KM also inhibited adhesion/aggregation by ~30%, and combining RUC-2 with the anti-
apP3 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.

ayB3-mediated cell adhesion to vitronectin and aj,B3-mediated cell adhesion to fibrinogen

The a/B3-specific mAb LM609 inhibited adhesion of human embryonic kidney (HEK) 293
cells expressing af3 to vitronectin by 74 £+ 27% (n7=4) at 20 pg/ml, and the anti-a\f3 +
apB3z MAD 7E3 inhibited adhesion by 80 + 12% (7= 4) at 40 pg/ml (fig. S4A). In contrast,
RUC-1 at 100 M produced only 5 + 7% (7= 4) inhibition and RUC-2 at 10 ..M produced
only 6 + 15% (7= 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 a;pP3-specific mAb 10ES5.

LM609 did not inhibit the adhesion of HEK293 cells expressing ajpp3 to fibrinogen (fig.
S4B), whereas 10E5 produced 79 + 10% inhibition, 7E3 produced 87 + 9% inhibition,
RUC-1 produced 55 * 5% inhibition, and RUC-2 produced 65 * 5% inhibition (all 7=4) at
the same concentrations indicated for the a.\/f3 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 normalized 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% (n=>5) of the amount of AP5 bound in the presence 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
LIBS1 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
ap 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 a;pB3-dependent antibodies to platelets

Sera from 20 patients who developed thrombocytopenia after treatment with the RGD-
mimetic platelet inhibitors tirofiban (5 cases) or eptifibatide (15 cases) were studied for
reactivity with normal human platelets pretreated with tirofiban (4.0 wM), eptifibatide (2.4
pM), RUC-1 (100 M), RUC-2 (3.9 nM), or, as a control, a structurally related derivative
of RUC-1 that does not inhibit ligand binding. In accord 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 derivative of RUC-1. Neither RUC-1 nor RUC-2 induced
recruitment of patient 1gG 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
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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 increases 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 peptide RGDW were able to recruit patient 1gG.

Effect of RUC-2 on extension of purified o) pB3 as judged by EM

In accord with the data of Ye et a/. (35), in the absence of compounds, a B3 primarily
adopted a compact conformation adjacent to the nanodisc (Fig. 2), giving nanodisc-integrin
length (NIL) values primarily between 11 and 17 nm (Fig. 2, A, B, and E). Occasional
nanodiscs, however, contained apB3 molecules that were extended, giving NIL values
between 18 and 23. As a result, the NIL frequency distribution showed a bimodal pattern,
with a marked predominance of a3 nanodiscs in the range of 11 to 17 nm, and a small
subpopulation in the range 18 to 23 nm (Fig. 2, B and E). Both eptifibatide and tirofiban
shifted the distribution in a dose-dependent manner such that, at the highest doses, most
apP3 nanodiscs had NIL values in the range of 18 to 23 nm (Fig. 2, Aand Cto E) (P
<0.001 and £<0.001, respectively). In contrast, neither RUC-1 at concentrations up to 100
KM nor RUC-2 at concentrations up to 10 wM 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 a;yB3 headpiece

We examined the effect of RUC-2 on the conformation of the a ;B3 headpiece in solution
by gel filtration or DLS with or without near-saturating concentrations of RUC-1, RUC-2, or
tirofiban. Consistent with our previous results (30), gel filtration showed that tirofiban
induced a substantial reduction in the a,B3 headpiece elution volume (0.38 ml) (Fig. 3A).
In contrast, RUC-2 and RUC-1 had little effect on elution volume of the a3 headpiece
(0.07 and 0.03 ml, respectively) (Fig.3A).These changes in elution volumes 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 measurable
increases in Stokes radius (0.08 and 0.16 nm, respectively) (Fig. 3B). These results suggest
that RUC-2 induces less opening of the app3 headpiece in solution than tirofiban.

Effect of RUC-2 on apB3 high-affinity ligand-binding conformation

Because small-molecule ajpB3 antagonists based on the RGD motif induce a high-affinity
ligand-binding conformation in a;pB3 (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 apB3 antagonists (11, 12, 14, 18, 37), we tested the “priming” effect of
RUC-2, that is, its ability to induce fibrinogen binding to platelet ajpB3. Incubation of
washed platelets with eptifibatide (1 M), tirofiban (0.5 M), or an RGDS peptide (100
M), followed by fixation in paraformaldehyde and washing, increased the binding of
fluorescent fibrinogen to platelets as judged by the percentage of platelets with fluorescence
values above those in the absence of the agents. The values were 47 £9, 34 + 12, and 48 +
8% (1= 4), respectively (Fig. 4). In contrast, the value for RUC-1 (100 xM) was only 8 +
3% (n=4), and for RUC-2 (1 M), it was only 4 = 3% (n = 4). Increasing the RUC-2
concentration to 5 wM, more than 20-fold its ICsgg, did not increase 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
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(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 a),B3 as revealed by crystallography

An a,jpPB3 headpiece—Fab complex was crystallized in the closed headpiece 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?2* (Table 2). Clear electron densities for RUC-2 and Ca?* ions at the
synergy 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 asymmetric 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 structure
of the RUC-1 complex (30), soaking RUC-2 into the crystal did not induce any significant
change in the a, or B3 subunits, except for the absence of the Mg2* 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 1 mM Ca2* and 20
mM Mg?2*. Clear electron densities of Ca2* ions at the SyMBS and ADMIDAS, as well as a
Mg?2* 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 a;p p-propeller domain as RUC-1, which is
lined with residues Phel60, Tyr1%0, | eul92 Asp?24 Phe23l and Asp?32 (Fig. 5, B and C).
RUC-2 maintains the same interactions as seen with RUC-1, including the hydrogen
bonding with aj, Asp?24, the rt-mt stacking interaction with ay, Tyr!%, and the water-
mediated hydrogen bonding with a;;, Asp?32 (Fig. 5, B and C). In addition to the
interactions with a;p, RUC-2 makes direct contacts with the p3 Bl domain. Its primary
amine group forms hydrogen bonds with one of the oxygens of the B3 Glu22 carboxyl side
chain and with the carbonyl oxygen of B3 ALA?18 through a water molecule (Fig. 5B). In
addition, RUC-2"s phenylacetamide nitrogen forms a hydrogen bond with the carbonyl
oxygen of Bz Asn215. The phenyl group in RUC-2 that replaces the ethyl group in RUC-1
also increases hydrophobic interactions with the binding pocket. These additional
interactions with the B3 subunit 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 a;p, Asp?24. However, RUC-2 lacks an Asp-mimetic terminal carboxyl group with
which to interact with the MIDAS Mg?2* ion and the backbone nitrogen atoms of the
MIDAS residues Tyr122 and Ser!23 (Fig.5, B and D). Instead, RUC-2 has a terminal primary
amine group that interacts directly with the side-chain oxygen of Glu%20 that ordinarily
contributes to coordinating the MIDAS Mg?2* ion. The absence of the MIDAS Mg2* metal
ion in the presence of RUC-2 thus likely reflects the loss of metal ion coordination by the
Glu220 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?2* but not RUC-2 (fig. S6), suggesting that RUC-2 competes with Mg?2* for interaction
with Glu220,

Molecular docking and MD simulations

A single RUC-1-like docking pose of RUC-2 was identified in the absence of the MIDAS
Mg?2* ion, regardless of whether the primary amine was uncharged or positively charged,
and this pose remained 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?20 residue regardless of whether the RUC-2 primary amine
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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 distances (~3.5 A
versus ~2.8 A, respectively).

Mg?2* effects on the IC5g of RUC-2, RUC-1, and tirofiban

Both crystallographic and computational data supported a model in which RUC-2 and Mg2*
compete for binding to the same Glu220 carboxyl 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 a3 after activation with the mAb PT25-2 at
different Mg2* concentrations(Fig.6, A to D). In going from 1 to 50 mM Mg?2*, the RUC-2
ICsq increased by ~3.9-fold, reflecting nearly a 75% reduction in affinity. In contrast, the
IC5q of RUC-1 was increased by only ~6% and that of tirofiban was completely unchanged.
Thus, as predicted from the structural studies, higher Mg2* concentrations can decrease
RUC-2’s inhibition of ligand binding.

To further test the effects of varying the Mg2* concentration on RUC-2s ability to inhibit

a B3 ligand binding, we performed the platelet adhesion to fibrinogen assay at different
Mg?2* concentrations, keeping the Ca2* concentration at 1 mM. In three separate
experiments, the 1Csq for RUC-2 increased from 0.29 + 0.1 wM (mean +SD) at 1 mM Mg?2*
t0 0.91 + 0.21 uM at 20 mM Mg?2* (P<0.01) and to 1.3 + 0.35 M at 50 mM Mg?2* (P<
0.01) (Fig.6, E to G). Thus, in going from 1 to 50 mM Mg?2*, there was an ~4.5-fold increase
in 1Cg, corresponding to ~80% decrease in affinity. Neither RUC-1 nor tirofiban showed a
comparable increase in ICsg at higher Mg2* concentrations. Finally, we tested the effect of
RUC-2 (1 pM) and RUC-1 (100 M) on platelet aggregation induced by a thrombin
receptor—activating peptide (SFLLRN) at different Mg2* concentrations and observed that
the inhibitory 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, a-specific compound (RUC-1) could effectively
inhibit ligand binding, platelet aggregation, and in vivo thrombus formation mediated by
human apP3 (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 binding 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 commonly used to assess a compound’s suitability to
function as an oral therapeutic. It retains many of RUC-1"s properties, including selectivity
for apP3 compared to ayPs, and for human a B3 compared to mouse or rat ajpP3. 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 a|jpP3 receptor extension as judged by electron micrographs of apB3
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 several investigators on
different RGD-based a B3 antagonists showed that the antagonists that induce exposure of
B3 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 a| B3 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

Sci Transl Med. Author manuscript; available in PMC 2012 July 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhu et al.

Page 8

receptor may explain the lack of efficacy and variable increase in mortality associated with
the first generation of oral ajpP3 antagonists, which were based on the RGD sequence (11,
12, 14). We used a modification of the original priming assay developed by Du et a/. (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. However, 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 conformational 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 apB3 by RUC-1 and RUC-2, we
analyzed the effect of the compounds on inducing platelet recruitment of 1gG from the
serum of patients who developed thrombocytopenia when treated with either tirofiban or
eptifibatide. In these cases, the drug used to treat the patient induced recruitment of IgG to
the platelet. In contrast, neither RUC-1 nor RUC-2 induced recruitment of 1IgG compared to
control in all five patients studied with tirofiban-dependent thrombocytopenia. Similarly, in
13 of 15 patients with eptifibatide-dependent thrombocytopenia, neither RUC-1 nor RUC-2
induced IgG recruitment. 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 I1gG recruitment. Thus, in most
cases, RUC-2 does not expose and/or contribute to the neoepitopes induced and/or created
by tirofiban or eptifibatide that are recognized by patient 1gG and that are associated 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-2s greater potency than RUC-1, we used both
computational and x-ray crystallographic techniques. By soaking RUC-2 into the closed
a1bB3 headpiece crystal in the presence of 1 mM Ca2* and 5 mM Mg?*, we obtained good
electron density for RUC-2 at the RGD binding pocket of app3. The RUC-2 crystal
structure showed the same aj, 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
carboxyl oxygen of Glu?20 that ordinarily coordinates the MIDAS Mg?*, and RUC-2’s
phenylacetamide nitrogen formed a hydrogen bond to the backbone oxygen of B3 Asn215,
These additional interactions and the hydrophobic interactions of the phenyl ring of RUC-2
with the B3 subunit most likely account for its more than 100-fold higher affinity for ap3
than RUC-1. Remarkably, no electron density for the Mg2* ion at the MIDAS was visible in
the apP3 headpiece—RUC-2 complex structure.This is in contrast to our previously reported
native crystal structures in the presence of 5 mM Mg?2*, which showed clear electron density
for the MgZ* ion in the MIDAS (30). To assess whether RUC-2 was competing for binding
to the Bz Glu220 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
conditions showed clear densities for a Mg?* at the MIDAS, but no densities for RUC-2.
These results indicate that RUC-2 and the MgZ* ion compete with each other for binding to
B3. In the absence of ligand, the MIDAS Mg?2* ion is held in place by direct coordination by
one of the side-chain oxygens of Glu?20 and the side-chain oxygen of Ser!21, as well as
indirect coordination by Asp!1® and Serl23 through water molecules. The other Glu220
carboxyl oxygen directly coordinates the Ca2* 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
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ion in ligand binding is well established from mutational studies of cells expressing
recombinant a3, studies of patients with the hemorrhagic disorder Glanzmann
thrombasthenia who harbor naturally occurring mutations (42, 43), and the crystallographic
evidence that ligands bind to a;pB3 through direct coordination of the MIDAS Mg2* by a
carboxyl oxygen (22, 23). The crystal structure also provides important information on
RUC-2’s propensity to induce conformational changes in a;p3. Thus, RUC-2, like RUC-1,
does not induce conformational changes in either the aj, or the B3 subunits in the a B3
headpiece.

The results of molecular docking and MD simulation studies of RUC-2 performed in the
absence of the MIDAS Mg?2* support the stability of the hydrogen bond between RUC-2"s
primary amine group and the carboxyl oxygen of Glu%20 that ordinarily coordinates the
MIDAS Mg?2* 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 Kj 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 6.41 and 8.08, respectively. The
value of pKj 1 is significantly lower than that of primary amines in amino acids (~8.8 to
10.8); however, the functional pKj; value of the primary amine is likely influenced by the
binding pocket microenvironment of ajBs.

A review of the MgZ* concentration data in the crystal structure studies of a;pB3 and ayf3
demonstrates that the MIDAS was not clearly filled with Mg?* in the absence of exogenous
Mg?2* or in the presence of 1 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
apB3z MIDAS was directly determined, but Pesho et a/. (45) found that it required
millimolar concentrations of Mg?* to displace Ca2* from the MIDAS of an isolated B3 Bl
domain containing a mutation in the ADMIDAS (D126A). Our crystal structure data
obtained at 5 and 20 mM Mg?* suggest that RUC-2 can compete successfully with Mg2* for
binding to Glu20 at 5 mM, but not 20 mM. In support of a competition between Mg2* and
RUC-2 for binding to B3, we found that high concentrations of Mg2* increased RUC-2"s
ICsgq for inhibiting both ligand binding to recombinant a ;B3 and platelet apB3-mediated
adhesion to fibrinogen, as well as platelet aggregation induced by a thrombin receptor—
activating peptide. In contrast, increasing the Mg2* concentration had little effect on
inhibition by tirofiban and/or RUC-1 in the same systems.

RUC-2 may offer advantages over existing intravenous ajp3 antagonists 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
rapidly orally bioavailable or can be modified to become such, it may be especially valuable
in the prehospital treatment of myocardial infarction because, currently, more than half of
the deaths from myocardial infarction occur during the prehospital phase (~300,000 deaths
per year in the United States alone) (46), and early treatment with a3 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 prehospital
setting could be performed in a randomized study of ambulance administration of RUC-2
versus placebo; indeed, in a study that enrolled just 179 patients with this trial design,
abciximab demonstrated statistically significant benefits in infarct size, left ventricle ejection
fraction, major adverse coronary events, ST segment elevation resolution, and heart failure
(50).
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Although RUC-2 is highly specific for human ap, preclinical testing can be performed in
mice that have targeted deletion of murine a,j, and insertion of human ap,, 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 human GPIb (51). The clinical
relevance of this model is supported by the strong correlation between the antithrombotic
effects of the currently 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 3. Although there are theoretical
reasons to hope that RUC-2 will have therapeutic advantages over existing ajpP3
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 a3

apP3 was purified from outdated single-donor platelet concentrates obtained from the New
York Blood Center as described in detail in the Supplementary Methods. In brief, washed
platelets were lysed in r+octyl-p-o-glucoside and a B3 was purified by sequential
concanavalin A, heparin, Q-Sepharose, and Sephacryl S300 HR chromatography.

Preparation of q)pB3-containing nanodiscs

apP3-containing nanodiscs were prepared by a modification of previously described
techniques (35, 53, 54). In brief, a His-tagged membrane scaffold protein was prepared as a
recombinant protein in Escherichia coli, and final assembly consisted of solubilizing an
equimolar mixture of 1, 2-dimyristoyl-sn-glycero-3-phosphocholine and 1, 2-dimyristoyl-sr-
glycero-3-phospho-(1’-rac-glycerol) in octylglucoside and cholate and then adding the
purified apP3.The detergents were removed with macroporous polymeric beads (Bio-Bead
SM-2), and then the a;p,B3 nanodiscs were separated from the empty nanodiscs by gel
filtration.

Negative staining EM and evaluation of aj,B3 nanodisc particle size

apP3 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, followed by drying. Imaging of a ;B3 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 apPB3 nanodiscs were taken from randomly chosen fields on each
EM grid. Between 100 and 150 a ;B3 hanodisc 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 Image J [National Institutes of Health (NIH)].

Platelet function assays

The following assays were all carried out as previously described (28, 30): platelet and
HEK?293 cell adhesion to fibrinogen, platelet adhesion/aggregation on collagen, platelet
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aggregation to ADP (5 wM), binding of fluorescent fibrinogen to platelets in the presence of
the activating mAb PT25-2, binding of the ap-specific (PMI-1) and Bs-specific (AP5 and
LIBS1) LIBS mAbs to platelets, and HEK293 cell a\p3-mediated adhesion to vitronectin.

Priming assay

To assess the ability of eptifibatide, tirofiban, RUC-1, and RUC-2 to induce the high-
affinity, ligand-binding state of the a3 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, resuspended in buffer containing 2 mM Ca2* and 1
mM Mg?*, incubated with Alexa Fluor 488—conjugated fibrinogen (200 wg/ml; Invitrogen)
(with or without 10 M eptifibatide) for 30 min at 37°C, washed, diluted 10-fold, and
analyzed by flow cytometry. The net fluorescence was calculated by determining the
percentage of platelets with fluorescence values greater than 25 arbitrary units and
subtracting the percentage 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 ap3 headpiece (ap B-propeller,
thigh, and calf-1 domains and B3 Bl, hybrid, PSI, and IEGF-1 domains) in complex with
10E5 Fab were performed as previously described (30). RUC-2 was soaked into the a B3/
Fab crystals at 37.5 LM in the crystallization well solution containing 1 mM Ca2* 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 Ca2* and 5 mM (or 20 mM) Mg?2*; cryoprotected with additional glycerol in 5%
increments 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 apP3 headpiece at 2.0 M was incubated with RUC-1, RUC-2, or tirofiban at
500, 100, and 56 M, respectively, at 25°C for 1 hour and subjected to Superdex 200
chromatography in tris-buffered saline plus 1 mM Ca2*/Mg?*. DLS of the purified apB3
headpiece alone at 20 .M or after mixing with RUC-1, RUC-2, or tirofiban at 500, 100, and
56 wM, respectively, was measured at 25°C with a Viscotek 802 DLS (Viscotek Corp.) in
tris-buffered saline plus 1 mM CaZ*/Mg?*.

Molecular docking

The crystal structure of the a B3 headpiece cocrystallized with the inhibitor 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?2* 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
Asp232_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 a;pB3 complex with RUC-2 bound in a similar fashion to
RUC-1 were carried out on truncated forms of the protein system (that is, aj, residues 1 to
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452 and B3 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 ajpB3 similar to
those produced by eptifibatide and tirofiban that result in recruitment of 1gG to the platelet
surface in patients who develop 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 Mg2* concentration on RUC-2s ability to inhibit ligand binding to a,B3

CHO-K cells stably expressing human apB3 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 app3)
plus activating mAb PT25-2 (5 pg/ml) for another 30 min at 25°C. Cells were washed and
incubated with phycoerythrin-labeled goat antimouse IgM on ice for 30 min and analyzed by
flow cytometry after washing. The expression of a3 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 Material

Refer to Web version on PubMed Central for supplementary material.
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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 n7=5.(C) Effect of RUC-1, RUC-2, and
eptifibatide on platelet 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 wM). The initial slope of aggregation was
measured, and the inhibition was assessed as a percentage of the aggregation in the absence
of an a3 antagonist (designated as a concentration of 10~%°). The 1Cg for RUC-2 (96
5 nM) was more than two logs lower than the ICsq for RUC-1 (9.7 £ 1 uM) and nearly a log
higher than the 1Cs for eptifibatide (12 + 1 nM).
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Fig. 2.

Negative stain EM of app3 nanodiscs in the absence and presence of a3 antagonists.
(A) Representative images of bent and extended a3 nanodiscs and images of a3
nanodiscs in the presence of buffer, eptifibatide (1 wM), tirofiban (1 pM), RUC-1 (100 pM),
or RUC-2 (10 pM). (B to D) Quantitative measurements of apB3 NIL values in the absence
and presence of apB3 antagonists. (B) NIL value distributions in the presence of buffer,
100 pM RUC-1, or 10 oM RUC-2. (C and D) Dosedependent 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 x 33,000 magnification in each experiment. (E)
Cumulative percentage of NIL values in the presence of buffer, 100 xMRUC-1, 10 pM
RUC-2, 1 uM eptifibatide, or 1 pM tirofiban.
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Fig. 3.

Stokes radius determinations by gel filtration and DLS. (A) Gel filtration profile of a3
headpiece alone or bound with antagonists. The untagged a;pB3 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 Ca2*/Mg?*. The elution volumes are shown in parentheses. (B) Stokes radii calculated
from gel filtration or DLS. Data are means = SD (7= 2 for gel filtration; n =3forDLS).
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Effect of RUC-2 on priming platelets to bind fibrinogen. Washed platelets were incubated
with eptifibatide (1 M), tirofiban (0.5 M), RGDS (100 M), RUC-1 (100 wM), or RUC-2
(1 wM) 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 wg/ml) in the presence of 2 mM Ca2* and 1 mM Mg?2*.
After washing, the platelets were analyzed by flow cytometry. (A) Mean + SD (7= 4) net
platelet fluorescence (NPF), defined as the percentage of platelets with fluorescence
intensity values above 25 arbitrary units (AU) in the presence of one of the antagonists
minus the percentage 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 similar experiments.
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The binding pocket of RUC-2 in the closed a B3 headpiece crystal structure. (A) Electron
density maps of RUC-2 and metal ions. ajp B-propeller (light blue) and B3 pl(wheat)
domainsare shownascartoon.Ca2* ions of the SyMBS and ADMIDAS are shown as yellow
spheres. RUC-2 and selected a B3 side-chain and backbone atoms are shown as sticks with
green (RUC-2), light blue (allb), or wheat carbon (B3), red oxygen, blue nitrogen, and
yellow sulfur atoms. 2Fps — Feale Maps at 1.5 o for RUC-2 and Ca2* 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). ap and
B3 are shown as solvent-accessible surfaces. Ca?* ions of SyMBS or ADMIDAS (yellow)
and the Mg2* 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 aj, B-propeller and B3 pldomains.
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Fig. 6.

Effect of Mg2* concentration on RUC-2s ability to inhibit ligand binding to a;;pB3. (A to
C) Inhibition of PAC-1 binding to apf3 in CHO-K cells in the presence of the activating
mAb PT25-2 by RUC-2 (A), RUC-1 (B), or tirofiban (C) at indicated concentrations of
Mg?2* plus 1 mM Ca?*. Data are means + SD of percentage of MFI in the presence versus
absence of drug (maximum binding) (7=3).(D) PAC-1 binding to CHO-K cells expressing
apP3 in the presence of PT25-2, normalized for apB3 expression (mAb 10E5 binding) at
indicated concentrations of Mg2* plus 1 mM Ca?* in the absence of drug. PAC-1 binding is
the mean + SD of percentage of MFI of PAC-1 binding to the MFI of 10E5 binding (/7=3).
(E to G) Effect of Mg2* concentration on platelet adhesion to fibrinogen in the presence of
RUC-2 (E), RUC-1 (F), or tirofiban (G). Washed platelets in buffers containing 1 mM Ca2*
plus 1, 20, or 50 mM Mg?2* were added to wells precoated with fibrinogen (50 pg/ml) for 60
min at 22°C. After washing, adherent platelets were detected by acid phosphatase activity.
Results are expressed as means + SD (/7= 3 for RUC-2 and RUC-1; n = 2 for tirofiban). (H)
Effect of Mg2* on platelet aggregation induced by ADP in the presence of RUC-2 (1 wM) or
RUC-1 (100 .M). Washed platelets were resuspended in buffer containing fibrinogen (200
pg/ml) and 1 mM CaZ* in combination with either 1 or 20 mM Mg2*. Aggregation was
induced by adding a thrombin receptor—activating peptide (SFLLRN) at 10 .M. Results
from one of two similar experiments are shown.
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Properties of RUC-2, 2-amino-N-(3-(5-oxo-7-(piperazin-1-yl)-5H-[1,3,4]thiadiazolo[3,2-a]pyrimidin-2-

Table 1

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 a B3 receptor
profiling
Potency 96 + 5 nM in ADP-induced platelet
aggregation assay
Selectivity 6 + 15% inhibition of ligand binding
to the a3 receptor.
SAR A manuscript detailing the SAR is in
preparation.
Mechanism of Orthosteric inhibition at the RGD binding domain as determined by
inhibition x-ray crystallography
Structure of PDB code 3T3M
target-probe
complex
Cellular Validation of RUC-2 inhibited app3-dependent
profiling cellular target platelet adhesion to fibrinogen in a
screening assay and a;,Bs-dependent
platelet aggregation. It was found to
bind to the target via x-ray
crystallography (PDB code 3T3M).
Validation of RUC-2 had minimal effect on
cellular specificity ayPz-mediated cell adhesion

to vitronectin.
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Statistics of x-ray diffraction data and structure refinement. RMSD, root mean square deviation.

Table 2

Ligand RUC-2 (1mM Ca/5mM Mg) RUC-2(1mM Ca/20mM Mg)
Space group P2,2,2 P212,2
Unit cell

(ab,o) (A) 261.2, 145.3, 104.7 259.5, 145.3, 104.8

(@, B,y () 90, 90, 90 90, 90, 90
Wavelength (A) 1.0331 1.0332

Resolution (A)
Number of reflections (total/unique)
Completeness (%)
Vo(l)
Rnerge(%6)
Ruork I Riree®
RMSD
Bond (A)
Angle (°)
Ramachandran plot//
Molecules per asymmetric unit

Residues, a /B3

Non-H atoms, protein/carbohydrate/water

PDB code

50-2.6/2.74-2.60 "

743,660/118,868
96.7/92.3
6.2/1.8"
17.6/89.77

0.179/0.222

0.006
0.696
95.0%/4.7%/0.3%
2

1-454 (453)/1-466 (471)7

20,770/195/855
3T3M

50-2.2/2.32-2.20 *

1,236,472/199,292

99.3/96.2
13.4/11.6 "
8.1/102.5*

0.189/0.220

0.009
0.850

95.8%/4.0%/0.2%

2

1-454 (453)/1-466 (471) 7
20,866/195/1,291

3T3P

*
Numbers correspond to the last resolution shell.

f,‘?lnerge = ShYillith) = (1N Tilli(A), where 1j(4) and {I(h)) are the jth and mean measurement of the intensity of reflection /.

Page 23

i/R’\Nork = YhllFobs (M| = |Fcalc (MY hlFobs (h)l, where Fops (4) and Fcalc (4) are the observed and calculated structure factors, respectively. No

/5 cutoff was applied.

§Rfree is the R value obtained for a test set of reflections consisting of a randomly selected 0.86 or 0.5% subset of data excluded from refinement.

//Residues in favorable, allowed, and outlier of the Ramachandran plot as reported by MolProbity.

”Numbers in parentheses correspond to chains C and D.
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