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.
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Fig. S1
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Fig. S2
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Fig. S3
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Fig. 44

allbf3

1
o o o (=] o o
o =] 0 < N
-

(enjeA jo13u09 Jo %)
uoisaypy |29 J0 uoniqiyu|

7E3 RUC1 RUC2

LM609

7E3 RUC1 RUC2

LM609

15



Fig. S5
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