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ABSTRACT: A series of low molecular weight peptide inhibitors of factor Xa, unrelated to any previously
described, was identified by screening a combinatorial peptide library composeahaiho acids. The
minimal inhibitory sequence is a tripeptidetyrosinyl4-isoleucylt-arginyl, which competitively inhibits

the hydrolysis of small chromogenic substrates by factor Xa but binds in an orientation which prevents
a productive nucleophilic attack by serine 195 of the catalytic triad on the carbonyl carbon of the carboxy-
terminal arginine. The initial leads identified in an octamer combinatorial peptide library ranged in potency
from 4 to 15uM. These peptides were modified into peptide mimetics with a greater than 1000-fold
increase in potency while retaining unusual selectivity for factor Xa over the related serine proteases
thrombin, factor Vlla/tissue factor, plasmin, activated protein C, kallikrein, and trypsin. One of the most
potent analogues, SEL 2711, withKaof 0.003uM for factor Xa and 4QuM for thrombin, is active in

in vitro and ex vivo coagulation assays, suggesting the potential application of these inhibitors in
anticoagulant therapy.

Hemostasis limits blood loss by the complex interaction inhibitors will not by themselves prevent the continuing
of two interdependent processes. The primary hemostaticconversion of prothrombin, the most abundant of the vitamin
mechanism, platelet activation and formation of a platelet K-dependent clotting proteins in the blood stream, to
plug, typically occurs within seconds at a site of injury. A thrombin as long as the activity of factor Xa in the
second, slower process, activation of the coagulation cascadeprothrombinase complex is uninhibited. Profound and
produces fibrin which, together with adherent platelets, forms specific inhibition of the prothrombinase complex, on the
a stable hemostatic clot); Both components of hemostasis other hand, should eliminate the continued production of
rely on the selective activation of a series of latent and closely thrombin by either extrinsic or intrinsic pathways without
related serine proteases in the plasma. Historically, two interfering with a basal level of thrombin activity necessary
pathways leading to the activation of thrombin, the final for primary hemostasis. In support of this hypothesis, tick
protease in the coagulation cascade, have been desc2iped ( anticoagulant peptide (TAP), a 60 amino acid peptide with
3). Both pathways converge at the step where the proenzymean inhibition constantK;) of 180 pM for factor Xa inin
factor X is activated by proteolytic cleavage to factor Xa. witro chromogenic assayd,(98), is fully antithrombotic at
Once assembled in the prothrombinase complex with factor doses which give modest increaseseiivo coagulation
Va and calcium ions on a phospholipid surface, factor Xa assays and template and surgical bleeding times in animal
converts prothrombin to thrombin, again by proteolytic models of venous thrombosis. TAP is also effective in
cleavage. Thrombin acts at several sites, activating factorsmodels of arterial thrombosis in which heparin has little effect
V and VIII (both of which amplify factor Xa production), (9—11). Other studies have shown that antagonists of
cleaving fibrinogen to form fibrin, and activating platelets thrombin production such as activated protein C, inactivated
by cleaving the extracellular portion of the platelet thrombin factor Vlla, and factor Xa-specific inhibitors minimize the
receptor. risk of hemorrhage at doses that produce an antithrombotic

The central role of thrombin in forming both platelet and effect (12—15).
fibrin-rich thrombi has prompted the development of thrombin-  \We reasoned that peptide libraries should contain structures
specific inhibitors as anticoagulants with the assumption that that are capable of interacting with the extended substrate
a safe and effective level of anticoagulation can be achievedpinding region present in the factor Xa’s active site pocket.
without excessive bleeding. Results from clinical trials with  Screening an octameramino acid library with biotinylated
hirudin, a highly specific thrombin inhibitor, have shown human factor Xa conjugated with streptavidin alkaline
that the therapeutic window for thrombin inhibitors may be phosphatase produced several beads that stained reproduc-
narrower than expectedd{6). Furthermore, thrombin  ibly, but that did not stain when factor Xa was inactivated
with small active site inhibitors. We report here on the initial

*To whom correspondence should be addressed, 520-544-584gdiscovery and characterization of this unique family of
(voice mail), 520-575-8283 (fax), jim.ostrem@hmrag.com (e-mail).  peptide inhibitors for factor Xa.
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EXPERIMENTAL PROCEDURES Factor Xa Assay. Peptide stock solutions (10 mM in
Library Screening. Peptide libraries were constructed DPMSO) were used to make serial 2-fold dilutions of peptide

using standard solid-phase peptide chemistry with FMoc N 10% (v/v) DMSO in TBS-PEG (100 mM NaCl, S0 mM
protected amino acids on Tentagel S Niksins (90 and 130 1115-Cl, pH 7.8, 0.05% PEG-8000, and 0.01% Npfor a
um) using split-synthesis methodologg&-18). Human final concentration of 4°_/o DMSOin th_e assay. Kinetic assays
factor Xa (Enzyme Research Laboratories, Inc., South Bend, Were conducted at 2 in half-area microtiter plates (Costar
IN) was biotinylated with NHS-LC-biotin (Pierce, Rockford, ~COrP-, Cambridge, MA) using a kinetic plate reader (BioTek
IL) according to the manufacturer's directions. The bioti- NStruments Inc., Winooski, VT). A typical assay consisted
nylated protein was desalted on G-25 in 20 mM Tris-Cl, pH ©f 25 #L of 2 nM human factor Xa (0.5 nM final
7.8, 100 mM NaCl, and 0.01% NaN Calcium chloride was poncentratlon) combined with 4ﬂ_'of inhibitor dllut|on§
added to a final concentration of 5 mM. Protein concentra- N 10% DMSO/TBS-PEG and preincubated for 15 min at
tion was determined by Bradfordg) or BCA assay (Pierce, room temperature. The assay was |r_1|t|ated by the z_iddmon
Rockford, IL). The biotinylated protein was diluted 50% ©f 35 4L of 500 uM S-2765 [175uM final concentration,
(v/v) with glycerol and stored at20 °C until use. Bioti- ~ CPZD-Arg-Gly-L-Arg-pNA, Pharmacia Hepar Inc., Franklin,
nylated factor Xa was mixed with streptavidin-alkaline ©HI- Inhibition constants were calculated from the slope
phosphatase (SAP, Pierce, Rockford, IL) and incubated at©f the progress curves during the linear part of the time
room temperature for 20 min prior to incubation with library €0Urse, typically between 1 and 5 min following addition of
beads. Aliquots of beads [(6- x 1(F)] were washed three  Substrate to the assay. o
times with HSBB-T (50 mM Tris-Cl, pH 7.8, 800 mM NaCl, SpeC|f|C|ty_ _Assays.Peptldes were qssayed for activity
0.05% PEG-8000, 0.1 mg/mL BSA, 0.25% Tween-20, and agalnst_ purified p_roteases as dgscrlbed above. Human
0.01% NaN), then washed and incubated with QHSBB-TG thrombin _(1 nM final concentration, Enzyme_ Research
(1/4X HSBB-T, 0.05% w/v gelatin) for 15 min at room Laboratories, South Bend, IN) was assayed in 400
temperature. The biotinylated factor Xa-SAP mixture was S-2366 (pyroGlu-Pro-Arg-pNA, Pharmacia Hepar Inc., Fran-
added to library beads {50 nM final concentration) in  Klin, OH). Human plasmin (10 nM, Pharmacia Hepar Inc.,
QHSBB-TG and incubated fd h with gentle mixing ona  Franklin, OH) was assayed in 1.05 mM S-2251\al-Leu-
Nutator (Becton Dickinson, Sparks, MD). The beads were LYS-PNA, Pharmacia Hepar Inc., Franklin, OH). Human
washed three times with QHSBB-T, three times with BCIP-T Protein C was activated with ACC enzyme (both gifts from
(250 mM Tris-Cl, pH 8.4, 250 mM NaCl, 6 mM MgCI2, W. Kls!el, Unn(e.rsny of New Me_X|co, Albquerque, NM)
and 0.5% Tween-20), and incubated with substrate solution@ccording to Kisiet al. (20). Activated protein C (27 nM)
(BCIP, 0.165 mg/mL in BCIP-T) until color developed on Was assayed in 700M S-2366. Human Factor Vlla (10
individual beads, typically within 3060 min. Beads with ~ NM) in the presence of 20 nM tissue factor (TF, both gifts
uniform blue color were picked from the library, stripped of from W. Kisiel, University of New Mexico, Albuquerque,
protein by incubatingri 8 M guanidine-HCI for 15 min, ~NM) and 5 mM CaGl was assayed in 500M S-2288 6-
rinsed twice with deionized water, and destained in DMF. !le-Pro-Arg-pNA, Pharmacia Hepar Inc., Franklin, OH).
The destained beads were rinsed three times with HSBB-THuman plasma kallikrein (2 nM, Athens Research and
and blocked in QHSBB-TG. Another aliquot of biotinylated Technology, Athens, GA) was assayed in 28@ S-2266
factor Xa was mixed with SAP and inactivated by incubation (0-Val-Leu-Arg-pNA, Pharmacia Hepar Inc., Franklin, OH).
with active site inhibitors Tenstop (tosyl-glycyl-3-amidi- Human trypsin (0.5 nM, Athens Research and Technology,
nophenylalanine methylester, American Diagnostica Inc., Athens, GA) was assayed in 2ab1 S-2765. tPA, human

Greenwich, CT) or PPACK pphenylalanyle-prolyl-L- single chain tissue plasminogen activator (5 nM American
arginine chloromethy! ketone, Chemica Alta Ltd., Edmonton, Diagnostica, Inc., Greenwich, CT) was assayed in 2 mM
Alberta) added to a final concentration of G or 1 uM, S-2765 at 37C.

respectively. The destained beads were incubated with the Prothrombinase AssayMeasurement of factor Xa activity
factor Xa-SAP-inhibitor mixture fol h at RT. Beads were  in the prothrombinase complex was conducted with several
washed and developed with BCIP substrate as describednodifications to the assay described by Chattopadtetay
above. Beads picked from the library which showed no @l- (21). The prothrombinase complex was prepared in a
staining when incubated with active-site inhibited factor Xa POlypropylene tube by combining 220Q- of rabbit brain
under these conditions were briefly stripped and destained,cephalin (RBC, Sigma) diluted 10-fold with physiological
then incubated with uninhibited factor Xa and SAP. Beads Saline (0.85% w/v NaCl), 3L of 1.6 uM human V/Va
which restained were submitted for sequencing by Edman (ERL #210, 80% Va/20% V, Enzyme Research Laboratories,
degradation. Peptides were resynthesized based on seS0uth Bend, IN), 6@L of 30 nM human factor Xa (Enzyme
quences obtained from individual beads. The purity of Reésearch Laboratories, South Bend, IN), 24@00f 0.71
resynthesized peptides wa90% based on absorbance at MM S-2366 (Pharmacia Hepar Inc., Franklin, OH) and 600
215 nm in HPLC chromatograms. Peptide structures were#L 0f 100 mM CaC}. Peptide dilutions were prepared by
verified by electrospray mass spectroscopy (Perkin-Elmers Serial dilution in 10% DMSO/assay buffer (50 mM Tris-Cl,
SCIEX) and amino acid analysis. pH 7.8, 200 mM NEl_CL 5_m|_\/| Cagl0.05% PEG-8000, and
0.01% NaN). Peptide dilutions (4@L) and the prothrom-

1 Abbreviations: APTT, activated partial thromboplastin time; BCIP, binase complex mixture (50L) were combined in wells in
5-bromo-4-chloro-3-indolyl phosphate; DMSO, dimethyl sulfoxide; a Costar half-area plate coated with Plastek A (MatTek Corp.,

dPT, dilute prothrombin time; FMOC, fluorenylmethoxycarbonyl; pNA, Ashland, ME). The assay was initiated by addition of 10
p-nitroaniline; PPACKp-phenylalanyle-prolyl-L-arginine chloromethyl ! )

ketone; SAP, streptavidin-alkaline phosphatase: Tenstop, tosyl-glycyl- 4L Of 6-8_ #M human prothrombin (Enzyme Research
3-amidinophenylalanine methylester; DMR,N-dimethylformamide. Laboratories, South Bend, IN). Absorbance at 405 nm was
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determined at 2 minute intervals for 30 min at 25 in a
kinetic plate reader (BioTek Instruments Inc., Winooski, VT).
Slopes were determined from the linear portion of the time
course, typically between 20 and 30 min after initiation of
the assay. The octapeptides used in this assay (YIRLAAFT,
YIREFSDY, and FIRLYVWN) showed less than 10%
inhibition of thrombin activity at the highest concentration
used in the prothrombinase assay (not shown).

Coagulation AssaysThe ability of the peptides to prolong
coagulation in platelet-poor plasma was assessed uising
vitro andexwivo coagulation assays. All research involving
animals was conducted under a previously IACUC-approved
protocol utilizing standard operating procedures in place at
the time of the study. Animals were anesthetized with an
intramuscular injection of xylazine HCI followed in 5 min
with an intramuscular injection of ketamine HCI. Blood
samples collected in 3.8% sodium citrate solution at a ratio
of 1 part sodium citrate to 9 parts whole blood. The blood
was immediately centrifuged at 35§6r 10 min. Platelet
poor plasma was removed and frozer-80 °C until assay.
Clotting times in the APTT and dilute prothrombin time
(dPT) assays were determined with the ACL 3000 plus
automated coagulation instrument (Instrumentation Labora-
tories, Milan, Italy) using IL brand thromboplastin for dPT
times and Baxter Actin FS reagent for APTT times. In the
dPT assay, thromboplastin is diluted until a clotting time of
approximately 30 s is achieved. This is taken as 100%
activity. Using research mode on the ACL instrument, a
standard curve for calibration is established by serial 2-fold
dilution of the diluted thromboplastin reagent. During the
assay 5QuL of sample (45uL plasma+ 5 uL inhibitor) is
mixed with 100uL of thromboplastin reagent diluted to give
an (uninhibited) clotting time of approximately 30 s. Percent
inhibition by compound in the plasma is determined by
comparison of clotting times to the calibration curve
constructed with the thromboplastin dilutions. Stability of
the inhibitors in plasma and whole blood was determined
by incubating peptide at a concentration that produced 60
70% inhibition of coagulation in the dilute PT assay for O,
10, 20, 40, and 60 min at 3T and initiating the dilute PT
assay with thromboplastin/CaCl

RESULTS

The amino acid sequences on individual beads identified
by the screening assay and deduced by Edman degradatio
showed a remarkable conservation of a three amino acid
sequence, Tyrosine-Isoleucine-Arginine, located primarily at
the N-terminus of the peptide but in some cases precede
by a glycine residue at an internal position in the peptide
sequence (Table 1). All resynthesized peptides containing
the Tyr-lle-Arg or Phe-lle-Arg tripeptide motif inhibited
factor Xa activity in chromogenic assays, wikh values
ranging from 4 to 15uM. Furthermore, all peptides
containing Tyr-lle-Arg or Phe-lle-Arg inhibited the conver-
sion of prothrombin to thrombin in a defined assay of
prothrombinase complex activity consisting of prothrombin,
factor Va, factor Xa, phospholipid, and calcium ions (Figure
1). The IC50 values for the Tyr-lle-Arg octapeptides in this
assay (YIRLAAFT, 2QuM; YIREFSDY, 37uM) compared
favorably with the control compound Tenstop (@8). The
lower activity of FIRLYVWN (IC50 = 129 uM) in the

o

Biochemistry, Vol. 37, No. 4, 1998 055

Table 1: Peptide Sequences Which Bind Factot Xa
bead

TC6-1
TC6-6
TC6-22
TC6-24
TC6-16
TC6-5
TC6-4
TC6-2
TC5-2
TC6-3
TC5-1
TC6-23
TC6-9
TC6-21

seqguence

Hmmg kKKK KKK
R HHHHHHHHHHHH
KiQwWwxw™xHww™moHoHDoo o
HK PP <KHI<OEEEE
WHY KT R PR Y3 Y
cmEm<nZzZzEZ2O0 "H0Q R P
HRKSOogmwOWIomtEtIRERH
TrPrQZ<KHEO<KIDAC =3

b=

aThe glycine residue preceding tyrosine in TC6-9 and TC6-21 is
underlined to emphasize its occurrence before the Tyr-lle-Arg consensus
sequence. Assay conditions are described under Experimental Procedures.
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Ficure 1: Inhibition of factor Xa activity in the prothrombinase
complex. YIRLAAFT ©O), YIREFSDY @), FIRLYVWN (O), and
Tenstop M), were prepared in serial dilutions and assayed in a
prothrombinase assay consisting of phospholipid (rabbit brain
cephalin), 6 mM C&", 5 nM V/Va (human), 170 pM human factor
Xa, 680 nM human prothrombin, and 1681 S-2366 (pyro-Glu-
Pro-Arg-pNA). Means of duplicates are shown.

| I )

1000

that peptides containing an N-terminalphenylalanine
showed less inhibition of factor Xa than those containing
N-terminalL-tyrosine in the standard Xa chromogenic assay
not shown). A series of deletions of one of the peptides,
C6-1 (Tyr-lle-Arg-Leu-Ala-Ala-Phe-Thr), showed that
removing three to four residues from the C-terminus had little
ffect on factor Xa inhibition in chromogenic assays,
however, further truncations significantly reduced the ob-
servedK; (Table 2). Peptides synthesized wittba@amino
acid scan indicated that the stereochemistry of all five amino
acid residues in the pentamer had a substantial effect on
activity toward factor Xa (not shown). In most cases a
significant reduction in inhibition was observed, the excep-
tion being a 16-20-fold enhancement of inhibition when
the N-terminalL-tyrosine was replaced by-tyrosine, an
effect similar to that described for tripeptide aldehyde
inhibitors for thrombin such as-Phe-Pro-Arg-H 22, 23.
Removing tyrosine from the N-terminus completely abol-
ished inhibitory activity, as did replacing isoleucine with
glycine or alanine, or replacing arginine with lysine or other

prothrombinase assay was consistent with the observationamino-alkyl side chains (Table 2).
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Table 2: Truncations, Deletions, and Amino Acid Replacements

structure Ki (uM)
YIRLAAFT 5
YIRLA 11
YIR 38
YIR-OH 63
Ac-YIR 3.8
yIR 1.4
IRLA >200
YGRLA >200
YIKLA >200

a All peptides are C-terminal amides with the exception of YIR-OH
(C-terminal carboxylic acid). yIRp-Tyr-lle-Arg; Ac-YIR, N-acetyl-
Tyr-lle-Arg.

500

400
= L
5 800
a L
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Ficure 2: Competitive inhibition of substrate hydrolysis by Tyr-
lle-Arg-Leu-Ala. Factor Xa activity was assayed with the chro-
mogenic substrate Chiz-Arg-Gly-L-Arg-pNA (S-2765) by moni-

toring the increase in absorbance at 405 nm in kinetic assays, as

described under Experimental Procedures. Tyr-lle-Arg-Leu-Ala
peptide was diluted in 10% DMSO/TBS-PEG, pH 7.8, to produce
final concentrations of 04), 10 @), 20 ), 30 (@), and 40 Q)

uM inhibitor. Peptide and factor Xa (final concentration 0.5 nM)
were preincubated at room temperature for 10 min prior to initiating

the assays with substrate. All assays were conducted in duplicate.

As demonstrated in Figure 2, peptides containing the
sequence Tyr-lle-Arg showed competitive inhibition with the

chromogenic substrate S-2765, implying that the consensus
sequence interacts with the substrate binding pocket in factor

Xa's active site. To determine whether the tripeptide binds
in a substrate-like mode which might be converted into a
more potent mechanism-based inhibitor, C-termimpal
nitroanilide (pNA) substrates of Tyr-lle-Arg were synthesized
and compared for hydrolysis by factor Xa, thrombin, and
trypsin. Neithep-Tyr-lle-Arg-pNA, or Ac-Tyr-lle-Arg-pNA
were cleaved by factor Xa (Figure 3p-Tyr-lle-Arg-pNA
was readily cleaved by thrombin; however, Ac-Tyr-lle-Arg-
pNA was a poor substrate requiring incubation with thrombin
at 37 °C for 6 h to achieve partial hydrolysis. Both
p-nitroanilide substrates were cleaved by trypsin. In contrast,
both factor Xa and trypsin rapidly hydrolyzed the tripeptide
Cbzb-Arg-Gly-Arg-pNA (S-2765), while thrombin showed
low activity toward this substrate. Further evidence that the
tripeptide occupies the active site with the C-terminal
carbonyl oriented in an unproductive position relative to the
nucleophile serine 195 in factor Xa was obtained with the
boronic acid derivative of Ac-Tyr-lle-Arg. Figure 4 shows
that this peptide potently inhibited trypsiii(= 0.5 nM)
and thrombin K; = 8.2 nM), but was a low micromolar

Ostrem et al.

Minutes

20 40

A405

40

20 60

Minutes
Ficure 3: p-Nitroanilide substrate hydrolysis by factor Xa,
thrombin, and trypsin. (Ap-Tyr-lle-Arg-pNA, (B) Ac-Tyr-lle-Arg-
pNA, and (C) Cbze-Arg-Gly-L-Arg-pNA substrates were incubated
at a final concentration of 20@M with 2 nM factor Xa @),
thrombin @), or trypsin (). Release ofp-nitroaniline was
monitored at 405 nmyfaxis) at 1 min intervals in a Biotek
Instruments kinetic platereader at 3€ for 60 min. The plates
were covered to prevent evaporation and incubated on a heating
block at 37°C before taking a final reading at 360 min.

inhibitor of factor Xa, consistent with the inhibition constant
of the unmodified tripeptide amide (Table 2).

Other peptide derivatives mimicking the expected tetra-
hedral transition state intermediate (e.g., ketomethylene
isosteres of the Arg-Leu bond) were tested with similar
results (not shown). Structur@ctivity studies performed
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Table 3: Specificity of Factor Xa Inhibitors im Vitro Chromogenic Assays

SEL structure Xa thrombin ~ VIla/TF K (uM) plasmin  protein C tPA kallikrein  trypsin
1915  YIRLPGLL 4.0 >200 >200 >200 NA >200 NA >200
2219  Ac(Bu)-YIRLP 0.055 54 >200 >200 NA 38 NA >200
2489  Ac-Phe(pNH2)-Chg-RLP 0.025 >200 >200 >200 >200 >200 >200 >200
2711  Ac-pAph-Chg-Pal3(Me)-LP 0.003 40 >200 130 10 0.12 NA 112

a All peptides are C-terminal amides. The one-letter amino acid code is used for naturally occurring amino acids;agetid, Ac(Bu)-Y is
N-acetyIN-isobutylL-tyrosine, Phe(pNH2) is-4-aminophenylalanine, Chg iscyclohexylglycine, pAph is-4-amidinophenylalanine, Pal3(Me) is
L-3-pyridyl(3-methyl)alanine. NA, not assaye#, less than 10% inhibition of activity observed at this concentration of inhibitptess than 50%
inhibition observed at this concentration of inhibitor.

A
100 T T TTTTT] T T T TTT00] T T TTTTIT
o 80 —
= c B
B S
a -
2 7
KO) €
- L 40 -
8 L
20 —
0 b vl 3 Nl 11 Lrtinnl L
10° 10® 107 10° 10° 0 t1 il Ll L1
concentration (M) 0.01 0.1 1 10
Ficure 4: Inhibition curves for Ac-Tyr-lle-Arg-B(OHytripeptide uMm

incubated with 0.5 nM factor XaX), 1 nM thrombin @), or 2 nM
bovine trypsin [0). The synthesis of the boronic acid tripeptide
followed the procedure described by Ketteeéal. (33). Serial 2-fold
dilutions of the peptide stock solution were assayed as described 100 ¢
under Experimental Procedures.

80
by synthesizing individual peptide analogues led to com-
pounds with simple chemical modifications of the N-terminal
amino group which were orders of magnitude more potent
without significantly affecting specificity for factor Xa (Table
3). However, although potent in chromogenic activity assays
andin uitro coagulation assays, initial experimental work
looking at half-life in rats followingi.». bolus injections
showed thatN-acyl, N-alkyl peptides were inactivated or
cleared from plasma within-12 min. A series of potent
inhibitors with greater half-lifen vivo were generated by a

At ; ; ; Ficure 5: Inhibition of in vitro and ex vivo coagulation assays
combination of dedicated secondary libraries based on theWith SEL 2489, (A) Rabbit pooled plasma was incubated with

Tyr-lle-Arg motif and rational design. Substitution of jncreasing concentrations of SEL 2489 (Ac-F[pf#ghg-RLP) and
cyclohexylglycine for isoleucine and introduction of a assayed in the dilute prothrombin tirtevitro coagulation assay.
positive charge at the N-terminus of the peptide with (B) SEL 2489 was administered asiarbolus dose to anesthetized

p-aminophenylalanine resulted in the pentapeptide Ac-Phe-rabbits at 0.75 mg/kgd) n = 7; 1.25 mg/kg @) n = 4; 2 mg/kg

] ArA. ] : . (O0) n=3; and 4 mg/kg4) n= 2. Blood samples were withdrawn
(PNH2)-Chg-Arg-Leu-Pro (SEL 2489), with§ of 25 nM at the time indicated and assayed for inhibition of coagulation in

in Chr(?m(?genic assays. In ujtr(? coagulation assays SEL the dilute prothrombin time assay. Means and standard errors of
2489 inhibited thromboplastin-induced coagulation in the the means at each time point are shown.

dilute PT assay with an IC50 of 0@8M (Figure 5A). In

addition to being a highly specific inhibitor of factor Xa of SEL 2489 showed that elimination in rats occurs primarily
(Table 3), SEL 2489 showed dose-dependent anticoagulanwia hepatorenal clearanée.

activity following i.». injection in rats (not shown) and rabbits

(Figure 5B). To determine whether the rapid loss in DISCUSSION

anticoagulant activity following injection was due to adsorp- o variety of small molecule mechanism-based inhibitors

tion, modification, or inactivation by plasma proteins or haye heen developed for thrombin based on the tripeptide
proteases, SEL 2489 was incubated with pooled humang_phe.pro-Arg which mimicks thrombin's cleavage sites in

platelet-poor plasma or whole blood for 60 min at 32 fiprinogen @4, 25. An inherent difficulty with this class
before initiating coagulation by the addition of thrombo-

plastin and calcium. There was no evidence for loss of 2Schetz, J. A, Thorpe, D. S., Ostrem, J. A., Safarova, A., Stringer,

activity over time during incubation in plasma or whole s k_‘LocCascio, J. C., Spoonamore, J., Kasireddy, Wildgoose, P., and
blood. Subsequent work with a monoiodinated derivative Strop, P. (submitted for publication).

60 H

Percent inhibition

40

20

10 20 30
Minutes
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of inhibitors is lack of specificity. Potent thrombin inhibitors of small, factor Xa specific inhibitors opens up new
often inhibit related plasma serine proteases important in possibililities in regulating hemostatic mechanisms initiated
anticoagulation and fibrinolysis such as activated protein C, by both intrinsic and extrinsic pathways of coagulation, an
tissue plasminogen activator, and plasni2®,(27. This essential goal for progress in acute and long-term antithrom-
problem is illustrated by the tripeptide Ac-Tyr-lle-Arg which, botic therapy.

even though a poor substrate for thrombin (Figure 3),

becomes a potent inhibitor of both thrombin and trypsin by ACKNOWLEDGMENT

conversion to the boronic acid derivative (Figure 4). Sur-

prisingly, although the tripeptide Tyr-lle-Arg contains argi- We thank Dasha Cabel, Aleksandra Weichsel, Ron Jung,

Brian Ashmore, and Luwei Zhao for support in synthesis of
the peptide libraries and analogues, Charlie Chen for
Sssistance with bioassays, and Nina Ma, Victor Nikolaev,

mimics a natural substrate of factor Xa. A reverse binding "o i Apdul-Latif for analytical support

mode, similar to that observed for the N-terminal residues
of hirudin binding in thrombin’s active site clef28, 29, REFERENCES

may partly explain the unusual selectivity of this series of

inhibitors. Furthermore, even though there is a high degree 1. Handin, R. 1. (1991) inHarrison’s Principles of Internal

of conservation in the active site topology of factor Xa, l}lﬂe‘;ﬂlcge{lﬂé\ efd.R(WCI-:l.SOhr}{ JED-,‘]BE&UEW&@AE\-,S|SSE|%a;heI’t,
thrombin,and other plasma serine proteadeh fhe use of [ FEESIOT % G, arin, .8, Fauel . S, and Root
a competition step d_unng library screening wh.ere. fa_ctpr Xa 5 pavie E. W., Fujikawa, K., and Kisiel, W. (199Bjochem-

is inactivated with either of the small active site inhibitors istry 30,10363-10370

Tenstop or PPACK was sufficient to identify factor Xa- 3. Colman, R. W., Marder V. J., Salzman, E. W., and Hirsh, J.
specific inhibitors. None of the peptides which were (1994) inHemostasis and ThrombogiSolman, R. W., Hirsh,
retrieved with factor Xa from combinatorial libraries com- J., Marder, V. J., and Salzman, E. W., Eds.) ppl3, J. B.

Lippincott Co., Philadelphia, PA.

posed of several million compounds inhibited thrombin or 4. Antman, E. M. (1994irculation 9Q 16241630,

trypsin, maKing it unnecessary 1o use comp.etitive selectiqn 5. Gusto lla investigators (1994)irculation 99 1631-1637.
during the bll’l'dll’l'g assay, as has been (_je_scrlbed for selection ¢ Neuhaus, K.-L.. Essen, R.v.. Tebbe, U., Jessel. A., Heinrichs,
of factor Vlla inhibitors with reduced affinity for factor Xla, H., Maurer, W., Doring, W., Harmjanz, D., Kotter, V.,
kallikrein, and plasmin31). It is interesting to note that a Kalhammer, E., Simon, H., and Horacek, T. (19&#culation
related screening method, phage display, found no compa- 90, 1638-1642.

rable sequence consensus in protease resistant clones when7- Jordan, S. L., Waxman, L., Smith, D. E., and Vlasuk, G. P.
factor Xa substrates and inhibitors were selected from a _, (+990)Biochemistry 2311095-11100.

. . . . 8. Waxman, L., Smith, D. E., Arcuri, K. E., and Vlasuk, G. P.
library containing a randomized hexapeptide composed of (1990) Science 248593-596.

all 20 L-amino acids 32). 9. Vlasuk, G. P., Ramijit, D., Fuijita, T., Dunwiddie, C. T., Nutt,
Inhibition of enzymatic activity in assays consisting of E. M., Smith, D. E., and Shebuski, R. J. (1991)romb
s ; Haemost 65, 257—262.
purified human factor Xa, chromogenic substrate, antt Ca

S : . 10. Schaffer, L. W., Davidson, J. T., Vlasuk, G. P., and Sieg|, P.
free buffer indicates that the prothrombinase complex is not K. S. (1991)Circulation 84 1741-1748.

necessary for factor Xa inhibition by the Tyr-lle-Arg motif. 11. Lynch, J. J., Sitko, G. R., Lehman, E. D., and Vlasuk, G. P.

On the other hand, the ability of this family of inhibitors to (1995) Thrombh Haemost 74, 640-645.
inhibit factor Xa activity in the prothrombinase complex 12. Gruber, A., Hanson, S. R., Kelly, A. B., Yan, B. S., Bang, N.,
(Figure 1), as well as prolong coagulationifneitro andex Griffin, 3. H., and Harker, L. A. (1990Firculation 82 578~

vivo assays (Figure 5) demonstrates that the presence of 585 _ )
normal plasma constituents does not interfere with the 13-DB'erll‘°”d' BbJ.I,_L%n,M.,.Catg, 2- t'}'vs|?u+e’HdR"BM|(|)mS|’-|L'
in_teraction of the peptide vyith factor Xa's active site. Potent R:: ag(sjt%’ate" 3 Wc_)%?v(vig’gajhro'r}]bo%em\gst §3’ u22e3r; '
tri- and pentapeptides derived from the Tyr-lle-Arg-Leu-Pro 230.

consensus sequence are orally available and efficacious in 14. Sitko, G. R., Ramijit, D. R., Stabilito, I. I., Lehman, D., Lynch,
animal models of thrombosis at doses which have negligible J. J., and Vlasuk, G. P. (1998)rculation 85 805-815.
effect on coagulation iin vitro assays$.Development of an 15. Harker, L. A., Hanson, S. R., and Kelly, A. B. (1998)romb
orally active anticoagulant with minimal bleeding side effects Haemost 74, 464-472.

should provide significant benefits in the treatment and 16-Lam. K. S., Salmon, S. E., Hersh, E. M., Hruby, V. J.,

. ; . . Kazmierski, W. M., and Knapp, R. J. (1994ature 354 82—
prevention of deep vein thrombosis, acute and chronic 84 PP (199N P

restenosis following angioplasty, endotoxin-induced dis- 17. Houghten, R. A., Pinilla, C., Blondelle, S. E., Appel, J. R.,

seminated intravascular coagulation, and in long-term out- Dooley, C. T., and Cuervo, J. H. (199%ature 354 84—86.
patient care. Collectively, these results provide further 18.Furka, A., Sebestyen, F., Asgedom, M., and Dibo, G. (1991)
evidence of the unique contribution of combinatorial libraries Int. J. Pept. Protein Res37, 487-493.

to the rapid identification of unexpected ligands without prior ~ 19- Bradford, M. M. (1976/Anal. Biochem 72248-254.
20. Kisiel, W., Kondo, S., Smith, K. J., McMullen, B. A., and

knowledge of the three-dimensional structure of the active Smith, L. F. (1987)J. Biol. Chem 262 12607-12613.

site or binding pocket of a target enzyme. The availability 21. Chattopadhyay A., James H. L., and Fair, D. S. (1998jol
Chem. 267,12323-12329.
8 Stringer, S. K., Ostrem, J. A., Al-Obeidi, F., Walser, A., Safar, P., 22.Bajusz, S, Barabas, E., Tolnay, P., Szell, E., and Bagdy, D.

Safarova, A., LoCascio, J. C., Spoonamore, J., Thorpe, D. S., Kasireddy, (1978)Int. J. Pept. Protein Red2, 217-221.
P., Ashmore, B., Strop, P., and Wildgoose, P. (submitted for publica- 23. Kettner, C., and Shaw, E. (197Bjromb. Resl4, 969-973.
tion). 24. Claeson, G. (1994lood Coag. Fibrinol. 5411-436.




Factor Xa Inhibitors via Combinatorial Chemistry Biochemistry, Vol. 37, No. 4, 1998 059

25. Markwardt, F., and Hauptmann, J. (1988). Exp. Med. Bial 30. Padmanabhan, K., Padmanabhan, K. P., Tulinsky, A., Park,
340 143-171. C. H., Bode, W., Huber, R., Blankenship, D. T., Cardin, A.
26. Callas, D., Bacher, P., Igbal, O., Hoppensteadt, D., and Fareed, D., and Kisiel, W. (1993)). Mol. Biol. 232, 947-966.
J. (1994)Thromb. Res74, 193-205. 31. Dennis, M. S., and Lazarus, R. A. (199%4)Biol. Chem 269,
27. Callas, D., and Fareed, J. (199%)omb Haemost4, 473— 22137-22144.
481. .
28. Rydel, T. J., Ravichandran, K. G., Tulinsky, A., Bode, W., 32'1\/1?;‘6"\/5’ D. J., and Wells, J. A. (19%gience 2601113~
Huber, R., Roitsch, C., and Fenton, J. W., Il (198g)jence : ) )
249, 277-280. 33. Kettner, C., Mersinger, L., and Knabb, R. (1990Biol. Chem

29. Grutter, M. G., Priestle, J. P., Rahuel, J., Grossenbacher, H., 265 18289-18297.
Bode, W., Hofsteenge, J., and Stone, S. R. (1MdBO J.
9, 2361-2365. BI971147E



