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ABSTRACT. Phosphorothioate oligonucleotides (PS ODNSs) prolong the activated partial thromboplastin
time in human plasma by inhibition of intrinsic tenase (factor-tXactor VIllla) activity. This inhibition

was characterized using ISIS 2302, a 20-mer antisense PS ODN. ISIS 2302 demonstrated hyperbolic,
mixed-type inhibition of factor X activation by the intrinsic tenase complée decrease iWmax@ppWas
analyzed by examining complex assembly, cofactor stability, and protease catalysis. ISIS 2302 did not
inhibit factor X activation by the factor IXaphospholipid complex, or significantly affect factor VAHI
phospholipid affinity. Inhibitory concentrations of ISIS 2302 modestly decreased the affinity of factor
IXa—factor Vllla binding in the presence of phospholipilp(= 11.5 vs 4.8 nM). This effect was
insufficient to explain the reduction Mmax@ppy SIS 2302 did not affect the in vitro half-life of factor

Vllla, suggesting it did not destabilize cofactor activity. In the presence of 30% ethylene glycol, the level
of factor X activation by the factor IXaphospholipid complex increased 3-fold, and the level of
chromogenic substrate cleavage by factor IXa increased more than 50-fold. ISIS 2302 demonstrated partial
inhibition of factor X activation by the factor IXaphospholipid complex, and chromogenic substrate
cleavage by factor 1Xa, only in the presence of ethylene glycol. Like the intact enzyme complex, ISIS
2302 demonstrated hyperbolic, mixed-type inhibition of chromogenic substrate cleavage by factor 1Xa
(Ky = 88 nM). Equilibrium binding studies with fluorescein-labeled ISIS 2302 demonstrated a similar
affinity (Kp = 92 nM) for the PS ODN-factor IX interaction. These results suggest that PS ODNSs bind

to an exosite on factor 1Xa, modulating catalytic activity of the intrinsic tenase complex.

Ex vivo modeling of blood coagulation demonstrates that represent an important therapeutic target for the prevention
formation of the membrane-bound intrinsic tenase (factor of thrombosis.
IXa—factor Vllla) and prothrombinase (factor X#actor Va) First-generation therapeutic antisense compounds are
complexes results in a localized, explosive increase in the predominantly phosphorothioate oligonucleotides, in which
level of thrombin generationl( 2). In minimally altered 3 nonbridging oxygen in the phosphodiester backbone is
whole blood, the rate-limiting factor for thrombin generation replaced with sulfur. Systemic administration of antisense
is activation of factor Xa by the intrinsic tenase complex phosphorothioate oligonucleotides is associated with pro-
(2). Similarly, in a cell-based system containing platelets and |ongation of the activated partial thromboplastin time (APTT)
monocytes expressing the tissue factor, addition of picomolarin poth monkeys and humans, €). We have demonstrated
levels of factor IXa generates significantly more thrombin that selective prolongation of the APTT by phosphorothioate
than similar concentrations of factor X8)(Omitting either  ¢ligonucleotides in human plasma results from inhibition of
factor IX or factor VIII markedly reduces the level of intrinsic tenase activity. This inhibition is independent of the
genel’ation of thrombinl(). ThUS, formation of the intrinsic nucleotide sequence, but requires the presence of the
tenase complex is critical to the final rate of thrombin phosphorothioate backbone modification, indicating that it
generation during the propagation phase of coagulation. Thejs a general property of this oligonucleotide clags {[his
activity of the intrinsic tenase complex appears to be noyel inhibitory effect of phosphorothioate oligonucleotides
primarily regulated by instability (loss of the A2 domain) provides a tool for probing regulation of the intrinsic tenase

and proteolytic inactivation of factor Vllla (by factor IXa)  complex, and may represent a novel class of antithrombotic
(4). The pivotal role of intrinsic tenase suggests that compounds.
regulation of this enzyme complex is critical to maintaining

. LR To examine the inhibition of intrinsic tenase activity by
hemostatic balance. Thus, the intrinsic tenase complex mayp

hosphorothioate oligonucleotides, a detailed examination
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assessment of inhibitor effects on complex assembly, cofactorthe rate of substrate hydrolysis (change in absorbance at 405
stability, and catalytic activity. The results demonstrate that nm over the course of 2 min) in a kinetic microtiter plate
phosphorothioate oligonucleotides regulate the activity of the reader (Vmax, Molecular Devices Corp.) to a standard curve
intrinsic tenase complex by directly interacting with factor constructed with purified factor Xa. The initial rate of
IXa. A model for regulation of the intrinsic tenase complex intrinsic tenase complex activity (factor Xa generation) was
is proposed in which polyanionic ligands (including phos- determined by plotting factor Xa concentration versus time,
phorothioate oligonucleotides and heparin) antagonize theunder conditions where less than 10% total substrate cleavage
factor Vllla-induced increase ik, for factor X activation occurred. The rate of factor Xa generation (nanomolar per
by binding to a negative regulatory exosite on factor IXa. minute) was linear over the time course of the assay6®
These results have implications for the future design of s), and with respect to factor Vllla concentration-&00
antisense oligonucleotides, and novel antithrombotic strate-pM). The level of factor X generation by the factor la

gies that target the intrinsic tenase complex. phospholipid complex in the absence of cofactor was
determined in a similar fashion, except that the factor IXa
EXPERIMENTAL PROCEDURES concentration was increased to 25 nM, and the reaction

mixture was sampled at 5, 10, 15, and 20 min to determine
the amount of factor Xa present. Ethylene glycol (30%, v/v)
was added to the assay buffer for selected experiments.
Molecular masses (kilodaltons) and extinction coefficients
(€0.199): 46 000 and 1.43 for human factor Ixe68 900 and
1.16 for factor X, 46 000, and 1.40 for factor Xa, 36 700
and 1.83 for thrombin, 280 000 and 1.2 for recombinant
human factor VIII, and 6781 and 18.78 for ISIS 2302.
Purification and Quantitation of Human Recombinant
Factor VIII Activity. Recombinant human factor VIII was

ReagentsHuman factors 1Xg, X, and Xa, prothrombin,
and affinity-purified sheep polyclonal antiserum versus
human factor VIII were purchased from Enzyme Research
(South Bend, IN). Human thrombin was purified from
prothrombin activated witloxyuranus scutellatugenom as
previously describedj. Recombinant factor VIII (Kogenate)
in human serum albumin was generously provided by J.
Brown of the Bayer Corp. (Berkeley, CA). Rabbit brain
cephalin (RBC)ywas purchased from Pel-Freeze Biologicals

(Rogers, AR), and phosphatidylserine and phOSpha“dymho_purified away from its bovine serum albumin carrier by

line were purchased from Avanti Lipids (Alabaster, AL). Mono S chromatographyl). Briefly, the lyophilized factor

Recombinant hirudin, alkaline phosphatase-conjugated mon- . ; o
oclonal mouse antiserum versus goat/sheep IgG (clone 7.Vl preparation (Kogenate) was rehydrated with deionized

: ter according to the manufacturer’s instructions in buffer
34), and thep-nitrophenyl phosphate substrate were pur- water a -
chased from Sigma (St. Louis, MO). Chromogenic substrates ¢ontaining 0.1 M NaCl, 9‘27 M glycine, 2.5 mM Cagghnd
were purchased as follows: S-27®&¢-benzyloxycarbonyl- 5 mg/mL human albumin. The factor VIll preparation was
b-Arg-Gly-Arg-pNA) from DiaPharma (Franklin, OH) and then applied to a Mono S HR 5/5 column equilibrated in
Pefachrome IXa (CE8Q,-b-CHG-Gly-Arg-pNA) from Cen- 0.15 M NaCl, 20 mM Tris (pH 7.4), 5 mM Cag/land 0.01%
terchem, Inc. (Stamford, CT). The unlabeled 20-mer phos- Tween 80 at a rate of 0.5 mL/min, and washed in the same
phorothioate oligodeoxyribonucleotide GCCCAAGCTG- buffer until the absorbance of the column effluent returned
GCATCCGTCA-3 (ISIS 2302), a 5fluorescein-labeled to near baseline>(5 column volumes). The factor VIl was
derivative of ISIS 2302, and a}] unlabeled phosphodiesterthen eluted stepwise with t'he same buffer containing_0.75
backbone analogue of ISIS 2302 were provided by ISIS M Na_C_I, and 0.5 mL fractions were colle_ct_ed. Fractions
Pharmaceuticals (Carlsbad, CA). All other chemicals were containing factor VIil were pooled, and activity was guan-

at least reagent grade and were purchased from majortltated by_the_two-stage clotting "’.‘S.S?‘W- o
suppliers. Determination of the Kfor Inhibition of the Intrinsic

intinsic Tenase Assahchromogenic assay forinvinsic (21058 SARACK e o SRS BT 0 o
tenase complex activity was performed under conditions of

limiting factor Vllla concentration9). Purified factor VIII by the Intrinsic tenase _complex was dgtermmed n t_he
(12.5 nM) was activated with 40 nM thrombin in 0.15 M chromogenic assay described above. The final concentrations

Nl 20 mit HEPES (oK 7.4) 5 mM Cacland 0019 1 [S6CHIIS, 17 N Buinee s e werh 50 o
Tween for 30 s at room temperature. Thrombin was ' ) 97 '

neutralized with recombinant hirudin (60 nM) and the fsaggorr”;/l( ;a(;(;it\?;téh1?1;‘(:?1'50(‘)‘%;?,{'2@?]0; |TsT§ gtgzovaas
activation mixture diluted 25-fold into a reaction mix

o . determined as described above and plotted versus inhibitor
containing final concentrations of 5 nM human factor §Xa concentration. The values & andky/k, were determined
and 5% (v/v) rabbit brain cephalin (RBC) in 0.15 M NacCl, ' ! 2

20 mM HEPES (pH 7.4), 2 mM Cagland 0.1% PEG-8000 2 (08, 15, S8, 2 et e et e b
buffer. Human factor X (300 nM) was added immediately 9 q P ' P

and the reaction mixture sampled (&D) at 15, 30, 45, and tion:
60 s, into 10uL of 0.25 M EDTA and 1.1 mg/mL v
Polybrene(pH 7.4). The amount of factor Xa generated at v= max 1)
each time point was then determined by addition of 2DO Ks 1 n 1+1/K,
of S-2765 to a final concentration of 3@, and comparing (kg/k)I|S (kg/k )/
1+ K 1+ K
| |

1 Abbreviations: PS ODN, phosphorothioate oligodeoxyribonucleo-
tide; RBC, rabbit brain cephalin; PEG-8000, polyethylene glycol, with . o . L .
an averagd/, of 8000: PC/PS, phosphatidylchorine/phosphatidylserine; Wherew is the initial velocity of factor X activationVmax is
SD, standard deviation; SE, standard error. the maximal velocity at saturating concentration of factor
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X, Ksis the dissociation constant for the enzynseibstrate Xa generation, and the data were fit by nonlinear regression
complex, K, is the dissociation constant for the enzyme  to a single-site binding model. The concentration of the factor

inhibitor complex,S is the concentration of substrateis Vllla—factor IXa complex in the absence and presence of

the concentration of inhibitor, ankh and ks represent.a 1.5uM ISIS 2302 was determined by using the experimen-

for the ES and ESI complexes, respectivel@)( tally determinedKp values to solve the quadratic equation:
Determination of Kinetic Constants for Factor X At

tion. Varying concentrations of factor X (8450 nM) were [FIXa], + [FVIlla], + Ky

added to 500 pM thrombin-activated factor VIII, 5 nM factor [FIXa-FVllla] = > -

IXa, 5% RBC, and 2 mM Caglin the absence or presence
of 0.75 or 1.5uM ISIS 2302, and the rate of factor X FIXal. + [EVIlal. + K22 — 4[FIXal[EVila
activation was determined in the chromogenic assay. The \/([ ot I+ Ko) [FIXal{ I )
rate of factor X activation was plotted versus substrate (factor 2

X) concentration in both the presence and absence of ISIS o

2302. TheK, andVinax values for factor X activation by the where [FIXa] and [FVIIIa]; represent the initial concentra-

intrinsic tenase complex were then determined by fitting the tons of factor IXa and factor Vllla, respectively, amt
data by nonlinear regression to the Michaehdenten represents the dissociation constant for the factorigator

equation. Vllla complex.

Determination of the Affinity of Factor VIII for Phospho- Determination of the in Vitro Half-Life of Factor Vllla.
lipid. The affinity of factor VIII for both RBC and phos-  The in vitro half-life of factor Vllla activity was determined
phatidylserine was determined as described by Bloom et al.in the presence and absence of ISIS 2302, for cofactor alone,
(13), with minor modifications. RBC (5%, v/v) or 529/ cofactor with phospholipid, and cofactor with phospholipid
mL L-a-phosphatidylk-serine dissolved in methanol was and 20 nM factor IXg. Recombinant factor VIII (20 nM)
added (5QuL/well) to a Greiner polystyrene 96-well plate  was activated with 40 nM thrombin for 30 s and neutralized
and dried down at room temperature for&h. Wells were  with 60 nM hirudin, followed by a 1:2 dilution into buffer
then blocked with 25@L of 0.15 M NacCl, 0.05 M Tris (pH alone, buffer containing 10% RBC, or buffer containing 10%
7.2), and 1% gelatin overnight at room temperature, followed RBC and 40 nM factor 1Xa, in the presence or absence of
by washing the wells six times with a similar buffer without 1.5 4M ISIS 2302 (final concentration). Aliquots were
gelatin containing 0.05% Tween 20. Increasing concentra- removed from the factor Vllla incubation mixtures over time,
tions of human recombinant factor VIII diluted in 0.15 M  and diluted 25-fold into the intrinsic tenase chromogenic
NacCl, 0.05 M Tris (pH 7.2), and 1% gelatin were incubated assay to determine residual factor Vllla activity. Similar
in the phospholipid-coated wells with or without either 1.5 experiments were performed with 75% phosphatidylcholine/
UM ISIS 2302 or an identical phosphodiester oligonucleotide 250, phosphatidylserine (w/w) vesicles (PC/PS vesicles) in
(50 uL/well) for 1 h at 37°C. After the wash steps were place of RBC. The PC/PS vesicles were prepared by
repeated as described above, a 1:8000 dilution of sheep antiextrusion through a 100 nm polycarbonate filtéd) The
human factor VIII polyclonal antibody (20 mg/mL) was rate of factor X activation (proportional to remaining factor
incubated fo 1 h at 37°C. Wash steps were repeated, and vjja activity under assay conditions) was plotted versus

a 1:8000 dilution of the alkaline phosphatase-conjugated time, and the data were fit to an exponential decay function
monoclonal anti-goat sheep IgG (GT-34) (10 mg/mL) was (15).

incubated fo 1 h at 37°C. Wash steps were again repeated,
followed by addition of substrate [1 mg/mp-nitrophenyl
phosphate in 0.1 M glycine (pH 9.4), 1 mM MgChnd 2
mM ZnCl;] for 15—30 min at room temperature. Color

Chromogenic Substrate Catalysis by Factor IXae rate
of Pefachrome 1Xa (CkSO,-D-CHG-Gly-Arg-pNA) hy-
drolysis by factor IXa was determined by the change in

development was stopped by addition of B0 of 3 N absorbance at 405 nm over the course of 10 min in the

NaOH, and the absorbance was determined at 405 nM usingm'(‘frc.)t.'ter plate reader at 2%. To determ|_ne the, for
a Ve plate reader (Menlo Park, CA). Data were fit by inhibition of chromogemc substrate .catlaly5|s by ISIS 2302,
nonlinear regression to a single-s'ite binding model. 25 nM factor IXa was incubated with increasing amounts

Determination of the Affinity of Factor VlllaFactor IXa of oligonucleotide in 15@L containing final concentrations

Complex FormationThe affinity of the factor IXa—factor gf 100/1I53EMG’\2|3%CC:)IO 20 (rjnl\z/l 5HET/|E|S:> (fp Hh7'4)’ 2|)r<nMTCh&C(;

Vllla—phospholipid complex was assessed in the presence” = "° ) » and 2.5 mM Pefachrome [Xa. The data
and absence of 1/ 1SIS 2302. Thrombin-activated factor were fit to the eq_uatlon for partial, uncompetitive |nh|b|t|on
Vllla was titrated with increasing amounts of factor bda (eq 1) to determine thi, for ISIS 2302. To determine the

the chromogenic assay, and formation of the factor+tXa Km and ke for Pe_faphrome _I)_(a, 50. nM facto_r IXa was
factor Vllla complex was assessed by the rate of factor X incubated gnder s_lmllar conditions with increasing substrate
activation. Factor Villa (0.3 nM) was added to the intrinsic concentrations, either in the absence or in the presence of
tenase chromogenic assay with varying concentrations of 1-24M ISIS 2302. Data were fit to the Michaetidventen
factor 1Xas (0—28 nM), 5% (v/v) RBC, and 300 nM factor ~€guation to determine th&m and Vimax The Vmax was

X, in the presence or absence of ISIS 2302. The rate of factorcOnverted tde, using an extinction coefficient of 9920 M

Xa generation (nanomolar per minute) was determined asCM — for the p-nitroaniline product.

described for the chromogenic assay. The rate of factor Xa Equilibrium Binding of 5FI-ISIS 2302 and Factor IXa.
generation determined in the absence of factor Vllla under Equilibrium binding studies were performed using a fluo-
these conditions was less than 2% of the total activity. The rescein-labeled derivative of ISIS 2302. The oligonucleotide
factor IXas concentration was plotted versus the rate of factor was derivatized at theBerminus by coupling Sfluorescein
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phosphoramidite (Glen Research) as the final phosphor-
amidite during standard solid phase oligonucleotide synthesis.
The product was deprotected in concentrated ammonia,
purified by reverse phase HPLC, and yielded a single peak
by mass spectroscopy analysis. All fluorescence measure
ments were taken on a Fluorolog-3 (Jobin Yvon-Spex)
spectrofluorometer (T-format, excitation and emission band-
widths of 2.0 nm) in buffer containing 0.15 M NaCl, 20 mM

HEPES (pH 7.4), 2 mM Cagland 0.1% PEG-8000 at 23

°C. For measurement of fluorescent anisotropy, excitation
was at 495 nm and emission was monitored at 525 nm.
Control experiments demonstrated no significant change in
the fluorescent spectra of'-BI-ISIS 2302 between the

FXa generation (nM/min)

unbound and saturated states. Direct binding studies were 0 0 : — PUPEEEEE e . —
L. . . 1000 2000 3000 4000 5000

performed by addition of increasing amounts of factor 1Xa ] ]

(0—500 nM) to buffer containing 1.0 nM'5&I-ISIS 2302. Oligonucleotide (nM)

Anisotropy values were expressed as the change in anisotropyricure 1: Inhibition of intrinsic tenase activity by phosphorothioate
relative to that of unbound &I-1SIS 2302, and the data were ODN (ISIS 2302). The rate of factor X activation (nanomolar per
fit by nonlinear regression to a simple binding model. minute) by the intrinsic tenase complex was determined with the
o - : .. chromogenic assay. Reactions were initiated by the addition of
Co'mpetltlc'm binding studies were performed by the addition thrombin-activated factor Vllla (final concentration of 0.5 nM) to
of increasing amounts of unlabeled ISIS 2302-{@ xM) a reaction mixture containing 5 nM factor IXa, 5% (v/v) RBC, 300
to buffer containing 1 nM BFI-ISIS 2302 and 300 nM factor  nM factor X, and increasing concentrations of I1SIS 2302, in 0.15
IXa. The level of nonspecific binding was defined as the M NacCl, 20 mM HEPES (pH 7.4), 2 mM Cagland 0.1% PEG-
residual anisotropy change in the presence of a 10000-folg8000. The reaction mixture was sampled at 15, 30, 45, and 60 s to

- . determine the amount of factor Xa generated by the rate of
excess of unlabeled oligonucleotide. ThesE@as deter- chromogenic substrate hydrolysis (see Experimental Procedures).

mined by fitting the data to the equation Mean values were plotted with error bars representi®&p. The
inhibition constant for I1SIS 2302K( = 0.32 + 0.04 uM) was
(Ecso)n determined by fitting the data by nonlinear regression (Marquardt
— 3) algorithm) to the equation for partial, uncompetitive inhibition
(EC"+ 11" (eq 1).

40
where B represents the fractional specific binding, [I]
represents the concentration of unlabeled ligand used as
competitor, EG, represents the concentration of unlabeled
ligand that causes a 50% displacement of labeled ligaind (5
FI-ISIS 2302), andh represents the pseudo Hill coefficient
(16). The relationship between the equilibrium dissociation
constant of the unlabeled ligand | anidp of the labeled
ligand L (determined by direct binding study) is given by
eq 4:

30fF

K =430 £ 63 nM

5E = 350 £ 15 nM/min

20F

T
K, 6 =231=+43 nMT
V... =189 =08 nM/min

L
K =114 = 33 nM
Vi = 9.9 x= 0.5 nM/min

ma;

10F

Factor Xa Generation (nM/min)

EGso = Ki(1 + [LI/Kp) (4)

P | P | PR S BRI

In these binding studies, since [ Kp, then EGo ~ K. L oo 200 300 200 500
Factor X (nM)

RESULTS
Ficure 2: Effect of phosphorothioate oligonucleotide on the

PP i ; _kinetics of factor X activation by the intrinsic tenase complex. The
Classsification of the Inhibition Mechanism for Phospho rate of factor X activation by 0.5 nM thrombin-activated factor

rothioate Oligonucleotidesnhibition of the intrinsic tenase  vjja, 5 nM factor IXa, and 5% RBC was determined in the
complex by phosphorothioate oligonucleotides was charac-presence of 0@), 0.75 ©), or 1.5uM ISIS 2302 @&). Buffer
terized using the 20-mer antisense oligonucleotide ISIS 2302conditions were as described in the legend of Figure 1, and the
(6). Increasing concentrations of SIS 2302 resulted in partial {ﬁz(g'rggum'txé‘]{?;é’;’gf ;:rgé’r']i?a?é éSM?é%n4\?élﬁgg \?V% rsetglgt‘:t—‘é%”\mphe
|nh|b|t|0n_ O.f '””'!"S.'C tgnase (faptor IXafactor VII_Ia— error bars representingtSD. The Ky, and Viaxapp) for factor X
phospholipid) activity with approximately +50% residual  activation were determined by fitting the data by nonlinear
activity in the plateau phase (Figure 1). The inhibition regression to the MichaelisMlenten equation (eq 2).

mechanism was classified by determining the effect of

oligonucleotide on thé&,, and Vmay for factor X activation cantly decreased both thgnax@appyand theKy, for factor X

by the intrinsic tenase complex. Increasing concentrationsactivation (Table 1). These results are consistent with a
of factor X were incubated with 5 nM factor 1Xa and 500 hyperbolic, mixed-type inhibition mechanism for ISIS 2302.
pmol of factor Vllla, in the absence or presence of either When V. and Ky, are reduced by a similar degree (as in
0.75 or 1.5uM ISIS 2302 (Figure 2 and Table 1). The results this case), this mixed system is also called hyperbolic or
demonstrate that increasing amounts of ISIS 2302 signifi- partial, uncompetitive inhibition12).
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Table 1: Effect of Phosphorothioate Oligonucleotide (ISIS 2302) on
Intrinsic Tenase Complex Assembly and Catalysis of Factor X

ISIS 2302

parameter control (1.5uM)
K, factor X (nM) 43.0+£6.3 11.4+33
Vmax@appy factor X (nM/min) 35.0£1.5 9.9+ 0.5
keas factor X (s'1) 2.3+0.1 1.1+ 0.1
Kp, factor VIII—RBC (nM) 1.2+ 0.2 0.6+ 0.1
Koppy factor Vllla—factor IXa (nM) 48+14 115+14

@ The kinetic and equilibrium binding parameters for intrinsic tenase
formation and activity were determined in the absence and presence
of 1.5uM ISIS 2302. TheK, andVmax@ppyfor factor X activation were
determined by fitting the data to the Michaeliglenten equation (Figure
2). TheKp for factor VIII—RBC binding was determined as described
in the legend of Figure 3 by fitting the data to a single-site binding
model. TheKppp for factor Vllla—factor IXa complex formation in
the presence of 5% RBC was determined by enzymatic detection of
intrinsic tenase complex formation (Figure 3). Tk for factor X
activation was determined by dividing tNgaxpp)by the concentration
of the intrinsic tenase complex formed under each condition, as derived
from the experimentally determinéd, (see Experimental Procedures).
Values are expressed as the meanSD for a minimum of three
determinationsr( = 3).

In principle, the observed decrease in Yhgxppfor factor
X activation may result from a reduction in the concentration
of the active enzyme complex (decreased level of assembly,
or loss of cofactor activity), or a reduction in the catalytic
rate of the intact complex. Thus, the effect of ISIS 2302 on
assembly, cofactor stability, and catalytic activity of the
intrinsic tenase complex was examined. The binding of
cofactor (factor Vllla) to the factor IXaphospholipid
complex results in a marked increase in kagfor factor X
activation 9, 17). To assess whether inhibition by phospho-
rothioate oligonucleotide required the presence of factor
Vllla, the effect of increasing inhibitor concentration on the
activity of the factor IXa-phospholipid (RBC) complex was
examined. No significant inhibition of the factor IX&BC
complex was observed (Figure 6 control), while near-
maximal inhibition of the intrinsic tenase complex was noted
over the same oligonucleotide concentration range (Figure
1). The lack of inhibition of the factor IXaRBC complex
indicates that the inhibitor does not significantly affect the
assembly of enzyme (factor 1Xa) and substrate (factor X)
on the phospholipid surface.

Effect of Oligonucleotide on Factor VIII Binding to
Phospholipid. Assembly of the intrinsic tenase complex
requires binding of both cofactor and enzyme to the
phospholipid surface. The binding of factor VIII (and Vllia)
to the phospholipid surface involves interaction with the C2
domain of the cofactorl®). The effect of ISIS 2302 on the
affinity of factor VIII for phospholipid was assessed in 96-
well plates coated with either RBC or phosphatidylserine.
Increasing concentrations of human factor VIII were added

Sheehan and Phan

Absorbance (540 nm)

10

15 20

Factor VIII (nM)

Ficure 3: Effect of phosphorothioate oligonucleotide on the
binding of factor VIII to phospholipid. Increasing concentrations
of factor VIII were incubated in 96-well plates coated with 5%
(v/v) RBC in the absence of oligonucleotio®)(or in the presence

of 1.5uM ISIS 2302 Q) or the phosphodiester analogue of ISIS
2302 ©). Binding was detected with a sheep polyclonal antiserum
vs human factor VI, followed by an alkaline phosphatase-
conjugated monoclonal antiserum vs sheep/goat 1gG (see Experi-
mental Procedures). Mean values were plotted with error bars
representingtSD. Data were fit to a single-site binding model by
nonlinear regression. The results of replicate determinations are
listed in Table 1.

30

K =41 + 0.6 nM

Diapp)

Kmapp) =92+ 19 oM

25

20

10

Factor Xa Generation (nM/min)

PRRTU SRR R S T G
10 15
Factor IXa (nM)

Ficure 4: Effect of phosphorothioate oligonucleotide on the
binding of factor 1Xa to factor Vllla in the presence of phospholipid.
The apparent affinity of factor Ixafactor Vllla complex formation
was determined in the absend®)(and presenced) of 1.5 uM

ISIS 2302. Thrombin-activated factor Vllla (final concentration of
0.35 nM) was titrated with increasing amounts of factor IXa in the
presence of 5% RBC and 2 mM CaCThe formation of the factor
Vllla—factor IXa complex was assessed by the rate of factor X
activation, under the conditions described in the legend of Figure
1. Mean values were plotted with error bars representit®P.

The Kppp values were determined by fitting the data as described
in Experimental Procedures. The results of replicate determinations

20

L
25

30

to the phospholipid-coated wells in the absence or presenceare listed in Table 1.

of 1.5 uM ISIS 2302, or an identical noninhibitory phos-

phodiester oligonucleotide. Following incubation and wash the addition of either inhibitory concentrations of ISIS 2302

steps, lipid-bound factor VIl was detected using a polyclonal or a similar concentration of the noninhibitory phosphodiester
antiserum versus human factor VIII, followed by an alkaline oligonucleotide (Figure 3 and Table 1). The lack of an effect
phosphatase-conjugated secondary antibody (see Experimersn factor VIli—phospholipid binding suggests that ISIS 2302

tal Procedures). Control wells in which phospholipid, factor does not inhibit the intrinsic tenase complex by antagonizing
VI, or either antibody was omitted demonstrated a back- cofactor binding to the phospholipid surface.

ground signal level. The apparent affinity of factor VIII for Effect of Phosphorothioate Oligonucleotide on Factor

RBC or phosphatidylserine was not significantly reduced by Vllla—Factor 1Xa Complex FormationTo further address
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Ficure 6: Effect of phosphorothioate oligonucleotide on factor X
activation by the factor IXaphospholipid complex in the presence
and absence of 30% ethylene glycol. Increasing concentrations of
20 F ISIS 2302 were added to 25 nM factor IXa, 5% (v/v) RBC, and

800 nM factor X, in buffer containing 0.15 M NaCl, 20 mM HEPES
(pH 7.4), 2 mM CaCJ, and 0.1% PEG-8000, in the absenc?g ¢r
presence®) of 30% (v/v) ethylene glycol. The rate of factor X
activation was determined as described (see Experimental Proce-

dures). Mean values were plotted with error bars represesitiig.

3 f

Factor Xa Generation (nM/min)

10
I potential oligonucleotide effects on intrinsic tenase assembly,
i the apparent affinity of human factor Vllla for factor 1Xa in
the presence of phospholipid was examined in the absence
o ; . ';' . ; . ; . Ll:)' : '1'2' : '1J4‘ -y and presence of 1/8M ISIS 2302. Factor Vllla was titrated

with increasing concentrations of factor IXa in the presence
of 5% RBC, and formation of the cofacteprotease complex
was assessed by the rate of factor Xa generation. Addition
C 30F of ISIS 2302 resulted in a modest reduction in the apparent
affinity of the factor IXa—factor Vllla complex formation,
compared to the absence of oligonucleotide (Figure 4 and

Time (min)

0T v Table 1).
Effect of Phosphorothioate Oligonucleotide on the Factor
] Vllla Half-Life. Since destabilization of the cofactor half-
life could result in inhibition of intrinsic tenase activity, the
1o 7 s effect of the oligonucleotide on the in vitro half-life of

recombinant factor Vllla was examined. Recombinant factor
VIII was activated for 30 s with thrombin; excess hirudin
was added to neutralize the thrombin, and the activated
PP EFEFEFE EFEPREIN B VSRS RIS - cofactor was diluted 1:2 into buffer with or without 1.5/
0 2 4 6 8 10 12 14 16 ISIS 2302 (final concentration) present. The reaction mix
Time (min) was sampled over time to determine the residual factor Villa
activity. The rate of disappearance of factor Vllla activity
was similar in the absence or presence of the oligonucleotide
Ficure 5: Effect of phosphorothioate oligonucleotide on the in  (Figure 5A). A small reduction in the absolute enzyme
vitro half-life of factor Vllla. Recombinant human factor VIl was activity was noted in the presence of oligonucleotide under

activated for 30 s by 40 nM thrombin, neutralized with 60 nM L . .
hirudin, and immediately diluted 1:2 into tenase reaction buffer &l conditions, consistent with the expected amount of

(see Figure 1) under the conditions described below. Aliquots of inhibitor carryover after dilution of the sample into the
the thrombin-activated factor VIII were sampled over time, and intrinsic tenase assay. The lack of an effect on the in vitro
residual factor Vllla activity was determined in the chromogenic half-life of factor Vllla activity indicates that the oligonu-

assay as described in the legend of Figure 1. Final incubation aqtide did not directly destabilize cofactor activity.
conditions were as follows: (A) factor Vllla alone in the absence

Factor Xa Generation (nM/min)

(®) or presence®) of 1.5 uM ISIS 2302, (B) factor Vlila with The in vitro half-life of factor Villa was also examined
5% (v/v) RBC in the absencdllj or presencel() of 1.5uM ISIS in the presence of 5% RBC or 4iM PC/PS vesicles. In
2302, and (C) factor Vllla with 5% (v/v) RBC and 20 nM human  contrast to PC/PS vesicles, incubation of factor Vlila with
factor IXa in the absencer{ or presence/) of 1.5uM ISIS 2302. 504 RBC unexpectedly resulted in prolongation of the factor

The reduction in the absolute values of the rates of factor Xa . . - L
generation in the presence of ISIS 2302 correlated with the expected” |12 half-life, suggesting that cofactor binding to lipid
residual oligonucleotide concentration following dilution into the COmMponent(s) in this preparation stabilized factor Vllia
tenase assay. activity. Addition of 1.5 uM ISIS 2302 did not affect
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prolongation of the factor Vllla half-life by RBC, confirming 40r
that the oligonucleotide does not destabilize cofactor activity
in the presence of phospholipid, and indicating that factor
Vllla binding to the critical lipid component(s) was un-
affected (Figure 5B). Consistent with previously reported
results, incubation of factor Vllla with 4Q«M PC/PS
phospholipid vesicles had no effect on the half-life of cofactor
activity, either in the absence or in the presence of ISIS 2302
(data not shown)1(5).

The binding of factor IXa to factor Vllla in the presence
of phospholipid vesicles stabilizes cofactor activity, resulting
in prolongation of the in vitro half-life of factor VIllaX9). sk
Incubation of thrombin-activated recombinant factor Vllla
in the presence of 20 nM factor IXa and 5% (v/v) RBC O T T e 1000 1500 7000 2500 3000
demonstrates a prolonged cofactor half-life, comparable to
that observed with RBC alone (Figure 5C). Addition of 1.5
uM SIS 2302 under these conditions had no significant FIGURE 7: Effect of phosphorothioate oligonucleotide on chro-
effects on cofactor half-life. As previously reported, addition MOYENic substrate cleavage by factor IXa in 30% ethylene glycol.

. - Increasing concentrations of ISIS 2302 were added to 25 nM factor
of 20 nM facto_r IXg along vy|th 4M PC/PS ves_lc_les also  |xaand 2.5 mM Pefachrome IXa (GHO»D-CHG-Gly-Arg-pNA)
prolonged the in vitro half-life of factor Vllla activity (data  in buffer containing 0.15 M NaCl, 20 mM HEPES (pH 7.4), 2 mM
not shown) 15). Addition of 1.5uM ISIS 2302 did not CaCb, 0.1% PEG-8000, and 30% (v/v) ethylene glycol. The rate
significantly affect prolongation of cofactor half-life under of chromogenic substrate cleavage was determined by monitoring

" ; the change in absorbance at 405 nm over the course of 10 min.
these conditions (data not shown), suggesting that theThe mean of replicate determinatioms= 2) was plotted and the

oligonucleotide did not disrupt formation of the enzyme  , determined by fiting the data to the equation for partial,
cofactor complex in the presence of PC/PS vesicles. uncompetitive inhibition (see eq 1). Fitted values are expressed
Effect of Phosphorothioate Oligonucleotide on Factor IXa =+SE.
Catalysis in the Presence of Ethylene Glycbhe crystal
structure of porcine factor IXa demonstrates a partially 1Xa—phospholipid complex (Figure 6). No significant inhibi-
collapsed active site cleft, consistent with the poor reactivity tion of chromogenic substrate cleavage by oligonucleotide
of this protease toward chromogenic substra28s @Addition was noted in the absence of ethylene glycol (data not shown).
of 33% ethylene glycol has been reported to increase theThe inhibition mechanism was classified by determining the
catalytic rate of chromogenic substrate cleavage by factoreffect of ISIS 2302 on the&Kn, and ke for chromogenic
IXa up to 20-fold, in the absence of cofactor or phospholipid Substrate cleavage. Similar to the results obtained for the
(21). Likewise, we observed that addition of up to 30% intact enzyme complex, the oligonucleotide reduced both the
ethylene glycol increased the rate of factor X activation by Km and kea for CHsSO,-D-CHG-Gly-Arg-pNA catalysis,
the factor IXa-phospholipid complex in a dose-dependent suggesting a hyperbolic, mixed-type inhibition mechanism
fashion (data not shown). The increased rate of catalysis of(Figure 8). Fitting the inhibition data to the equation for
both macromolecular and chromogenic amide substrates bypartial, uncompetitive inhibition (see eq 1) yieldedaof
factor 1Xa in the presence of ethylene glycol is consistent 87.7 nM (Figure 7). Thus, the apparent affinity of the
with a direct effect on enzyme conformation. inhibitor for the free protease in solution was somewhat

To determine whether ISIS 2302 can modulate the catalytic greater than for the intact enzyme compléx £ 320 nM).
activity of this factor IXa conformation, the effect of The similar mechanisms for inhibition of factor X activation
increasing oligonucleotide concentration on factor X activa- by the intact intrinsic tenase complex, and chromogenic
tion by the factor IXa-phospholipid complex was examined. ~substrate cleavage by factor IXa in solution, suggest that the
Addition of 30% ethylene glycol increased the rate of factor oligonucleotide modulates catalysis through a direct interac-
X activation by the factor IXaphospholipid complex 3-fold ~ tion with the protease.
in the absence of ISIS 2302. Addition of oligonucleotide  Binding of Phosphorothioate Oligonucleotide to Factor
resulted in dose-dependent, partial inhibition of factor X [Xa. The affinity of ISIS 2302 for factor IXa in solution was
activation, similar to that observed for the intrinsic tenase determined using a modified form of the oligonucleotide with
complex. In contrast, no significant inhibition of the factor a fluorescein moiety coupled to théterminus (5-FI-ISIS
IXa—phospholipid complex was noted over the same range 2302). Direct binding was performed by adding increasing
of oligonucleotide concentrations in the absence of ethyleneamounts of factor IXa to 1.0 nM'8I-ISIS 2302 and
glycol (Figure 6). Likewise, the effect of increasing oligo- detecting the change in fluorescence anisotropy at 525 nm
nucleotide concentration on chromogenic substrate cleavagecompared to that of the unbound oligonucleotide probe.
by factor IXa was examined for Pefachrome 1Xa (Sia,- Competition binding was performed by adding increasing
D-CHG-Gly-Arg-pNA). Addition of 30% ethylene glycol  amounts of unlabeled ISIS 2302 to a solution containing 300
increased the rate of substrate cleavage by factor IXanM factor IXa and 1 nM 5FI-ISIS 2302. Fitting the direct
approximately 50-fold, consistent with previous resuts ( binding data to a simple binding model yielde&gof 92.3
Addition of ISIS 2302 resulted in a dose-dependent, partial nM (Figure 9A), which agreed well with the apparent affinity
inhibition of CH;SO,-D-CHG-Gly-Arg-pNA cleavage by  of the oligonucleotide inhibitor for free protead§ & 87.7
factor IXa in the presence of ethylene glycol (Figure 7), nM) in the kinetic assays (Figure 7). Likewise, the competi-
similar to that observed for factor X activation by the factor tion binding assay yieldedl§ of 82.9 nM for the unlabeled

35¢
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15F K= 877 £ 152 nM
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Substrate Cleavage (mOD/min)

Oligonucleotide (nM)



Phosphorothioate Inhibition of Intrinsic Tenase Biochemistry, Vol. 40, No. 16, 2004987

A o0.25

8o
= K =14 = 0.2 mM
E ™ 0.2}
E km = 3.31 sec”’ -
S o}
= 20.15 |
& - &
a | -]
= 2 K= 923 + 88 nM
) 40F «
o [ K = 024 = 007 mM -
@ k, = 0.87O sec! <«
= |
j: (o]
2z 20 0.05 |-
2 |
w

0.... | IS PR B 1 Ml B R N BT | - 0...L14 | I S S 1 l | R S

0 1 2 3 4 5 6 7 8 0 100 200 300 400 500 600
Pefachrome IXa (mM) Factor 1Xa (nM)

Ficure 8: Effect of phosphorothioate oligonucleotide on the
kinetics of chromogenic substrate cleavage by factor IXa in 30% B 1Lk
ethylene glycol. Increasing concentrations of Pefachrome IXa{CH
SO,-D-CHG-Gly-Arg-pNA) were added to 50 nM factor IXa, in

buffer containing 0.15 M NaCl, 20 mM HEPES (pH 7.4), 2 mM o.sl
CaCl, 0.1% PEG-8000, and 30% (v/v) ethylene glycol, either in - °
the absence®) or in the presenced) of 1.5uM ISIS 2302. The _ [
rate of chromogenic substrate cleavage was determined by monitor- £ ¢.4 [ EC =829 + 58 nM
ing the change in absorbance at 405 nm over the course of 10 min. §
The mean of replicate determinatiomsX 2) was plotted, and the ©
Km andk., were determined by fitting the data to the Michaelis ® o4l
Menten equation (see Experimental Procedures). Fitted values are
expressedtSE.
0.2}
oligonucleotide competitor (Figure 9B), which was consistent [
with both theKp obtained in the direct binding assay and S e
the kinetically determined. b1 1 10 100 1000 104 10°

DISCUSSION Oligonucleotide (nM)
) o o Ficure 9: Binding of B-fluorescein-labeled phosphorothioate
The mechanism of intrinsic tenase inhibition by phospho- oligonucleotide (5FI-ISIS 2302) to factor IXa. Binding of'SFI-
rothioate oligonucleotides was investigated using the 20-merISIS 2302 to factor IXa was detected by monitoring the change in
antisense oligonucleotide ISIS 2302 as the model compound fluorescent anisotropy at 525 nm (see Experimental Procedures).

e .. (A) Increasing amounts of factor IXa were added to 1.0 nM 5
ISIS 2302 demonstrated partial inhibition of the intrinsic £\ ,55' 530270 0.15 M NaCl, 20 mM HEPES (oH 7.4), 2 mM

tenase complex (factor IXeactor Villa—phospholipid)  cacl, and 0.1% PEG-8000. The change in anisotropy was
associated with a relatively proportional decrease in both thecalculated by subtracting the value in the absence of factor IXa,
Km andVmax(app)(Figures 1 and 2). For a monomeric enzyme, and the data were fit to a simple blndlr_lg model. (B) Increasing
this pattern is consistent with a hyperbolic mixed-type amounts of unlabeled ISIS 2302 competitor were added to 1.0 nM

inhibition mechanism2, 22). However, interpretation of 5'-FI-ISIS 2302 and 300 nM factor IXa in the buffer described
Inhior ' » ££). HOWever, Interpretatl above. The level of nonspecific binding was considered the amount

changes inKy and Vimax(app) Values for this multisubunit  of residual anisotropy change in the presence of a 10000-fold molar
enzyme is complex. Inhibitor effects on the assembly or excess of competitor. The concentration of the competitor I1SIS 2302
stability of the complex may decrease tN&axapp) by was plotted vs the fractional binding, and thegz@ndKp were
reducing the effective enzyme concentration, without affect- d€termined as described in Experimental Procedures. Anisotropy
. . . .. measurements represent the mean of at least six determinations.
ing the kear Of the reaction. Thus, to define the specific  Fjyteq values are expressedsE.
mechanism of intrinsic tenase inhibition by phosphorothioate
oligonucleotides, the effect of ISIS 2302 on complex surface. The apparent affinity of factor VIHdactor IXa
assembly, cofactor stability, and catalysis of both the complex formation in the presence of RBC was modestly
macromolecular and chromogenic substrate was examinedreduced by inhibitory concentrations (k) of ISIS 2302

To interpret the observed changesMRaxapp Potential (Figure 4 and Table 1). However, the reduction in the factor
changes in the effective enzyme concentration were assesseWllla—factor 1Xa concentration predicted from the experi-
by examining oligonucleotide effects on complex assembly mentally determinedppp) (SE€ €Q 2) can account for no
and stability. ISIS 2302 did not inhibit factor X activation more than a 40% reduction in intrinsic tenase activity
by the factor IXa-RBC complex in the absence of ethylene (compared to 7880% total inhibition). Complete disruption
glycol (Figure 6), disrupt the binding of factor VIII to  of protease cofactor binding would be expected to reduce
phospholipid (Figure 3, Table 1, and data not shown), or the level of factor X activation by>99% @, 17). The
interfere with prolongation of the factor Vllla half-life by  presence of significant residual activity (approximately 15%)
RBC (Figure 5B). These results suggest that ISIS 2302 doesat maximally inhibitory concentrations of ISIS 2302 indicates
not inhibit intrinsic tenase activity by interfering with the that the oligonucleotide does not block formation of the factor
binding of enzyme, cofactor, or substrate to the phospholipid Vllla—factor IXa complex. The failure of the oligonucleotide
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to interfere with stabilization of factor Vllla activity by PS/

Sheehan and Phan

intrinsic tenase complex. Analysis of this enzyme complex

PC vesicles and excess factor IXa is also consistent withis complicated by the potential effects of inhibitor on
this conclusion (data not shown). Thus, ISIS 2302 modestly assembly and cofactor stability. Addition of ethylene glycol

reduced the affinity of factor Vlllafactor IXa complex

allows direct analysis of the protease in solution, a markedly

assembly on the phospholipid surface, consistent with asimpler system. Inhibitor effects in this system can then be

conformational effect in either the cofactor (factor Vllla) or
protease (factor 1Xa).

Since intrinsic tenase activity is largely regulated by the
intrinsic instability of factor Vllla (loss of the A2 subunit),
destabilization of cofactor activity by the oligonucleotide
could also decrease the effective enzyme concentra2@)n (
Inhibitory concentrations of ISIS 2302 did not destabilize
cofactor activity (alone or in the presence of other intrinsic

correlated with effects on the intact intrinsic tenase complex.
Ethylene glycol accelerates the catalysis of both factor X
and chromogenic amide substrates by factor IXa, suggesting
an effect on the S1S3 subsites of the protease. Hydrophobic
residues in the P3 position of the substrate appear to be
particularly important for this effect2). The observed
inhibition of chromogenic substrate catalysis suggests that
the inhibitory effect of PS ODN may be modulated through

tenase components), as demonstrated by the lack of an effedthe protease S1S3 subsites. In contrast, factor Vllla does

on the in vitro half-life of factor Vllla (Figure 5AC).
Furthermore, prolongation of the factor Vllla half-life by

not appear to affect chromogenic substrate cleavage by factor
IXa, suggesting that the cofactor effect may involve forma-

RBC is a novel finding and suggests that this lipid prepara- tion of an extended substrate binding site and/or a confor-
tion contains components other than phosphatidylserine andmational effect on the substraté7).
phosphatidylcholine that stabilize cofactor activity. ISIS 2302  Unfractionated, low-molecular weight, and low-affinity
also failed to interfere with the previously reported stabiliza- (for antithrombin) forms of heparin demonstrate partial,
tion of cofactor activity by PC/PS vesicles and excess factor noncompetitive inhibition of the intrinsic tenase complex that
IXa (data not shown)1(5, 24). The A2 domain of factor Vllla is not explained by effects on cofactor stability or assembly
directly modulates the catalytic activity of factor IXa, and of the factor IXa-factor Vllla complex (5). This mecha-
this effect is enhanced by the A1 domain, markedly increas- nism suggests that heparin may bind to the intrinsic tenase
ing thekqa for factor X activation 25). In contrast, the A3 complex and allosterically modulate catalytic activity. The
C1-C2 domain of factor Vllla appears to largely account importance of a detailed analysis of the inhibition mechanism
for the affinity for factor 1Xa, but the isolated subunit does for PS ODN is, in part, due to its similarity to heparin
not affect the activation of factor X26, 27). Preservation  inhibition of the intrinsic tenase complex. Analysis of PS
of both the noncovalent intramolecular interaction with the ODN inhibition has the advantage of employing a homoge-
A2 subunit, and the intermolecular interactions with protease neous chemical preparation, as opposed to the heterogeneity
and phospholipid, suggests that the oligonucleotide does notof heparin. The results suggest that a polyanion binding
induce a functionally important conformational change in exosite with negative regulatory properties may exist on
factor Vllla. factor IXa, similar to heparin binding sites demonstrated for
Several lines of evidence suggest that ISIS 2302 interactsthrombin and factor Xa28—30). Ligand binding (PS ODN
directly with factor IXa to modulate the activity of the or heparin) to this exosite may antagonize the factor Vllla-
intrinsic tenase complex. In the presence of ethylene glycol, induced increase in catalytic efficiency through conforma-
inhibition of factor X activation by the factor IXa tional effects on the active site and/or extended substrate-
phospholipid complex and chromogenic substrate cleavagebinding sites. Modulation of catalytic activity through ligand
by the free protease suggest that the oligonucleotide caninteraction with a heparin binding exosite may represent a
interact directly with the protease. Inhibition of chromogenic common regulatory theme among serine proteases of the
substrate cleavage by factor IXa in ethylene glycol demon- coagulation cascade. Regulation of the catalytic activity of
strates a hyperbolic, mixed-type mechanism, similar to thrombin through ligand binding to exosite Il has been
oligonucleotide inhibition of the intact intrinsic tenase demonstrated for the antithrombiheparin complex, the
complex. Equilibrium binding studies demonstrate that the chondroitin sulfate moiety of thrombomodulin, the kringle-2
affinity of the oligonucleotide-factor IXa interaction Kp) domain of prothrombin, an RNA aptamer, and a monoclonal
is sufficient to account for the apparent affinitg ) observed antibody from a myeloma patien2§, 31—33).
in the intrinsic tenase inhibition assays. It is reasonable to  Preliminary support for this model of intrinsic tenase
expect that the affinity of the oligonucleotide for free protease regulation is provided by recombinant factor IX R338A,
in solution will be higher than for the protease assembled which demonstrates an increased level of factor X activation
into the membrane-bound complex. Finally, although deter- in the intrinsic tenase complex, and a 2-fold increase in the
mined under slightly different conditions, the oligonucleo- K, for inhibition by heparin 84). Although the effect of this
tide—factor IXa affinity correlates with the apparent affinity ~mutation on direct factor IXa binding to heparin has not been
of the inhibitor for factor 1Xa K)) in the chromogenic  reported, the modest decrease in the apparent affinity of the
substrate assays. In total, these results suggest that ISIS 230@hibitor for the enzyme complex (increaséd is consistent
binds directly to factor 1Xa, producing a conformational with heparin modulating the catalytic activity of the complex
change that modestly reduces the affinity of the protease through binding to a regulatory exosite on factor 1Xa. By
cofactor interaction, and directly modulates the catalytic extrapolation from structural homology with exosite Il of
activity of the enzyme. thrombin, R338 would be located at the outer edge of the
The effect of ethylene glycol on factor IXa catalysis putative heparin binding exosite on factor IXa, consistent
provides a valuable analytical tool. The poor baseline with the modest effect on the apparent heparin affirg)
reactivity of factor IXa makes direct evaluation of protease = Molecular mapping of the binding sites for phosphorothioate
inhibitor interactions difficult, necessitating study of the oligonucleotides and heparin by site-directed mutagenesis
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of human factor IX will provide a direct test of the proposed
model, and may identify a novel target for antithrombotic
therapy.
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