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ABSTRACT: Therapeutic heparin concentrations selectively inhibit the intrinsic tenase complex in an
antithrombin-independent manner. To define the molecular target and mechanism for this inhibition,
recombinant human factor IXa with alanine substituted for solvent-exposed basic residues (H92, R170,
R233, K241) in the protease domain was characterized with regard to enzymatic activity, heparin affinity,
and inhibition by low molecular weight heparin (LMWH). These mutations only had modest effects on
chromogenic substrate hydrolysis and the kinetics of factor X activation by factor IXa. Likewise, factor
IXa H92A and K241A showed factor IXa-factor VIIIa affinity similar to factor IXa wild type (WT). In
contrast, factor IXa R170A demonstrated a 4-fold increase in apparent factor IXa-factor VIIIa affinity
and dramatically increased coagulant activity relative to factor IXa WT. Factor IXa R233A demonstrated
a 2.5-fold decrease in cofactor affinity and reduced ability to stabilize cofactor half-life relative to wild
type, suggesting that interaction with the factor VIIIa A2 domain was disrupted. Markedly (R233A) or
moderately (H92A, R170A, K241A) reduced binding to immobilized LMWH was observed for the mutant
proteases. Solution competition demonstrated that the EC50 for LMWH was increased less than 2-fold for
factor IXa H92A and K241A but over 3.5-fold for factor IXa R170A, indicating that relative heparin
affinity was WT > H92A/K241A > R170A . R233A. Kinetic analysis of intrinsic tenase inhibition
demonstrated that relative affinity for LMWH was WT> K241A > H92A > R170A. R233A, correlating
with heparin affinity. Thus, LMWH inhibits intrinsic tenase by interacting with the heparin-binding exosite
in the factor IXa protease domain, which disrupts interaction with the factor VIIIa A2 domain.

In vitro and ex vivo modeling of coagulation demonstrates
that activation of factor Xa by the intrinsic tenase complex
(factor IXa-factor VIIIa) is the rate-limiting step for
thrombin generation during the propagation phase of coagu-
lation (1-5). The essential in vivo role of the intrinsic tenase
complex is emphasized by the hemophilia A and B pheno-
types. The rate-limiting step for thrombin generation is also
likely to be important for expression of clinical thrombotic
phenotypes. In particular, the majority of established risk
factors for venous thrombosis (decreased antithrombin,
protein C, and protein S; elevated factors VIII, IX, and XI;
factor V Leiden and prothrombin 20210A) predominantly
affect the propagation, as opposed to the initiation, phase of
coagulation (6-12). The critical role of the intrinsic tenase
complex in propagation of the coagulation response makes
it an attractive target for the development of specific
antithrombotic agents (1, 2, 5). Treatment with active site-
blocked factor IXai or monoclonal antibody versus the factor
IX Gla domain is as effective as unfractionated or low
molecular weight heparin in animal models of thrombosis
and demonstrates significantly less bleeding risk at equivalent
therapeutic doses (13-17). These animal models suggest that
selective inhibition of factor IX(a), in the presence of intact

tissue factor-induced coagulation, may reduce the bleeding
complications of antithrombotic therapy. Targeting the factor
IXa active site is problematic due to the poor reactivity of
this protease with peptide substrates and inhibitors, which
reflects the partially collapsed nature of the active site
observed in crystal structures (18, 19). However, defining
relevant cofactor or substrate binding exosite(s) on factor
IXa will identify novel molecular targets for inhibition of
the intrinsic tenase complex.

The precise mechanism for the antithrombotic efficacy of
heparin is incompletely understood but can be inferred from
treatment of human thrombotic disorders. Low molecular
weight heparin (LMWH)1 and unfractionated heparin are
equally efficacious for the treatment of venous thromboem-
bolism (20-22). This therapeutic equivalence suggests that
a template mechanism, requiring chains greater than 16-18
oligosaccharides long, is not critical to the clinical efficacy
of heparin. Conformational activation of antithrombin by
heparin pentasaccharide stimulates the inhibition of both
factor IXa and factor Xa through exosite-mediated interac-
tions; however, assembly of these proteases into membrane-
bound enzyme complexes results in relative protection from
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inhibition (23-26). In contrast, therapeutic concentrations
of unfractionated, low molecular weight, or low-affinity (for
antithrombin) heparin inhibit the intact intrinsic tenase
complex in an antithrombin-independent manner. This
inhibition is selective for the intrinsic tenase complex, as
neither the prothrombinase nor the tissue factor-factor VIIa
complexes are inhibited in this manner (27). The relative
contribution of antithrombin-dependent and -independent
mechanisms to the antithrombotic efficacy of heparin is
undefined. However, antithrombin-independent mechanisms
have demonstrated in vivo antithrombotic efficacy, suggest-
ing a potential contribution to the therapeutic effects of
heparin (28).

Phosphorothioate oligonucleotides are polyanionic poly-
mers that inhibit factor X activation by the intrinsic tenase
complex via interaction with an exosite on factor IXa (29,
30). Similarly, heparin oligosaccharides inhibit factor X
activation by intrinsic tenase through direct binding to a
factor IXa exosite, which disrupts a critical protease-cofactor
interaction (31). Defining the relevant exosite(s) on factor
IXa will identify novel molecular targets for therapeutic
inhibition of the intrinsic tenase complex. To define the
molecular target for antithrombin-independent inhibition by
heparin, and the role of this exosite in regulating enzymatic
activity of the intrinsic tenase complex, we have mutated
solvent-exposed basic residues located in the putative hep-
arin-binding exosite of full-length factor IXa. The recom-
binant factor IXa proteins were characterized to determine
the contribution of this exosite to assembly and enzymatic
activity of the intrinsic tenase complex, heparin affinity, and
inhibition of factor X activation by LMWH. The results
indicate that the heparin-binding exosite of factor IXa is the
molecular target for antithrombin-independent inhibition of
the intrinsic tenase complex by heparin and represents a
cofactor interactive site for the factor VIIIa A2 domain.

EXPERIMENTAL PROCEDURES

Materials. Human plasma-derived factor X, factor XIa,
and thrombin were purchased from Enzyme Research (South
Bend, IN). Recombinant human factor VIII (Kogenate FS)
was generously provided by Andreas Mueller-Beckhaus of
the Bayer Corp. (Berkeley, CA). Recombinant hirudin,
bovine serum albumin, and poly(L-lysine) were purchased
from Sigma (St. Louis, MO). Chromogenic substrates were
purchased as follows: S-2765 (N-R-benzyloxycarbonyl-D-
Arg-Gly-Arg-pNA) from DiaPharma (Franklin, OH) and
Pefachrome IXa (CH3SO2-D-CHG-Gly-Arg-pNA) from Cen-
terchem, Inc. (Stamford, CT). LMWH (dalteparin) was
obtained from Pharmacia and UpJohn Co. (Kalamazoo, MI).
Biotinylated LMWH (ardeparin) was purchased from Celsus,
Inc. (Cinncinati, OH). GelCode Blue and biotin-X-hydra-
zide were obtained from Pierce Endogen (Rockford, IL).
Strepavidin-coated surface plasmon resonance sensor chips
were purchased from BiaCore, Inc. (Piscataway, NJ). Phos-
phatidylserine (PS) and phosphatidylcholine (PC) were
purchased from Avanti Lipids (Alabaster, AL). Cholesterol
was purchased from Calbiochem (San Diego, CA). Phos-
phatidylcholine-phosphatidlylserine-cholesterol (molar ra-
tio 75:25:1) phospholipid vesicles (PC-PS vesicles) were
prepared by extrusion through a 100 nm polycarbonate filter
(32). The molar concentration of phospholipid was deter-

mined with an elemental phosphorus assay (33). Geneticin
(G418) was purchased from Gibco-BRL (Gaithersburg, MD).
Sheep anti-human factor IX (PAHIX-G) was from Haema-
tologic Technologies Inc. (Burlington, VT), and monoclonal
alkaline phosphatase conjugated anti-goat/sheep IgG clone
GT-34 was from Sigma (St. Louis, MO).

Mutagenesis and Expression of Recombinant Human
Factor IX. pCMV5 vector containing the human factor IX
cDNA (pCMV5-FIX) was generously provided by Darrel
Stafford (University of North Carolina). Alanine substitutions
were introduced into the factor IX sequence by PCR-based
mutagenesis using the QuickChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). The constructs FIX-H92A,
FIX-R233A, and FIX-K241A (amino acid residues identified
by chymotrypsin numbering) were generated using the wild-
type pCMV5-FIX plasmid as a template, and constructs were
confirmed by full-length sequencing of the cDNA. Human
embryo kidney (HEK) 293 cell lines stably transfected with
the cDNA for factor IX wild type and factor IX R170A were
also provided by Darrel Stafford (34). Additional HEK 293
cells were cotransfected with mutant pCMV5-FIX (10µg)
and pSV2neo (1µg) plasmids by calcium phosphate pre-
cipitation. Stably transfected cell lines for each mutant
construct were selected by limiting dilution in the presence
of 0.5 mg/mL Genetecin (35). Resistant clones expressing
the highest levels of recombinant FIX were selected by
Western blotting of serum-free media supernatant with
polyclonal anti-human FIX antisera. Wild-type and selected
mutant factor IX cell lines were expanded in T-175 cm2

flasks (Corning Life Sciences, Corning, NY) with 50% DME/
50% Ham’s F12 media containing 10% fetal bovine serum.
Upon reaching confluency, cell layers were rinsed three times
with PBS and incubated in serum-free medium containing
10µg/mL vitamin K and insulin-transferrin-selenite media
supplement (Sigma, St. Louis, MO). The conditioned me-
dium was harvested every 48 h for 10 days and centrifuged
to remove cellular debris, and 5 mM benzamidine was added
prior to storage at-80 °C.

Purification and ActiVation of Recombinant FIX.Upon
thawing, the conditioned media was filtered, applied to a
Q-Sepharose column (35 mL) equilibrated in 0.15 M NaCl
and 20 mM HEPES, pH 7.4, at 2 mL/min, and washed with
at least 10 column volumes of buffer. Recombinant factor
IX was eluted with a 0.15-1.0 M NaCl gradient in 20 mM
HEPES, pH 7.4, at 1 mL/min. The major peak was pooled
and dialyzed overnight versus 0.15 M NaCl and 20 mM
HEPES, pH 7.4. This pool was then filtered and applied to
a Mono Q HR 5/5 column equilibrated with the same buffer
at 1 mL/min. After being washed for at least 10 column
volumes, human FIX was eluted with a calcium chloride
gradient (0-45 mM), and the first peak (representing fully
γ-carboxylated protein) was pooled, dialyzed overnight, and
frozen in aliquots at-80 °C (36, 37). Protein concentrations
were initially determined by absorbance at 280 nm using an
extinction coefficiency (ε0.1%) of 1.43. Purified factor IX was
activated with human factor XIa (150:1 substrate:enzyme
molar ratio) at 4°C for 2-6 h depending on the mutant
protein. Complete or nearly complete (>95%) activation of
factor IXa was documented by SDS-PAGE, and factor XIa
was depleted by incubation with polyclonal anti-human factor
XI antisera cross-linked to Affi-Gel beads in a spin column.
The Abs280 of the purified factor IXa was determined, and
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the protein was placed in aliquots at-80 °C. An aliquot
was later thawed to quantitate factor IXa catalytic sites by
titration with antithrombin III (ATIII) as described (38),
except that the factor IXa-antithrombin-heparin incubation
step was prolonged (60 min) to ensure the reaction was
complete for recombinant factor IXa with decreased heparin
affinity. The active protease concentration determined by
antithrombin titration was used for enzymatic and binding
analyses of the recombinant proteins.

Chromogenic Substrate Hydrolysis and Plasma Coagulant
ActiVity of the Recombinant Factor IXa.The rate of
hydrolysis of Pefachrome IXa was determined at room
temperature in a reaction containing final concentrations of
100 nM recombinant factor IXa in tenase buffer (0.15 M
NaCl, 20 mM HEPES, pH 7.4, 2 mM CaCl2, 1 mg/mL BSA,
0.1% PEG-8000), 30% ethylene glycol, and 125-500 µM
Pefachrome IXa. Initial rates of substrate cleavage were
determined by monitoring the absorbance at 405 nm over
10 min in a kinetic microtiter plate reader (Vmax Reader,
Molecular Devices Corp.). The catalytic efficiency (kcat/KM)
of each recombinant factor IXa for Pefachrome IXa was
determined from the slope of substrate concentration versus
the initial rate of substrate cleavage (moles per minute), using
a path length of 0.53 cm for the 150µL volume and a molar
extinction coefficient of 9920 M-1 cm-1 for p-nitroaniline.
Coagulant activity was determined in an activated partial
thromboplastin time (APTT) with addition of recombinant
factor IXa to factor IX-deficient plasma just prior to
recalcification. Clotting times were determined in a Start 4
coagulometer, and relative activity of the recombinant
proteins was determined by comparison to a standard curve
constructed by serial dilution of pooled normal plasma into
factor IX-deficient plasma (George King Bio-Medical,
Overland Park, KS).

Factor X ActiVation by the Factor IXa-Phospholipid and
Factor IXa-Factor VIIIa Complexes. Factor X activation
was determined by chromogenic assay as previously de-
scribed (31). Factor X activation by factor IXa-phospholipid
in the absence of cofactor was determined over 20 min at
room temperature in a reaction containing 5 nM recombinant
human factor IXa, 50-750 nM factor X, 50µM PC-PS
vesicles, and 30% ethylene glycol in tenase buffer. Factor
X activation by the factor IXa-factor VIIIa-phospholipid
complex was determined in a reaction containing 0.1 nM
recombinant human factor IXa, 1.0 or 2.0 nM thrombin-
activated factor VIIIa, and 50µM PC-PS phospholipid
vesicles in tenase buffer. The reaction was initiated by
addition of factor X immediately after factor VIIIa and
incubated for 15-30 s for determination of factor X kinetics
(or 60 s for other assays) at room temperature. The reaction
was terminated by addition of EDTA/polybrene, and the
amount of factor Xa was determined by comparing the rate
of S-2765 substrate hydrolysis to a standard curve as
described (31). Incubation times were restricted to conditions
under which less than 10% total substrate cleavage occurred.
Kinetic constants for factor X activation were obtained by
plotting the rate of factor Xa generation (nanomolar per
minute) versus substrate concentration and fitting the data
by nonlinear regression to the Michaelis-Menten equation.

Determination of the Affinity (Apparent KD) for Factor
VIIIa-Factor IXa Complex Formation.The affinity of the
factor IXaB-factor VIIIa complex was assessed by monitor-

ing intrinsic tenase complex activity at limited concentrations
of FVIIIa as described (31). Thrombin-activated factor VIIIa
(0.15 nM) was incubated with increasing amounts of factor
IXa (0-15 nM), in the presence of 50µM PC-PS, and 200
nM factor X. Factor IXa concentration was plotted versus
the rate of factor Xa generation, and the data were fit by
nonlinear regression to a single site binding model to
determine theKD(app). The factor IXa-factor VIIIa concentra-
tion for each recombinant factor IXa under assay conditions
was calculated using the experimentally determinedKD(app)

to solve the quadratic equation as described (31).
Determination of the in Vitro Half-Life of Factor VIIIa.

The in vitro half-life of factor VIIIa activity was determined
for cofactor alone, cofactor plus PC-PS vesicles, and
cofactor plus PC-PS vesicles and factor IXa. Recombinant
factor VIII (20 nM) was activated with 40 nM thrombin for
30 s and neutralized with 60 nM hirudin, followed by a 1:2
dilution into buffer alone, buffer plus 100µM PC-PS
vesicles, or buffer plus 100µM PC-PS vesicles and 40-
80 recombinant factor IXa. Aliquots were removed from the
factor VIIIa incubation mixtures over time and diluted 25-
fold into the intrinsic tenase assay containing 1.5 nM factor
IXa and 200 nM factor X to determine residual factor VIIIa
activity. Starting activity was normalized to 100%, activity
was plotted versus time, and the data were fit to an
exponential function (27). Alternatively, the in vitro half-
life of the intrinsic tenase complex in the absence and
presence of 2µM LMWH was determined in a reaction
containing 1.0 nM thrombin-activated factor VIIIa, 0.2 nM
factor IXa, and 50µM PC-PS vesicles in tenase buffer, by
varying the time of factor X (200 nM) addition between 0
and 15 min.

Equilibrium Binding Analysis of Factor IXa-LMWH
Affinity Using Surface Plasmon Resonance.Flow cells for
the reference surface and immobilized LMWH binding
surface on a BiaCore SA chip were prepared as described
(31). Briefly, a reference surface was created by injecting
20 µL of 8 µM biotin-X-hydrazide (Pierce Endogen) at 10
µL/min in 0.3 M NaCl, 20 mM HEPES, pH 7.4, and 0.05%
Tween-20 (cell 1). A high-capacity LMWH surface was
similarly created by injecting 20µL of 200 µg/mL biotin-
low molecular weight heparin (ardeparin) at 10µL/min,
resulting in an∼350 RU signal (cell 2). Binding surfaces
were regenerated with 1 M NaCl and 20 mM HEPES, pH
7.4. Direct binding of recombinant proteins to the im-
mobilized LMWH surface was assessed by injection of 250
nM factor IXa at 5µL/min for 120 s (association phase)
followed by 2µM LMWH at 5 µL/min for 180 s (dissocia-
tion phase). Final sensorgrams were obtained by subtracting
the reference surface from the LMWH surface signal,
averaging replicate determinations, and subtracting the mean
sham injection (buffer only) signal (39).

To further characterize the relative affinity of selected
recombinant factor IXa mutants for LMWH, a competition
binding assay was performed to determine the EC50 for
soluble LMWH. Recombinant factor IXa (100 nM) was
incubated with increasing concentrations of LMWH (0.01-
100 µM) for 10 min at room temperature prior to injection
at 5 µL/min for 120 s. For each LMWH concentration, the
final sensorgram response at 90 s postinjection was plotted
as the relative proportion of remaining free factor IXa, with
the response units for FIXa alone (no LMWH) normalized
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to 1. The EC50 was determined by fitting the data to the
equation:

where B represents the fractional specific binding, [I]
represents the concentration of LMWH used as competitor,
EC50 represents the concentration of LMWH that causes a
50% reduction in the surface plasmon binding response, and
n represents the pseudo Hill coefficient (40).

Determination of the KI for Inhibition of Factor X
ActiVation by LMWH.The rate of factor X activation by the
intrinsic complex in the presence of LMWH was determined
over 60 s at room temperature in a reaction containing 1.0
nM FVIIIa, 0.2 nM recombinant FIXa, 200 nM FX, and 50
µM PC-PS. The rate of factor X generation was plotted
versus LMWH concentration, and the data were fit by
nonlinear regression to the equation for partial noncompeti-
tive inhibition to determine the values forVmax(app), V(i)max(app),
andKI for LMWH (27, 30, 41, 42). Vmax(app)andV(i)max(app)

represent the maximal velocity in the absence and presence
of inhibitor, and KI is the dissociation constant for the
enzyme-inhibitor complex.

RESULTS

Expression, ActiVation, and ActiVe Site Titration of
Recombinant Factor IXa.The putative heparin-binding
exosite on human factor IXa was targeted by substituting
alanine for basic surface residues (Figure 1) in a protease
region homologous to previously identified heparin-binding
sites on thrombin and factor Xa (43, 44). Targeted residues
included H92 (chymotrypsin numbering), located at the base
of the c91-101 insertion loop, R170A in the c165-170
R-helix known to participate in cofactor binding, and R233
and K241A in the C-terminalR-helix. Recombinant factor

IX proteins expressed in HEK 293 cells were purified to
homogeneity from conditioned media and analyzed by
4-20% gradient SDS-PAGE. All of the recombinant FIX
proteins demonstrated high purity by Coomassie Blue
staining, with a single band of approximately 55000 Da under
nonreducing conditions (Figure 2). Recombinant factor IX
proteins were activated to factor IXa by incubation with
human factor XIa and titrated with antithrombin in the
presence of unfractionated heparin to determine the number
of active sites present (see Experimental Procedures).
Systematic variation of the incubation time for factor IXa-
antithrombin demonstrated that titrations were essentially
complete by 60 min, even for factor IXa mutants with
reduced heparin affinity (see below).

Chromogenic Substrate CleaVage and Coagulant ActiVity
of Recombinant Factor IXa.The ability of active site-titrated
recombinant factor IXa to cleave the chromogenic substrate
Pefachrome IXa (CH3SO2-D-CHG-Gly-Arg-pNA) was ex-
amined in the presence of 30% ethylene glycol (45). The
initial rate of substrate cleavage at 125-500µM Pefachrome
IXa was determined to establish the specificity constant (kcat/
KM) of each recombinant factor IXa for the peptide substrate.
Recombinant factor IXa wild type, H92A, R233A, and
K241A all demonstrated a similarkcat/KM for Pefachrome
IXa to plasma-derived factor IXa (data not shown), suggest-
ing that the active site and S1-S3/4 subsites of these
proteases were intact. Factor IXa R170A demonstrated an
approximately 1.5-fold increase in catalytic efficiency (kcat/
KM ratio) for the peptidyl substrate relative to wild-type factor
IXa (Table 1), suggesting that this mutation may have a
distant effect on the protease active site or a more proximal
effect on the S1-S3/4 subsites. The coagulant activity of
the recombinant factor IXa was determined by APTT in
factor IX-deficient plasma. Similar to previous results, factor
IXa R170A had significantly increased coagulant activity
relative to wild-type factor IXa (372%) (34). Factor IXa
H92A (89%) demonstrated a modest decrease in coagulant
activity relative to the wild-type protein, while factor IXa
R233A (59%) and K241A (64%) demonstrated moderate
reductions in coagulant activity (Table 1).

Effect of Factor IXa Mutations on Apparent Factor IXa-
Factor VIIIa Affinity. The effect of alanine substitutions in
the putative heparin-binding exosite of factor IXa on interac-

FIGURE 1: Representation of the crystal structure of human factor
IXa EGF2-protease fragment. The crystal structure of the factor
IXa-EGF fragment (1RFN) is represented by a ribbon diagram
created with SwissPdb-viewer. The EGF2 domain is positioned on
top of the protease domain, with the active site oriented downward.
The active site Ser195 (light gray) and surface residues mutated to
alanine (dark gray) are labeled and highlighted with a space-filling
representation of their respective side chains.

B )
(EC50)

n

(EC50)
n + [I] n

(1)

FIGURE 2: 4-20% SDS-PAGE analysis of the purified recombi-
nant factor IX. The purified recombinant factor IX proteins (1.5
µg/well) were loaded onto a 4-20% gradient gel, subjected to
SDS-PAGE under nonreducing conditions, and stained with
GelCode Blue (Pierce Scientific). Lanes: 1 and 8, molecular weight
standards; 2, plasma-derived factor IX; 3-7, recombinant factor
IX wild type, H92A, R170A, R233A, and K241A, respectively.
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tion with cofactor was assessed by kinetic determination of
factor IXa-factor VIIIa affinity (Figure 3). Factor IXa wild
type, H92A, and K241A demonstrated similar affinity for
activated cofactor, suggesting that these mutations did not
disrupt the factor IXa-factor VIIIa interaction on PC-PS

vesicles. In contrast, theKD(app) of factor IXa R233A for
cofactor was increased 2.5-fold compared to wild type,
suggesting that this mutation disrupts an important interactive
site for factor VIIIa (Figure 3). This reduction in cofactor
affinity is consistent with the reduced coagulant activity of
this protein (Table 1). In contrast to a previous report (34),
the KD(app) of factor IXa R170A for factor VIIIa was
decreased over 4-fold relative to wild type, suggesting that
this mutation significantly increases the affinity for cofactor
and providing an explanation for the increased coagulant
activity of this protein. The c165-170 insertion loop has
previously been implicated in cofactor binding by site-
directed mutagenesis and analysis of type II hemophilia B
mutations (46-48). Modification of cofactor affinity by the
mutations R170A and R233A suggests that these residues
may contribute to an extended factor VIIIa interactive site.

Effect of Factor IXa Mutations on the Ability of Factor
IXa To Stabilize the in Vitro Half-Life of Factor VIIIa.The
cofactor activity of factor VIIIa degrades in first-order
manner due to the loss of the noncovalently associated A2
domain (49). The in vitro half-life of factor VIIIa is
significantly prolonged in the presence of factor IXa and
phospholipid vesicles (50). To further assess the effect of
the R170A and R233A mutations on the factor VIIIa
interaction, the ability to stabilize cofactor activity was
compared for factor IXa wild type, R170A, and R233A
(Figure 4). Addition of 20 nM factor IXa wild type or R170A
prolonged the in vitro half-life of factor VIIIa relative to
cofactor alone or cofactor plus phospholipid vesicles (not
shown), with a 4- or 7-fold reduction in the rate constant

Table 1: Enzymatic and Coagulant Activity of Recombinant Factor
IXaa

enzyme
(FIXa)

Pefachrome
IX

kcat/Km

(mM-1 s-1)

clotting
activity

(%)

FIXa-
FVIIIa
affinity
KD(app)

(nM)

factor X
(FIXa-PL)

kcat/Km

(M-1 s-1)

factor X
(FIXa-

FVIIIa-PL)
kcat/Km

(M-1 s-1)

WT 0.75 100 1.7 8.1× 103 1.6× 108

H92A 0.75 89 1.9 10.0× 103 1.4× 108

R170A 1.18 372 0.4 9.1× 103 1.2× 108

R233A 0.79 59 4.4 5.8× 103 1.5× 108

K241A 0.81 64 2.2 8.6× 103 2.0× 108

a The initial rate of Pefachrome IX cleavage (125-500µM) by 100
nM factor IXa and the kinetics of factor X (25-750 nM) activation by
5 nM factor IXa with 50µM PC-PS vesicles present were determined
in tenase buffer (0.15 M NaCl, 20 mM HEPES, pH 7.4, 2 mM CaCl2,
1 mg/mL BSA, 0.1% PEG-8000) with 30% ethylene glycol present.
Coagulant activity was determined by APTT in factor IX deficient
plasma. The apparent affinity of the factor IXa-factor VIIIa complex
was determined by titration of 0.15 nM factor VIIIa with factor IXa
(0-15 nM) in the presence of 200 nM factor X and fitting the data to
a single site binding model. The kinetics of factor X activation (0-
125 nM) by the intrinsic tenase complex (0.1 nM factor IXa, 1.0 nM
factor VIIIa, 50µM PC-PS) were determined in tenase buffer. Factor
VIIIa concentration was increased to 2.0 nM for factor IXa R233A in
these assays, due to lower cofactor affinity. Thekcat for factor X
activation was calculated by dividing theVmax(app)by the predicted factor
IXa-factor VIIIa concentration based on the experimentally determined
KD(app) (see Experimental Procedures).

FIGURE 3: Effect of factor IXa mutations on the affinity of the
factor IXa-factor VIIIa complex on PC-PS vesicles. The apparent
affinity (KD(app)) of the factor IXa-factor VIIIa interaction was
determined using enzymatic activity to detect complex formation.
The rate of factor X activation by factor IXa-factor VIIIa was
determined by adding increasing concentrations of factor IXa (0-
15 nM) into a reaction containing 0.15 nM factor VIIIa, 200 nM
factor X, and 50µM PC-PS vesicles. Mean values were plotted
versus factor IXa concentration with error bars representing(SD
(n ) 4). TheKD(app) was determined by fitting the data to a single
site binding model. TheKD(app) and Bmax values ( SE for the
recombinant factor IXa proteins were as follows: wild type (b),
1.7 ( 0.3 nM and 22.9( 1.0 nM/min; H92A (O), 1.9 ( 0.4 nM
and 22.7( 1.3 nM/min; R170A (9), 0.4 ( 0.03 nM and 25.2(
0.3 nM/min; R233A (0), 4.4 ( 0.4 nM and 21.4( 0.8 nM/min;
and K241A (2), 2.2( 0.2 nM and 24.3( 0.6 nM/min, respectively.

FIGURE 4: Effect of factor IXa mutations on the ability to stabilize
the in vitro half-life of factor VIIIa. Recombinant factor VIII was
activated for 30 s with 40 nM thrombin, neturalized with 60 nM
hirudin, and immediately diluted 1:2 into the tenase reaction buffer
in the absence or presence of 50µM PC-PS vesicles and 20-40
nM factor IXa. Residual factor VIIIa activity was determined by
sampling into the intrinsic tenase assay as described (see Experi-
mental Procedures), and the data were fit to a simple exponential
decay. Mean values for factor VIIIa activity were plotted versus
time with error bars representing(SD (n ) 3). The time course of
cofactor activity is shown for factor VIIIa alone (b); factor VIIIa,
50 µM PC-PS, and 20 nM factor IXa wild type (O), R170A (9),
and R233A (0); or 40 nM factor IXa R233A (4). Thekobs for loss
of factor VIIIa activity was 0.21 min-1 for cofactor alone, 0.05
min-1 for 20 nM factor IXa wild type plus phospholipid, 0.03 min-1

for 20 nM factor IXa R170A plus phospholipid, and 0.11 min-1

for 20 or 40 nM factor IXa R233A plus phospholipid.
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for A2 dissociation, respectively. Addition of 20 nM factor
IXa R233A also prolonged the factor VIIIa half-life but
demonstrated only a 2-fold reduction in the rate constant.
Increasing factor IXa R233A to 40 nM had no further effect
on the rate constant, suggesting that the defect in the ability
to stabilize cofactor activity was not simply a result of
decreased factor IXa-factor VIIIa affinity. The rate of
intrinsic tenase decay was also examined by varying the time
of factor X addition to preformed factor IXa-factor VIIIa-
phospholipid (1.0 nM factor VIIIa, 0.1 nM factor IXa) in
the intrinsic tenase assay. Factor IXa R233A demonstrated
a significantly more rapid decrement in the rate of factor
Xa generation over time compared to factor IXa wild type
(data not shown). These results suggest that the R233A
mutation disrupts the interaction of factor IXa with the A2
domain of factor VIIIa.

Effect of Factor IXa Mutations on the Kinetics of Factor
X ActiVation in the Presence and Absence of Factor VIIIa.
The effect of these alanine substitutions on the kinetics of
factor X activation by factor IXa-phospholipid or factor
IXa-factor VIIIa-phospholipid was assessed in the presence
of varying substrate concentrations. In the absence of
cofactor, analysis of factor X kinetics under conditions
consistent with the rapid equilibrium assumption (i.e.,
substrate. enzyme concentration) is problematic due to the
poor catalytic activity of factor IXa-phospholipid. Thus,
30% ethylene glycol was added to the buffer to accelerate
factor X activation by factor IXa under these conditions (30,
45). The kinetics of factor X activation by factor IXa H92A,
R170A, and K241A were similar to that of the wild-type
protein (Figure 5), with comparable specificity constants (kcat/
KM) (Table 1). The catalytic efficiency of factor IXa R233A

was modestly reduced relative to wild-type factor IXa, mostly
due to an increasedKM(app) for factor X (Figure 5).

Likewise, the kinetics of factor X activation was examined
for each recombinant protease in the intrinsic tenase complex.
Due to the significantly decreased cofactor affinity of factor
IXa R233A, the factor VIIIa concentration was increased
for this protease to ensure adequate activity for analysis of
factor X kinetics. In the presence of cofactor, the apparent
substrate affinity (KM(app)) for each of the mutant factor IXa
proteins was essentially unchanged relative to wild-type
factor IXa (Figure 6). TheVmax(app)varied in proportion to
the apparent affinity of the factor IXa-factor VIIIa complex
for each mutant, as expected on the basis of the predicted
effective enzyme concentration (factor IXa-factor VIIIa
complex). The catalytic rate (kcat) of factor X activation by
factor IXa for each recombinant protein was calculated from
the predicted factor IXa-factor VIIIa complex concentration
on the basis of the apparent affinity (KD(app)) determinations.
All of the recombinant factor IXa mutants demonstrated a
specificity constant for factor X similar to that of wild-type
factor IXa under these conditions (Table 1). Thus, these
mutations did not appear to drastically disrupt recognition
and catalysis of factor X by factor IXa on phospholipid
vesicles.

Effect of Factor IXa Mutations on the Affinity for LMWH.
The effect of these alanine substitutions on the affinity of
factor IXa for LMWH was assessed by a surface plasmon
resonance approach (31). Biotinylated LMWH was im-
mobilized on a BiaCore strepavidin sensor chip and com-
pared to a reference cell prepared with biotin-X-hydrazide.

FIGURE 5: Effect of factor IXa mutations on the kinetics of factor
X activation by factor IXa-phospholipid in the presence of 30%
ethylene glycol. The rate of factor X activation by factor IXa was
determined in reactions containing 5 nM factor IXa, 25-750 nM
factor X, and 50µM PC-PS vesicles in 0.15 M NaCl, 20 mM
HEPES, pH 7.4, 2 mM CaCl2, 1 mg/mL BSA, 0.1% PEG-8000,
and 30% ethylene glycol. Mean values were plotted with error bars
representing(SD (n ) 4). TheKm(app) and Vmax(app) for factor X
activation were determined by fitting the data by nonlinear
regression to the Michaelis-Menten equation. TheKm(app) and
Vmax(app) ( SE for the recombinant factor IXa proteins were as
follows: wild type (b), 395.0( 23.9 nM and 0.96( 0.03 nM/
min; H92A (O), 341.3( 14.5 nM and 1.02( 0.02 nM/min; R170A
(9), 379.6( 23.9 nM and 1.04( 0.03 nM/min; R233A (0), 561.3
( 27.0 nM and 0.98( 0.03 nM/min; and K241A (2), 401.6(
23.4 nM and 1.04( 0.03 nM/min, respectively.

FIGURE 6: Effect of factor IXa mutations on the kinetics of factor
X activation by the factor IXa-factor VIIIa-phospholipid complex.
The rate of factor X activation by each recombinant factor IXa
was determined in reactions containing 1.0 nM factor VIIIa, 0.1
nM factor IXa, 15-125 nM factor X, and 50µM PC-PS in 0.15
M NaCl, 20 mM HEPES, pH 7.4, 2 mM CaCl2, 1 mg/mL BSA,
and 0.1% PEG-8000. Factor VIIIa concentration was increased to
2 nM for factor IXa R233A due to the significantly lower factor
IXa-factor VIIIa affinity of this mutant (see Figure 3). Mean values
were plotted with error bars representing(SD (n ) 4). TheKm(app)
andVmax(app)for factor X activation were determined by fitting the
data by nonlinear regression to the Michaelis-Menten equation.
TheKm(app)andVmax(app)values( SE for factor X activation by the
recombinant factor IXa proteins were as follows: wild type (b),
23.5( 5.1 nM and 8.0( 0.5 nM/min; H92A (O), 21.6( 2.0 nM
and 6.0( 0.2 nM/min; R170A (9), 24.0( 3.3 nM and 12.1( 0.5
nM/min; R233A (0), 20.8( 5.3 nM and 5.6( 0.4 nM/min; and
K241A (2), 18.1( 4.3 nM and 6.6( 0.4 nM/min, respectively.
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The relative heparin affinity of each recombinant protein was
assessed by comparing the binding response after injection
of 250 nM factor IXa over the immobilized LMWH surface.
Factor IXa H92A, R170A, and K241A demonstrated a
moderately reduced binding response to the LMWH surface
relative to wild-type factor IXa, suggesting that these proteins
had reduced heparin affinity. Remarkably, factor IXa R233A
demonstrated minimal binding to the LMWH surface under
these conditions, suggesting a marked decrease in heparin
affinity for this protease (Figure 7A). To further evaluate
the relative heparin affinity of factor IXa H92A, R170A, and
K241A, a competition solution affinity approach was em-
ployed. Increasing concentrations of soluble LMWH were
incubated with 100 nM factor IXa for 10 min prior to
injection over the sensor chip. The remaining free factor IXa
was detected by the residual binding response at each
concentration of LMWH and plotted to determine the EC50

by fitting the data to eq 1 (see Experimental Procedures).
Factor IXa H92A and K241A demonstrated modest increases
(less than 2-fold) in the EC50 relative to wild type, suggesting
only small reductions in heparin affinity for these proteases
(Figure 7B). Factor IXa R170A demonstrated greater than a
3.5-fold increase in the EC50 for LMWH compared to wild
type, suggesting a significantly larger decrease in heparin
affinity. Factor IXa R233A could not be subjected to the
competition binding analysis due to its minimal binding to
the immobilized LMWH surface. Summarizing the direct and
competition binding responses for LMWH suggests that the
relative heparin affinity of the recombinant factor IXa
proteins can be ranked as follows: wild type> H92A/
K241A > R170A . R233A (Figure 7).

Effect of Factor IXa Mutations on the Ability of LMWH
To Inhibit Factor X ActiVation by the Intrinsic Tenase
Complex.The effect of these mutations on the ability of
LMWH to inhibit factor X activation by the intrinsic tenase
complex was assessed for each recombinant factor IXa
(Figure 8). Factor X activation by wild-type factor IXa was
partially inhibited (∼90%) similar to plasma-derived factor
IXa (not shown), and fitting the data to the equation for
partial, noncompetitive inhibition yielded a similar apparent
inhibitor affinity (KI). Factor IXa H92A and K241A dem-
onstrated modest increases in theKI for LMWH relative to
wild-type factor IXa, consistent with the modest effect of
these mutations on the EC50 for LMWH in the competition
solution affinity analysis. Factor IXa R170A demonstrated
significant resistance to inhibition with a 6-fold increase in
the KI for LMWH and approximately 3-fold increase in
residual activity at maximal inhibition compared to the wild-
type protein. Remarkably, factor IXa R233A demonstrated
almost complete resistance to the inhibition of factor X
activation by LMWH. Thus, the apparent inhibitor affinity
of LMWH (KI) for the intrinsic tenase complex can be ranked
as follows: wild type> H92A > K241A > R170A .
R233A. The effect of the R233A mutation on factor IXa-
factor VIIIa affinity (Figure 3), stabilization of cofactor half-
life by factor IXa (Figure 4), and the rate of intrinsic tenase
decay (data not shown) suggests that binding sites for the
cofactor A2 domain and LMWH overlap on the factor IXa
protease domain. Thus, the effect of 2µM LMWH on the
rate of intrinsic tenase decay was examined by varying the
time of factor X addition to a tenase reaction containing 1.0
nM factor VIIIa and 0.2 nM factor IXa. Addition of LMWH

increased the rate of intrinsic tenase decay over 2-fold,
consistent with destabilization or disruption of the A2-factor
IXa interaction (Figure 9).

FIGURE 7: Effect of mutations on the affinity of recombinant factor
IXa for LMWH. The affinity of the recombinant factor IXa for
LMWH was assessed by surface plasmon resonance, analyzing
direct (A) and competition (B) binding responses on an immobilized
LMWH surface as described in Experimental Procedures. (A)
Recombinant factor IXa (250 nM) wild type (b), H92A (O), R170A
(9), R233A (0), and K241A (2) were injected over reference and
immobilized LMWH surfaces at 5µL/min in 0.15 M NaCl, 20 mM
HEPES, pH 7.4, 2 mM CaCl2, and 0.05% Tween-20 surfactant for
a 120 s association phase, followed by buffer with 2µM LMWH
for a 180 s dissociation phase. Final sensogram responses for each
of the recombinant proteins were obtained by subtraction of the
reference surface and sham (buffer only) responses from the LMWH
surface response. (B) Competition solution affinity of LMWH for
recombinant factor IXa. Increasing concentrations of LMWH were
preincubated for 10 min with 100 nM factor IXa wild type (b),
H92A (O), R170A (9), or K241A (2) prior to injection over
reference and immobilized LMWH surfaces on the BiaCore 2000.
Factor IXa R233A could not be analyzed due to its extremely low
baseline signal. The concentration of free factor IXa was determined
by the binding response at 90 s after injection, with comparison to
a standard curve (0-250 nM factor IXa) generated under identical
conditions. The concentration of LMWH was plotted versus the
proportion of remaining free factor IXa and fit by nonlinear
regression to obtain the EC50 for competition by low molecular
weight heparin. Each point represents the average of duplicate
sensorgrams. The EC50 values of LMWH for recombinant factor
IXa wild type, H92A, R170A, and K241A were 0.40( 0.05µM,
0.64 ( 0.06 µM, 1.46 ( 0.10 µM, and 0.61 ( 0.06 µM,
respectively.
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DISCUSSION

The putative heparin-binding exosite on full-length factor
IXa was targeted by site-directed mutagenesis to investigate

its role in the enzymatic activity of the intrinsic tenase
complex and antithrombin-independent inhibition of factor
X activation by heparin. Alanine substitutions were intro-
duced into basic surface residues (H92, R170, R233, and
K241) in a region of the factor IXa protease domain
homologous to previously identified heparin-binding sites
on thrombin and factor Xa (43, 44). The recombinant factor
IX proteins exhibited indistinguishable chromatographic
behavior during calcium elution from anion-exchange resin
and were purified to homogeneity as demonstrated by SDS-
PAGE analysis (Figure 2). Recombinant factor IXa was
activated by human factor XIa and titrated with antithrombin
for enzymatic studies. Characterization of active site-titrated
recombinant factor IXa demonstrated intact catalytic activity
for small peptidyl substrate (Pefachrome IXa) for factor IXa
H92A, R233A, and K241A relative to factor IXa wild type
and modestly increased activity for factor IXa R170A (Table
1). The reason for the increase in catalytic efficiency is
unknown but may involve effects of the cofactor-interactive
c165-170R-helix on conformation of the active site or S4/
S3-S1 subsites of factor IXa. The coagulant activities of
factor IXa H92A (89%), R233A (59%), and K241A (64%)
were modestly to moderately decreased relative to wild-type
factor IXa (Table 1). In contrast, factor IXa R170A had
markedly increased coagulant activity (372%), consistent
with previous work (34).

These mutations had varied effects on the apparent cofactor
affinity of recombinant factor IXa, as determined in a
functional binding assay. Factor IXa H92A and K241A
demonstrated an affinity (KD(app)) similar to that of wild-type
factor IXa for factor VIIIa, suggesting that these mutations
did not significantly affect the factor IXa-factor VIIIa
interaction. Factor IXa R233A demonstrated significantly
lower affinity for factor VIIIa (Figure 3), and reduced ability
to stabilize cofactor half-life (Figure 4), relative to wild-
type factor IXa. These results suggest that this mutation
significantly disrupts the interaction with cofactor and
provide a basis for the moderate reduction in coagulant
activity (Table 1). At subnanomolar protease concentrations,
decay of intrinsic tenase activity primarily depends on the
rate of A2 domain dissociation, while at 10-fold higher
protease concentrations, proteolysis of factor VIIIa dominates
the rate of decay (51). Under the former conditions, factor
IXa R233A demonstrates accelerated decay in intrinsic tenase
activity relative to factor IXa wild type (data not shown),
suggesting that the mutation disrupts interaction(s) between
factor IXa and the A2 domain of factor VIIIa. Modeling of
the factor IXa-factor VIIIa interaction suggests that the A2
domain interacts with the c165-170R-helix but also predicts
multiple contacts within the putative heparin-binding exosite
(48). The c165-170R-helix is involved in a cluster of type
II hemophilia B mutations, and site-directed mutagenesis has
clearly demonstrated it to be a cofactor interactive site (46-
48, 52). Factor IXa R233A now provides direct evidence
that the cofactor interface with the A2 domain extends into
the core of the heparin-binding exosite. In contrast, factor
IXa R170A showed over a 4-fold increase in factor IXa-
factor VIIIIa affinity and increased ability to stabilize cofactor
activity relative to wild-type factor IXa. The significantly
higher affinity of factor IXa R170A contrasts with previous
results that reported only a modest difference in cofactor
affinity for this protease relative to wild-type factor IXa (34).

FIGURE 8: Effect of factor IXa mutations on the ability of LMWH
to inhibit factor X activation by the intrinsic tenase complex.
Increasing concentrations of LMWH were added to a reaction
mixture containing 0.2 nM wild type (b), H92A (O), R170A (9),
R233A (0), or K241A (2) factor IXa with 1.0 nM factor VIIIa,
200 nM factor X, and 50µM PC-PS vesicles in 0.15 M NaCl, 20
mM HEPES, pH 7.4, 2 mM CaCl2, 1 mg/mL BSA, and 0.1% PEG-
8000. The rate of factor X activation (nM/min) by the intrinsic
tenase complex was determined in a chromogenic assay as described
in Experimental Procedures. Mean values (% control, no LMWH)
were plotted with error bars representing(SD (n ) 4). The
inhibition constant (KI) for LMWH was determined by fitting the
data by nonlinear regression to the equation for partial, noncompeti-
tive inhibition. TheKI values( SE for the recombinant proteins
were as follows: wild type, 0.18( 0.01µM; H92A, 0.62( 0.23
µM; R170A, 1.08( 0.18µM; R233A,>10 µM; and K241A, 0.24
( 0.04 µM.

FIGURE 9: Effect of LMWH on the rate of intrinsic tenase decay.
Factor X (200 nM) was added at intervals between 15 s (time 0)
and 15 min after cofactor addition to 0.2 nM factor IXa wild type,
1.0 nM factor VIIIa, 50µM PC-PS vesicles, 0.15 M NaCl, 20
mM HEPES, pH 7.4, 2 mM CaCl2, 1 mg/mL BSA, and 0.1% PEG-
8000 in the absence (b) or presence (O) of 2 µM LMWH. The
rate of factor X activation (nM/min) by the intrinsic tenase complex
was determined in a chromogenic assay as described in Experi-
mental Procedures. Mean values (% control) were plotted with error
bars representing(SD (n ) 3). Thekobs for intrinsic tenase decay
was 0.10 and 0.22 min-1 in the absence and presence of 2µM
LMWH, respectively.
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The reason for this discrepancy is unclear and may relate to
specific assay conditions. However, the increased affinity
of factor IXa R170A for factor VIIIa provides a basis for
the remarkable coagulant activity (372%) of this protease.
The specific mechanism for the increased cofactor affinity
of factor IXa R170A is unclear but may involve removal of
an unfavorable charge-charge interaction with factor VIIIa,
as clustered basic residues in residues 484-510 of the A2
domain contribute to cofactor activity (53). In summary, our
analysis provides direct evidence that the interaction of
protease with the factor VIIIa A2 domain extends from the
c165-170R-helix to the proximal portion of the C-terminal
R-helix.

In contrast, these mutations had limited effects on mac-
romolecular substrate (factor X) catalysis by factor IXa on
phospholipid vesicles in the absence or presence of factor
VIIIa. The kinetics of factor X activation by factor IXa in
the presence of 30% ethylene glycol was similar to that of
the wild-type protein for all mutants except factor IXa
R233A, which demonstrated an∼50% increase inKm(app)

(Figure 5). In the presence of factor VIIIa, none of these
mutations had a significant effect on the apparent affinity
(Km(app)) of the enzyme complex for factor X (Figure 6).
However, factor IXa R233A required an increased factor
VIIIa concentration for adequate analysis due to reduced
cofactor affinity. TheVmax(app)for factor X activation largely
reflected the relative amount of factor IXa-factor VIIIa
complex formation expected under these conditions. Using
the experimentally determinedKD(app) to calculate the effec-
tive enzyme concentration (factor IXa-factor VIIIa complex)
under assay conditions, theVmax(app)was divided by enzyme
concentration to obtain thekcat and catalytic efficiency (kcat/
KM) for factor X activation by each recombinant factor IXa.
All of the factor IXa mutants demonstrated similar catalytic
efficiency (kcat/KM) to wild-type factor IXa in the presence
of factor VIIIa (Table 1). Although effects on the factor IXa-
factor X interaction may be obscured by the contribution of
the phospholipid membrane to apparent substrate affinity (54,
55), the similar catalytic efficiency of the recombinant
proteins suggests that the major effect of these mutations is
limited to the factor IXa-factor VIIIa interaction.

The relative affinity of recombinant factor IXa for heparin
was assessed by direct and competition binding to im-
mobilized LMWH with surface plasmon resonance detection.
Factor IXa R233A exhibited minimal binding to immobilized
LMWH under these conditions, indicating a profound
decrease in heparin affinity (Figure 7A). Factor IXa H92A,
R170A, and K241A demonstrated moderately reduced bind-
ing compared to wild-type factor IXa (Figure 7A), which
was further ranked by the relative EC50 of soluble LMWH
for each of these mutants (Figure 7B). On the basis of this
analysis, the relative affinity of recombinant factor IXa for
LMWH was WT > H92A/K241A > R170. R233. These
observations agree well with the effect of alanine substitu-
tions on the relative heparin affinity of Gla-domainless factor
IXa (56). Both sets of data suggest that the major binding
site for heparin is restricted to the predominant electropositive
field on the protease domain, which is located between the
c165-170R-helix and the proximal portion of the C-terminal
R-helix of the protease (data not shown). Additional basic
residues in the C-terminalR-helix (K239, K241) that lie
outside of this region contribute only modestly to apparent

heparin affinity, and the binding site does not extend toward
the active site, or surfaces known to participate in extended
substrate binding on homologous proteases. Importantly, the
effect of these mutations on the relative affinity of factor
IXa for heparin correlated with the ability of LMWH to
inhibit factor X activation by the intrinsic tenase complex.
On the basis of apparent inhibitor affinity (KI), the rank order
for sensitivity to inhibition by LMWH was WT> K241A
> H92A > R170A. R233A (Figure 8). Remarkably, factor
IXa R233A in the intrinsic tenase complex was almost
completely resistant to inhibition of factor X activation by
LMWH. The correlation between the relative heparin affinity
of the protease and the ability of LMWH to inhibit factor X
activation by the intrinsic tenase complex definitively
demonstrates that the heparin-binding exosite on factor IXa
is the molecular target for antithrombin-independent inhibi-
tion of the intrinsic tenase complex. Previous analysis of the
mechanism for anithrombin-independent inhibition of in-
trinsic tenase suggested that heparin oligosaccharides disrupt
a critical cofactor interaction with a protease exosite (31).
These mutagenesis results now demonstrate that the heparin-
binding exosite overlaps extensively with an interactive site
for the factor VIIIa A2 domain on the factor IXa protease
domain. These results are consistent with the contribution
of the factor Xa heparin-binding exosite to the interaction
with factor Va in the homologous prothrombinase complex
(43, 57). In agreement with this model, addition of inhibitory
concentrations of LMWH at subnanomolar protease con-
centrations accelerates decay of the intrinsic tenase complex
(Figure 9). Thus, the binding of heparin oligosaccharide to
this exosite disrupts key interactions with the factor VIIIa
A2 domain, resulting in antithrombin-independent inhibition
of factor X activation by the intrinsic tenase complex.

Intrinsic tenase activity is primarily regulated by instability
(loss of the A2 domain) and proteolytic inactivation of factor
VIIIa (by factor IXa) (51). The factor VIIIa A2 domain
directly modulates the catalytic activity of factor IXa, and
this effect is enhanced by the A1 domain, markedly increas-
ing thekcat for factor X activation (58). The factor VIIIa A3-
C1-C2 domain appears to largely account for the observed
affinity for factor IXa but completely lacks cofactor activity,
suggesting that the factor IXa-A2 domain interaction is the
critical surface for modulation of cofactor function (59, 60).
Heparin oligosaccharide or mutations in the heparin-binding
exosite disrupt the factor IXa-A2 domain interaction,
antagonizing and destabilizing cofactor activity within the
intrinsic tenase complex. Factor X activation by the intrinsic
tenase complex is rate-limiting for thrombin generation by
the coagulation cascade, and this critical protease-cofactor
interface is likewise limiting for factor X activation by this
enzyme complex. These results predict that disruption of the
factor IXa-A2 domain interaction will enhance physiologic
regulation of intrinsic tenase activity and proportionally
reduce thrombin generation, defining a novel molecular target
and mechanism for antithrombotic therapy.
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