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ABSTRACT: Heparin inhibits the intrinsic tenase complex (factor IXa-factor VIIIa) via interaction with a
factor IXa exosite. To define the role of this exosite, human factor IXa with alanine substituted for conserved
surface residues (R126, N129, K132, R165, N178) was characterized. Chromogenic substrate hydrolysis
by the mutant proteases was reduced 20-30% relative to factor IXa wild type. Coagulant activity was
moderately (N129A, K132A, K126A) or dramatically (R165A) reduced relative to factor IXa wild type.
Kinetic analysis demonstrated a marked reduction in apparent cofactor affinity (23-fold) for factor IXa
R165, and an inability to stabilize cofactor activity. Factor IXa K126A, N129A, and K132A demonstrated
modest reductions (∼2-fold) in apparent cofactor affinity, and accelerated decay of intrinsic tenase activity.
In the absence of factor VIIIa, factor IXa N178A and R165A demonstrated a defectiveVmax(app)for factor
X activation. In the presence of factor VIIIa,Vmax(app)varied in proportion to the predicted factor IXa-
factor VIIIa concentration. However, factor IXa R165A had a 65% reduction in thekcat for factor X,
suggesting an additional effect on catalysis. The ability of factor IXa to compete for physical assembly
into the intrinsic tenase complex was enhanced by EGR-chloromethylketone bound to the factor IXa
active site or addition of factor X, and reduced by selected mutations in the heparin-binding exosite (N178A,
K126A, R165A). These results suggest that the factor IXa heparin-binding exosite participates in both
cofactor binding and protease activation, and cofactor affinity is linked to active site conformation and
factor X interaction during enzyme assembly.

In Vitro andexViVo modeling of the coagulation cascade
indicates that factor X activation by the intrinsic tenase
complex (factor IXa-factor VIIIa) is the rate-limiting step
for thrombin generation (1, 2). The protease factor IXa is
poorly reactive with both substrates and inhibitors in the basal
state, but undergoes a dramatic 106-fold enhancement in
catalytic efficiency for factor X upon incorporation into the
intrinsic tenase complex (3, 4). The mechanism(s) for
cofactor activation of factor IXa within the tenase complex
remain poorly understood. Factor VIIIa is a complex
multidomain protein with unstable cofactor activity due to
loss of the noncovalently bound A2 domain, which is
partially stabilized by formation of the protease-cofactor
complex on the phospholipid surface (5, 6). The factor VIIIa
light chain (A3-C1-C2 domains) appears to provide the
majority of the binding affinity for factor IXa, but completely
lacks cofactor activity (7, 8). In contrast, the factor IXa-
A2 domain interaction directly modulates the catalytic
activity of factor IXa, and this effect is enhanced by A1
domain, markedly increasing thekcat for factor X activation
(9). Thus, the factor IXa-A2 domain interaction appears to
be the critical protein-protein interaction for cofactor

enhancement of factor X activation. The isolated A2 domain
binds with relatively low affinity to factor IXa, but contrib-
utes significantly to protease-cofactor affinity in the mem-
brane-bound enzyme complex (10). Clustering of hemophilia
B type II mutations and kinetic analysis of site-directed factor
IXa mutants suggest that the residues 132-133 and 162-
170 (chymotrypsinogen numbering system) are cofactor
interactive sites (11, 12). Furthermore, the hemophilia B
mutation R165Q disrupts the interaction of factor IXa with
the isolated A2 domain, suggesting that at least part of this
critical protein-protein interaction involves the 162-170
helix of factor IXa (13).

Antithrombin-independent inhibition of intrinsic tenase
activity by heparin results from oligosaccharide binding to
an exosite on factor IXa, which disrupts a critical cofactor
interaction without complete dissociation of the enzyme
complex (14). Mutagenesis of full-length and Gla-domain-
less1 forms of factor IXa demonstrate that heparin binds to
an exosite on the factor IXa protease domain that is
homologous to the heparin-binding exosites on factor Xa and
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thrombin (15-18). This exosite represents the predominant
electropositive surface on the protease domain, and extends
from R170 in the 162-170 R-helix to at least R233 in the
C-terminusR-helix (Figure 1). Factor IXa mutants with
decreased heparin affinity demonstrate increased resistance
to inhibition of factor X activation by heparin, thereby
defining the molecular target for antithrombin-independent
inhibition of the intrinsic tenase complex (18). Depolymer-
ized holothurian glycosaminoglycan (DHG), a structurally
unrelated glycosaminoglycan that lacks the antithrombin-
dependent activities of heparin, inhibits intrinsic tenase
activity by interacting with this exosite in a similar fashion
(19). Characterization of factor IXa R233A indicates that
this residue also contributes to factor VIIIa binding and
stability within the intrinsic tenase complex, suggesting that
the cofactor interactive site extends away from the 162-
170 helix, and overlaps substantially with the heparin-binding
site (18). These findings indicate that the heparin-binding
exosite on factor IXa overlaps the critical cofactor interactive
site for binding and stabilization of the factor VIIIa A2
domain.

To address more fully the role of the heparin-binding
exosite in activation of factor IXa within the intrinsic tenase
complex, a series of alanine substitutions were introduced
into conserved basic and neutral residues surrounding the
surface residue R233. These residues were chosen based on
their proximity or contribution to the predominant electro-
positive surface on the protease domain. Kinetic and equi-
librium binding analyses of the recombinant proteases were
undertaken with regard to protease-cofactor affinity, cofactor
stability, cofactor-independent and-dependent catalysis, and
the effects of macromolecular substrate and active site
modification on intrinsic tenase assembly. These results
demonstrate a critical role for this exosite in cofactor binding,
stabilization of factor VIIIa A2 domain, and allosteric
activation of the protease. Furthermore, these results suggest
that macromolecular substrate binding and active site con-
formation are linked to cofactor affinity during assembly of
the tenase complex.

EXPERIMENTAL PROCEDURES

Materials. Human plasma-derived factor X, IXa, XIa, and
thrombin were purchased from Enzyme Research (South
Bend, IN). Human plasma-derived factor IXa modified at
the active site with the tripeptide EGR-chloromethylketone
(factor IXa-EGR) and fluorescein labeled factor IXa modified
with EGR-chloromethylketone (factor IXa-Fl-EGR) were
purchased from Haematologic Technologies (Essex Junction,
VT). 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). Phosphatidylserine (PS) and
phosphatidylcholine (PC) were purchased from Avanti Lipids
(Alabaster, AL). Cholesterol was purchased from Calbiochem
(San Diego, CA). Phosphatidylcholine:phosphatidlylserine:
cholesterol (molar ratio 75:25:1) phospholipid vesicles (PC:
PS vesicles) were prepared by extrusion through a 100 nm
polycarbonate filter(20). The molar concentration of phos-
pholipid was determined with an elemental phosphorus assay
(21). FuGENE 6 was obtained from Roche Diagnostics
(Indianapolis, IN). Geneticin (G418) was purchased from
Gibco-BRL (Gaithersburg, MD). Affinity purified goat anti-
human factor IX peroxidase conjugate was from Enzyme
Research (South Bend, IN) and goat anti-human FXI was
from Haematologic Technologies Inc (Burlington, VT).

Mutagenesis and Expression of Recombinant Human
Factor IX. pCMV5 vector containing the human factor IX
cDNA (pCMV5-FIX) and a HEK 293 cell line stably
transfected with the factor IX wild type construct were
generously provided by Darrel Stafford (University of North
Carolina) (22). Alanine substitutions were introduced into
the factor IX sequence by PCR-based mutagenesis using the
QuickChange II site-directed mutagenesis kit (Stratagene, La
Jolla, CA). The constructs FIX-K126A, FIX-N129A, FIX-
K132A, FIX-R165A, and FIX-N178A (amino acid residues
identified by chymotrypsinogen numbering, Figure 1) were
generated using the wild type pCMV5-FIX plasmid as a
template, and constructs were confirmed by full-length
sequencing of the cDNA. The FIX mutant cDNAs were
shuttled into the pcDNA3.1 (+) vector usingEcoRI restric-
tion sites prior to transfection of HEK 293 cells. Additional
HEK 293 cells were transfected with mutant pcDNA3.1-
FIX plasmids using FuGENE 6 lipid. Stably transfected cell
lines for each mutant construct were selected by limiting
dilution in the presence of 1.0 mg/mL Geneticin as described
(18).

Purification and ActiVation of Recombinant Factor IX.
Recombinant human factor IX was purified from conditioned
media by conventional anion exchange chromatography and
calcium-dependent elution from a Resource Q FPLC column
(18). Protein concentrations were initially determined by
absorbance at 280 nm using an extinction coefficient (ε0.1%)
of 1.32. Purified factor IX was activated with human factor
XIa (150:1 substrate:enzyme molar ratio) at 37°C for 1.5
h, followed by depletion of factor XIa by incubation with
polyclonal anti-human factor XI antisera cross-linked to Affi-

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 PyMOL (47). The EGF2 domain is positioned on top
of the protease domain, with the active site oriented downward.
The active site S195 (light gray) and surface residues K126, N129,
K132, R165, R170, N178, and R233 (dark gray) are labeled and
highlighted with a space-filling representation of their respective
side chains. The 99-loop (black) is also labeled. All residues are
labeled based on chymotrypsinogen numbering.
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gel beads in a spin column (18). Factor IXa catalytic sites
were quantitated by titration with antithrombin III as
described (23), except that the factor IXa-antithrombin-
heparin incubation step was prolonged (90 min). The active
protease concentrations determined by antithrombin titration
((SEM) were 18.0( 1.1 µM for wild type, 6.6( 0.5 µM
for K126A, 6.6( 0.5 µM for N129A, 43.1( 1.3 µM for
K132A, 18.8( 1.2 µM for R165A, and 5.1( 0.3 µM for
N178A factor IXa.

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
40 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 to 500µM
Pefachrome IXa as described (18). The initial rate of substrate
cleavage between 125 and 500µM Pefachrome IXa was
determined, and the slope of the substrate vs velocity plot
used to estimate the specificity constant (kcat/KM) of each
recombinant factor IXa for the peptide substrate. 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 (18).

Kinetic Determination of the Affinity (Apparent KD) for
Factor IXa-Factor VIIIa Complex Formation. Affinity of
the factor IXaB-factor VIIIa complex was assessed by
monitoring intrinsic tenase complex activity at a limiting
concentration of factor VIIIa as described (14). Thrombin-
activated factor VIII (0.15 nM) was incubated with increasing
amounts of factor IXa (0-61 nM for R165A or 0-25.5 nM
for wild type and the other mutants), in the presence of 50
µM PC:PS vesicles, and 200 nM factor X. Factor IXa
concentration was plotted versus the rate of factor Xa
generation, and the data fit by nonlinear regression to a single
site binding model to determine theKD(app). The factor IXa-
factor VIIIa complex concentration for each recombinant
factor IXa under assay conditions was calculated using the
experimentally determinedKD(app) to solve the quadratic
equation as described (14).

Determination of the Stability of the Intrinsic Tenase
Complex and the in Vitro Half-Life of Factor VIIIa.The
stability of the intrinsic tenase was determined in a reaction
containing 1.0 nM thrombin-activated factor VIII, 0.2 nM
recombinant factor IXa, and 50µM PC:PS vesicles in tenase
buffer, by varying the time of factor X (200 nM) addition
between 0 and 12.25 min. Thein 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 as described (18). Briefly, 20 nM factor VIII was
activated with 40 nM thrombin for 30 s, 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 nM 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 plasma-derived factor IXa, and 200 nM
factor X to determine residual factor VIIIa activity.

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 (14). 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, 0-700 nM factor X, 50µM PC:PS
vesicles, and 30% ethylene glycol in tenase buffer (18).
Factor IXa-PL and factor X were dissolved separately in
30% ethylene glycol/tenase buffer prior to addition in the
enzymatic reaction to avoid incomplete mixing. For reactions
performed in the absence of ethylene glycol, 40 nM factor
IXa was employed. 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 nM thrombin-activated factor VIII, and 50µM PC:PS
phospholipid vesicles, in tenase buffer. The reaction was
initiated by addition of factor X immediately after factor
VIIIa, and incubated 15 s for determination of factor X
kinetics (or 30 s for other assays) at room temperature, and
then terminated by addition of 0.25 M EDTA/1.1 mg mL-1

Polybrene. The amount of factor Xa was determined by
comparing the rate of S-2765 substrate hydrolysis to a
standard curve as described (14). Incubation times were
restricted to conditions under which less than 20% total factor
X cleavage occurred. Kinetic constants for factor X activation
were obtained by plotting the rate of factor Xa generation
(nM/min) versus substrate concentration, and fitting the data
by nonlinear regression to the Michaelis-Menten equation.

Determination of Factor IXa-Factor VIIIa Binding Af-
finity (KD) on the Phospholipid Surface. The binding affinity
of factor IXa for cofactor in the presence and absence of
factor X was examined in both direct and competition
binding assays employing fluorescein-labeled factor IXa
(factor IXa-Fl-EGR). All fluorescence measurements were
obtained on a TECAN GENios Pro microplate reader
(Salzburg, Austria), using an excitation wavelength of 485
nm, an emission wavelength of 535 nm, and a G-factor of
1.0142. Samples were prepared in Corning 96-well solid
black flat bottom polystyrene microplates (Corning Life
Sciences, Corning, NY) at 23°C. Direct binding was
monitored by change in anisotropy upon titration of factor
IXa-Fl-EGR with increasing amounts of factor VIIIa (0-25
nM) (24). Recombinant human factor VIII was activated with
a 1.6-fold molar excess of thrombin in 0.15 M NaCl, 20
mM HEPES pH 7.2, and 2 mM CaCl2 for 30 s, and
immediately added to a binding reaction containing 0.15 M
NaCl, 20 mM HEPES pH 7.4, 5 mM CaCl2, 50 µM PCPS
vesicles, and 5 nM factor IXa-Fl-EGR, in the absence or
presence of 125 nM factor X. Anisotropy values were
determined in duplicate reactions, with measurements initi-
ated 10 and 55 s after addition of factor VIIIa. Maximum
anisotropy signals were 0.203( 1 in the presence of factor
X ((SEM), and 0.163( 1 in the absence of factor X
((SEM). Baseline anisotropy in the absence of factor VIIIa
(0.105( 0.5) was subtracted from each experimental value
to determine the change in anisotropy. Titration of factor
IXa-Fl-EGR with factor X alone produced no significant
change in anisotropy, and the mean change in fluorescent
intensity was less than 10% in all binding studies. The change
in anisotropy was plotted versus factor VIIIa concentration,
and the data were fit by nonlinear regression to a simple
binding model.

Competition binding studies were performed in identical
fashion by adding increasing amounts of plasma-derived
factor IXa, unlabeled factor IXa-EGR, or recombinant factor
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IXa (0-250 nM for R165A, or 0-100 nM for wild type
and the other mutants) to a binding reaction containing 5
nM factor IXa-Fl-EGR, 8 nM factor VIIIa, and 50µM PC:
PS vesicles, in the absence or presence of 125 nM factor X.
Data were plotted as the concentration of competitor factor
IXa versus the fractional change in maximal anisotropy (in
the absence of competitor). The maximal signal was 0.203
( 1 ((SEM), while the baseline signal was 0.108( 1
((SEM). The EC50 was determined by fitting the data to
the equation

in which B represents the fractional specific binding,I
represents the concentration of factor IXa used as competitor,
EC50 represents the concentration of unlabeled factor IXa
that causes a 50% reduction in the anisotropy response, and
n represents the pseudo Hill coefficient (25). The pseudo
Hill coefficients were approximately 0.8 for plasma-derived
and wild type factor IXa, and ranged from 0.5 to 0.8 for the
mutant proteases. The EC50 values were converted toKI(app)

values using the method of Cheng and Prusoff (26) and Chou
(27) as described in the equation

whereD is the concentration of labeled factor IXa andKD

is 1.7 nM as determined above using the direct binding assay
in the presence of factor X.

Statistical Analysis.The individual experiments were fit
by nonlinear regression to determine the fitted parameters
(KD(app), Bmax, etc.). The parameter values obtained from the
individual experiments were pooled and expressed as the
mean of the fitted parameter( the standard error of the mean
(SEM). The significance of differences in the measured
parameters was determined by employing the Student’st test.
The differences stated in the discussion are all significant at
the 95% confidence level.

RESULTS

Expression, ActiVation, and ActiVe Site Titration of
Recombinant Factor IXa. The putative heparin-binding
exosite on factor IXa was targeted by substituting alanine
for conserved basic (Arg, Lys) or neutral (Asn) surface
residues (Figure 1). Targeted residues included K126A,
N129A, and K132A in the 126-132R-helix, R165A in the
162-170R-helix, and N178A in the 172-178 insertion loop
(chymotrypsinogen numbering system). The targeted residues
surround R233, which was recently demonstrated to play a
role in the heparin and cofactor interactions of factor IXa
(18). Recombinant factor IX proteins expressed in HEK 293
cells were purified to homogeneity from conditioned media,
and exhibited indistinguishable chromatographic behavior
during calcium elution from anion-exchange resin (28, 29).
The recombinant FIX proteins demonstrated high purity by
Coomassie Blue staining, with a single band of approximately
56,000 Da when analyzed by 10% SDS-PAGE under
nonreducing conditions (data not shown). 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.

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 was examined in the presence of 30%
ethylene glycol (30). The recombinant mutant proteases
demonstrated a∼20-30% reduction in thekcat/KM for
Pefachrome IXa relative to factor IXa wild type (Table 1).
These results suggest that the active site and S1-S3/4
subsites of these recombinant proteases were intact, but
possessed modestly reduced catalytic efficiency for the
peptide substrate.

The coagulant activity of the recombinant factor IXa was
determined by APTT in factor IX deficient plasma. Factor
IXa N178A demonstrated relatively normal clotting activity,
while factor IXa N129A and K132A demonstrated a 10-
20% decrease in coagulant activity relative to the wild type
protein, and factor IXa K126A demonstrated a 60% decrease.
In contrast, factor IXa R165A demonstrated a profound
reduction in clotting activity (99%), suggesting that this
residue has a vital role in factor IXa coagulant activity
(Table 1).

Effect of Factor IXa Mutations on Apparent Factor IXa-
Factor VIIIa Affinity. The ability of these recombinant
proteases to interact with cofactor was assessed by kinetic
determination of factor IXa-factor VIIIa affinity (Figure 2).
Factor IXa wild type and N178A demonstrated similar
apparent affinity (KD(app)) for factor VIIIa, suggesting that
this mutation did not disrupt factor IXa-factor VIIIa
assembly on PC:PS vesicles, while theKD(app) of factor IXa
K126A, N129A, and K132A for cofactor was increased less
than 2-fold compared to wild type, suggesting that these
mutations had modest effects on intrinsic tenase assembly
(Table 2). This reduction in cofactor affinity is consistent
with the decreased coagulant activity of these proteins. In
contrast, theKD(app) of factor IXa R165A for factor VIIIa
was markedly increased (23-fold) relative to wild type
protease, suggesting that this mutation significantly disrupts
assembly of a productive enzyme complex, consistent with
the markedly decreased coagulant activity of this protein
(Table 1).

The maximal activity of the saturated cofactor (Bmax) was
similar for factor IXa K132A relative to factor IXa wild type,
suggesting that this protease was fully active in the intrinsic
tenase complex. TheBmax for factor IXa K126A, N129A,
and N178A was moderately decreased (16-24%) relative

B )
(EC50)

n

(EC50)
n + In

KI ) EC50/[1 + (D/KD)]

Table 1: Coagulant and Peptide Substrate Activity for Recombinant
Factor IXa

enzyme
(FIXa)

coagulant
activity (%)

Pefachrome IXa
kcat/KM (mM-1 s-1)

WT 100 2.23( 0.06
K126A 41( 2 1.80( 0.05
N129A 88( 4 1.89( 0.03
K132A 80( 4 1.76( 0.09
R165A 1.0( 0.1 1.53( 0.32
N178A 116( 4 1.65( 0.14

The initial rate of Pefachrome IX cleavage by 40 nM factor
IXa was determined in tenase buffer with 30% ethylene glycol present.
Coagulant activity was determined by APTT in factor IX deficient
plasma. Data are expressed as the mean ((SEM) of 3-6 experiments.

Factor IXa Arg 165 Is Critical for Cofactor Activation Biochemistry, Vol. 46, No. 26, 20077889



to wild type protease, consistent with reduced activity of
these proteases in the assembled enzyme complex. Remark-
ably, factor IXa R165A demonstrated a 6-fold reduction in
theBmax of the factor IXa-factor VIIIa interaction compared
to factor IXa wild type, suggesting that the activity of this
protease was markedly defective in the assembled tenase
complex.

Effect of Factor IXa Mutations on the Ability To Stabilize
Factor VIIIa ActiVity. The cofactor activity of factor VIIIa
degrades in a first-order manner due to the loss of the
noncovalently associated A2 domain, which is partially
stabilized in the presence of factor IXa and phospholipid
vesicles (6, 31). To assess the effect of these mutations on

stability of the factor IXa-factor VIIIa-phospholipid com-
plex, the rate of intrinsic tenase decay was examined by
varying the time of factor X addition (Figure 3A). Factor
IXa wild type and N178A demonstrated similar rates of
intrinsic tenase decay (kobs), suggesting that this mutation
does not destabilize cofactor activity within the intrinsic
tenase complex (Table 2). Factor IXa K126A, N129A, and
K132A demonstrated modestly increased rates of decay. The
rate of decay for factor IXa R165A could not be adequately
evaluated under these conditions due to the markedly reduced
baseline activity of this protease. To assess the effect of this
mutation, thrombin-activated factor VIII was incubated with
a 2-fold molar excess of either factor IXa wild type or R165A
in the presence of phospholipid vesicles, and sampled into
the tenase assay over time to determine residual cofactor
activity. The kobs for loss of factor VIIIa activity in the

FIGURE 2: Effect of factor IXa mutations on the apparent 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 forma-
tion. The rate of factor X activation by factor IXa-factor VIIIa
was determined by adding increasing concentrations of factor IXa
into a reaction containing 0.15 nM factor VIIIa, 200 nM factor X,
and 50 µM PC:PS vesicles in tenase buffer as described in
Experimental Procedures. Representative curves for wild type (b),
K126A (O), N129A (2), K132A (4), R165A (9), and N178A (0)
factor IXa are presented. The R165A factor IXa data (9) is also
presented in the inset to illustrate the goodness of the fit.

Table 2: Cofactor Interactions for Recombinant Factor IXaa

enzyme
(FIXa)

FIXa-FVIIIa
KD(app)(nM)

FIXa-FVIIIa
Bmax(nM/min)

FIXa-FVIIIa
kobs (min-1)

FIXa-Fl-EGR
KI(app) (nM)

WT 1.8( 0.1 32.1( 0.7 0.132( 0.005 6.5( 0.2
K126A 3.2( 0.4 27.0( 0.5 0.163( 0.002 14.1( 0.7
N129A 2.8( 0.3 24.5( 0.8 0.142( 0.002 7.2( 1.3
K132A 3.4( 0.4 35.4( 1.3 0.157( 0.003 5.6( 0.6
R165A 41( 8 5.4( 0.8 ND 106( 13
N178A 1.9( 0.1 25.2( 1.0 0.132( 0.008 10.4( 0.2

a TheKD(app)andBmax for the factor IXa-factor VIIIa complex were
determined by titration of 0.15 nM factor VIIIa, 50µM PC:PS vesicles,
and 200 nM FX with factor IXa in tenase buffer. The data are presented
as the meanKD(app) andBmax ((SEM), wheren ) 4-6 experiments.
The rate of intrinsic tenase decay (kobs) was determined by varying the
time of addition of 200 nM factor X to 0.2 nM factor IXa, 1.0 nM
factor VIIIa, and 50µM PC:PS vesicles in tenase buffer. The data are
presented as the meankobs ((SEM), wheren ) 4-6 experiments. The
ability of recombinant factor IXa to compete for cofactor binding was
assessed by monitoring the fractional change in anisotropy with
increasing amounts of unlabeled protease in a reaction containing 5
nM factor IXa-Fl-EGR, 8 nM factor VIIIa, and 50µM PC:PS vesicles.
The data are presented as the meanKI(app) ((SEM), wheren ) 3-10
experiments. ND: not determined.

FIGURE 3: Effect of factor IXa mutations on the stability of the
intrinsic tenase complex (A) and thein Vitro half-life of factor VIIIa
(B). (A) Factor X (200 nM) was added at intervals between 15 s
and 12.25 min after cofactor addition to 0.2 nM recombinant factor
IXa, 1 nM factor VIIIa, 50µM PC:PS vesicles in tenase buffer.
The rate of factor X activation was determined in a chromogenic
assay as described in Experimental Procedures. (B) Factor VIII was
activated with 40 nM thrombin, neutralized with 60 nM hirudin,
and immediately diluted 1:2 into tenase reaction buffer in the
absence or presence of 100µM PC:PS vesicles and 40 nM factor
IXa wild type or R165A. Residual factor VIIIa activity was
determined by sampling into the intrinsic tenase assay as described
in Experimental Procedures. Representative curves are presented.
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presence of 50µM PC:PS vesicles was 0.173( 0.002 min-1

for cofactor alone, 0.112( 0.004 min-1 for cofactor plus
20 nM factor IXa wild type, and 0.174( 0.001 min-1 for
cofactor plus 20 nM factor IXa R165A (Figure 3B). Thus,
while incubation with factor IXa wild type significantly
reduced the observed rate constant for A2 dissociation, factor
IXa R165A failed to prolong the half-life of factor VIIIa
activity relative to phospholipid vesicles alone.

Effect of Factor IXa Mutations on the Kinetics of Factor
X ActiVation in the Absence of Factor VIIIa.The kinetics of
factor X activation by these recombinant proteases was
assessed in both the factor IXa-phospholipid and the factor
IXa-factor VIIIa-phospholipid complexes. In the absence
of cofactor, analysis of factor X kinetics is problematic due
to the poor catalytic activity of factor IXa-phospholipid.
Ethylene glycol stimulates factor IXa catalytic activity by
interacting with a binding site between residues 60 and 90
(32, 33). Thus, 30% ethylene glycol was added to the buffer
to accelerate factor X activation by factor IXa under these
conditions (30, 34). The apparent substrate affinity (KM(app))
for factor X under these conditions was similar to factor IXa
wild type for factor IXa N129A, K132A, N178A, and R165A
(Table 3). Factor IXa K126A demonstrated a modest increase
in KM(app), suggesting that this mutation reduces the affinity
of the factor IXa-factor X interaction on the phospholipid
surface.

These mutations had diverse effects on theVmax(app) for
factor X activation by the factor IXa-phospholipid complex
under these conditions (Figure 4). Interestingly, theVmax(app)

for factor K126A and K132A was significantly increased
relative to wild type protease. Factor IXa wild type and
N129A demonstrated similar maximal rates of factor X
activation, while factor IXa R165A and N178A had mod-
erately reduced rates, suggesting a catalytic defect for these
proteases (Table 3). In the absence of ethylene glycol, the
maximal rate of factor X activation was similar for all the
recombinant proteases except factor IXa R165A and N178A,
which were reduced by 70% and 50%, respectively (data
not shown).

Effect of Factor IXa Mutations on the Kinetics of Factor
X ActiVation in the Presence of Factor VIIIa.The kinetics
of factor X activation was similarly examined for each
recombinant protease assembled in the intrinsic tenase
complex (Figure 5). In the presence of cofactor, none of the
mutant proteases demonstrated an increase in theKM(app) for
factor X relative to factor IXa wild type (Table 3). Thus,
these mutations did not appear to significantly disrupt the
initial interaction of the protease-cofactor complex with

factor X, or protease with the factor X-factor VIIIa complex
on the phospholipid surface (35).

In contrast, theVmax(app) for factor X activation was
decreased to varying degrees for the mutant proteases in the
intrinsic tenase complex. The maximal rate of factor X
activation was modestly reduced (13%) for factor IXa
N178A; moderately reduced (26-38%) for factor IXa
K126A, N129A, and K132A; and profoundly reduced for
factor IXa R165A (98%) relative to wild type protease (Table
3). The catalytic rate (kcat) for factor X activation by each
recombinant protein in the intrinsic tenase complex was
calculated by dividingVmax(app) by the predicted enzyme
concentration under these conditions based on the apparent
affinity (KD(app)) of the factor IXa-factor VIIIa complex
(Figure 2, Table 2). Factor IXa K126A, N129A, K132A,
and N178A demonstratedkcat values within 92% of factor
IXa wild type, suggesting the absence of a significant defect
in the cofactor-dependent catalytic rate for factor X (Table
3). In contrast, thekcat value for factor IXa R165A was only
35% of the wild type protein, indicating a substantial defect
in factor X catalysis.

Effect of ActiVe Site Modification and Factor X on the
Affinity of Factor IXa-Factor VIIIa Interaction. To assess
the effect of active site modification (chloromethylketone
inhibitor) and factor X on the physical assembly of the factor

Table 3: Kinetics of Factor X Activation by Recombinant Factor IXaa

FIXa-PL (30% EG) factor X activation FIXa-FVIIIa-PL factor X activation

enzyme
(FIXa)

KM(app)

(nM)
Vmax(app)

(nM/min) kcat(s-1) × 103
KM(app)

(nM)
Vmax(app)

(nM/min)
kcat

(s-1)

WT 55 ( 8 0.40( 0.01 1.34( 0.03 9.6( 0.7 11.7( 0.1 5.51( 0.06
K126A 89( 4 0.60( 0.05 1.99( 0.16 7.3( 0.4 7.3( 0.1 5.2( 0.1
N129A 61( 11 0.40( 0.01 1.34( 0.03 8.5( 2 8.7( 0.5 5.6( 0.3
K132A 48( 4 0.53( 0.01 1.78( 0.03 8.5( 0.3 7.4( 0.1 5.47( 0.09
R165A 67( 5 0.30( 0.02 1.00( 0.05 5.2( 2 0.28( 0.04 1.9( 0.3
N178A 80( 16 0.26( 0.01 0.60( 0.14 10.0( 0.5 10.2( 0.1 5.08( 0.04

a The kinetics of factor X activation by 5 nM factor IXa with 50µM PC:PS vesicles was determined in tenase buffer with 30% ethylene glycol
present. The kinetics of factor X activation by the intrinsic tenase complex (0.1 nM factor IXa, 1.0 nM factor VIIIa, 50µM PC:PS) was determined
in tenase buffer. The data are presented as the meanKM(app), Vmax(app), andkcat ((SEM), wheren ) 4-6 experiments.

FIGURE 4: 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, 0-700 nM
factor X, and 50µM PC:PS vesicles in tenase buffer containing
30% ethylene glycol. Representative curves are presented.
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IXa-factor VIIIa complex, direct and competition binding
assays were performed with factor IXa-Fl-EGR. As reported,
titration of factor IXa-Fl-EGR with thrombin-activated factor
VIII demonstrated a saturable increase in anisotropy, which
was enhanced in the presence of factor X (24, 36). Fitting
these titrations to a simple binding model with 1:1 stoichi-
ometry resulted inKD values of 4.1( 0.6 nM and 1.7( 0.2
nM for cofactor binding to factor IXa-Fl-EGR in the absence
and presence of 125 nM factor X, respectively. Although
these values represent the physical association of factor IXa-
factor VIIIa complex, they must be considered apparent
affinities due to instability of the factor VIIIa ligand. The
increase in factor IXa-factor VIIIa affinity in the presence
of factor X is consistent with the reported effects of substrate
on kinetically determinedKD(app) values (37). Addition of
factor X to factor IXa-Fl-EGR in the absence of cofactor
did not result in any significant change in anisotropy.
However, the presence of factor X dramatically improved
the ability of the unmodified factor IXa to compete for
binding with factor IXa-Fl-EGR. TheKI(app) value ((SEM)
for unmodified factor IXa was 4.9( 0.1 nM in the presence
of factor X compared to 154( 10 nM in the absence of
factor X. In contrast, theKI(app) for factor IXa-EGR was only
modestly decreased from 10( 2 nM to 4.7( 0.2 nM by
the addition of factor X.

Effect of Factor IXa Mutations on the Affinity of Factor
IXa-Factor VIIIa Complex in the Presence of Factor X.To
assess the effect of these mutations on physical assembly of
the intrinsic tenase complex, the ability of the recombinant
proteins to compete for cofactor binding with factor IXa-
Fl-EGR was examined in the presence of factor X (Figure
6). TheKI(app) values were similar for factor IXa wild type,
N129A, and K132A (Table 2).KI(app) values were modestly
increased for factor IXa N178A (1.6-fold) and K126A (2.2-
fold), while factor IXa R165A demonstrated a 16.3-fold
increase inKI(app) relative to factor IXa wild type. The results

suggest that the mutations N178A, K126A, and particularly
R165A disrupt physical assembly of the intrinsic tenase
complex.

DISCUSSION

The role of the heparin-binding exosite in activation of
factor IXa within the intrinsic tenase complex was examined
using a series of alanine substitutions for conserved basic
(K126, K132, R165) and neutral (N129, N178) residues
surrounding the surface residue R233 (Figure 1). R233A is
critical for protease-heparin binding, and contributes to
cofactor binding and stability (18). Analysis of these
recombinant proteases demonstrated effects on coagulation
and intrinsic tenase activity, suggesting that mutations in the
heparin-binding exosite may have distant effects on the factor
IXa catalytic mechanism.

The most dramatic effects on factor IXa activity were
observed with the R165A mutation. The coagulant activity
of factor IXa R165A was profoundly decreased relative to
wild type (Table 1) consistent with the severe hemophilia B
phenotype of the type II mutation R165Q (38). In a functional
binding assay, factor IXa R165A demonstrated a 23-fold
decrease in factor VIIIa affinity and markedly defective
activity in the saturated complex (Bmax) (Figure 2). It also
failed to stabilize factor VIIIa activity (Figure 3B). Since
the decay of intrinsic tenase activity primarily depends on
the rate of A2 domain dissociation from factor VIIIa (39),
R165A may play an essential role in the factor IXa-A2
domain interaction (13).

In addition to its effect on factor VIIIa binding, R165A
affected the catalytic mechanism for factor X activation. In
the absence of factor VIIIa, factor IXa R165A demonstrated
a decreased maximal rate of factor X activation relative to

FIGURE 5: 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, 0-100 nM factor X, and 50µM PC:PS vesicles in
tenase buffer. Representative curves for wild type (b), K126A (O),
N129A (2), K132A (4), R165A (9), and N178A (0) factor IXa
are presented. The R165A factor IXa data (9) is also presented in
the inset to illustrate the goodness of the fit.

FIGURE 6: Effect of mutations on the ability of recombinant factor
IXa to compete for factor IXa-factor VIIIa binding in the presence
of factor X. The ability of the recombinant factor IXa to compete
for factor IXa-factor VIIIa binding was determined by titrating
increasing amounts of factor IXa competitor into a reaction mixture
containing 5 nM factor IXa-Fl-EGR, 8 nM factor VIIIa, 125 nM
factor X, and 50µM PC:PS vesicles in 0.15 M NaCl, 20 mM
HEPES, pH 7.4, and 5 mM CaCl2 as described in Experimental
Procedures. The maximal anisotropy signal was 0.203( 1 ((SEM),
while the baseline signal was 0.108( 1 ((SEM). Representative
curves are presented.
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wild type protease in the presence (Table 3) or absence of
ethylene glycol (not shown). In the presence of factor VIIIa,
R165A did not appear to disrupt the interaction of the factor
IXa-factor VIIIa complex with factor X, or factor IXa with
the factor VIIIa-factor X complex on the phospholipid
surface (Table 3) (35). However, factor IXa R165A dem-
onstrated a 65% decrease in thekcat for factor X activation
in the presence of factor VIIIa relative to wild type protease
(Table 3), suggesting that this residue is critical to cofactor-
enhanced catalysis in the intrinsic tenase complex. Thus,
R165 contributes to both factor VIIIa-independent and factor
VIIIa-dependent catalytic mechanisms.

The other mutations showed mild to moderate effects on
factor IXa activity. Factor IXa K126A, N129A, and K132A
had modest, but significant, decreases in coagulant activities
(12-59%), catalytic efficiency (kcat/KM) for Pefachrome IXa
(15-21%), cofactor affinity in the functional binding assay
(1.5-2 fold), and ability to stabilize factor VIIIa activity
(Tables 1-3). In contrast, these proteases demonstrated a
normal (or increased)kcat for factor X in the absence or
presence of factor VIIIa (Table 3). Thus, surface residues
K126, N129, and K132 contribute to the cofactor interactive
site and stabilization of the A2 domain, without significant
effects on the factor X catalytic mechanism. Factor IXa
N178A demonstrated modest reductions in the efficiency of
peptide substrate cleavage (26%) and thekcat for factor X
activation (34%) in the absence of cofactor (Tables 1 and
3), suggesting a mild catalytic defect. The coagulant activity
of factor IXa N178A was intact relative to wild type protein
(Table 1), contrasting with the observed mild hemophilia
phenotype of the N178D mutation (33). Likewise, the ability
of factor IXa N178A to stabilize factor VIIIa activity within
the factor IXa-factor VIIIa complex, and thekcat for factor
X in the intrinsic tenase complex were comparable to wild
type protease (Tables 2 and 3). Thus, surface residue N178
does not contribute significantly to stabilization of the A2
domain, but the N178A mutation results in a mild defect in
factor X catalysis that is largely corrected in the presence of
factor VIIIa.

Active site modification, factor X substrate binding, and
mutations in the heparin-binding exosite of factor IXa
affected physical assembly of the intrinsic tenase complex.
Similar to studies with porcine factor IXa-Fl-FPR, the
maximal change in anisotropy for human factor IXa-Fl-EGR,
and the affinity of the enzyme-cofactor interaction were
enhanced in the presence of factor X (24, 36). Covalent
modification of the factor IXa active site with EGR-
chloromethylketone markedly improved the ability of the
protease to compete for factor VIIIa binding. Since factor
VIIIa does not interact directly with the factor IXa active
site, this modification must increase cofactor affinity by
inducing conformational change at distant binding site(s).
The reduced rate of macromolecular and peptide substrate
catalysis by factor IXa R165A, and the ability of heparin to
modify substrate and inhibitor interactions with the active
site, support an allosteric link between the heparin-binding
exosite and the active site of factor IXa (14, 40, 41). Further,
factor X markedly improved the ability of unmodified factor
IXa to compete with factor IXa-Fl-EGR for binding to factor
VIIIa, suggesting that macromolecular substrate binding also
increases protease-cofactor affinity. Factor X may modify
cofactor affinity by formation of the factor VIIIa-factor X

complex (35) and/or by a direct effect on factor IXa
conformation. In contrast, factor X had a limited effect on
the ability of factor IXa-EGR to compete for cofactor
binding, suggesting that this active site modification may
replicate, in part, the effect of macromolecular substrate
binding.

Factor IXa N178A, K126A, and R165A demonstrated
modest to marked reductions in ability to compete for
physical assembly into the intrinsic tenase complex relative
to wild type protease. These results confirm the contribution
of the factor IXa heparin-binding exosite to assembly of the
enzyme complex. The effect of the R165A mutation relative
to wild type protease was more pronounced in the functional
binding assay (23-fold increase inKD(app)) than the physical
competition assay (16-fold increase in theKI(app)) (Table 2).
This result further emphasizes that the profound catalytic
defect of factor IXa R165A is not adequately explained by
effects on physical assembly alone. Thus, R165 plays a
critical role in both cofactor binding and allosteric activation
of factor IXa within the tenase complex, consistent with the
significantly reducedkcat for factor X activation by factor
IXa R165A in the presence of factor VIIIa.

Mutagenesis of factor IXa demonstrates that the heparin-
binding exosite represents the critical cofactor interactive site
for protease activation, with the residues K126, N129, K132,
R165, and R233 contributing to stabilization of the factor
VIIIa A2 domain within the enzyme complex. These findings
are consistent with the participation of the 162-170 helix,
and particularly R165, in direct binding to the isolated A2
domain (13, 42). The extensive overlap between cofactor
and heparin-binding sites is similar to the role of the factor
Xa heparin-binding exosite in the prothrombinase complex
(15, 43). The observation that mutations in the heparin-
binding exosite have distant effects on the factor IXa catalytic
mechanism is consistent with the ability of low molecular
weight heparin to enhance the reactivity of the factor IXa
active site with basic pancreatic trypsin inhibitor (40), and
inhibit cofactor-independent factor X activation by the factor
IXa-PL complex (14). The allosteric effect of heparin is
modulated, at least in part, through rearrangement of K98
in the 99-loop, which partially obstructs the active site of
factor IXa (41). The 99-loop restricts substrate access to the
S2-S4 subsites, demonstrates alternative conformations in
p-aminobenzamide versus FPR-chloromethylketone-inhibited
factor IXa structures, and is hypothesized to undergo
substrate-induced rearrangement in the activated enzyme
complex (32, 44-46). Cofactor interaction with the heparin-
binding exosite of factor IXa may likewise modulate
conformation of the 99-loop, contributing to the dramatic
enhancement in factor X catalysis within the physiologic
intrinsic tenase complex.
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