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NaC Site in Blood Coagulation Factor IXa:
Effect on Catalysis and Factor VIIIa Binding
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During blood coagulation, factor IXa (FIXa) activates factor X (FX)
requiring Ca2C, phospholipid, and factor VIIIa (FVIIIa). The serine
protease domain of FIXa contains a Ca2C site and is predicted to contain
a NaC site. Comparative homology analysis revealed that NaC in FIXa
coordinates to the carbonyl groups of residues 184A, 185, 221A, and 224
(chymotrypsin numbering). Kinetic data obtained at several concentrations
of NaC and Ca2C with increasing concentrations of a synthetic substrate
(CH3-SO2-D-Leu-Gly-Arg-p-nitroanilide) were fit globally, assuming rapid
equilibrium conditions. Occupancy by NaC increased the affinity of FIXa
for the synthetic substrate, whereas occupancy by Ca2C decreased this
affinity but increased kcat dramatically. Thus, NaC-FIXa-Ca2C is catalyti-
cally more active than free FIXa. FIXaY225P, a NaC site mutant, was severely
impaired in NaC potentiation of its catalytic activity and in binding to
p-aminobenzamidine (S1 site probe) validating that substrate binding in
FIXa is linked positively to NaC binding. Moreover, the rate of
carbamylation of NH2 of Val16, which forms a salt-bridge with Asp194 in
serine proteases, was faster for FIXaY225P and addition of Ca2C overcame
this impairment only partially. Further studies were aimed at delineating
the role of the FIXa NaC site in macromolecular catalysis. In the presence of
Ca2C and phospholipid, with or without saturating FVIIIa, FIXaY225P
activated FX with similar Km but threefold reduced kcat. Further, interaction
of FVIIIa:FIXaY225P was impaired fourfold. Our previous data revealed that
Ca2C binding to the protease domain increases the affinity of FIXa for
FVIIIa w15-fold. The present data indicate that occupancy of the NaC site
further increases the affinity of FIXa for FVIIIa fourfold and kcat threefold.
Thus, in the presence of Ca2C, phospholipid, and FVIIIa, binding of NaC to
FIXa increases its biologic activity by w12-fold, implicating its role in
physiologic coagulation.
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Introduction

Serine proteases are a class of enzymes that are
involved in diverse physiologic processes including
digestion, fertilization, coagulation, fibrinolysis,
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contain a catalytic triad composed of His57, Asp102,
and Ser195.1 Ser195 is hydrogen bonded to N32 of
His57 whereas Nd1 of His57 is hydrogen bonded to
the buried side-chain of Asp102.5 This arrangement
makes Ser195 an unusually strong nucleophile and
permits peptide bond hydrolysis. The substrate-
binding sites that are involved in precise inter-
actions are referred to as Sn,. S3, S2, S1, S1 0, S2 0,
S3 0,. Sn 0 sites, and the amino acid residues of the
substrate that occupy these sites are referred to as
Pn,. P3, P2, P1, P1 0, P2 0, P3 0,. Pn 0, respectively.6 In
the trypsin family of clan SA, Asp189 is at the
bottom of the S1 specificity pocket, and interacts
with the positively charged side-chains of the P1
residue Lys or Arg in the substrate.7 The peptide
bond in the substrate that is cleaved is between
residues P1 and P1 0.

A review of the literature indicates that, on the
basis of Ca2C and NaC-binding properties, the
trypsin family of proteases may be further divided
into four subgroups: (1) enzymes that do not have a
Ca2C site or a NaC site, such as plasmin, factor XIa,
and factor XIIa;8 (2) enzymes that have only a Ca2C

site, such as bovine trypsin and pig elastase;8–10 (3)
enzymes that have only a NaC site, such as
thrombin;11,12 and (4) enzymes that have both a
Ca2C site and a NaC site such as factor Xa (FXa),
activated protein C (APC), FVIIa, and FIXa†.12–17

Notably, the Ca2C site is located in the N-terminal
subdomain 1 and the NaC site is located in the
C-terminal subdomain 2.8–18

FIX is a 415 residue vitamin K-dependent protein
that circulates in the blood as an inactive zymogen
(57,000 Da) of the serine protease FIXa.19,20 During
physiologic coagulation, it is activated by FXIa/
Ca2C and FVIIa/tissue factor/Ca2C.20,21 Activation
of FIX by either enzyme occurs in two sequential
steps to produce an active serine protease and
release of a 35 residue activation peptide of amino
acid residues 146–180.20,22 Upon activation, the
newly generated amino group of Val16 [181]‡ then
turns inward and forms a salt-bridge with the
carboxylate group of Asp194 [364];19,20 this inter-
action is a defining characteristic of conversion of
the zymogen to the active enzyme.2,7 The N-
terminal light chain (residues 1–145) of FIXa
contains the g-carboxyglutamic acid (Gla) domain
followed by two epidermal growth factor-like
domains (EGF1 and EGF2), whereas the C-terminal
heavy chain (residues 181–415) contains the serine
protease domain.19,20

FIXa activates FX to FXa in the coagulation
cascade, which requires three known cofactors for
† For comparison, the chymotrypsin numbering system
is used throughout. Residue 225 in chymotrypsin
corresponds to residue 395 in FIX. Where necessary, the
amino acid corresponding to the numbering in
chymotrypsin is given followed by the FIX numbering in
square brackets e.g. 225 [395].
‡ FIXa is used to refer to both FIXaNP and FIXaWT as

there were no observable kinetic differences between
them in the experiments performed in this study.
physiologic hemostasis, namely, Ca2C, phospho-
lipid (PL) provided by platelets, and FVIIIa.24 The
Gla domain of FIX/FIXa possesses several Ca2C-
binding sites,25,26 while the EGF1 and protease
domains each have one high-affinity Ca2C-binding
site.23,27,28 The Gla domain of FIX/FIXa is essential
for its binding to PL or platelets, and the EGF1
domain of FIX is required for activation by FVIIa/
tissue factor/Ca2C.29–32 The Gla domain, EGF1
domain, EGF2 domain, and the protease domain
of FIXa have all been implicated in binding to
FVIIIa.30,33–37

Here, a comparative analysis of homologous
proteins reveals that the NaC site in FIXa is similar
to that in FXa, APC, and FVIIa but not to that in
thrombin. Functional characterization of the NaC

site in FIXa indicates that, like in APC14 and FXa,38

it is linked thermodynamically to the substrate-
binding site primarily through the S1 site. However,
unlike in APC14 and FXa,38 the protease domain
Ca2C site in FIXa is also linked to the substrate-
binding site. Further, in contrast to FXa and APC
where the NaC site and Ca2C site are strongly
linked, this linkage is weak in FIXa. Importantly,
NaC-binding in the absence or in the presence of
Ca2C shifts the zymogen–enzyme equilibrium of
FIXa further towards a more enzyme-like confor-
mation, such that the catalytic activity and FVIIIa
binding are improved. The importance of the
functional significance of the NaC-binding site is
manifested in two naturally occurring mutations in
FIXa that disrupt the NaC site region in hemophilia
B patients§.39 An initial account of this work has
been presented.40
Results

Relationship of the putative NaC site, protease
domain Ca2C site and active site in FIXa

Figure 1 illustrates the position of the putative
NaC sites in FIXa and its spatial relation to the
protease domain Ca2C site, active site, and the
FVIIIa binding 162-helix [330-helix]. Based upon
the structures of FXa, FVIIa, and APC, it involves
the carbonyl groups of residues 184A [353], 185
[354], 221A [391], and 224 [394]. It is predicted that
the solvent water molecules will provide the other
two ligands, as is the case in FXa, FVIIa, and APC.
In modeling the NaC site, no adjustments in the
main chain of FIXa (PDB code 1rfn) were necessary
and all protein coordinating ligands were within
§ The 13th edition (2004) is available at: http://www.
kcl.ac.uk/ip/petergreen/haemBdatabase.html.
s Since the FIXa protein and solvent ligands involved

in coordination to NaC have not been structurally
determined, the proposed NaC site in this work should be
viewed as a putative site. Identification of the precise
ligands involved in precise NaC coordination must await
solving the crystal structure of FIXa at a higher resolution
than currently known.

http://www.kcl.ac.uk/ip/petergreen/haemBdatabase.html
http://www.kcl.ac.uk/ip/petergreen/haemBdatabase.html
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2.8–3.1 Å. Next, we directed effort towards under-
standing the role of NaC in synthetic substrate
hydrolysis and in modulating the FIXa zymogen–
enzyme equilibrium, as well as in macromolecular
catalysis and FVIIIa binding.
Effects of monovalent cations on the amidolytic
activity of FIXa

We first wished to find an inert monovalent
cation that could be used to keep the ionic strength
constant during the kinetic experiments. In separate
experiments, hydrolysis of CBS 31.39 (CH3SO2-D-
Leu-Gly-Arg-p-nitroaniline) by FIXa was measured
at various concentrations of three monovalent
cations, namely, choline (ChC), LiC, or RbC. As
shown in Figure 2(a), LiC and RbC did not inhibit
or potentiate the amidolytic activity of FIXa;
whereas, ChC had an inhibitory effect. Further,
NaC potentiated the amidolytic activity of FIXa to
Figure 1. Location of the putative NaC site and the
Ca2C site in the protease domain of human FIXa. The b-
sheets are in red, a-helices are in blue, the Ca2C-binding
loop is in white, the two NaC-binding loops are in yellow
(183–189 [353–359]) and white (221–225 [390–395]), and
the autolysis loop is in magenta. The amino and carboxyl
termini are marked N and C, respectively. Oxygen is red,
nitrogen is blue, carbon is green, NaC is cyan, and Ca2C is
white. The S1 site specificity residue, Asp189 [359] that is
most likely linked to the NaC site via water molecules
is colored by atom type. The active site residues (His57
[221], Asp102 [269], and Ser195 [365]) are labeled H, D,
and S, respectively. The two helices, 126 helix [293 helix]
and 162 helix [330 helix], implicated in binding to FVIIIa
are also shown. Residues 184A [353], 185 [354], 221A
[391], and 224 [394] that are important in binding to NaC,
and residues 70 [235], 72 [237], 75 [240], and 80 [245] that
are involved in binding to Ca2C are labeled. Tyr225 [395],
an importantdeterminant forNaC-binding, is depicted.11,17
similar extent whether or not LiC or RbC was
present (Figure 2(b)). In contrast, ChC inhibited the
potentiation of FIXa activity by NaC (Figure 2(b)).
On the basis of these experiments, RbC was chosen
as the compensatory ion for further studies.
Effect of NaC and Ca2C on the potentiation of
CBS 31.39 hydrolysis by FIXa

The enhancement of substrate hydrolysis using
various concentrations of NaC or Ca2C at different
concentrations of CBS 31.39 is shown in Figure 3(a)
and (b), respectively. Similarly, the enhancement of
Figure 2. Effect of monovalent cations on the amidolytic
activity of FIXa. (a) The effect of RbC, ChC, and LiC on the
amidolytic activity of FIXa. Reaction mixtures contained
1 mM CBS 31.39 and 125 nM FIXa in 50 mM Tris (pH 7.4),
0.1% (w/v) PEG 8000, 1 mM EDTA, and various
concentrations of either RbC (open circles), ChC (filled
circles), or LiC (open squares). The chloride salt of each
ion was used. (b) The effect of NaC on the amidolytic
activity of FIXa. The buffer used is the same as that used
in (a). Filled squares represent an experiment where
increasing concentrations of NaC were used with no
compensating ion. In the other experiments, the concen-
tration of monovalent cation was kept constant at 0.2 M
by the addition of RbC (open circles), ChC (filled circles),
or LiC (open triangles) as compensating ions. For
example, when the concentration of NaC used was
50 mM, the concentration of RbC, LiC, or ChC was
150 mM. Similarly, when the concentration of NaC used
was 150 mM, the concentration of RbC, LiC, or ChC was
reduced to 50 mM. Thus, at any point, the combined total
concentration of NaC and the compensating ion (RbC,
LiC, or ChC) was 200 mM.



Figure 3. Sodium and calcium-mediated potentiation of CBS 31.39 hydrolysis by FIXa. (a) The NaC-mediated
potentiation of CBS 31.39 hydrolysis in the absence of Ca2C. The concentrations of NaC are: 0 mM (red circles), 5 mM
(blue circles), 10 mM (green squares), 15 mM (magenta squares), 20 mM (cyan triangles), 50 mM (black triangles),
75 mM (dark green diamonds), 100 mM (purple diamonds), 125 mM (yellow squares), 150 mM (red squares), 190 mM
(blue squares), and 200 mM (green circles). (b) The Ca2C-mediated potentiation of CBS 31.39 hydrolysis in the absence of
NaC. The concentrations of Ca2C are: 0 mM (red circles), 0.2 mM (blue circles), 0.5 mM (green squares), 0.75 mM
(magenta squares), 1 mM (cyan triangles), 3 mM (black triangles), and 5 mM (dark green diamonds). (c) The NaC-
mediated potentiation of CBS 31.39 hydrolysis in the presence of 5 mM Ca2C. The concentrations of NaC are: 0 mM (red
circles), 10 mM (blue circles), 20 mM (green squares), 50 mM (magenta squares), 100 mM (cyan triangles), 125 mM (black
triangles), 150 mM (yellow diamonds), and 185 mM (dark green diamonds). (d) The Ca2C-mediated potentiation of CBS
31.39 hydrolysis in the presence of 200 mM NaC.The concentrations of Ca2C are: 0 mM (red circles), 0.05 mM (blue
circles), 0.1 mM (green squares), 0.25 mM (magenta squares), 0.5 mM (cyan triangles), 1 mM (black triangles), 3 mM
(purple diamonds), and 5 mM (dark green diamonds). All data are normalized to 125 nM FIXa, and RbCwas used as the
compensatory ion to keep the ionic strength at 0.2 M. All lines are drawn following global analysis according to Scheme 1,
using the fitted values in Table 1.
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substrate hydrolysis using various concentrations
of NaC in the presence of Ca2C or various
concentrations of Ca2C in the presence of NaC is
depicted in Figure 3(c) and (d), respectively. The
entire data set was fit globally using the program
Dynafit according to Scheme 1, and the calculated
parameters are given in Table 1. In this scheme, N
represents NaC, C represents Ca2C, E represents
enzyme, and S and P represent substrate and
product, respectively. Here, KENC,S equals KECN,S

and kcatENC equals kcatECN.
The binding of NaC to FIXa increased the affinity

of the substrate by 6.5-fold, with only a small
increase in kcat (see Table 1). Conversely, binding of
Ca2C to FIXa decreased the affinity of the substrate
by 4.7-fold and increased kcat by 8.6-fold. NaC

binding to Ca2C-bound FIXa increased the affinity
of the substrate by 1.9-fold without affecting kcat.
Further, Ca2C binding to NaC-bound FIXa
decreased the affinity of the substrate by 16.3-fold
and increased kcat by 6.3-fold. Of interest is the
observation that in the absence of substrate, the
Ca2C and NaC sites are linked positively, whereas
in the presence of substrate these sites are linked
negatively; however, the linkage is weak in each
case. Thus, NaC increases the affinity; whereas
Ca2C increases kcat and decreases the affinity of
FIXa for the substrate. Conclusions from the
global fitting approach were verified independently
by initial velocity studies of peptidyl substrate
cleavage at near saturating concentrations of NaC

and/or Ca2C. There was good agreement between
steady-state kinetic constants determined under
these conditions (Table 2) with those inferred from
the global analysis (Table 1). Overall, the catalytic
efficiency of NaC-FIXa is 5.6-fold higher, that of



Scheme 1.

Table 2. Effect of NaC and Ca2C on the Hydrolysis of CBS
31.39 by FIXa and FIXaY225P

Conditions

NaC Ca2C Km (mM)
kcat

(minK1)
kcat/Km

(minK1 mMK1)

FIXa
K K 1.9G0.1 25G2.0 13 (1.0)
C K 0.5G0.1 38G2.1 73 (5.6)
K C 8.7G1.3 189G17 22 (1.7)
C C 4.5G0.6 203G21 45 (3.5)

FIXaY225P
K K 2.1G0.5a 0.3G0.1a 0.1 (1.0)
C K 3.1G0.5 3.5G0.4 1.1 (11)
K C 7.9G0.4 53.2G5.5 6.8 (68)
C C 7.3G0.2 47.0G5.2 6.4 (64)

Increasing amounts of CBS 31.39were added to reactionmixtures
containing 125–375 nM FIXa or FIXaY225P in 50 mM Tris (pH 7.4)
containing 0.1% PEG 8000. To keep the ionic strength constant,
the concentration of NaCwas 200 mM in the absence of Ca2C and
185 mM in the presence of 5 mM Ca2C. The fold change in
catalytic efficiency is given in parentheses. The results presented
are the average of three experimentsGSE.

a The rate for FIXaY225P in the absence of NaC and Ca2C was
very slow even at high concentrations of substrate and an
accurate determination of Km and kcat could not be carried out.
The numbers given reflect the best estimates.
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FIXa-Ca2C is 1.7-fold higher, and that of NaC-FIXa-
Ca2C is 3.5-fold higher than for free FIXa (Table 2).

Effect of NaC and Ca2C on the potentiation of
CBS 31.39 hydrolysis by FIXaY225P and FIXaE80V

Dang and Di Cera have postulated that a change
of residue Tyr225 [395] to Pro would impair the
NaC site in FIXa.17 Thus, FIXaY225P was used to
verify the contribution of NaC binding to the
catalytic activity of FIXa towards a synthetic
substrate. Km and kcat data for FIXaY225P hydrolysis
of CBS 31.39 are given in Table 2. In the absence of
both NaC and Ca2C, the rates of hydrolysis of CBS
31.39 were slow and only approximate values could
be obtained. Further, NaC increased the catalytic
activity of FIXaY225P, suggesting that the NaC site
Table 1. Scheme 1 parameters determined by global fit
analysis

Parameters Fitted value

KE,S (mM) 2.09G0.48
KEN,S (mM) 0.32G0.09
KEC,S (mM) 9.86G0.67
KENC,S (mM) 5.22G0.33
KE,N (mM) 89.9G40.7
KES,N (mM)a 13.8G2.15
KEC,N (mM)b 54.8G4.3
KECS,N (mM) c 28.8G4.0
KE,C (mM) 69.4G14.5
KES,C (mM)d 330G120
KEN,C (mM) 42.3G12.6
KENS,C

e (mM) 690G340
kcatE (minK1) 25.9G2.7
kcatEN (minK1) 33.7G1.2
kcatEC (minK1) 215G8.7
kcatENC (minK1) 212G5.5

Note that the value of KENC,S is the same as that of KECN,S and the
value of kcatECN is the same as that of kcatENC.

a KES,NZKE,N (KEN,S/KE,S).
b KEC,NZKE,N (KEN,C/KE,C).
c KECS,NZKES,N (KENS,C/KES,C).
d KES,CZKE,C (KEC,S/KE,S).
e KENS,CZKEN,C (KENC,S/KEN,S).
in the mutant is not abolished but is severely
impaired. This is consistent with modeling of the
NaC site in FIXa, where three of the four protein
ligands may still be available to coordinate with
NaC (Figure 1).

Addition of 5 mM Ca2C increased Km to 7.8 mM
for FIXaY225P, a value that is similar to that obtained
with FIXa in the presence of Ca2C but in the absence
of NaC. However, in contrast to FIXa, this Km value
did not decrease further upon addition of NaC.
Importantly, as seen for FIXa, Ca2C was able to
increase the kcat values of FIXaY225P substantially
(Table 2). However, it was still fourfold lower than
NaC-FIXa-Ca2C. Thus, Ca2C cannot fully overcome
the structural impairment caused by NaC site
disruption.

FIXaE80V, a mutant defective in binding Ca2C in
the protease domain,41 hydrolyzed CBS 31.39
(5 mM) poorly and the rate was w0.5 mM minK1

in the absence of NaC and Ca2C at an enzyme
concentration of 375 nM. Addition of 10 mM Ca2C

or 200 mM NaC did not result in an increase the
hydrolytic rate of synthetic substrate by FIXaE80V.
The lack of potentiation by Ca2C is expected, since
the mutant is defective in binding to Ca2C. Since the
change in Vmax by NaC is only 1.4-fold for FIXa
(Table 1), it is to be expected that the activity of the
Ca2C mutant was not improved enough to be
measured accurately. These observations support
the premise that the Ca2C effects observed for FIXa
in the present study are due to occupancy of the
protease domain Ca2C site.
Effects of NaC and Ca2C on the interaction of
pAB with FIXa and FIXaY225P

In the previous section, NaC binding to FIXa
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increased the affinity for the synthetic substrate,
whereas Ca2C binding lowered this affinity. The S1
site in serine proteases is known to play a dominant
role in binding of synthetic substrates. Therefore,
we examined whether the reactivity of the S1 site in
FIXa is altered upon binding of NaC and/or Ca2C.
We used pAB as an S1 site probe for these studies.
The interactions of pAB with FIXa, determined
under each of the four salt conditions, are summar-
ized in Table 3. In the presence of NaC, the affinity
of pAB for FIXa was increased fourfold; whereas
Ca2C had essentially no effect. Further, addition of
NaC in the presence of Ca2C had minimal effect on
the affinity of FIXa for pAB. These data indicate that
NaC may be primarily affecting the S1 site with
smaller effects on the S2/S3/S4 sites; whereas, Ca2C

may be primarily affecting the S2/S3/S4 sites with
additional effects on the S1 site in FIXa (Tables 1–3).

The S1 site of FIXaY225P was probed using pAB
under various conditions as described above for
normal FIXa. These data are provided also in
Table 3. KipAB in the presence of NaC was 813 mM
for FIXaY225P as compared to 25 mM for normal
FIXa. However, in the presence of Ca2C or both
Ca2C and NaC, KipAB decreased to w180 mM, a
value that does not differ significantly from that of
normal FIXa (119–166 mM) under comparable con-
ditions. Since FIXaY225P is impaired in binding to
NaC, the lowering of KipAB is due to binding of
Ca2C in the protease domain. Thus, in the mutant
FIXa, Ca2C binding can partially overcome the
impairment caused by disruption of NaC binding.
These results further indicate that the Ca2C site is
also linked to the S1 site in FIXa.
Carbamylation of Val16 using NaNCO

Since the S1 site in serine proteases is linked
allosterically to salt-bridge formation between the
free amino group of Val16 and the carboxyl group of
Asp194,11,12 we studied the rate of carbamylation of
the free amino group of Val16 [181] in FIXa and
Table 3. Effect of NaC and Ca2C on the inhibition
constants for Interaction of pAB with FIXa and FIXaY225P

Conditions

Protein NaC Ca2C KipAB (mM)

FIXa K K 99G10
C K 25G3
K C 166G14
C C 119G8

FIXaY225P K K NDa

C K 813G22
K C 184G26
C C 179G21

To keep the ionic strength constant, the concentration of NaCwas
200 mM in the absence and 185 mM in the presence of 5 mM
Ca2C. The results presented are the average of two Ki values
obtained using 100 mM and 200 mM pAB at various concen-
trations of the synthetic substrate as described in Materials and
Methods.

a ND, not determined.
FIXaY225P. Since NaNCO is the reagent used for
carbamylation, studies could be performed only in
the presence or in the absence of Ca2C. These data
are presented in Figure 4 and are summarized in
Table 4. Ca2C decreased the carbamylation rate of
FIXa by 2.9-fold. Similarly, pAB reduced the rate of
carbamylation by 3.5-fold. Addition of both Ca2C

and pAB reduced the carbamylation rate by 13.5-
fold, indicating that Ca2C and pAB both stabilize
the H-bond between Val16 [181] and Asp194 [364],
and shift the zymogen–enzyme equilibrium
towards a more enzyme-like form in FIXa.
The effect of NaC binding to FIXa on the

carbamylation of Val16 [181] was examined using
Figure 4. Carbamylation of NH2-Val16 of FIXa and
FIXaY225P using NaNCO. (a) The effect of Ca2C on
carbamylation of FIXa and the NaC binding mutant
FIXaY225P. (b) The effect of pAB and Ca2C/pAB on
carbamylation of FIXa and FIXaY225P. All reaction mix-
tures contained 2 mM FIXa or FIXaY225P in HBSP. When
pAB was used, its concentration was tenfold higher than
KipAB under the particular NaC/Ca2C conditions. The
reactions were started by the addition of 0.2 M NaNCO.
Every 30 minutes, a 20 ml aliquot was removed, added to
140 ml of HBSP containing 1 mM CBS 31.39, and the
residual activity determined immediately. The residual
activities were then plotted as a percentage of initial
activity versus time to obtain kobs (pseudo first-order rate
constant) for carbamylation. kobs were then converted to
second-order rate constants and are given in Table 4. (a)
Open circles, FIXaY225PCEDTA; filled circles, FIXaC
EDTA; open triangles, FIXaY225PCCa2C; filled triangles,
FIXaCCa2C. (b) Open circles, FIXaY225PCpAB; filled
circles, FIXaCpAB; open triangles, FIXaY225PCCa2CC
pAB; filled triangles, FIXaY225PCCa2CCpAB.



Figure 5. Inhibition of FXa generation by dEGR-FIXa
and dEGR-FIXaY225P. Each reaction mixture contained
0.2 nM FIXa, 0.07 nM FVIIIa, 480 nM FX, 10 mM PL, 5 mM
CaCl2, and various concentrations of dEGR-FIXa or
dEGR-FIXaY225P in TBS with 1 mg/ml of BSA. The
percentage of FXa generated at various concentrations
of dEGR-FIXa (open circles) or dEGR-FIXaY225P (filled
circles) is depicted. The curves represent best fit to the
IC50 four-parameter logistic equation (equation (3)).

Table 4. Rate constants for carbamylation of Val16 [181] in
FIXa and FIXaY225P

Protein Ca2C pAB
Rate (103

MK1 minK1)
Fold decrease in
carbamylation

FIXa K K 14.85G1.6 1.0a

C K 5.14G1.0 2.9
K C 4.28G0.8 3.5
C C 1.10G0.3 13.5

FIXaY225P K K 34.80G3.0 1.0a

C K 8.05G1.0 4.3
K C 9.90G1.5 3.5
C C 1.25G0.3 27.8

The rates of carbamylation of the amino group of Val16 [181]
were measured in the presence and in the absence of 5 mM Ca2C

over a period of five hours. Aliquots were removed every 30
minutes and assayed for residual FIXa activity. Saturating
concentrations of pAB were used to examine the effect of S1
site occupancy on the carbamylation rate. The results presented
are the averages of two experiments.

a Fold change is based upon the carbamylation rate in the
absence of Ca2C or pAB for normal FIXa or FIXaY225P.
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the NaC binding mutant, FIXaY225P. The carbamyla-
tion of Val16 [181] in FIXaY225P was 2.3-fold faster
than normal FIXa, indicating that NaC binding acts
to stabilize the salt-bridge formation. Addition of
Ca2C or saturating pAB corrected this impairment
only partially. However, Ca2C and saturating pAB
together appear to nearly correct the defect in
FIXaY225P caused by impairment of the NaC site.
This is expected, since S1 site occupancy is linked to
the stability of the salt-bridge, and Ca2C and pAB
both affect the S1 site. Importantly, in the absence of
any modulating ligands, the conformation of the
protease domain of FIXaY225P is shifted more
towards the zymogen form as compared to normal
FIXa.

Binding of FVIIIa to FIXa and FIXaY225P

Studies in the previous sections indicate that the
zymogen–enzyme equilibrium in FIXaY225P is
shifted more towards the zymogen form. Here, we
investigated whether active site-blocked FIXaY225P,
which is locked in the enzyme conformation, is
impaired in binding to FVIIIa. These data are
presented in Figure 5. In this competition-based
assay, dEGR-FIXa and dEGR-FIXaY225P proteins
were used to compete for FIXa binding to FVIIIa
and inhibit FXa generation. Kdapp obtained under
these conditions for dEGR-FIXa was 0.1 nM and for
FIXaY225P it was 0.4 nM. Thus, dEGR-FIXaY225P is
fourfold defective in binding to FVIIIa.

Kinetics of FX activation by FIXa and FIXaY225P

In the presence of Ca2C and NaC, FIXaY225P is
fourfold defective in hydrolyzing the synthetic
substrate. Here, we investigated whether the NaC

site mutant is defective in activating FX. These data
are presented in Figure 6. In the presence of PL and
Ca2C,with or without FVIIIa, FIXaY225P activated FX
with similar Km values but threefold reduced kcat.
Thus, FIXaY225P is impaired in hydrolyzing the
synthetic substrate as well as the macromolecular
physiologic substrate, FX.
Discussion

The purpose of the present study was to further
characterize the FIXa protease domain Ca2C site as
well as the NaC site and their roles in regulating the
catalytic activity and binding to FVIIIa. The spatial
relationship of the Ca2C site, NaC site, autolysis
loop, Asp189 [359] S1 site, and the catalytic triad is
provided in Figure 1. Di Cera and colleagues
reported that several serine proteases, including
those involved in coagulation, possess a functional
NaC site.17 X-ray crystal structures of thrombin,11,12

FXa,13,38 APC,14,43 and FVIIa15,16 have been reported
where the NaC site in these molecules is defined.
The NaC site in thrombin uses a single loop
involving the carbonyl oxygen atoms of residues
221A and 224 as well as four water molecules,
whereas the NaC site in FXa, APC, and FVIIa uses
two loops involving the carbonyl oxygen atoms of
residues 184A, 185, 221A, and 224 as well as two
water molecules. The nature of residue 225 plays an
important role in orienting the carbonyl oxygen
atom of residue 224 towards the NaC-coordination
shell.17 As shown in Figure 7, the NaC site in FIXa
resembles that of FXa, APC, and FVIIa but not
thrombin. This may be due to the insertion of three
residues in the 183 loop of thrombin. As a result of
insertion, the carbonyl oxygen atoms of this loop in
thrombin are spatially distant and unable to
coordinate with NaC. Instead, the cavity in throm-
bin is filled with water molecules, two of which are
situated optimally to coordinate with NaC.



Figure 6. Activation of FX by FIXa and FIXaY225P. (a) FX
activation in the absence of FVIIIa. Each reaction
contained 20 nM FIXa or FIXaY225P, 25 mM PL, 5 mM
CaCl2, and increasing amounts of FX (25 nM to 3.6 mM).
The reactions were carried out at 37 8C for 2.5–20 minutes
and stopped by the addition of EDTA. The amount of FXa
generated was measured as described in Materials and
Methods. Open circles represent FIXa and filled circles
represent FIXaY225P. Km for FIXa was 124(G19) nM and
for FIXaY225P it was 126(G23) nM, and kcat for FIXa
was 7.0(G0.6)!10K3 minK1 and for FIXaY225P it was
2.3(G0.3)!10K3 minK1. (b) FX activation in the presence
of FVIIIa. Each reaction contained 0.05 nM FIXa or
FIXaY225P, 10 mM PL, 5 mM CaCl2 and 14 nM FVIIIa, for
each concentration of FX (3.5–512 nM). The activations
were carried out for 15–150 seconds, at which time the
reaction was stopped by addition of EDTA and the
amount of FXa generated was measured. Open circles
represent FIXa and filled circles represent FIXaY225P.
Km for FIXa was 8.5(G1.9) nM and for FIXaY225P it was
8.2(G2.0) nM, and kcat for FIXa was 105(G6.4) minK1 and
for FIXaY225P it was 33.4(G1.9) minK1. Km and kcat values
both in the absence and in the presence of FVIIIa
represent the average of two experiments.
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Previously, fluorescence binding studies yielded
equilibrium dissociation constants for the binding
pAB to FIXa of w80 mM in the presence of both
Ca2C and NaC, and 230 mM in the presence of NaC

alone.41 Kd in the presence of both cations (NaC and
Ca2C) is similar to that obtained in the present
study and in other studies.23,44 However, the value
in the presence of NaC alone was considerably
higher than the 25 mM value obtained in the present
study using a competition-based assay. We repeated
the fluorescence studies with FIXa and were again
unable to observe significantly enhanced pAB
fluorescence equivalent to KipAB of 25 mM (data
not shown). The enhancement of fluorescence by
binding of pAB is due primarily to the hydrophobic
environment surrounding the S1 site,45 and is
dependent upon the serine protease under investi-
gation. For example, it is w230-fold for thrombin
andw50-fold for trypsin,45 and it is insignificant for
FIXa in the presence of NaC alone, corresponding to
KipAB of 25 mM. Accordingly, the previous apparent
KipAB of 230 mM for FIXa in the presence of NaC

alone is in error. The lack of fluorescence increase
in the presence of only NaC and the observable
fluorescence increase in the presence of Ca2C

indicate that the environment of the S1 site is
different under these two conditions. Whether it is
related to the side-chain conformations of Tyr99
[266] and Lys98 [265], which are in the vicinity of
the S1 site,46 cannot be ascertained at this time.
In the absence of Ca2C, NaC increased the affinity

of CBS 31.39 to FIXa (Table 1) by w6.5-fold and
binding of pAB (Table 3) by fourfold. This suggests
that the NaC site is linked allosterically to the S1 site
and possibly to the S2/S3/S4 sites in FIXa. This
conclusion is supported also by the kinetic data
obtained with FIXaY225P. Km obtained for FIXaY225P
is essentially equivalent to that observed for normal
FIXa in the absence of NaC and the binding of pAB
to FIXaY225P is impaired severely. The linkage of the
NaC site to the S1 site in FIXa is similar to that
observed previously for APC and FXa.14,38,43

It is interesting to note that FIXaY225P has
substantially reduced activity as compared to FIXa
in the absence of NaC and Ca2C. One plausible
explanation for this observation could be that in
FIXa, the 220 loop may not be displaced substan-
tially in the absence of NaC; whereas in the mutant,
the conformation of the 220 loop may be altered
sufficiently to have a profound effect on catalysis.
The rate of synthetic substrate hydrolysis for
FIXaE80V was also much lower than observed for
FIXa in the absence of NaC and Ca2C. This could be
attributed to a drastically different conformation of
the Ca2C-loop in which Glu80 [245] is replaced by a
hydrophobic Val residue. In contrast, in normal
FIXa, a water molecule could occupy the Ca2C site
and partially maintain the conformation of the
Ca2C-loop, resulting in higher activity than
FIXaE80V.
The S1 site in serine proteases is linked to the

stability of the salt-bridge between residues 16 and
194.2,42 The stability of this salt-bridge was
impaired in FIXaY225P, supporting the kinetic data
suggesting that the NaC site is linked to the S1 site.
Further, Ca2C increased the stability of this salt-
bridge for both FIXa and FIXaY225P (Table 3),
indicating strongly that the Ca2C site is also linked
to the S1 site. The stability of this salt-bridge was
increased by pAB in both FIXa and FIXaY225P,
establishing a linkage between the S1 site and salt-
bridge formation as has been reported for other



Figure 7. Relationship of the NaC-binding site to the S1 site and FVIIIa binding helix in FIXa. The two NaC loops,
183–189 [353–359] colored yellow, and 221–225 [391–395] colored magenta, and the FVIIIa 162-helix [330-helix] colored
white are shown. NaC is shown as a cyan sphere and is coordinated to the carbonyl O atoms of 184A [353], 185 [354],
221A [391], and 224 [394]. The benzene ring of Tyr225 [395] makes van der Waals contacts with Val163 [331] and Thr167
[335]. The hydroxyl group of Tyr225 [395] makes a H-bond with His185 [354] and Lys224 [394] makes H-bonds with
Glu217 [387] and Glu219 [388]. Note that there is a one residue deletion in FIX as compared to chymotrypsin. The S1 site
is occupied by pAB and its benzamidine moiety makes H-bonds with Asp189 [359], and the amino group of Val16 [181]
makes a H-bond with the carboxylate group of Asp194 [364]. The H-bonds are shown with broken white lines and
hydrophobic interactions are shown in broken cyan lines. Asp164 [332] and Arg165 [333] are two residues that are
important in binding to FVIIIa. Residues Lys98 [265], Tyr99 [266], Phe174 [342], Tyr177 [345], and Trp215 [385] that play
important roles in occupancy of the substrate at the S2/S3/S4 sites are depicted. All residues are colored by atom type,
except Trp215 [385], which is colored magenta. Red represents oxygen, blue represents nitrogen, and green represents
carbon. The locations of the S2 and S3/S4 sites are shown. The Figure is based upon the published atomic coordinates
(PDB code 1rfn).23
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serine proteases.2,42 Ca2C and saturating pAB
together stabilized this salt-bridge in FIXa and
FIXaY225P to the same extent, which indicates that
these two ligands can correct the impairment
caused by the Y225P mutation. Thus, both NaC

and Ca2C affect the S1 site allosterically and Val16-
Asp194 salt-bridge formation in FIXa, and shift the
zymogen–enzyme equilibrium towards the enzyme
conformer.

During conversion of the zymogen to enzyme,
the four regions of the protease domain that are
most affected are the N-terminal region, the auto-
lysis loop (residues 140–152), the 183–194 loop, and
the 216–225 loop.2,47,48 In FIXa, NaC binding
involves the 183 loop and the 216 loop. Further,
the Lys224 [394] side-chain makes a H-bond with
the carboxylate groups of Glu217 [387] and Glu219
[388], and His185 [354] makes a H-bond with the
hydroxyl group of Tyr225 [395] (Figure 7). Thus,
proper conformation of these two loops mediated
by NaC binding may promote proper development
of the S1 site.

In the case of Ca2C, the autolysis loop is situated
between the Ca2C-binding loop (residues 70–80
[235–245]) and the N-terminal region (Figure 1), and
binding of Ca2C is known to protect the autolysis
loop from proteolysis.41,49 Thus, Ca2C-binding
could affect the conformation of the autolysis loop,
which is one of the regions altered during zymogen
activation. Hence, Ca2C binding may affect the S1
site by maintaining the adjacent autolysis loop in a
proper conformation.

In the absence of NaC, Ca2C increased Km of FIXa
for CBS 31.39 hydrolysis 4.6-fold (Table 2) but had
essentially no effect on the binding of pAB (Table 3).
However, addition of Ca2C decreased KipAB for
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FIXaY225P from 813 mM to 179 mM. Moreover,
addition of NaC in the presence of Ca2C was
largely ineffective in lowering KipAB of normal FIXa.
Conceivably, NaC and Ca2C effects overlap and are
related to alteration of both the S1 and S2/S3/S4
sites. As shown (Table 1), Ca2C binding is linked
negatively to synthetic substrate binding. This may
be attributable to the effects of protease domain
Ca2C binding on the side-chain conformation of
Tyr99 [266] in FIXa (Figure 7). In the structure of
human FIXa in the presence of Ca2C (PDB code
1rfn), Tyr99 [266] occupies the S2 site23 and will
have a steric conflict with the Ca, amide N, and the
side-chain of the P2 residue of the substrate. Since
the P2 residue in CBS 31.39 is Gly, only a steric
conflict between the hydroxyl of Tyr99 [266] and the
amide N and Ca atoms of Gly is anticipated. Thus,
the side-chain of Tyr99 [266] will have to move
toward the S3/S4 site (Figure 7), as has been
observed with the porcine FIXa inhibited with
D-Phe-Pro-Arg-chloromethyl ketone,50 which could
then possibly interact with the D-Leu of CBS 31.39.
Such influence of Ca2C on synthetic substrate
binding was not observed for APC or FXa.14,38

Previously, the NaC sites in FXa and APC were
found to be linked allosterically to the Ca2C site.14,38

Our data would indicate that such is the case for
FIXa, although the linkage appears to be weak.
Scheme 1 and Table 1 illustrate the allosteric linkage
between the protease domain Ca2C site and the
NaC site. Ca2C binding to the protease domain
increases the affinity of free FIXa for NaC and vice
versa. This is important, because in the absence of
Ca2C at physiologic concentrations of NaC

(w150 mM) only two-third of the free FIXa
(KE,NZ89.9 mM) would be bound to NaC; however,
upon binding of Ca2C (KE,CZ69.4 mM) the binding
to NaC would be greatly favored (KEC,NZ54.8 mM)
and the binding of NaC would then further favor
binding to Ca2C (KEN,CZ42.3 mM). Thus, free FIXa
under physiologic conditions would exist in a NaC

and Ca2C-bound form, which would favor FVIIIa
binding and protection against proteolysis in the
autolysis loop, which leads to loss of FIXa clotting
activity.41

The NaC site mutant, FIXaY225P is impaired in
binding to FVIIIa. This impairment in FVIIIa
binding to FIXaY225P could be due to the loss of
hydrophobic interactions between Tyr225 [395]
with Val163 [331] and Thr167 [335] of the FVIIIa
binding helix37 as well as to the loss of H-bond
between the hydroxyl of Tyr225 [395] and His185
[354] (Figure 7). All of these residues, except His185
[354], are identical in FIX from different species.
His185 [354] is conserved in FIX for many species;
however, it is Arg in mouse and rat, and it is Asp in
rabbit.8 These two side-chains have the potential to
form similar H-bonds with Tyr225 [395]. Therefore,
it is possible that this H-bond plays a significant role
in positioning the Tyr225 [395] for hydrophobic
interactions with Val and Thr of the FVIIIa binding
helix. Thus, disruption of these interactions in
FIXaY225P may lead to increased flexibility of the
162 helix [330 helix] and impaired binding to FVIIIa.
Such an argument will apply also for change of
Tyr225 [395] to His, a naturally occurring hemo-
philia B mutation.39 Change of Tyr225 [395] to a
larger Trp residue, another hemophilia B mutation,
could seriously modify the local structure and
disrupt both the FVIIIa-binding helix as well as
the NaC-binding loops. Thus, it appears that the
role of Tyr225 [395] is twofold: to allow NaC

binding; and to maintain the proper conformation
of the FVIIIa-binding helix. We are in the process of
expressing several mutants of FIX to test this
assumption.
FIXa and FIXaY225P activated FX with similar Km

values both in the presence and in the absence of
FVIIIa (Figure 6). This is expected, since exosites
distant from the active site determine the affinity of
binding of the macromolecular substrate for the
intrinsic tenase complex (FIXa/FVIIIa/PL/Ca2C).51

However, saturating amounts of FVIIIa did not
correct the impairment in kcat for FIXaY225P acti-
vation of FX (Figure 6). Binding of FVIIIa to the 162
helix [330 helix] is thought to induce changes in the
loop containing Phe174 [342] and Tyr177 [345]
(Figure 7), which have been implicated in reorient-
ing the conformation of Tyr99 [266] such that FX can
restructure the substrate-binding region.46 Since
FVIIIa is unable to fully correct the impairment in
FIXaY225P, it implies that NaC contributes to
restructuring the active site for macromolecular
substrate catalysis. Support for this concept comes
from studies by Camire, in which binding of FVa to
FXaY225P did not completely restore the catalytic
activity of FXaY225P.

42

In conclusion, NaC and Ca2C binding to the
protease domain contribute significantly in shifting
the equilibrium to a more enzyme-like state of FIXa.
This concept is supported by the carbamylation
data, where NaC stabilizes the Val16-Asp194 salt-
bridge by 2.3-fold and Ca2C stabilizes it by 4.3-fold
(Figure 4 and Table 4). By altering the zymogen-
enzyme equilibrium towards a more enzyme-like
form of FIXa, NaC and Ca2C induce conformational
rearrangements within the protease domain neces-
sary for FVIIIa binding. Previous studies have
shown that binding of Ca2C to the protease domain
of FIXa increases its affinity for FVIIIa w15-fold via
an allosteric mechanism.41 Here, we show that in
addition to the effects of Ca2C, impairment of the
NaC-binding site in FIXa results in a fourfold
reduction in affinity for FVIIIa as well as threefold
reduction in kcat. These data are in agreement with
the tenfold reduced activity of FIXY225P measured in
a plasma-based clotting assay.52 It has been pro-
posed that impairment of the NaC site in thrombin
results in the protein existing in multiple confor-
mations including the slow and fast forms.18,53–55

Thus, it is possible that FIXaY225P may represent a
conformation in which the NaC binding is partially
impaired. The possibility exists that the reduced
catalytic activity in the FIXaY225P mutant is due to
conformational alterations in FIXa, independent of
NaC binding. Nonetheless, studies with this mutant
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illustrate a functional role of Tyr225 [395] and of
NaC binding in physiologic clotting.
Materials and Methods

Reagents

CH3SO2-D-Leu-Gly-Arg-pNA (CBS 31.39) was pur-
chased from Diagnostica Stago (France) and H-D-Ile-Pro-
Arg-pNA (S-2288) and benzoyl-Ile-Glu-Gly-Arg-pNA
(S-2222) were purchased from DiaPharma (West Chester,
OH). Diisopropylfluorophosphate (DFP) and dansyl-Glu-
Gly-Arg chloromethyl ketone (dEGRck) were purchased
from Calbiochem. Fatty acid-free bovine serum albumin
(BSA), p-aminobenzamidine (pAB), PEG 8000, phospha-
tidylcholine, phosphatidylserine, recombinant hirudin,
and all other chemicals of the highest grade available
were obtained from Sigma. Phospholipid vesicles con-
taining 75% (w/v) phosphatidylcholine and 25% (w/v)
phosphatidylserine were prepared as described.56

Proteins

Human FIX, human a-thrombin, humanFX, human FXa,
and human FXIa were purchased from Enzyme Research
Laboratories (South Bend, IN). Purified human FVIII was
obtained from the American Red Cross (Rockwell, MD).
FVIII was activated to FVIIIa using 1 nM human a-
thrombin in the presence of 0.1% (w/v) BSA and 5 mM
CaCl2 in TBS (50 mM Tris–HCl (pH 7.5), 150 mM NaCl) at
37 8C for two minutes as described,37 followed by the
addition of recombinant hirudin to inactivate thrombin.

SDS-PAGE

SDS-PAGE was performed using the Laemmli buffer
system.57 The acrylamide concentration used was 12%
(w/v) and the gels were stained with Coomassie brilliant
blue dye. All proteins used were w98% pure.

Expression and purification of recombinant FIX
proteins

Recombinant FIXWT, FIXE80V [245], and FIXY225P [395]
were expressed in HEK 293 cells and purified using a FIX
A-7 mAb column followed by a Mono-Q column as
described.41,52 Each FIX protein had w12 Gla residues/
mol and appeared homogeneous on both reduced and
non-reduced SDS-PAGE with Mr w57,000.41,52

Activation of FIX proteins

FIXNP, FIXWT, FIXE80V, and FIXY225P were activated at
200 mg/ml with FXIa (2 mg/ml) for 30–90 minutes at 37 8C.
The buffer used was TBS with 5 mM CaCl2. SDS-PAGE
analysis showed full activation to FIXa without significant
degradation. To inactivate FXIa, DFP (final concentration
1 mM) was added to each reaction mixture followed by
incubation at room temperature for 15minutes and then on
ice for one hour. In control experiments, FXIa was fully
inactivated using this protocol and S-2288 as a substrate,
while FIXa was not affected. Each FIXa protein sample was
freed ofCa2C, NaC, andDFPbydialysis and/or a desalting
column exactly as described.58 The final concentration of
NaC after these steps was !1 mM as measured by a
conductivity meter.58 The FIXa proteins were frozen at
K80 8C in 20 ml aliquots, thawed, and used immediately.
This freezing and thawing did not result in a measurable
loss in activity. All proteins were used within two weeks of
freezing.

Preparation of dEGRck inhibited FIXa

FIX was activated to FIXa as described above and
dEGR-IXa was prepared as described.37,41 The excess
dEGRck was removed using dialysis and/or a Centricon
30 concentrator.

Measurement of CBS 31.39 amidolytic activity of FIXa
derivatives

The concentration of FIXaNP, FIXaWT, FIXaE80V or
FIXaY225P used was between 125 and 375 nM. The CBS
31.39 concentrationranged from50 mMto15 mM.Thebuffer
used was 50 mM Tris–HCl (pH 7.4) containing 0.1% (w/v)
PEG8000andvarious salt combinationsgiven in the legends
to the appropriate Figures. Rubidium, a larger monovalent
cationwas used to keep the ionic strength constant at 0.2 M.
The p-nitroaniline (pNA) release was measured continu-
ously (DA405nm minK1) for up to 30 minutes using a
SpectraMAX 190 plate reader from Molecular Devices. An
extinction coefficient of 9.9 mMK1cmK1 at 405 nMwas used
in calculating the amount of pNA released.59

Determination of steady-state kinetic constants

The data were analyzed using the indicated equations
by non-linear, least-squares regression analysis with the
Marquardt algorithm,60 and the quality of fit was
evaluated as described.61 The fitted parameters are
given G95% confidence limits. Initial velocity measure-
ments of CBS 31.39 hydrolysis were analyzed using the
Henri–Michaelis–Menten equation to yield Km and Vmax.

Global analysis of initial velocity data

Initial velocities of peptidyl substrate cleavage deter-
mined at increasing concentrations of NaC in the absence
or in the presence of Ca2C or determined with increasing
concentrations of Ca2C in the presence or in the absence
of NaC were analyzed globally using the ordinary
differential equations resulting from Scheme 1. Global
fitting was performed by applying the rapid equilibrium
assumption and the program Dynafit,62 to yield fitted
values for the equilibrium dissociation constants and rate
constants listed in Scheme 1. Errors in the fitted terms
reflect linear approximations of the 95% confidence limits.
When equilibrium constants were calculated from fitted
terms, uncertainty was estimated by propagating the
errors of the fitted parameters. In Scheme 1, E C, N and P
denote FIXa, Ca2C, NaC, peptidyl substrate and product
respectively and equilibrium constants are subscripted to
denote the interacting species. For example, KENS,C

denotes the dissociation constant for interaction Ca2C

with FIXa that is bound to NaC and substrate.

Determination of KipAB of binding of pAB to FIXa and
FIXaY225P

Ki of binding of pAB to FIXa and FIXaY225P was
determined by its ability to competitively inhibit CBS
31.39 hydrolysis in the absence and in the presence of
NaC, with or without Ca2C. Each reaction mixture
contained 125–375 nM FIXa, a given amount of pAB
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(50 mM, 100 mM, 200 mM, 500 mM, or 1000 mM) and
increasing amounts of CBS 31.39 in 50 mM Tris–HCl
(pH 7.4), 0.1% PEG 8000 in four different NaC/Ca2C

conditions: (1) 200 mM RbCl, 1 mM EDTA; (2) 200 mM
NaCl, 1 mM EDTA; (3) 185 mM RbCl, 5 mM CaCl2; and
(4) 185 mM NaCl, 5 mMCaCl2. The data were fit to
equation (1) using non-linear, least-squares analysis:

vZVmax½S�=ðKmð1C ½I�=KiÞC ½S�Þ (1)

where v is the reaction velocity,Vmax is themaximumveloc-
ity at thegiven concentrationofFIXa, [S] is the concentration
of substrate, [I] is the concentration of pAB, and Km is the
value under the given NaC and Ca2C conditions.

Carbamylation of Val16 [181] in FIXa and FIXaY225P by
reaction with NaNCO

These experiments were performed as described.42

Briefly, each reaction mixture contained 1 mM FIXa mutant
or normal protein in HBSP (20 mMHepes (pH 7.0), 0.15 M
NaCl, 0.1% (w/v) PEG 8000). Experimentswere performed
in the presence of either 1 mMEDTA or 2 mMCa2C. When
pAB was included, its concentration was tenfold the KipAB

under the specified conditions. The reactions were started
by the addition of 1 M NaNCO for a final concentration of
0.2 M. The final pH of the reaction after the addition of
NaNCO was 7.5. Every 30 minutes, a 20 ml aliquot was
removedandadded to 130 ml of TBS/BSAcontaining 5 mM
Ca2C and 1 mM CBS 31.39. The residual activity was
determined fromthe initial linear rates ofhydrolysisusinga
Beckman DU 800 spectrophotometer. The residual activity
was plotted as a percentage of initial activity and kobs for
carbamylation were determined using equation (2):

At ZA0expðKkobstÞ (2)

where At and A0 are the percentage FIXa activity at time t
and time zero, respectively.

Measurement of factor X activation

FX activation by FIXa and FIXaY225P was measured
under two sets of conditions:37 (1) in the presence of Ca2C

and PL; and (2) in the presence of Ca2C, PL, and FVIIIa. In
the absence of FVIIIa, each reaction contained 20 nM
FIXa, 25 mM PL, 5 mM CaCl2, and various concentrations
of FX ranging from 25–2400 nM. The activations were
carried out for 2.5–20 minutes. In the presence of FVIIIa,
each reaction contained 0.05 nM FIXa, 10 mM PL, 5 mM
CaCl2, 14 nM (saturating) FVIIIa and various concen-
trations of FX from 3.5–480 nM. The activations were
carried out for 15–150 seconds. The buffer used in all
experiments was TBS/BSA (pH 7.5), and the reaction
volume was 50 ml. The reactions were carried out at 37 8C
for different lengths of time, after which 2 ml of 0.5 M
EDTAwas added to stop the reaction. Then 100 ml of TBS/
BSA (pH 7.5) and 10 ml of S-2222 (final concentration
100 mM) were added. From this mixture, 150 ml was
removed and placed in a well on an Immulon 4 HBX flat-
bottom 96-well microtiter plate (Dynex Technologies) and
the p-nitroaniline releasewasmeasured (DA405/minute) for
up to 30 minutes. The FXa generated was calculated from a
standard curve constructed using FXa prepared by insolu-
bilized Russell’s viper venom. Km and kcat were obtained
using the program GraFit from Erithacus Software.

Binding of FIXaWT and FIXaY225P to FVIIIa

Kdapp of binding of FIXaWT or FIXaY225P to FVIIIa was
determined by the ability of dEGR-IXa and dEGR-IXaY225P
to inhibit the FVIIIa potentiation of FX activation by FIXa.37

Reaction mixtures contained 0.2 nM FIXa, 0.07 nM FVIIIa,
480 nMFX, 10 mMPL, andvarious concentrations of dEGR-
IXa derivatives in TBS/BSA (pH 7.5) containing 5 mM
CaCl2. The IC50 (concentration of inhibitor required for 50%
inhibition) was determined by fitting the data to IC50 four-
parameter logistic equation of Halfman:63

yZ
a

1C ðx=IC50Þ
s (3)

where y is the rate of FXa formation in the presence of a
given concentration of dEGR-IXa or dEGR-IXaY225P rep-
resented by x, a is themaximumrate of FXa formation in the
absence of dEGR-IXa, and s is the slope factor. Each point
was weighted equally and the data were fit to equation (3)
using the non-linear regression analysis program, GraFit
from Erithcus Software. To obtain apparent Kd values for
the interaction of dEGR-IXa proteins with FVIIIa, we used
the following equation asdescribed byCheng andPrusoff64

and further elaborated by Craig:65

Kd Z
IC50

1C ð½S�KmÞ
(4)

where S is the concentration of FIXaWT, IC50 is the
concentration of dEGR-FIXa or dEGR-IXaY225P that gives
50% inhibition, and Km is the concentration of FVIIIa that
represents themidpoint of themaximumpotentiation of FX
activation by FIXa under these conditions.37

Modeling of the NaC site in FIXa

X-ray crystal structures of FXa,13 FVIIa,16 APC,43

thrombin,11,12 and FIXa23,50 were superimposed using
the program O.66 The sodium ion was placed in the FIXa
structure based upon the position of NaC in homologous
proteins, namely, Xa, APC, and FVIIa.
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