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concentrations in the supernatant were measured by the
o-cresolphthalein compl hod (C: y & Briggs.
1966; Sysmex), a Bathocuproin method (Landers & Zak, 1958;
Wako Fine Chemicals, Osaka, Japan) and a Formaldoxime
method (Bartley et al, 1957; Machereynagel GmbH & Co.,
Dueren, Germany). The lowest limited values for detection in
these assays using the spectrophotometer were 05 mg/dl,
10 pg/dl and 001 mg/dl respectively.

Results

Effect of cation-exchange resins with different function
groups on factor VIl and V activity in plasma

The procoagulant activity of factor VIl as well as factor V
depends on the presence of metal ions (Fay, 1988; Adams
eral, 2004). To elucidate the metal ion (cation)-dependent
function of both the coagulant factors, we first examined the
possibility that cation-exchange resins affected factor VIII
and V molecules in plasma. In the present study, three well-
described sulfonated, carboxylated and iminodiacetate cat-
ion-exchange resins with different ion strengths were used
(Table I). The results are shown in Fig 1 and summarized in
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Fig 1. Activity of factor VIIl and V in plasma incubated with cation-
exchange resins. Normal plasma was mixed with 10% (w/v) cation-
exchange resins at 22°C for 2 h. Resins 1-3 belong to the sulfonate
group (Amberlite [RI20B Na, Amberlite IR124 Na and Amberlite
200CT Na respectively), resins 4 and 5 belong to the carboxylate group
(Amberlite IRC50 and Amberlite IRC76 respectively) and resins 68
belong to the iminodiacetate group (Amberlite IRCT48, Muromac A-1
and Muromac B-1 respectively), The procoagulant activity of factor
VIII (filled bar) and V (open bar) in plasma treated with each resin was
measured in a one-stage clotting assay, The activity level of factor VI
or V in untreated plasma was considered to be 100%. Data represent

Table 1. Effect of cation-exchange resins on factor V111, factor V and
von Willebrand factor (VWF) in plasma,

Bancicnal Factor VIIT (%) Factor V (%)  VWF (%)

:::’ o Activity Antigen Activity Antigen Activity Antigen
Sulfonate »95 »95 85 92 »95 >95
Carboxylate 52 >95 16 81 >95 >95
Iminodiscetate <05 B8 05 21 >95 >95

Normal plasma was incubated with 10% (w/v) resin for 2 h prior to
measuring the activity and antigen of faccor VIIL, factor V and VWF,
The values obtained for untreated plasma were considered to be 100%.
Data represent the average values obtained from at least three separate
experiments

Table IL The activity levels of factors VIII and V were
measured in one-stage clotting assays. The three represen-
tative resins with sulfonated groups produced only marginal
decreases in the activity of factor VI (<5%) and V
(c. 15%). The two resins with carboxylated groups produced
a moderate decrease in factor VIII activity (c. 50%) and a
substantial increase in factor V acuvity (c. 80%). However,
the use of three representative resins with iminodiacetate
groups resulted in the reduction to undetectable levels of
activity of both the factors. The activity levels of factor VIII
were similar 1o those obtained in a two-stage clotting assay
(data not shown). Inactivation of factors VIII and V by the
iminodiacetate resins was both dose- and time-dependent
(Fig 2). In particular, the use of 5% (w/v) resin completely
inhibited factor VIII activity after incubation for only
30 min (Fig 2A). Although factor VIII possesses a homo-
logous structure similar to factor V (Vehar et al, 1984, Kane
& Davie, 1986), this resin reduced factor VIII activity more
rapidly and to a greater extent than that observed with
factor V (Fig 2B). On the other hand, as expected, the
activity of the other coagulant factors in the plasma samples
were not significantly affected by treatment with the
iminodiacetate resin (data not shown).

Effect of iminodiacetate resin on factor VIll- and
V-deficient plasma

We next examined whether the action of iminodiacetate resin
on factors VIII and V was mutually specific and independent.
The iminodiacetate resin (10% wfv) was incubated with
commercial factor VIII- or V-deficient plasma for 2 h a1 22°C,
followed by measuring factor V or VIII activity, respectively, by
a one-stage clotting assay. Factor V or VIII activity in resin-
treated factor VIII- or V-deficiem plasma, respectively,
decreased to <10% after a 1-h incubation, and to <1% after
a 2 h incubation, similar to that obtained in resin-treated
normal plasma (Fig 3). This indicates that the iminodiacetate
resin inactivates factors VIII and V both specifically and

the average values obtained from at least three separate
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Fig 2. Inactivation of factors VIII and V in plasma by iminodiacetate
resin. Varying amounts of iminodiacetate resin (%, wiv) were incu-
bated with normal plasma at the indicated rimes prior to measuring
the activity of factors VIIL (A} and V (B) in a one-stage clotting assay
Symbals represent different concentrations of the resin: open circles,
0%: closed circles, 2-5%; open squares, 5%; closed squares, 75%; and
open trungles, 10%. The inital actvity of factor VI or V at time zero
was considered to be 100%. Data represent the average values obtained
from at least three separate experiments.

Effect of iminodiacetate resin on factor VII and V
antigen plasma

We postulated that the significant reduction of factor VIl and
V activity was because of its direct adsorption to the
iminodiacetate resin. To investigate this, we measured the
levels of factor VIII and V antigen in plasma after incubation
with 10% (wfv) resin by sandwich ELISA as described in
Materials and methods (Table 11). The level of factor V antigen

© 2008 The Authors
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Fig 3. Inactivation of factor VIIl in factor V-deficient plasma and
factor V in factor VIIl-deficient plasma by iminodiacetate resin, Imi-
nodiacetate resin (10%, w/v) was mixed with factor V- and factor VIII-
deficient plasma, following the measurement of the activity of factor
VLI (open circles) or factor V {closed circles) in factor V- or factor VIII-
deficient plasma, respectively, in a one-stage clotting assay. The initial
activity of factar VIII or V at time zero was considered to be 100%.
Data represent the average values obtained from at least three separate
experiments.

in plasma treated with the iminodiacetate resin was moderately
decreased (by ¢ 80%). Surpnisingly, the level of factor VIII
antigen was, however, decreased by only ¢ 10%. A control
experiment showed that the levels of factor VIII and V antigen
in plasma treated with the sulfonate or carboxylate resin were
marginally decreased, if at all. In addition, fractions eluted
from the treated resins by adding 1 N HCI contained negligible
levels of factor VIl and V antigen. This indicates that factors
VIIT and V are not directly adsorbed to the resin, and are
inactivated because of a different mechanism(s).

Effect of VWF on factor VIII inactivation by
iminodiacetate resin

As VWE stabilizes the cofactor activity of factor VIIL
qualitative and/or quantitative abnormalities of VWF in
patients with von Willebrand disease result in reduced levels
of factor VIII activity. To examine the possibility that the
iminodiacetate resin depressed factor VIII activity through
direct action on VWF, the levels of VWF activity and antigen
in resin-treated plasma were measured. Levels in resin-treated
plasma (>95%) were similar to those observed in untreated
plasma (Table I1). To confirm that the iminodiacetate resin
affected factor VIII activity by direct action, a purified
recombinant factor VIII was used instead of plasma. Human
serum albumin (1% v/v) was added to factor VIIT to mimmize

Journal Compilation © 2008 Blackwell Publishing Lid, British Journal of Haematology, 142, 962-970 965




M. Takeyama et a/

Table L Effect of iminodiacetate resin on the purified factor VI
and factor Viilivon Willebrand factor (VWF).

Factor VIII (%)

Activity <01
Antigen <0l
Factor VIIWVWF (%)
Factor VIII
Activity <0l
Antigen >95
VWF
Antigen >95

Either tecombinant factor VI alone or plasma.derived factor VI
VWF complex preparation was incubated with 10% (wiv) iminodi-
scetate resin for 2 h. The activity and antigen values of untreated factor
VIII or VIIUVWEF preparation were considered to be 100%. Data
represent the average values obtained from at least three separate

EXPETIMENnTs.

non-specific binding to the resin, Incubation of recombinant
factor VIIT with 10% (w/v) resin for 2 h resulted in undetect-
able activity (<0:1%) (Table I11). Unexpectedly, in contrast to
the results obtained with resin-treated plasma, factor VIII
antigen was also reduced to undetectable levels (<0-1%) in the
resin-treated recombinant factor VIII. We further examined
the effect of the resin on factor VIl complexed with VWF
using plasma-derived factor VII/VWF therapeutic concen-
trates. In these mstances, factor VIII activity was reduced to
undetectable levels by incubation with 109 (w/v) resin, whilst
factor VIII antigen was preserved at >95% of the initial level in
the factor VIIVVWF complex, similar to that obtained with
resin-treated plasma. These results indicate that VWF might

we hypothesized that the resin-induced impairment of factor
VIII function was associated with the metal ions present in the
factor VIII molecule. To confirm this, the effects of the resin
on the concentrations of metal jons, Ca’", Cu®* and Mn™*,
contained in factor VIII and factor VIIVVWE were examined.
The concentrations of Ca’* and Mn®* in recombinant factor
VIII were decreased by >95% with resin treatment (Table IV).
Furthermore, both metal ions were recovered by >95% in the
fractions eluted from the treated resins by adding HCL
indicating that the resins adsorbed most Ca®* and Mn®" in
factor VIII. Cu®" was not detected in factor VI Similarly,
resins reduced Ca®* by ¢ 95% in plasma-derived factor VIII/
VWF complex preparations, whilst Mn** in this product was
decreased by only c. 40%. In contrast to factor VIII, 178 pg/dl
of Cu®™* was detected in the untreated plasma-derived factor
VII/VWEF preparation, and the concentration of Cu'" was
decreased by c. 65% by the resin treatment. Recovery of these
1ons adsorbed 1o the resins from the factor VIIVVWF complex
was almost complete (Ca”™*, ¢. 95%) and substantial (Cu®" or
Mn®*, & 50%). This indicates an inactivation mechanism by
the iminodiacetate resin that probably disturbs the structure of
factor VIII by deprivation of metal jons, predominantly Ca**,
from its cofactor protein.

Effect of addition of metal ions on resin-induced
inactivation of factor VIIT

Competitive inhibition experiments were conducted to
further investigate the association between metal ion
concentration and loss of factor VIII activity in resin-treated
preparations. Recombinant factor VIII was mixed with
increasi of metal tons and was incubated with

protect the factor VIII antigen from resin-induced degrad
tion,

Deprivation of metal ions in factor VIII and factor
VIII/VWEF by iminodiacetate resin

The procoagulant activity and structure of factor VI is
dependent on divalent metal ions, in particular Ca'*, Cu** and
Mn®* (Fay, 1988; Wakabayashi ef al, 2001, 2005). As the
property of the iminodiacetate resin involves cation exchange.

the resin for 2 h prior to measuring its activity. Addition of
Ca*" competitively inhibited the inactivation of treated
factor VIII alone by . 20% in a dose-dependent manner,
saturating at 75 mm (Fig 4A), whilst addition of Mn*'
competitively inhibited by only <10%, with the saturable
fevel at 100 mm (Fig 4C). Addition of Cu** did not block
resin-induced inactivation even at the highest concentrations
used (50 mm, Fig 4B). These findings confirmed the impor-
tance of Ca** compared with Mn'' or Cu'' in the

Table IV, Change in metal ion concentrations by treatment of purified factor VIII and factor Villivon Willebrand factor (VWF) with iminodiacetate

resin.
Factor VIII Factor VIIIVWF
Ca**, mg/dli%) Cu’*, pg/dl (%) Mn®*, mg/dl (%) Ca™*, mg/dl (%) Cu™, pg/dl (%) Mn®*, mg/dl (%)
Untreated 155 (100) <140 (nd,) 10 (100) 146 (100) 178 (100) 52 (100)
Treated <05 (19%) <4 (nd) <001 (<1*) <05 (0*) 634 (36*) 32 (58°)

The concentrations of metal ions in recombinant factor V11 alone and plasma-derived factor VIII/VWE before and after treatment with iminodi-
acetate resin were measured as described in Materials and methods. Data represent the average values obtained from at least three separate
experiments. The lowest detectable levels of Ca®*, Cu™ and Mn™ were <05 mg/dl, <10 pg/dl and <001 mg/d] resp rely. The con ions of
metal ions in the untreated sample were considered to be 100%. Asterisks indicate the values calculated from the concentration of metal ions eluted
from the resins by HCL n.d. not determined.
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mechanism of resin-treated inactivation of factor VIII. With
plasma-derived factor VIII/VWF preparations, addition of
Ca®" inhibited the inactivation of factor VIII by . 60%,

@ 2008 The Authors

Fig 4. Inhibitory effect of metal jons on resin-induced inactivation of
factor V111 in the absence or presence of von Willebrand factor (VWF)

Recombinant factors VIII (open cirdes) and plasma-derived factor VIII/
VWE (closed circles) were mixed with varying amounts of Ca®* (A),
Cu®™ (B) and Mn® (C) and were treated with 10% (w/v) iminodi-
acetate resin, prior to measuring the activity of factor V111, Factor V11
activity before and after resin treatment were considered to be 100%
and 0% respectively. Factor VI activity was plotted as a function of
the concentration of metal jons

saturating at 25 mm (Fig 4A). In addition, Cu®" appeared to
inhibit inactivation by c 50% at 50 mu, although the
activity could not be measured reliably as precipitation was
evident in samples at Cu*’ concentrations exceeding 50 mm
(Fig 4B). However, the addition of Mn** inhibited by only
<10% even at the highest concentrations used (150 mm,
Fig 4C). Taken together, these findings indicate that the
presence of VWF helps to prevent loss of metal ions from
factor VIII, and that Ca’" plays a more important role than
Mn** or Cu' in conserving the functional structure of
factor VIII, thereby supporting our findings.

Comparison of iminodiacetate resin-treated and
immunodepleted plasma with factor VIII-deficient plasma

To examine whether iminodiacetate resin-treated plasma was
functionally similar to immunodepleted plasma used as
factor VIIl- or V-deficient plasma, the levels of factor VIII
and V activity in 50 samples with varying levels of activity
were m d and comp using iminodiacetate resin-
treated and immunodepleted plasma as factor VII- or
V-deficient plasma, respectively, in the APTT- or PT-based
one-stage clotting assay. As factor V activity completely
disappeared in the resin-treated plasma, resin-treated plasma
was adjusted by adding bovine-derived factor V up to 100%,
prior to measuning the factor VI activity in APTT assay.
We observed an excellent correlation (r = 0-997) between
the values of factor VIII activity obtained in iminodiacetate
resin-treated and immunodepleted plasma (Fig 5A). The
limited low level of factor VI activity measured in

3

iminodiacetate resin-treated plasma was 0-2%. Similarly, an
excellent correlation (r = 0997) was apparent between the
values of factor V activity obtained in resin-treated and
immunodepleted plasma in PT assay (Fig 5B). Similarly, the
limited low level of factor V activity obtained in resin-
treated plasma was 02%, supporting that iminodiacetate
resin-treated and immunodepleted plasma were functionally
similar. We further measured the factor VIII activity using
resin-ireated plasma in a two-stage clotling assay. The levels
of factor VII activity obtained in this assay showed an
excellent correlation with those obtained in a one-stage
clotting assay (r = 0995, data not shown). These results
indicate that iminodiacetate resin-treated plasma would
be useful as a new laboratory reagent for factor VIII- and
V-deficient plasma.
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Fig 5. Correlation  between  iminodiacetate  resin-treated  and
immunodepleted plasma for measurement of factor VI and ¥
activity. Factor VIII (A) or V {B) activity in plasma with varying levels
of factor VIl or V activity, respectively, was measured using plasma
samples treated with iminodiacetate resin or immunodepletion in a
one-stage clorting assay. The activity level of factor VI or V obtained
using iminodiacetate resin-treated plasma was plotted against that
using immunodepleted plasma. All the values obtained were used in
the correlation analysis.

Discussion

Cation-exchange resins are classified based on their functional
groups. In the present study, we focused on their functional
disparities and compared the effects of treatment with resins
on the activity of factors VIIl and V using three representative
groups of resins: sulfonate (SO,7), carboxylate (COO™) and

iminodiacetate (N = (CH,;COQ);"). The procoagulant activity
of both factor VIII in plasma and recombinant factor VIIL
were completely lost by incubation with the iminodiacetate
resins. Similarly, factor V activity in resin-treated plasma was
also undetectable, whilst that of the other coagulant factors was
not affected. Resin-induced selective inactivation of factors
VIl and V was not due to direct adsorption to the resins, but
deprivation of the metal ions (predominantly Ca**) from their
cofactor molecules. This is strongly supported by earlier
studies, which state that factor VIII possesses a structural
homology similar to that of factor V (Kane & Majerus, 1981;
Vehar er al, 1984; Pemberton et al, 1997) and that both
cofactors p divalent metal ion-binding motifs. Therefore,
we demonstrated that the resin-induced inactivation mecha-
nism is closely associated with the presence of metal sons
Ethylenediaminetetraacetic acid also inactivate factors VIII
and V by chelating metal ions and promoting dissociation of
the heavy and light chains (Fay, 1988), and this property has
been used to purify the isolated heavy and light chains of these
factors. Reactivity of the EDTA-separated chains with factor
VIl or V alloantibodies is retained to some extent, and factor
VI or V activity can be reconstituted from the isolated heavy
and light chains by adding metal ions. Unexpectedly, in the
present study, the reactivity of the resin-treated factor VIII
with anti-C2 alloantibodies was abolished, which indicated
that severe disturbances in the conformational structure result
in the loss of antigenicity of the C2 domain. Therefore, it
appears that the mechanism of liacetate resin-induced
inactivation of both factors VIII and V is different from that of
EDTA-induced inactivation. The reason for this difference 1s
not clear, but it may be that the loss of metal 1ons by resin-
induced adsarption is much greater compared with EDTA, and
consequently the resin might severely deplete the critical
molecular metal ions necessary to conserve the conformational

structure.

Metal ions can reconstitute factors VII(a) and V(a) from
the heavy and light chains (Fay, 1988; Adams et al, 2004). The
roles of metal 10ns 1o reconstitute factor V1II{a) are entirely
distinguishable, Cu’® is predominantly required for the
increase in the inter-chain affinity in factor VIII (Wakabayashi
et al, 2001), whilst the increase in its specific activity requires
Ca®* (and Mn®") to modulate conformation on the anionic
membrane (Fay, 1988; Wakabayashi ef al, 2005). Ca™* is also
necessary for stable associstion of the heavy and light chains in
factor V(a) (Sorensen er al, 2004), although the functional
importance of Cu®* in factor V is sull unknown. Iminodiac-
etate resins removed the metal ions from factor VIII, which
was then completely inactivated. Addition of exogenous Ca™*
blocked (by ¢ 20%) the resin-induced inactivation of factor
V111, whilst addition of Cu®" or Mn®* had any or a little effect
(by <5% or <10% respectively). This suggests that Ca®’
appears to be more critical than Mn** or Cu®* for retaining the
suitable conformation required to regenerate factor VIII
specific activity, consistent with carlier reports (Fay, 1988
Wakabayashi et al, 2001).
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The p study showed that the p e of VWF
prevents the decrease of factor VIII antigen by the action of
iminodiacetate resins. Factor V antigen in resin-treated plasma
was significantly decreased compared to factor VIII antigen.
This discrepancy is probably because of the presence of VWF,
supported by our present observation that factor VIII antigen
in resin-treated recombinant factor VI alone was not
detected. VWF stabilizes the cofactor activity of factor VIII
and the heavy chain-light chain association (Weiss et al, 1977;
Fay, 1988; Kaufman et al, 1989), but it could not inhibit the
decrease of factor VIII activity by the resin. This might indicate
that the Ca™-binding responsible for the specific activity of
factor VL is not protected by VWF, but that for the antigenic
structure of factor VI is protected by VWF. Two major VWE-
interactive sites in factor VIII have been located in the acidic
region of the A3 and C2 domains (Lollar et al, 1988; Saenko
et al, 1994). Therefore, the Ca**-binding site(s) responsible for
the antigenic structure of factor VIII may overlap or be located
clase to the VWF-binding site(s) on the factor VIII light chain,
More recently, a Ca®*-binding site with high affinity (K,
¢ 10 pm) in factor VIII has been identified in the Al domain of
the heavy chain using alanine-scanning. site-directed muta-
genesis (Wakabayashi ef al, 2004). The presence of multiple
Ca’* -binding sites with low affinity (K, ¢ 4 ms) in the light
chain has also been speculated. However, the Ca**-binding
site(s) in the factor VI light chain has still not been identified.

The immunoadsorption approach is a well-known tech-
nique for the preparation of deficient plasma samples used
as specific substrates for clotting assays. Attempts to
specifically deplete factor VIII or V have been reported
(Ofosu et al, 1980). Both the antigen and activity of factors
VIl and V can be specifically removed by using the
property of antibodies; however, several problems may arise
while implementing this approach, The presence of residual
factor VIII or V is observed by the limitation of binding
capacity to antibody. Furthermore, residual factor VIII is
related 1o its linkage to VWF, leading to high-molecular
weight complexes that cannot completely react with specific
antibodies because of steric hindrance. VWF may be
removed from plasma in the form of factor VIII/VWEF
complex. In addition, monoclonal antibodies are expensive,
and the column coupled with antibody has a limited period
of use. On the other hand, the approach presented here can
lead to the complete inactivation (<0:1%) of factor VIII or
V in a short time, independent of the presence of VWF,
although this resin inactivates both factors at the same time

In comparison with immunodepletion, this process costs less
and has higher mass productivity. Furthermore, regeneration
of the iminodiacetate resin enables its repeated use. In fact,
iminodiacetate resin-treated plasma is functionally equivalent
to immunodepleted plasma, as indicated by measuring factor
VIl or V activity in 50 samples as substrates for factor VIII-
or V-deficient plasma respectively. Furthermore, the factor
VHL activity measured using resin-treated plasma was not
significantly different between the one-stage and two-stage

@ 2008 The Authors

clotting assays. Finally, we propose that iminodiacetate resin-
treated plasma is very useful as a new laboratory reagent for
factor VIII- and V- deficient plasma,
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Dissociative Disorder with Diverse Symptoms in a School Boy with Severe Hemophilia A

Mari Shibata", Yoshihiko Sakurai’, Kayo Yamada',
Midori Shima", Junzo lida® and Akira Yoshioka'
"Department of Pediatrics, Nara Medical University School of Medicine
"Department of Clinical Medicine, Nara Medical University School of Nursing

We reported a case of dissociative disorder with severe hemophilia A. A 14-vear-old hemophiliac boy was
admitted to our hospital with dissociative disorder in October, He had a warm personality and had done well at
school. One month before hospitalization, he underwent an appendectomy, Although postoperative recovery
was uneventful, sensory disorder of the lower extremities developed, following epigastric pain. During a fero
cious argument with his father over the cause for his abdominal pain, his whole body stiffened and he lost con-
sciousness. Immediately thereafter, he lost memory of his father, and similar paroxysms occurred frequently.
After admission, environmental intervention by limiting hospital visitation of parents and including family psy-
chotherapy gradually resolved the intrafamilial conflict, and the symptoms improved. He passed the high
school entrance exam and was discharged after a five-month hospital stay. The unique mother/ father-son rela-
tionships of hemophilia A patients, that is an X-linked recessive inherited disorder, would cause the develop-
ment of dissociative disorder. It would not be enough to evaluate somatic symptoms only, but we should also
take familial relationships such as parental union and the active involvement of parents in mental growth of a
diagnosed child. The psychological and psychiatric aspect should be carefully observed as well.
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Elevation of B cell-activating factor belonging to the tumour necrosis factor family (BAFF)

in haemophilia A patients with inhibitor

Tomohiro Takeda'?; Yoshihiko Sakurai'; Kohei Tatsumi'; Junko Kato'; Shogo Kasuda'; Akira Yoshioka'; Midori Shima'
'Department of Pediatrics, Nara Medical University School of Medicine, Kashihara, japan;

*Clinical Laboratory, Uda General Hospital, Uda, Japan

Dear Sir,
The development of factor VIII (FVIII) neutralizing antibodies
(inhibitors) is one of the serious complications in the clinical
management of haemophilia A. As replacement therapy with
FVIII concentrates is ineffective or markedly impaired in this
setting, the management of inhibitor patients is full of difficulty.
Although FVIII inhibitor will develop by bath B cell- and T cell-
dependent immune system (1, 2), the precise immune regulatory
mechanism of inhibitors has not been fully addressed.

Recently, new ligands, BAFF (B cell-activating factor be-
longing to the tumour necrosis factor [TNF] family, also known
as BlyS) and APRIL (a proliferation inducing ligand), have been
found to regulate immune system. BAFF is a member of the TNF
superfamily of ligands and is involved in the survival and matu-
ration of B cells (3). Another member of the superfamily, APRIL,
also stimulates B- and T-cell proliferation and triggers humoral
immune responses (4). BAFF binds to the TNF-related receptors
such as B-cell maturation antigen (BCMA), transmembrane ac-
tivator and calcium modulator and cyclophilin ligand interactor
(TACT) and BAFF receptor (BAFFR), whereas APRIL binds to
TACI and BCMA and to heparan-sulfate prutcoglycms (5). Such
BAFF/APRIL ligand-TNF related receptor interaction com-
prises a complex network that is critically involved in the induc-
tion and regulation of humoral i ity. We hypott d that
BAFF and/or APRIL would participate in the development and
preservation of inhibitors. To test the hypothesis, we measured
BAFF and APRIL levels in haemophilia A patients with and
without inhihbitors.

Citrated plasma samples were obtained from 25 healthy indi-
viduals and 21 haemophilia A patients without inhibitors. Six-
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teen samples were from eight haemophilia A patients with in-
hibitors at different times. Mean (+ standard deviation [SD]) his-
torical peak inhibitor titers were 420.2 + 877.8 BU/ml (range
8.2-2586). Inhibitors had been present at least for nine months
when sample plasma was taken. All haemophilia A patients with
and without inhibitors were diagnosed in our laboratory as se-
vere or moderate type haemophilia A. Since BAFF level is sig-
nificantly increased in patients with chronic hepatitis C virus
(HCV) (6), haemophilia A patients with HCV infection were not
enrolled in this study.

Plasma BAFF and APRIL levels were measured using spe-
cific ELISA kits (R&D Systems, Minneapolis, MN, USA and
Bender MedSystems, Burlingame, CA, USA, respectively).
Each sample was tested in duplicate. Total plasma IgG was also
measured with a standard immunoturbidimetric test, Statistical
analysis was performed using unpaired t-tests between groups.

Mean (+ SD) inhibitor titer in h philia A patients with in-
hibitors was 104.0 + 191.9 BU/ml (range 1.2-742). Mean (+ SD)
age of healthy individuals was 16.7 £ 14.0 years (range [-42),
that of haemophilia A patients without inhibitors was 15.0 + 6.1
years (range 4-26), and that of haemophilia A patients with in-
hibitors was 9.4 + 10.6 years (range 3-44). There was no signifi-
cant difference in age among these groups.

In non-haemophiliac individuals (n=19), the plasma levels of
BAFF and APRIL correlated well with those of serum (p<0.001,
R¥=0.92; p<0.001, R*=0.94, respectively), confirming the vali-
dation of these assays using citrated plasma samples,

Mean plasma BAFF levels (+ SD) were significantly higher
in haemophilia A patients with inhibitors (896 + 191.4 pg/ml,
range 594-1,399) than in healthy controls (746 + 220 pg/ml,
range 375-1,269) (p<0.05) and in haemophilia A without in-
hibitors (751 + 236 pg/ml, range 352-1,056) (p<0.05) (Fig. 1,
left). There was no significance between BAFF levels in healthy
controls and in haemophilia A patients without inhibitors
(p=0.938). In APRIL levels, no significance was observed be-
tween in healthy controls (10,0 + 7.5 ng/ml, range 0.4-24.0) and
in haemophilia A patients without inhibitors (8.2 + 6.1 ng/ml,
range 0.0-17.4) (p=0.415), between in healthy controls and in
haemophilia A patients with inhibitors (15.1 £ 15.6 ng/ml, range
0.1-51.3) (p=0.169), and between in haemophilia A patients
without inhibitors and those with inhibitors (p=0.101). These re-
sults suggest that BAFF is involved in the regulation of immuno-
logical response toward preservation of inhibitor. Meanwhile,
significant differences of BAFF/APRIL levels were not ob-
served between severe type and moderate type of haemophilia A
(data not shown), No evident correlation between BAFF/APRIL
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level and inhibitor titer, historical peak, and duration of inhibitor
was confirmed (data not shown). Total 1gG levels were within
normal range consistent with age in all haemophilia A patients
(data not shown). No correlation was observed between BAFF
and 1gG levels in haemophilia A patients with and without in-
hibitors (data not shown), suggesting that elevated BAFF levels
in haemophilia A patients with inhibitors were insufficient for
aberrant elevation of total IgG. Further IgG subclass analysis
will be helpful to investigate the role of BAFF in inhibitor pres-
ervation as BAFF might induce IgG subclass switch.

Previous mouse studies d ated that itutive BAFF
overexpression results in the survival of autoreactive B cells (3,
7, 8), leading to a breakdown of peripheral tolerance. In this set-
ting, autoimmune disorders develop in mice through aberrant ac-
tivation of B cells, spontaneous production of multiple autoanti-
bodies and polyclonal hypergammaglobulinaemia. In humans,
elevated BAFF levels are correlated with hypergammaglobuli-
naemia and several B cell-mediated autoimmune diseases
(9-11). Previous studies showed that anti-FVIII antibodies in the
circulation and anti-FVII1 antibody-secreting cells in the spleen
and bone marrow persist for a long time even after termination of
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The Factor Vllla C2 Domain (Residues 2228 -2240) Interacts
with the Factor IXa Gla Domain in the Factor Xase Complex”
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Factor V1lla functions as a cofactor for factor 1Xa in the phos-
pholipid surface-dependent activation of factor X. Both the C2
domain of factor Villa and the Gla domain of factor 1Xa are
involved in phospholipid binding and are required for the acti-
vation of factor X, In this study, we have examined the close
relationship between these domains in the factor Xase complex.
Enzyme-linked immunosorbent assay-based and su.r[nce plas-

of the cofactor. Mature factor VIII is synthesized as a single
chain polypeptide of 300 kDa consisting of 2,332 amino acid
residues (1, 2). Based on internal homologies of the amino acid
sequence, factor V1L has three types of domains arranged in the
order of A1-A2-B-A3-C1-C2 (3). Factor VIII circulates in the
plasma as a heterodimer of a heavy chain, consisting of the Al,
A2, and heterogeneous fragments of partially proteolyzed B

maon resonance-based assays in the absence of p holipid
showed that Glu-Gly- Arg active site-modified factor 1Xa bound
to i bilized recombi C2 d in (rC2) dose-
dependently (K, = 108 nm). This binding ability was optimal
under physiological conditions. A monoclonal antibody against
the Gla domain of factor 1Xa inhibited binding by ~95%, and
Gla domainless factor 1Xa failed to bind to rC2. The addition of
moneclonal antibody or rC2 with factor Villa inhibited factor
IXa-catalyzed factor X activation in the absence of phospho-
lipid. Inhibition was not evident, however, in similar experi-
ments in the absence of factor Vllla, indicating that the C2
domain interacted with the Gla domain of factor 1Xa. A frag-
ment designated C2-(2182-2259), derived from V8 protease-
cleaved rC2, bound to Glu-Gly-Arg active site-modified factor
IXa. Competitive assays, using overlapping synthetic peptides
encompassing residues 2182-2259, d ated that peprid
2228 -2240 significantly inhibited both this binding and factor
Xa generation, independently of phospholipid. Our results indi-
cated that residues 2228 -2240 in the factor V1lla C2 domain
constitutes an interactive site for the Gla domain of factor [Xa.
I'he findings provide the first evidence for an essential role for
this interaction in factor Xase assembly.

Factor VIII, a plasma protein that participates in the blood
coagulation cascade, is deficient or defective in individuals with
hemophilia A. Factor V111 circulates in plasma as a noncovalent
complex with VWF, which stabilizes the synthesis and activity
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domains, together with a light chain consisting of the A3, C1,
and C2 domains (1, 3)

The carboxyl-terminal 159 amino acids of factor VIII com-
prise the C2 domain, which is involved in binding to both VWF
(4-6) and phospholipid membrane surfaces (6, 7). Binding in
this domain appears to be competitive and mutually exclusive
(4, 5,8,9). The C2 domain has also been shown to participate in
binding to factor Xa and thrombin (10, 11). Additionally, a
major epitope for allo- and autoantibodies and for monoclonal
antibodies has been located within the C2 domain (4, 6, 12),
indicating that this region could be an antigenic “hot spot.”
Consequently, important aspects of the expression and regula-
tion of factor VIII appear to be governed by the structure and
function of the C2 domain

Factor VIlla tunctions as a cofactor for factor 1Xa in the ani-
onic, phospholipid surface-dependent conversion of factor X to
Xa. In intrinsic factor Xase, factor V11Ia binds to factor |Xa and
increases the k,, for factor Xa formation by several orders of
magnitude compared with factor 1Xa alone (13). The A2
domain of factor Villa interacts with the catalytic domain of
factor IXa, and the A3 domain interacts with the first epidermal
growth factor domain (14). Although the affinity of isolated A2
for factor 1Xa is low (K, — 300 nwm), it amplifies the enzyme
activity of factor 1 Xa by modulating an active site in the catalytic
domain, and this interaction defines the cofactor activity of
factor Villa (15). Factor Xa-interactive sites in the A2 domain
are located in at least three regions, within residues 484 -509
(16), 558 -565 (17), and 708 -717 (18), respectively.

In contrast, the high affinity (K, ~ 15 nm) of the isolated
factor VIlia light chain for factor IXa provides the majority of
the binding energy for this interaction. To date, one region
within the A3 domain, residues 1804 - 1818, has been identified

GDless, Gla domainless; EGR-ck, Glu-Gly-Arg-chloromethylketone; HPLC,
high perf: ce liquid ch hy; LO/MS, liquid chromatography
coupled 10 mass spectrometry, EGR-factor Xa, Glu-Gly-Arg active site
modified factor [Xa; EGR-GDless factor IXa, Glu-Gly-Arg active site-modi-
fied Gla domainless factor 1Xa, B5A, bovine serum albumin; SPR, surface
plasmon resonance, ELISA, enzyme-linked immunosorbent assay; mAb,
monoclonal antibody
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as a [actor | Xa-interactive site (19, 20). Recently, Blostein et al.
(21) demonstrated that the light chain of factor V1lla interacts
with the Gla domain of factor 1Xa, which contains 12 post-
translationally modified glutamic acid r:mduﬁ (rarboxmn-
tamic acid) and functions in calci d i
binding (22). However, the site in the Iight chain o[fnctor Vllll
responsible for interaction with the Gla domain of factor [Xa
remains to be identified. The C2 domain of factor Villa and the
Gla domain of factor Xa are involved in phospholipid binding,
and both bound sequences could be aligned structurally close.
We speculated, therefore, that the C2 domain of factor Vilia
might interact with the Gla domain of factor 1Xa in the factor
Xase complex

In the present study, we have examined the interaction
between the C2 domain of factor V1ila and the Gla domain of
factor 1Xa in the factor Xase complex, using a combination of
functional and binding assays employing recombinant C2
domain (rC2), VB protease-digested C2 fragments, synthetic
peptides, and monaoclonal antibodies. Our results indicated
that residues 2228 -2240 in the C2 domain contain an inter-
active site for the Gla domain of factor 1Xa. The findings
provide the first evidence for an essential role of this interaction
in factor Xase assembly

MATERIALS AND METHODS

Reagents—Purified recombinant factor VIII was a generous
gift from Bayer Corp. (Osaka, Japan). Two monoclonal antibod-
Ies, mAb 1Xa-GD, against the Gla domain of factor 1Xa and
specific for calcium-dependent conformation, and mAb 3A6
against the heavy chain of factor | Xa, were prepared (23, 24). A
monoclonal antibody, ESHS, against the C2 domain of factor
VIl and recognizing residues 2248 -2285 (4, 5) was purchased
from American Diagnostica Inc. (Stamford, CT). A horseradish

Construction, Expression, and Purification of Factor VIII
rC2—The rC2 was prepared using the protocol described by
Takeshima et al (27). Briefly, cDNA encoding the C2 domain of
human factor VIl with a 4-amino acid NH,-terminal extension
(Val*'**~Tyr™**?) was constructed, transformed, and expressed
in Pichia pastoris cells. The product was purified using ammo-
nium sulfate fractionation and cation exchange HPLC (TSK-
GEL CM-35W; TOSOH Corp.. Tokyo, Japan). SDS-PAGE
analysis demonstrated =>95% purity. The rC2 protein was iden-
tified as a single peak by a gel filtration and had a mass 18,626.6
on LC/MS analysis, closely matching the expected mass of
18,627.3

Preparation of EGR-GDless Factor [Xa—Factor 1Xa (10 M)
or GDless factor 1Xa (2.3 us) was inactivated overnight at 4 °C
by the addition of a 20-fold molar excess of EGR-ck in 20 mm
HEPES, pH 7.2, 150 mm NaCl, and 0.01% Tween 20 (HBS
buifer). Unbound EGR-ck was removed by t'xlerlsivc dialysis at
4 °C in the same buffer. Chr ic assays d rated less
than 0.2% residual activity of l’actor IXa or GDless factor 1Xa,
respectively.

Preparation of rC2 Proteolytic Fragments—The rC2 (16.7
pm) was digested for 96 h at 37 "C with Staphylococcus aureus
VB protease (5.4 pm; Wako Pure Chemical Industries Lid.,
Osaka, Japan) in 100 mm Tris-Tricine, pH B.4, 150 mm NaCl,
and 0.1% 5DS. The digest was treated with the SDS-Out™
precipitation kit (Plerce) to remove the SDS and was fraction-
ated by reverse phase HPLC using TSKgel ODS-100Z (5 pum;
Tosoh Corp.). The reaction mixture was loaded onto a column
equilibrated with 90% distilled H,O, 10% acetonitrile in 0.1%
trifluoroacetic acid and eluted with a linear gradient of 10-50%
acetonitrile over 60 min. Fragments were detected at 216 nm
and automatically collected in 500-ul aliquots and lyophilized.
The fragments exhibited excellent solubility following their

peroxidase (HRP)-labeled monoclonal antibody was prepared
using Peroxidase Labeling Kit-NH, (Dojindo Molecular Tech-
nologies Inc., K 0, Japan). H factor 1Xa, factor X.
and EGR-ck (Hematologic Technologies, Inc.. Essex Junction,
VT), factor Xa (Enzyme Research Laboratories, Inc, South
Bend, IN), thrombin (Sigma), recombinant hirudin (Calbio-
chem), and chromogenic Xa substrate §-2222 (Chromogenix,
Milano, Italy) were purchased commercially. Gla domainless
(GDless) factor 1Xa was prepared from factor 1Xa by limited
chymaotryptic digestion (25). Briefly, a-chymotrypsin was incu-
bated with factor IXa in a 1:24 ratio (w/w) at 4 *C. The reaction
was then quenched using 5 mum diisopropyl fluorophosphate,
and the GDless factor 1Xa was separated from undigested factor
IXa and the Gla domain-containing peptide (residues 1-42)
using ion exchange chromatography. Molecular mass was esti-
mated by SDS-PAGE. The amidalytic activity of GDless factor
1Xa was less than 0.2%. Phospholipid vesicles containing 10%
phosphatidylserine, 60% phosphatidylcholine, and 30% phos-
phatidylethanolamine (Sigma) were prepared using N-octyl
glucoside (26). Synthetic peptides consisting of overlapping
sequences of 13 residues encompassing 2182-2249 within the
factor V1II C2 domain were prepared by Biosynthesis (Lewis-
ville, TX). They were purified by reverse phase HPLC (purity
>95%) and were confirmed by mass spectrometry analysis
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p in HBS buffer. Protein concentrations were deter-
mlnl.'d by the method of Bradford (28). Electrophoresis of the
purified fragments followed by staining with GelCode Blue
Stain Reagent (Pierce) showed =95% purity.

ELISA-based Binding Assay—Microtiter wells were coated
with 200 nsm rC2 (100 pl) in 100 mm sodium bicarbonate, pH
9.6, overnight at 4 'C. The wells were washed with HBS bulffer
and were blocked with the same buffer containing 5% BSA for
2hat37 "C. EGR-factor 1Xa or EGR-GDless factor | Xa was then
added and incubated in HBS buffer containing | mm CaCl, and
5% BSA for 2 h at 37 "C. Bound EGR-factor 1Xa was quantified
by the addition of HRP-labeled anti-factor 1Xa mAb 3A6 and
o-phenylenediamine dihydrochloride substrate. Reactions
were quenched by the addition of 2 M H,50,, and absorbances
were measured at 492 nm using a Labsystemns Multiskan Mul-
tisoft microplate reader (Labsystems, Helsinki, Finland). Con-
trol experiments demonstrated that mAb 3A6 did not affect the
reaction between factor VIII and factor IXa (data not shown).
The amount of nonspecific binding of HRP-labeled IgG in the
absence of lactor VIl was <5% of the total signal. Specific bind-
ing was recorded after subtracting the nonspecific binding. In
competitive inhibition assays, the competitor proteins were
incubated with 100 nm EGR-factor 1Xa for 2 h at 37 *C prior to
the addition to immobilized rC2. The percentage of inhibition
was calculated using the equation, (bound absorbance — non-
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specific absorbance)/(maximum — nonspecific) x 100 (%).
Absorbance in the absence of competitive protein or immobi-
lized rC2 was regarded as maximum or nonspecific,
respectively.

SPR-based Binding Assay—The kinetics of rC2 and EGR-fac-
tor IXa interaction were determined in SPR-based assays using
a Biacore X instrument (BlAcore AB, Uppsala, Sweden). EGR-
factor 1Xa was covalently coupled to the surface of a CM5 chip
at a coupling density of ~7 ng/mm?. Binding (association) of
the ligand was monitored in 10 mm HEPES, pH 7.4, 150 mm
NaCl, 1 mm CaCly, and 0,005% surfactant P20, at a flow rate of
20 pd/min for 2 min at 37 *C. The dissociation of bound ligand
was monitored for a 2-min period by replacing the ligand-con-
taining buffer with buffer alone. The level of nonspecific bind-
ing corresponding to ligand binding to the uncoated chip was
subtracted from the signal. The rate constants for association
(k,) and dissociation (k,) were determined by nonlinear regres-
sion analysis (29, 30) using the evaluation software provided by
Blacore AB. Equilibrium dissociation constants (K ;) were cal-
culated as k/k,.

Factor Xa Generation Assays—The rate of conversion of fac-
tor X to factor Xa was monitored in a purified system (18, 31).
Factor Xa was generated at 22 °C in HBS buffer containing 1
mm CaCl, and 0.1% BSA. For assays in the absence of phospho-
lipid, 200 nm factor VIII was activated by 10 nm thrombin.
Thrombin activity was inhibited after 1 min by the addition of
2.5 units/ml hirudin, and factor Xa generation was initiated by
the addition of 5 nm factor IXa and 1 um factor X. Experiments
in the absence of factor VIlla were performed under the same
conditions except for 20 nm factor 1Xa. For assays in the pres-
ence of phospholipid, 30 nm factor VI was activated by 10 nm
thrombin in the presence of 20 um phospholipid. Thrombin
activity was inhibited after 1 min by hirudin, and factor Xa
generation was initiated by the addition of 0.5 ns factor 1Xa and
the indicated amounts of factor X, Aliquots were removed at
appropriate times to assess initial rates of product formation
and added to tubes containing EDTA (100 mm final concentra-
tion) to stop the reaction. Rates of factor Xa generation were
determined at 405 nm using a microtiter plate reader after the
addition of chromogenic substrate, 5-2222 (0.46 mm final con-
centration). Factor Xa generation was quantified by extrapola-
tion from a standard curve prepared using known amounts of
factor Xa.

ELISA for Factor VIII or EGR-factor IXa Binding to
Phosphatidylserine—ELISA were performed using a minor
maodification of a previously reported method (7). Briefly, 50 pm
1,2-dioleoyl-sn-glycero-3-phospho-1-serine (Sigma) in metha-
nol was immobilized onto each well of a microtiter plate and
allowed to air dry at 4°C overnight. After washing with HBS
buffer, the wells were blocked for 2 h at 37 *C with HBS buffer
containing 5% BSA. Factor VIl or EGR-factor IXa was added to
each well in HBS buffer containing 1 mm CaCl; and 5% BSA and
incubated for 2 h at 37 *C. Bound factor V1Il was detected using
anti-factor VIII mAb ESHS, followed by HRP-labeled anti-
mouse second antibody. Bound EGR-factor 1Xa was detected
using HRP-labeled mAb 3A6,

NH ,-terminal Sequence Analysis—The C2 fragments were
blotted onto polyvinylidene difluoride membranes, stained
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FIGURE 1. Direct binding of EGR-factor 1Xa to rC2. A, ELISA-based assay.
Varlous concentrations of EGR-factor IXa were reacted with rC2 (200 nm) that
had been immobilized onto microtiter wells for 2 h at 37 °C, as described
under “Materials and Methods.” Bound EGR-factor I1Xa was detected using
HRP-labeled anti-factor IXa mAb 1A6. Absorbance values were plotted as a
function of the concentration of EGR-factor IXa. Experiments were performed
at least three separate times, and average = 5.0. values are shown. B, SPR-
based assay, Various concentrations of rC2 were injected onto the EGR-factor
1Xa {—7 ng/mm?) iImmobllized onto the sensor chip at a flow rate of 20 ul/min
for 2 min, followed by a change of running buffer for 2 min as described under
“Materials and Methods.” The three fines lll P P
curves for the different concentrations of rC2 (100, 300, and 500 nw, respec
tively), Experiments were performed at least three separate times,

with Gelcode Blue, and excised. NH,-terminal sequence analy-
ses of the purified fragments were performed using an Applied
Biosystems model 491 sequencer (Foster City, CA). Samples
were subjected to 5 or 7 cycles of automated sequencing.
Solvent-accessible Surface Area Analysis—The solvent acces-
sibllities at the interface for the residues 2182-2259 of the C2
domain were calculated from the atomic coordinates using
Marec Gerstein's cale-surface program (32) available from the
Helix Systems Web site. The atomic coordinates of human fac-
tor VI and C2 domain were retrieved from the Protein Data
Bank (code 2R7E and 1D7P, respectively). Values that are more
positive represent a greater probability of surface exposure.

RESULTS

Binding of EGR-factor IXa to the C2 Domain—Blostein et al.
(21) have recently reported that the Gla domain of factor [Xa
interacts with the light chain of factor Vllla. The C2 domain of
factor Villa and the Gla domain of factor 1Xa are involved in
phospholipid-binding, and we surmised, therefore, that they
could be juxtaposed in the factor Xase complex and that the C2
domain might associate directly with the Gla domain of factor
1Xa. To investigate this hypothesis, we initially examined the
direct binding of factor IXa to immobilized rC2 using microti-
ter-based, solid phase binding assays. An active site-modified
EGR-factor 1Xa preparation was used in these experiments to
eliminate difficulties of interpretation in the presence of enzy-
matically active factor IXa. Various concentrations of EGR-fac-
tor [Xa were incubated with immobilized rC2 (200 nm). Bound
EGR-factor 1Xa was detected using anti-factor 1Xa mAb 3A6,
recognizing the heavy chain of its protease. EGR-factor IXa
bound to immobilized rC2 in a dose-dependent manner (Fig.
14). Control experiments using an anti-C2 mAb demonstrated
that immobilized rC2 was not affected by the ionic strength of
the wash buffer or the duration of the wash and incubation
steps subsequent to C2 binding (data not shown). To confirm
the specificity of this binding, various concentrations of factor
VIII or rC2 were preincubated with EGR-factor 1Xa (100 nM) in
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FIGURE 2 Effect of lonic on EGR-factor 1Xa and rC2 interaction.
A NaClL KCL and LiCl effect. EGR-factor [Xa (100 nw} was incubated with immae-
bilized rC2 {200 na) in MBS buffer containing | ma CaCl,. 5% BSA, and various
amaounts of NaCl (open circles), KCl (closed cirches). and LIC] [open squores) inan
ELISA-based assay. 8, Call, effect EGR-factor IXa wan Incubated with immo-
bilized rC2 in HBS buffer containing 5% BSA and various amounts of CaCl,
EGH Tactor IXa bound in the absence utcx.l, refers to an experiment in n\-
presence of 10 ma EDTA. Experiments were p d at least three sep
times, and average = 5.0, values are shown.

the fluid phase prior to addition to the immobilized rC2 Factor
VIll and rC2 inhibited EGR-factor 1Xa binding to immobilized
rC2 by ~90 and ~60%, respectively (data not shown), confirm-
ing specificity of the assay,

We further evaluated interactions by an alternative approach
using real time SPR-based assays. This technique provides
information on kinetic and equilibrium binding constants (29,
30), A range of concentrations of rC2 were added to EGR-factor
1Xa immobilized onto a sensor chip. Fig. 18 shows representa-
tive curves corresponding to the assoclation/dissociation of
rC2. The data could be comparatively well fitted by nonlinear
regression using a 1:1 binding model with drifting base line.
Kinetic constants showed that rC2 bound to EGR-factor 1Xa
with mild affinity (K, = 108 = 27 nm, kJk, = 245 % 1072
571236 % 10° M~ ' s7'), In ELISA-based assays, the apparent
K ,value appeared to be higher (—400 num), compared with that
obtained by SPR-based assays. Since ELISA is not an equilib
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FIGURE 3. Contribution of the Gla d in of EGR-factor [Xa for rC2 inter-

action. A, various concentrations of EGR-factor IXa (open circles) or EGR-GD-
less factor (Xa (closed circles) were incubated with immobilized rC2 (200 na)
for 2 h at 37 °C in an ELISA-based assay. 8, EGR-factor [Xa (100 nw) was prein-
cubated with various concentrations of mAb [Xa-GD lgG (open circles) of nos-
mal murine IgG (closed circles) lor 2 h at 37 *C, prior to incubation with immo-
bilized rC2. Absorbance values for the EGR-factor IXa binding to rC2 in the

of ¢ the 100% level The percentage of EGR-
factn:ruubindfng was pumod a3 a lunction of antibody concentration. Exper
iments were parformed at least three separate times, and average * 5D
vialues are shown.

Ca®* is known to be required for the structural and func-
tional integrity of factor 1Xa, and hence the effect of Ca”” on
factor 1Xa-rC2 interaction was also examined in the current
experiments. Binding of factor IXa to immobilized rC2 was
investigated in buffer containing various amounts of CaCl,
EDTA (10 mwm) was added to the reaction mixtures to assess
binding in the absence of Ca’*. The presence of Ca** up to
~1.0 mm markedly increased factor 1Xa binding by —6-fold
compared with that in the absence of Ca®* (Fig. 2B). Optimal
binding was observed at approximately physialogical concen-
trations of free Ca®* (~1.3 mm). Binding was significantly
inhibited by increments of Ca®* >1 mm. The data were con-
sistent, therefore, with a role for Ca** in C2-factor [Xa interac-
tion, although it was not possible to distinguish between a
direct or indirect role for Ca®* in mediating this effect.

rium binding assay, the multiple steps of incubation and wash
may affect the detection for lower concentrations of EGR-Fl Xa.
The results indicated that the C2 domain of factor VI inter-
acted directly with factor 1Xa.

Characterization of the Interaction between the C2 Domain
and EGR-factor IXa—The light chain of factor Villa interacts
with factor 1Xa in electrostatic and calcium-dependent mech-
anisms (19). To further characterize this interaction, factor IXa
(100 nm) was mixed with various amounts of NaCl and incu-
bated with immaobilized rC2. Control experiments showed that
the amount of immobilized rC2 or the reactivity of antibody
was not affected even at a higher concentration of NaCl (data
not shown). Binding of EGR-factor [Xa to rC2 was maximal at
physiological concentrations of NaCl (—150 ma Fig. 24)
Higher conc ions of NaCl incre lly weakened this
interaction, however, and consequently binding was signifi-

ding of the Gla Dx of Factor [Xa to the C2 Domain—
To investigate whether the Gla domain of factor [Xa partici-
pates in direct interactions with the C2 domain of factor VIIL
EGR-GDless factor IXa was prepared by chymotrypsin diges-
tion and EGR-ck labeling, as described under “Materials and
Methods.” Control experiments demonstrated that EGR-GD-
less factor IXa and EGR-factor IXa were similarly reactive with
anti-factor 1Xa mAb 3A6 in the ELISA (data not shown), The
binding of EGR-GDless factor 1Xa to immobilized rC2 was
markedly lower than that of EGR-factor 1Xa even at the maxi
mum concentration employed (500 nu; Fig. 3A4). SPR-based
assays also showed that rC2 failed to react with EGR-GDless
factor 1Xa (data not shown). In addition, competitive experi-
ments using an anti-factor IXa mAb, mAb 1Xa-GD. recognizing
the Gla domain of factor 1Xa and dependent on the presence of
Ca’*, demonstrated that the monoclonal antibody blocked
binding of EGR-factor 1Xa to rC2 (up to ~95%) in a dose-de-

cantly decreased by —95% at elevated ionic strengths, support-
ing the salt sensitivity of this interaction. The Na*-bound fac-
tor 1Xa drastically enhances catalytic activity toward factor X
and increases the affinity for factor Viila (33, 34) However,
other monovalent cations, K* and Li*, also inhibited this bind-
ing similarly, suggesting that this effect was not due to a specific
interaction of Na™ -factor 1Xa.
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d (IC.; 758 + 93 nm) (Fig. 3B). These findings
were in keeping with a significant role for the Gla domain of
factor IXa in direct binding to the C2 domain of factor VIIL

To assess the functional role of the interaction between the
c2d and Gla d of factor 1Xa in the factor Xase
complex, we examined the effect of rC2 or mAb [Xa-GD on
factor Villa/factor 1 Xa-mediated activation of factor X in an
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FIGURE 4 Inhibition of rC2 u\d mAb rx,u-GD In factor Villa/factor IXa-
mediated factor X activation in the ab holipid. Various con-

cantrations of rC2 (open circles) (A) or mAb 1Xa-GD {open circles) (8) o normal
murine IgG (closed circles) were prdﬂcuhlt!.-d with 5 nw factor IXa for 2 h at
37*%C, Factor Xa ion was initi by the of th bin-acti-
vated factor Villa | {200 nw) and 1 pum factor X under the conditions described
under *Materials and Methods.* The initial rate of factor Xa generated in the
absence of competitor represents the 100% level and was 119 = 0.14
n/min. Initial rates of factor Xa generation were plotted as a function of /02
or antibody concentration. The inset shows the experiments in the absence of
factor Villa under similar conditions except for 20 nwm factor [Xa, The initial rate
of factor Xa generated in the absence of competitor (100% level) was
0.0034 + 0.0001 nm/min. E Were p i at least three separat
times, and average = 5.0. values are shown

amidalytic assay. For this assay, 200 nm factor VIII was acti
vated by thrombin and incubated with mixtures of 5 nm factor
IXa and various concentrations of rC2 or mAb [Xa-GD. Factor
Xa generation was Initiated by the addition of 1 um factor X,
The rC2 competes with factor V11 for binding to phospholipid
membranes, and for this reason, the assays were performed in
the absence of phospholipid. The addition of rC2 and mAb
1Xa-GD markedly decreased the rates of factor Xa generation
(by >90%) in a dose-dependent manner, with the IC.,, values of
10.9 = 3.8 um and 43.2 = 15.3 nm, respectively (Fig. 4, A and B),
To exclude the possibility that rC2 and mAb 1Xa-GD directly
affected factor 1Xa-catalyzed activation of factor X, factor Xa
generation was further examined in the absence of factor Villa
As expected, there was little inhibition of factor Xa generation
in the presence of rC2 or mAb 1Xa-GD (Fig. 4, inset), confirm-
ing that the reactions were governed by factor VIlla. The results
indicated that association between the C2 domain of factor V11
and the Gla domain of factor 1Xa played a significant role in the
assembly of the factor Xase complex and hence factor 1Xa-cat-
alyzed activation of factor X in the presence of factor Villa.
Purification and Characterization of rC2-digested Fragments—

To localize factor IXa-interactive regions within the C2
domain, limited Staphylococcus aureus V8 protease digests of
rC2 were prepared. SDS-PAGE analysis demonstrated the pres-
ence of two large fragments of apparent mass 7.5- and 6.2-kDa
that were significantly smaller than the initial rC2 (—16 kDa)
(Fig. 5B}, The digestion of rC2 by VB protease required dena
turing conditions with 0.1% 5DS, and we confirmed that the
binding of SDS-treated, uncleaved rC2 to EGR-factor 1Xa was
similar to that of the non-SD5-treated product in the ELISA-
based assay (data not shown). EGR-factor 1Xa bound to immo-
bilized, unfractionated V8 protease-cleaved rC2 in a dose-de-
pendent manner (data not shown), prompting us to further
isolate and purify the cleaved fragments. The two fragments
were not able to be separated by ion exchange HPLC using CM,
Mono-Q), and Mono-5 under any salt and pH conditions but
were resolved by reverse phase HPLC (Fig. 5). SDS-PAGE con-
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FIGURE 5 Reverse phase HPLC and SDS-PAGE of VB protease-cleaved rC2.
S aureus VB protease-cleaved (2 ilagmcnu were fractionated by reverse
phase HPLC. The broken line rep fle con: 110 -508%),
and fragments were detected at 216 nm IsoM line). The inset shows that the
proteins were analyzud by SDS-PAGE using 16.5% peptide gel under nonre-
ducing condi d by staining with GelCode Blue. Lane 1, 1.5 ug of
rC2; Jane 2,0.75 ug of V8 protease; lone 3,15 g of rC2 digested with 0.75 ug
of VB protease; lane 4, 0.5 ug of fragment in peak fraction 1; lane 5, 0.5 ug of
fragment in peak fraction 2. The positions of molecular mass markers in kDa
are indicated 1o the lefr
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firmed that these fractions, designated as peak 1 and peak 2,
represented the 7.5- and 6.2-kDa fragments, respectively (Fig. 5,
tnset). Some smaller peaks were observed, but the bands were
poorly detectable in SD5-PAGE and appeared to represent fur-
ther minor degradation of rC2. The peak 1 and peak 2 fractions
were further characterized by size exclusion chromatography,
and each was shown to elute as a single peak, indicating that the
fragments were monomeric in solution (data not shown).

Automated NH,-terminal sequence analysis identified that
the sites of cleavage responsible for the generation of the two C2
fragments were located at residues Glu?'®'-Ser®®* and
Glu®**-Phe’*® for the —~7.5- and —6.2-kDa fragments, respec-
tively (Table 1). In addition, LC/MS analysis indicated that the
malecular mass of fragment 1 (7.5 kDa) and fragment 2 (6.2
k¥a) was 8827.25 * 570 and 7355.63 * 0.68 Da, respectively
On the basis of the previous molecular masses determined by
LC/MS, NH,-terminal sequence analysis, and specificity of V8
protease cleavage site (-Glu-X and/or -Asp-X), the deduced
protein sequences of the two €2 fragments matched Ser®'®-
Glu™** (expected mass, 8823.08 Da) and Phe™*-Glu™*"
(Expected mass, 7354.39 Da). Hence, the —7.5- and —6.2-kDa
C2 frag were  desig) d as C2-(2182-2259) and
C2-(2260-2322), respectively,

Binding of the Isolated C2 Fragments to EGR-factor 1Xa and
the Effects on Factor Xa Generation—To determine whether the
C2-(2182-2259) and/or C2-(2260-2322) were able to bind o
factor 1Xa, we investigated direct binding in ELISA-based
assays, as described above, EGR-factor 1Xa bound directly to
immaobilized C2-(2182-2259) (600 nm) in a dose-dependent
manner, although in this instance, the binding efficiency was
weaker than that of the uncleaved rC2 (Fig. 64). In contrast,
very limited binding of EGR-factor I1Xa to immobilized
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