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Modification of the N-terminus of human factor IX by defective propeptide
cleavage or acetylation results in a destabilized calcium-induced
conformation : effects on phospholipid binding and activation by factor XIa
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The propeptide of human coagulation factor IX (FIX) directs

the γ-carboxylation of the first 12 glutamic acid residues of the

mature protein into γ-carboxyglutamic acid (Gla) residues. The

propeptide is normally removed before secretion of FIX into the

blood. However, mutation of Arg−% in the propeptide abolishes

propeptide cleavage and results in circulating profactor IX in the

blood. We studied three such genetic variants, factor IX Boxtel

(Arg−%!Trp), factor IX Bendorf (Arg−%!Leu) and factor IX

Seattle C (Arg−%!Gln). These variant profactor IX molecules

bind normally to anti-FIX:Mg(II) antibodies, which indicates

that the mutations do not seriously affect γ-carboxylation. Metal

ion titration of the binding of variant profactor IX to con-

formation-specific antibodies demonstrates that the calcium-

induced conformation is destabilized in the variant molecules.

Also the binding of FIX Boxtel to phospholipids and its

activation by factor XIa requires a high ("5 mM) calcium

INTRODUCTION

Factor IX (FIX) is the zymogen of a serine protease that plays a

key role in the blood coagulation cascade [1]. It can be activated

to factor IXa by factor XIa and by the factor VIIa–tissue factor

complex. In the presence of factor VIIIa, negatively charged

phospholipids and Ca#+, factor IXa activates factor X by limited

proteolysis [2,3]. FIX is synthesized in hepatocytes, where it

undergoes intracellular processing before it is secreted into the

blood [4]. These modifications include signal peptide cleavage,

N- and O-linked glycosylation, (partial) β-hydroxylation of

Asp'%, γ-carboxylation and cleavage of the propeptide. The

propeptide sequence, which is highly conserved in γ-

carboxyglutamic acid (Gla)-containing proteins [5], directs the

vitamin K-dependent carboxylase to the γ-carboxylation of the

first 12 glutamic acid residues of the mature FIX [6]. The

propeptide is removed by an endoprotease located in the trans

Golgi apparatus of the secretory pathway [7]. The most likely

candidate for this enzyme is PACE (Paired basic Amino acid

Cleaving Enzyme [8]). Analysis of genetic propeptide variants

[9,10] and in �itro expression of recombinant propeptide variants

[6,11–13] suggested that residues Leu−', Arg−%, Lys−# and Arg−"

are important for propeptide cleavage and that residues Phe−"',

Glu−"#, Ala−"!, Leu−', Arg−% and Arg−" are important for γ-
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concentration. The three-dimensional structure of the Gla do-

main of FIX in the presence of calcium indicates that the

acylation of the amino-terminus, rather than the presence of the

propeptide, was responsible for the destabilization of the calcium-

induced conformation. In order to confirm this, the α-amino

group of Tyr" of FIX was acetylated. This chemically modified

FIX showed a similar destabilization of the calcium-induced

conformation to variant profactor IX. Our data imply that the

amino-terminus of FIX plays an important role in stabilizing the

calcium-induced conformation of the Gla domain of FIX. This

conformation is important for the binding to phospholipids as

well as for the activation by factor XIa. Our results indicate that

mutations in FIX that interfere with propeptide cleavage affect

the function of the protein mainly by destabilizing the calcium-

induced conformation.

carboxylation. On the other hand, analysis of other genetic

propeptide variants [14,15] and in �itro γ-carboxylation experi-

ments of synthetic and recombinant peptides [16,17] indicated

that Arg−%!Gln and Arg−"!Ser mutations have no effect on

the γ-carboxylation efficiency.

Gla residues confer metal ion binding properties to the amino-

terminal Gla domain. The binding of metal ions induces a

conformational change in FIX, which can be monitored with

conformation-specific antibodies [18,19]. Anti-FIX:Mg(II) anti-

bodies recognize a conformational epitope (FIX«) that is non-

selective for metal ions, such as Ca#+, Mg#+, Mn#+ and Ba#+.

Anti-FIX:Ca(II) antibodies recognize a conformational epitope

(FIX*) that is only supported by Ca#+ and Sr#+ ions, and that is

involved in phospholipid binding and in activation by factor XIa

[19]. The binding sites for both anti-FIX:Mg(II) and anti-

FIX:Ca(II) antibodies have recently been shown to be located in

the Gla domain [20].

Mutations affecting the Arg−% residue in the propeptide are the

most frequently reported mutations within the FIX gene. In this

study we confirm that the substitution of this residue by Gln

(FIX Seattle C), Leu (FIX Bendorf) or Trp (FIX Boxtel) results

in defective propeptide cleavage. We also provide support for the

notion that these mutations do not affect γ-carboxylation and

that the presence of the propeptide destabilizes the calcium-
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induced conformation. Therefore higher calcium concentrations

are needed to enable binding to anti-FIX:Mg(II) antibodies,

anti-FIX:Ca(II) antibodies and phospholipids and to enable

activation by factor XIa. To determine whether the presence of

the propeptide or the acylation of the amino-terminus of FIX

was responsible for the destabilization, the α-amino group of

Tyr" of FIX was acetylated. Our data imply that the amino-

terminus of FIX is involved in an intramolecular interaction

which is important for the stabilization of the calcium-induced

conformation of FIX.

EXPERIMENTAL

Materials

Protein A–Sepharose, CNBr-activated Sepharose 4B, Fast Flow

Q Sepharose and PD-10 gel filtration columns were from

Pharmacia (Uppsala, Sweden). Goat anti-(rabbit IgG)–

horseradish peroxidase (HRP) conjugate and pre-stained mol-

ecular mass standards were purchased from Bio-Rad (Richmond,

CA, U.S.A.). Human factor XIa was from Enzyme Research

Laboratories (Swansea, U.K.). PVDF membrane (Immobilon P)

was from Millipore (Bedford, MA, U.S.A.). Non-Ca(II)-de-

pendent antibodies, anti-FIX:Ca(II) and anti-FIX:Mg(II) anti-

bodies against human FIX were isolated from rabbit anti-FIX

serum by affinity chromatography on factor IX–Sepharose as

previously described [18,19]. Synthetic propeptide (residues ®18

to ®1 of human FIX) was synthesized on a solid-phase peptide

synthesizer, using standard [(9-fluorenylmethyl)-oxy]-carbonyl

chemistry (Department of Immuno-Haematology and Blood

Bank, University Hospital Leiden, the Netherlands). The peptide

was conjugated to rabbit serum albumin by glutaraldehyde and

used to immunize aNewZealandWhite rabbit following standard

protocols [21].

Subjects

Blood for the preparation of plasma and white blood cells from

patients with haemophilia B and healthy volunteers was obtained

with informed consent of the donors. Plasma with FIX Boxtel

was obtained from two related patients with moderately severe

haemophilia B, who carried the same mutation. Plasma with FIX

Bendorf was kindly provided by Dr. M. Ludwig from the

Institute of Clinical Biochemistry, University of Bonn, Germany.

Plasma with FIX Seattle C was provided by Dr. A. R. Thompson

of the Department of Medicine, University of Washington,

Seattle, U.S.A.

Identification of the mutation in FIX Boxtel

All of the coding and their flanking regions, the promoter region

and the 3«-untranslated region of the FIX gene of the patient

with FIX Boxtel were analysed, using PCR and direct sequencing

of the amplified regions essentially as described previously [22].

The only modification was an internal 3«-primer ('%'$CTCGT-

GCTTCTTCAAAAC'%%', numbering according to Yoshitake et

al. [23]), that was used for the sequence determination of the

fragment containing exons 2 and 3.

Isolation of FIX

FIX Boxtel was isolated from plasma (200 ml) by barium citrate

precipitation, ammonium sulphate precipitation, immunoaffinity

chromatography and ion exchange chromatography. The pro-

cedures for the barium citrate and ammonium sulphate pre-

cipitation have been described previously [24]. The 70% am-

monium sulphate precipitate was dissolved in a small volume of

50 mM triethanolamine (TEA; pH 7.5), 150 mM NaCl, 10 mM

benzamidine and 10 mM MgCl
#

and dialysed against the same

buffer. The preparation was applied to an anti-FIX:Mg(II)

IgG–Sepharose 4B column (1 mg of IgG}ml of gel). Bound FIX

was eluted from the column by a buffer containing 50 mM TEA

(pH 7.5), 150 mM NaCl, 10 mM benzamidine and 10 mM

EDTA. FIX was concentrated by application on Fast Flow Q

Sepharose (100 µl) and elution with 1 M NaCl. The protein was

dialysed against 50 mM TEA (pH 7.5), 150 mM NaCl. Normal

FIX was isolated using the same procedure for small quantities

(up to 200 µg) or by previously reported procedures [24] for

larger quantities (up to 10 mg). Isolated FIX was more than

95% pure, as judged by SDS}PAGE. Molar concentrations of

normal, variant or modified FIX were calculated from the

antigen concentration determined in an ELISA using non-Ca(II)-

dependent antibodies and a calibrated standard [24].

Profactor IX ELISA

Normal or patient plasma, diluted in 50 mM TEA (pH 7.5),

150 mM NaCl, 0.1% (v}v) Tween-20 (ELISA buffer) was

incubated for 2 h in microtitre plates, coated with monoclonal

antibody 1B5 [25]. Profactor IX was detected with rabbit anti-

propeptide antiserum (1:10000 in ELISA buffer). Anti-propep-

tide antibodies were detected with goat anti-(rabbit IgG)–HRP.

The HRP activity was detected with H
#
O

#
and 3,3«,4,4«-tetra-

methylbenzidine as described [26]. All incubations were per-

formed at room temperature. Plates were washed five times with

ELISA buffer between incubations.

Binding of FIX to anti-FIX :Mg(II) antibodies, anti-FIX :Ca(II)
antibodies and phospholipids

The ability of normal, variant and modified FIX to bind to anti-

FIX:Mg(II) antibodies, anti-FIX:Ca(II) antibodies or phospho-

lipids was studied in a sandwich ELISA, using anti-FIX:Mg(II)

antibodies, anti-FIX:Ca(II) antibodies or human brain phospho-

lipids [27] respectively to coat microtitre plates. Bound FIX was

detected with non-Ca(II)-dependent anti-(factor IX IgG)–HRP

conjugate as described [24] and expressed as the A
%&!

. The assays

were performed in the presence of 20 mM CaCl
#
. Further

procedures were as for the profactor IX ELISA.

Metal ion dependence of binding of FIX to anti-FIX :Mg(II)
antibodies, anti-FIX :Ca(II) antibodies and phospholipids

The metal ion dependence of binding of FIX to anti-FIX:Mg(II)

antibodies, anti-FIX:Ca(II) antibodies and phospholipids was

determined as described previously [24]. In short, immobilized

anti-FIX:Mg(II) antibodies, anti-FIX:Ca(II) antibodies or

human brain phospholipids were incubated with a fixed con-

centration of FIX in the presence of the indicated metal ion

concentrations. Bound FIX was detected with non-Ca(II)-de-

pendent anti-FIX IgG–HRP conjugate. The relative amount of

FIX able to bind to the antibodies or the phospholipids was then

derived from the A
%&!

by interpolation of a dose–response curve

for the same FIX preparation at 20 mM CaCl
#

or MgCl
#
.

Activation of FIX by factor XIa

FIX (50 nM) was activated by factor XIa (1.8 nM) in 50 mM

TEA (pH 8.0), 150 mM NaCl, 20 mM CaCl
#
, 100 µg}ml chicken

egg ovalbumin, 1 mg}ml polyethylene glycol 8000. At indicated

time intervals 25 µl samples were taken and added to an equal

volume of SDS}PAGE sample buffer, containing 40 mM EDTA

and 50 mM dithiothreitol, and analysed by SDS}PAGE and

Western blotting.
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SDS/PAGE and Western blotting

The preparation of plasma samples for SDS}PAGE was per-

formed as described previously [28]. SDS}PAGE was performed

according to Laemmli [29]. Protein bands were visualized by

silver staining according to Morrissey [30] or transferred to

PVDF membranes using a semi-dry blotting system (Pharmacia).

FIX was then detected either directly with non-Ca(II)-dependent

anti-human FIX antibodies, conjugated to HRP or with anti-

serum raised against the synthetic propeptide of FIX, and goat-

anti-(rabbit IgG)–HRP. HRP activity was visualized with 3,3«-
diaminobenzidine (DAB) or using a chemiluminescence kit

(Boehringer Mannheim, Germany).

Chemical modification of FIX

Amino groups of FIX were reversibly blocked with citraconic

anhydride, according to the procedure of Habeeb and Atassi

[31], with minor modifications. To 1 ml of isolated normal FIX

(0.98 mg}ml) in 0.5 M TEA (pH 8.5) (FIX) or in 0.5 M TEA

(pH 8.5)}50 mM CaCl
#

(FIX:Ca), citraconic anhydride was

added in eight aliquots of 2.5 µl. The pH was adjusted with

1.0 M NaOH after each addition. The solutions were stirred for

30 min. The completion of the reaction was verified by de-

termination of the free amino groups with trinitrobenzene-

sulphonic acid (TNBS), according to Haynes et al. [32]. The

reaction could also be monitored by SDS}PAGE, since the

modification resulted in the increase in the apparent molecular

mass from 63000 to 80000 Da. For both citraconylated FIX

(FIXCi) and citraconylated FIX:Ca (FIX:CaCi) the buffer was

changed to 0.5 M TEA (pH 8.5) by gel filtration on a PD10

column. Protein was acetylated by the addition of two aliquots

of 5 µl of acetic anhydride}ml of protein solution. The pH was

adjusted to pH 8.5 after each addition. Deprotection of

citraconylated amino groups was accomplished by dialysis

against 0.1 M sodium acetate (pH 3.0)}150 mM NaCl. The

completion of the deprotection was verified by determination of

the free amino groups with TNBS. The deprotection could also

be monitored by SDS}PAGE, since the deprotection resulted in

a decrease in the apparent molecular mass to 63000 Da. The

modified proteins were dialysed against 50 mM TEA (pH 7.5)}
150 mM NaCl, and concentrated by ion exchange chromato-

graphy over Fast Flow Q Sepharose (see above). For N-terminal

sequence analysis, the buffer was exchanged for 0.1 M NH
%
HCO

$
by gel filtration over a PD10 column, before freeze-drying.

N-terminal sequence analysis

N-terminal sequence analysis was performed at the gas phase

sequenator facility (Department of Medical Biochemistry, State

University of Leiden) which is supported by N. W. O. through

the Netherlands Foundation for Chemical Research (S. O. N.).

RESULTS

Identification of the point mutation

The only mutation that was observed in the FIX gene of the

patient with FIX Boxtel was a C!T transition at residue 6364

(numbering according to Yoshitake et al. [23]). This mutation

predicts the change of Arg−% in the propeptide to Trp. The

mutations in FIX Bendorf (Arg−%!Leu) and FIX Seattle C

(Arg−%!Gln) have been reported previously [33,34].

Isolation of FIX Boxtel

FIX Boxtel was isolated from patient plasma using anti-

FIX:Mg(II) antibodies. These antibodies were previously used

Figure 1 SDS/PAGE analysis of FIX Boxtel

(A) 0.1 µg of isolated normal FIX (lane 1) and FIX Boxtel (lane 2) were separated by 5–15%

gradient SDS/PAGE and silver stained for protein. (B) Barium citrate eluates of normal plasma

(lanes 1 and 4), FIX Boxtel plasma (lanes 2 and 5) and congenital FIX-deficient plasma (lanes

3 and 6) were separated by 5–15% gradient SDS/PAGE and blotted to PVDF membranes, which

were subsequently incubated with non-Ca(II)-dependent anti-(human FIX)–HRP (lanes 1–3) or

anti-propeptide antiserum and goat-anti-(rabbit IgG)–HRP (lanes 4–6). HRP activity was

detected by staining with DAB.

Figure 2 Sandwich ELISA for profactor IX

Normal plasma (+), FIX Boxtel plasma (*), FIX Seattle C plasma (D), or FIX Bendorf plasma

(∆) were incubated at the indicated dilutions with immobilized monoclonal antibody (1B5),

directed against human FIX. Bound profactor IX was detected with anti-propeptide antiserum

as described in the Experimental section.

by Ware et al. [10] to remove normal FIX from a variant FIX

(FIX San Dimas) which also had a mutation in the ®4 position

(Arg−%!Gln). In contrast with the San Dimas variant, FIX

Boxtel bound normally to the anti-FIX:Mg(II) antibodies (see

below), which could therefore be used for its isolation. SDS}
PAGE analysis (Figure 1A) revealed that FIX Boxtel has an

increased apparent molecular mass (80000 Da) compared with

normal FIX (65000 Da). This indicated that, like in other

variants with a point mutation at residue ®4 [10,13,15], FIX

Boxtel still contained the propeptide. This was confirmed by

Western blotting, using an antiserum raised against the synthetic

propeptide of FIX (Figure 1B). Only FIX Boxtel did react with

anti-propeptide antiserum (lane 5). The presence of the pro-

peptide in FIX Bendorf and FIX Seattle C was confirmed in a

sandwich ELISA (Figure 2).
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Figure 3 Binding of normal FIX and FIX Boxtel to anti-FIX :Mg(II) (upper
panel) and anti-FIX :Ca(II) antibodies (lower panel)

Normal FIX (+) or FIX Boxtel (*) were incubated at the indicated concentrations with

immobilized antibodies in the presence of 20 mM CaCl2. Bound FIX was detected as described

in the Experimental section.

Binding of FIX Boxtel to anti-FIX :Mg(II) and anti-FIX :Ca(II)
antibodies

The binding of FIX Boxtel to anti-FIX:Mg(II) antibodies in the

presence of excess calcium (20 mM) is identical with that of

normal FIX (Figure 3, upper panel). This shows that the Arg−%

!Trp mutation and the presence of the propeptide do not

interfere with the ability of FIX Boxtel to form the FIX«
conformation. However, FIX Boxtel shows a reduced binding to

anti-FIX:Ca(II) antibodies (Figure 3, lower panel). It is not

evident whether this results from a reduced affinity for the

antibodies or that only a fraction of the antibodies (approx.

50%) is able to bind FIX Boxtel (reduced avidity). The binding

of FIX Bendorf and FIX Seattle C to anti-FIX:Mg(II) and anti-

FIX:Ca(II) antibodies was essentially identical with that of FIX

Boxtel (results not shown).

Metal ion dependence of the binding of normal and variant FIX to
anti-FIX :Mg(II) and anti-FIX :Ca(II) antibodies

In normal FIX, the FIX« conformation (recognized by anti-

FIX:Mg(II) antibodies ; Figure 4, upper panel) can be induced

by similar concentrations of Ca#+ (EC
&!

¯ 0.1 mM) and Mg#+

(EC
&!

¯ 0.3 mM). The same is true for FIX Boxtel, although

slightly higher metal ion concentrations are required (EC
&!

¯
0.3 mM and 0.5 mM for Ca#+ and Mg#+ respectively). This

indicates that the stability of the FIX« conformation of FIX

Boxtel is similar to that of normal FIX. However, the Ca#+

Figure 4 Metal ion dependence of the FIX« and FIX* conformations of
normal FIX and FIX Boxtel

(Upper panel) CaCl2 (+,*) and MgCl2 (E,D) dependence of the binding of normal FIX

(310 pM) (+,E) and FIX Boxtel (94 pM) (*,D) to anti-FIX :Mg(II) antibodies. (Lower

panel) CaCl2 dependence of the binding of normal FIX (170 pM) (+) and FIX Boxtel (100 pM)

(*) to anti-FIX :Ca(II) antibodies. The relative amount of FIX able to bind to anti-FIX :Mg(II)

antibodies (i.e. FIX«) or to anti-FIX :Ca(II) antibodies (i.e. FIX*) in the presence of the indicated

metal ion concentration was determined as described in the Experimental section.

dependence of the FIX* conformation [recognized by anti-

FIX:Ca(II) antibodies ; Figure 4, lower panel] shows that this

conformation is much less stable in FIX Boxtel (EC
&!

¯ 2.3 mM)

than in normal FIX (EC
&!

¯ 0.4 mM; Figure 4, lower panel).

To determine whether this effect was dependent on the actual

amino acid substitution at the -4 position, the same experiment

was performed with FIX Bendorf (Arg−%!Leu) and FIX Seattle

C (Arg−%!Gln). Because of the limited amount of available

material, the calcium titration was performed with diluted

plasma. For normal FIX, the titration curves of diluted plasma

and isolated protein were identical (results not shown), indicating

that this procedure was valid and not affected by citrate (50 µM)

or calcium (! 6 µM) from the plasma. Figure 5 shows that the

Ca#+ dependence of the FIX* conformation of both FIX Bendorf

and FIX Seattle C is similar to that of FIX Boxtel (EC
&!

¯
4.1 mM and 3.7 mM respectively). In FIX Bendorf, the small

shoulder in the titration curve is probably due to the presence of

a low level of normal FIX, due to the substitution given to the

patient 4 days before the blood collection.

Phospholipid binding conformation of normal FIX and FIX Boxtel

At a high (20 mM) Ca#+ concentration, the binding of FIX

Boxtel to phospholipids is similar to that of normal FIX (Figure
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Figure 5 Calcium dependence of the FIX* conformation of FIX Bendorf and
FIX Seattle C

The relative amount of FIX Bendorf (+) or FIX Seattle C (*) able to bind to anti-FIX :Ca(II)

antibodies (i.e. FIX*) in the presence of the indicated CaCl2 concentration was determined as

described in the Experimental section.

6, upper panel). This demonstrates that FIX Boxtel is able to

form a phospholipid-binding conformation (FIXPL) and has an

apparently similar affinity for phospholipids as normal FIX.

However, FIX Boxtel requires a much higher calcium con-

centration (EC
&!

¯ 9 mM) to bind to phospholipids than normal

FIX (EC
&!

¯ 3 mM) (Figure 6, lower panel).

Activation of normal FIX and FIX Boxtel by factor XIa

Normal FIX and FIX Boxtel were activated by factor XIa in the

presence of 20 mM Ca#+ in order to induce the calcium-dependent

conformation also in FIX Boxtel. When an enzyme}substrate

ratio of 1:30 was used no activation of FIX Boxtel could be

observed (Figure 7b), although normal FIX was almost fully

activated within 20 min (Figure 7a). At a higher enzyme}
substrate ratio (1:10), FIX Boxtel was also activated by factor

XIa (Figure 7d). However, activated FIX Boxtel did not react

with the anti-propeptide antiserum (results not shown), suggest-

ing that propeptide cleavage had occurred before the activation.

Acetylation of the N-terminal α-amino group of FIX

To acetylate the N-terminal α-amino group of FIX, a two-step

modification procedure was used in which only those amino

groups were acetylated that were not reactive in the calcium-

induced conformation. In the first step, reactive amino groups

weremodified reversibly with citraconic anhydride in the presence

of calcium (FIX:CaCi). Those amino groups that were not

reactive in the presence of calcium were then irreversibly modified

with acetic anhydride in the absence of calcium (FIX:CaCi

Ac
).

For comparison, FIX was also citraconylated in the absence of

calcium (FIXCi) before the modification with acetic anhydride

(FIXCi

Ac
). The proteins were then deprotected (d-) and subjected

to N-terminal sequence analysis (Table 1). FIX that was only

citraconylated and then deprotected (d-FIXCi) was used as a

control for the effects of the transient citraconylation The initial

yield of the sequence analysis (26%) of d-FIXCi was the same as

for d-FIXCi

Ac
and similar to the initial yield generally obtained

for non-modified FIX. This shows that in the absence of calcium

the amino-terminus was protected with citraconic acid, which

prevented acetylation of the amino-terminus in the next step.

Figure 6 Binding of normal FIX and FIX Boxtel to phospholipids

(Upper panel) Isolated normal FIX (+) and FIX Boxtel (*) were incubated at the indicated

concentration with immobilized human brain phospholipids in the presence of 20 mM CaCl2.

Bound FIX was detected as described in the Experimental section. (Lower panel) CaCl2
dependence of the binding of normal FIX (2.5 nM) (+) and FIX Boxtel (10 nM) (*) to human

brain phospholipids. The relative amount of FIX able to bind to human brain phospholipids

(FIXPL) in the presence of the indicated concentration of CaCl2 was determined as described

in the Experimental section.

However, the amino-terminus of d-FIX:CaCi

Ac
was blocked,

showing that in the presence of calcium the amino-terminus was

not modified with citraconic acid, but was acetylated in the next

step.

Binding of modified FIX to anti-FIX :Mg(II) and anti-FIX :Ca(II)
antibodies

d-FIX:CaCi

Ac
, d-FIXCi

Ac
and d-FIXCi show similar binding to

anti-FIX:Mg(II) antibodies (Figure 8, upper panel). This demon-

strates that citraconylation of FIX either in the presence or

absence of calcium results in the protection against acetylation of

all (if any) amino groups that are involved in the binding to these

antibodies. Since in d-FIX:CaCi

Ac
the amino-terminus is

acetylated and in d-FIXCi

Ac
it is not, the acetylation of the

amino-terminus of FIX has no effect on the formation of the

FIX« conformational epitope. Similar to FIX Boxtel, d-

FIX:CaCi

Ac
shows a reduced binding to anti-FIX:Ca(II) anti-

bodies, compared with both d-FIXCi

Ac
and d-FIXCi (Figure 8,

lower panel). Apparently in d-FIX:CaCi

Ac
one or more amino

groups that are involved in the binding to these antibodies are

modified. Since this is not true for d-FIXCi

Ac
, these residues were

protected against modification by citraconic anhydride in the

presence of calcium.



634 E. G. C. Wojcik and others

(a) (b)

(c) (d)

Figure 7 Activation of FIX by factor XIa

50 nM normal FIX (a, c) and FIX Boxtel (b, d) were activated by 1.8 nM (a, b) or 5 nM (c,
d) factor XIa in the presence of 20 mM CaCl2. At the indicated time intervals (min), 10 ng

samples were taken, reduced, separated on SDS/12% PAGE gels and transferred to PVDF

membranes. FIX was detected with non-Ca(II)-dependent anti-(human FIX) (a, c, d) or anti-

propeptide antiserum (b). FIX, uncleaved FIX ; HCα, heavy chain after cleavage of FIX at Arg145 ;

HCβ, heavy chain after cleavage of FIX at Arg180 ; LC, light chain of factor IXa.

Table 1 N-terminal sequence analysis of chemically modified factor IX

Analysis was performed on 50 pmol of protein. The yield of the Edman-degradation reactions

was determined from the peak height of the phenylthiourea-amino acids in the chromatogram,

after subtraction of the background.

d-FIXCi d-FIXCi
Ac d-FIX :CaCiAc

Residue yield (pmol) yield (pmol) yield (pmol)

1 Tyr 13 13 –

2 Asn 5 6 –

3 Ser – – –

4 Gly 7 7 –

5 Lys 4 7 –

6 Leu 5 7 –

Metal ion dependence of the binding of modified FIX to anti-
FIX :Mg(II) and anti-FIX :Ca(II) antibodies

The metal ion dependence of the FIX« conformation of d-

FIXCi

Ac
(EC

&!
¯ 0.2 mM for Mg#+ and 0.4 mM for Ca#+ ; Figure

9, upper panel) is similar to that of normal FIX (Figure 4, upper

panel), although d-FIXCi

Ac
requires somewhat higher Ca#+

concentrations than normal FIX. This indicates that the stability

of the FIX« conformation of d-FIXCi

Ac
is similar to that of

normal FIX. The same is true for the stability of the FIX*

Figure 8 Binding of modified FIX to anti-FIX :Mg(II) antibodies (upper
panel) and anti-FIX :Ca(II) antibodies (lower panel)

d-FIXCi (D), d-FIXCi
Ac (*) or d-FIX :CaCiAc (+) were incubated at the indicated concentrations

with immobilized antibodies in the presence of 20 mM CaCl2. Bound FIX was detected as

described in the Experimental section.

conformation of d-FIXCi

Ac
(EC

&!
¯ 0.5 mM; Figure 9, lower

panel). The Mg#+ dependence of the FIX« conformation of d-

FIX:CaCi

Ac
(EC

&!
¯ 0.2 mM) is similar to that of normal FIX.

The Ca#+ dependence of the FIX« conformation (Figure 9, upper

panel) of d-FIX:CaCi

Ac
(EC

&!
¯ 1.0 mM) is, however, seriously

affected. This is also true for the Ca#+ dependence of the FIX*

conformation (EC
&!

¯ 2.5 mM; Figure 9, lower panel), which is

similar to that of FIX Boxtel (Figure 4, lower panel).

DISCUSSION

FIX Boxtel is a genetic FIX variant with a low specific activity

(0.04 unit}ml activity ; 0.30 unit}ml of antigen). The proband

and his nephew suffered from moderately severe symptoms of

haemophilia B. The genetic defect results in a substitution of

residue Arg−% in the propeptide to Trp. This mutation, as well as

the mutation of this residue to Gln (FIX Seattle C) or Leu (FIX

Bendorf), interferes with propeptide cleavage (Figures 1 and 2).

As mentioned in the Introduction, reports are conflicting on

whether or not Arg−% is important for γ-carboxylation. The

ability to bind to metal-dependent monoclonal [13,15] and

polyclonal antibodies [35] can be used as a test for complete γ-

carboxylation. Since FIX Boxtel, FIX Bendorf and FIX Seattle

C all bind normally to anti-FIX:Mg(II) antibodies, we conclude

that the mutation of Arg−% to either Trp, Leu or Gln does not

necessarily interfere with γ-carboxylation. The previously

observed γ-carboxylation defects in profactor IX variants (FIX
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Figure 9 Metal ion dependence of the FIX« and FIX* conformations of
modified FIX

CaCl2 (+,*) and MgCl2 (E,D) dependence of the binding of d-FIXCi
Ac (20 pM) (+,E)

and d-FIX :CaCiAc (28 pM) (*,D) to anti-FIX :Mg(II) antibodies (upper panel) or anti-

FIX :Ca(II) antibodies (lower panel). The relative amount of FIX able to bind to anti-FIX :Mg(II)

antibodies (i.e. FIX«) or to anti-FIX :Ca(II) antibodies (i.e. FIX*) in the presence of the indicated

metal ion concentration was determined as described in the Experimental section.

Cambridge [9] and FIX San Dimas [10]) may reflect variations in

γ-carboxylation efficiency between individuals or may result

from the isolation procedure.

Even when propeptide containing FIX molecules were found

to be normally carboxylated, abnormalities relating to calcium

binding were observed [14,36,37]. The calcium titration of the

binding of variant profactor IX to anti-FIX:Ca(II) antibodies

showed that the FIX* conformation is less stable due to the

presence of the propeptide [Figures 4 (lower panel) and 5].

Furthermore, the reduced reactivity of FIX Boxtel with anti-

FIX:Ca(II) antibodies (Figure 3, lower panel) indicates that

the FIX* conformation of FIX Boxtel is non-native-like or

that there is steric hindrance from the propeptide.

In profactor IX the phospholipid binding site can still be

formed, since we observe apparent normal phospholipid binding

of FIX Boxtel. However, FIX Boxtel requires much higher

calcium concentrations than normal FIX to bind to phospho-

lipids (Figure 6, lower panel). This explains why Bristol et al. [37]

did not observe significant phospholipid binding of normal

profactor IX at 2 mM calcium. At physiological calcium concen-

trations (3 mM), FIX Boxtel will also show no important binding

to phospholipids. The similar effect of the presence of the

propeptide on the stabilities of the phospholipid binding site and

the FIX* conformation supports the notion that these sites are

very closely related [19].

Others have previously reported that profactor IX variants

could not [37,38] or only partially [36] be activated by factor XIa.

However, these studies were performed with either crude FIX

and factor XIa preparations, or were performed in the presence

of 5 mM calcium, which might not be sufficient to support

activation of these variants. We demonstrate that in the presence

of a high calcium concentration (20 mM) and a high enzyme}
substrate ratio (1:10) FIX Boxtel can be activated by factor XIa,

but that the reaction product does not contain the propeptide.

At lower enzyme}substrate ratios no activation could be ob-

served. This suggests that factor XIa can not activate (variant)

profactor IX directly. However, factor XIa (or a contaminating

enzyme in the preparation) can cleave the propeptide of profactor

IX, which then is activated normally. This can also explain why

some FIX activity (0.04 unit}ml) can still be detected in the

patients’ plasma, and why the clinical symptoms are only

moderately severe.

Activation of FIX by factor XIa occurs via an initial cleavage

at Arg"%&, which is not metal-ion-specific and can be supported

by Mg#+. The subsequent cleavage at Arg")! is strictly dependent

on the presence of calcium. Although the FIX« conformation

that is recognized by anti-FIX:Mg(II) antibodies is fully

expressed in FIX Boxtel, we do not observe any cleavage of

profactor IX by factor XIa (Figure 7). This indicates that the

presence of the FIX« conformation is not sufficient for cleavage

at Arg"%&. This raises the question of how the conformation of

the Gla domain of FIX regulates the activity of factor XIa. It is

possible that the formation of the metal-ion-induced con-

formations of the Gla domain exposes residues Arg")! or Arg"%&.

The presence of the propeptide in FIX Boxtel may still obscure

these residues by steric hindrance. The removal of the propeptide

would then allow the activation of the newly formed normal

FIX.

The crystal structure of the calcium-stabilized form of bovine

prothrombin fragment 1 shows that the α-amino group of the

Ala" residue forms hydrogen bonds with Gla"(, Gla#" and Gla#(

[39]. The NMR structure of the calcium-bound conformation of

the synthetic Gla domain of FIX [40] shows that the α-amino

group of Tyr" makes similar interactions with Gla(, Gla#" and

Gla#(. Regarding the high homology between the Gla domains,

it is likely that there is also an interaction of the amino-terminus

with the homologous Gla residues in other vitamin K-dependent

proteins. These interactions would be prevented when the proper

amino-terminus was acylated. Indeed, chemical derivatization of

the α-amino group of the Ala" residue of prothrombin fragment

1 resulted in a decreased affinity for calcium and phospholipids

[41–43]. Furthermore, protein C variants in which the amino-

terminus is prolonged with only one residue as a result of

abnormal propeptide processing, show no immunoreactivity

with calcium-dependent monoclonal antibodies [28,44,45]. We

demonstrate here that also in FIX in which the amino-terminus

is acetylated (d-FIX:CaCi

Ac
), the conformations involved in the

binding to calcium-dependent antibodies are less stable than in

normal FIX. Therefore it is reasonable to assume that also in the

propeptide variants the lower stability of the calcium-induced

conformation (Figures 4–6) results from the modification of the

proper amino-terminus. The similarly reduced reactivity of FIX

Boxtel and d-FIX:CaCi

Ac
with anti-FIX:Ca(II) antibodies

indicates that the reduced reactivity of FIX Boxtel with anti-

FIX:Ca(II) antibodies does not result from steric hindrance

by the propeptide. Since in both d-FIX:CaCi

Ac
and FIX

Boxtel the N-terminal α-amino group is modified, these data

suggest that the N-terminal α-amino group of FIX is

involved (directly or indirectly) in the formation of the FIX*

conformation.
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