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ABSTRACT Human Factor IX (Christmas factor) is
a single-chain plasma glycoprotein (mol wt 57,000) that
participates in the middle phase of the intrinsic
pathway of blood coagulation. It is present in plasma as
a zymogen and is converted to a serine protease, Factor
IXas, by Factor XI, (activated plasma thromboplastin
antecedent) in the presence of calcium ions. In the
activation reaction, two internal peptide bonds are
hydrolyzed in Factor IX. These cleavages occur at a
specific arginyl-alanine peptide bond and a specific
arginyl-valine peptide bond. This results in the release
of an activation peptide (mol wt =11,000) from the
internal region of the precursor molecule and the
generation of Factor IX,; (mol wt =46,000). Factor
IX,5is composed of a light chain (mol wt =18,000) and a
heavy chain (mol wt =28,000), and these chains are
held together by a disulfide bond(s). The light chain
originates from the amino terminal portion of the
precursor molecule and has an amino terminal
sequence of Tyr-Asn-Ser-Gly-Lys. The heavy chain
originates from the carboxyl terminal region of the
precursor molecule and contains an amino terminal
sequence of Val-Val-Gly-Gly-Glu. The heavy chain of
Factor IX_; also contains the active site sequence of
Phe-Cys-Ala-Gly-Phe-His-Glu-Gly -Gly -Arg -Asp -Ser -
Cys-Gln-Gly-Asp-SER-Gly-Gly-Pro. The active site
serine residue is shown in capital letters. Factor IX is
also converted to Factor IX,, by a protease from
Russell’s viper venom. This activation reaction,
however, occurs in a single step and involves only the
cleavage of the internal arginyl-valine peptide bond.
Human Factor IX,; was inhibited by human anti-
thrombin III by the formation of a one-to-one
complex of enzyme and inhibitor. In this reaction, the
inhibitor was tightly bound to the heavy chain of the
enzyme. These data indicate that the mechanism of
activation of human Factor IX and its inhibition by
antithrombin III is essentially identical to that
previously shown for bovine Factor IX.
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INTRODUCTION

Human Factor IX (Christmas factor)! is one of the three
vitamin K-dependent plasma proteins that participate
in the intrinsic pathway of blood coagulation (1). Dur-
ing the generation of fibrin, Factor IX, a zymogen, is
converted to a serine protease called Factor IX,. In
the presence of Factor VIII, (activated antihemophilic
factor), phospholipid, and calcium ions, Factor IX, then
converts Factor X (Stuart factor) to Factor X,.

The purification of human Factor IX has been re-
ported by a number of different investigators (2-7). It
is a single-chain glycoprotein with mol wt 57,000.
Human Factor IX, as well as bovine Factor IX, also
contains y-carboxyglutamic acid which is characteristic
of the vitamin K-dependent proteins (8, 9).

The activation of bovine Factor IX by bovine Factor
XI, (activated plasma thromboplastin antecedent) oc-
curs in two steps (10, 11). In the first step, a specific
internal peptide bond is cleaved giving rise to a two-
chain intermediate held together by a disulfide bond(s).
This intermediate does not have enzymatic activity. In
the next step, a second specific peptide bond in the
amino terminal region of the heavy chain is cleaved
giving rise to Factor 1X,3 and an activation peptide.
Bovine Factor IX is also activated by a protease
from Russell’s viper venom (RVV-X)? in a single-step
reaction (11). In this reaction, Factor IX is activated
by the cleavage of an internal arginyl-valine bond
generating Factor IX,, (11). Recently, (sterud and
Rapaport (12) have reported the activation of human
Factor IX by Factor VII and thromboplastin. The de-
tails of this activation mechanism, however, have not
been defined thus far.

Studies by a number of investigators have shown

! The nomenclature for the various clotting factors is that
recommended by an international nomenclature committee
(13). The nomenclature for activated Factor IX is that of Lind-
quist et al. (11).

2 Abbreviations used in this paper: DFP, diisopropylphos-
phorofluoridate; RVV-X the protease from Russell’s viper
venom that activates Factor X.
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that the activation of human Factor IX by human
Factor XI, is similar to that of the bovine system
(5, 14). The details of this reaction, however, have
not been defined. The primary objective of this work
has been to investigate in detail the mechanism of
activation of human Factor IX by human Factor XI,.

METHODS

Human Factor IX was purified to homogeneity by a slight
modification of the method of Di Scipio et al. (7). In the
present experiments, a single 0-40% ammonium sulfate pre-
cipitation was substituted for the sequential 0-10% and
10-40% ammonium sulfate precipitations. The protease from
RVV-X that activates Factor IX was purified to homogeneity
by the method of Kisiel et al. (15).

Barbital, urethane, imidazole (grade I), 2-(N-morpholino)-
ethane sultonic acid, Coomassie Brilliant Blue R stain,
glucosamine, dithiothreitol, aldolase, bovine serum albumin,
bovine carbonic anhydrase, and myoglobin were obtained
from Sigma Chemical Co., St. Louis, Mo. Sodium dodecyl
sulfate, sodium arsenate, and 4-vinylpyridine were obtained
from J. T. Baker Chemical Co., Phillipsburg, N. J. The 4-
vinylpyridine was vacuum distilled before use. Periodic acid
was a product of Frederick Smith Chemical Co., Columbus,
Ohio, and 2-thiobarbituric acid, 2-mercaptoethanol, N,N'-
methylenebisacrylamide, iodoacetic acid, and N,N,N'N'-
tetraethylenediamine were purchased from Eastman Kodak
Co., Rochester, N. Y. Agarose was a product of Marine
Colloids, Inc., Rockland, Maine. Sodium lauryl sulfate was
purchased from BDH Chemicals Ltd., Poole, England, and
acrylamide was obtained from Bio-Rad Laboratories, Rich-
mond, Calif. Cyclohexanone was a product of Aldrich
Chemical Co., Inc., Milwaukee, Wis. Lithium heparin (151
U/mg), prepared from porcine intestinal mucosa, was ob-
tained from Riker Laboratories, Inc., Northridge, Calif. Sepha-
dex G-75 superfine, Sephadex G-50 superfine, and Sephadex
G-25 coarse were products of Pharmacia Fine Chemicals,
Piscataway, N. J. Constant boiling HCI and cyanogen bromide
were obtained from Pierce Chemical Co., Rockford, I1l. Phos-
phorylase b was kindly provided by Dr. E. Fischer, University
of Washington. Human antithrombin III was prepared by the
method of Kurachi et al. (16). Carboxypeptidases A and B
were products of Worthington Biochemical Corp., Freehold,
N. J., and were treated with 1 mM diisopropylphosphoro-
fluoridate (DFP) before use. Normal human plasma was ob-
tained from the Puget Sound Blood Center, Seattle, Wash. It
was stored for =6 mo at —20°C before use. Inosithin was a
product of Associated Concentrates, Woodside, L. 1., N. Y.

RVV-X- and trypsin-Sepharose were prepared by incubating
20 mg of RVV-X or trypsin in 20 ml of 0.1 M sodium
bicarbonate containing 1.0 M NaCl overnight with 20 ml of a
Sepharose 4B slurry previously activated with c¢yvanogen
bromide (17).

Human Factor XI, was prepared from a homogeneous
preparation of Factor XI (18) as follows: Factor XI (80 ug)
in 100 ul 50 mM Tris-HCI buffer, pH 7.8 containing 0.15 M
NaCl was added to 25 ul of trypsin-Sepharose previously
equilibrated with the same buffer. The reaction mixture
was incubated for 25 min at 30°C with rapid swirling.
The trypsin-Sepharose was then removed by centrifugation for
1 min at 500 g and the Factor XI, was used immediately
to activate Factor IX.

Protein concentration was determined by absorption at 280
nm. An extinction coefficient of E}f = 13.3 was employed
tor Factor IX (7), and this same value was assumed for

Factor 1X,. An E}% =5.7 was employed for human anti-
thrombin 111 (16), and an E g = 13.4 was assumed for human
Factor XI, (18).

Amino acid and carbohydrate analyses and preparation of
samples were carried out by the methods described (19-28).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
was performed by the method of Weber and Osborn (29) as
modified by Kisiel etal. (15). The gels were run for 3-4 h at4.2
mA/gel and were stained for protein with a 0.2% solution of
Coomassie Brilliant Blue: The gel containing the activation
peptide was first fixed in 12.5% trichloroacetic acid for 1 h
before staining. Molecular weights were estimated by
interpolation from a linear semilogarithmic plot of molecular
weight vs. migration distance with the following protein
standards: phosphorylase b (97,000), bovine serum albumin
(68,000), aldolase (40,000), bovine carbonic anhydrase
(29,000), and myoglobin (17,000).

Activation of Factor IX by Factor X1, and RVV-X Sepharose.
Human Factor IX (10 mg) in 10 ml of 0.05 M Tris-HCI buffer,
pH 7.8, containing 0.15 M NaCl and 5 mM CaCl, was activated
at 37°C by the addition of 0.13 mg Factor XI,. The enzyme-to-
substrate weight ratio varied from 1:50 to 1:80. The reaction
was terminated by the addition of EDTA to a final
concentration of 10 mM. For coagulant assays, samples (10 ul)
were withdrawn at various times from the reaction mixture and
diluted 100- to 1,000-fold with cold Michaelis buffer (36 mM
sodium acetate, 36 mM sodium barbital, and 0.145 M sodium
chloride, pH 7.4) containing bovine serum albumin (0.1
mg/ml). An aliquot (0.1 ml) of the diluted sample was then
incubated at 37°C for 1 min with 0.1 ml of 0.08% inosithin
suspension and 0.1 ml of normal human plasmain a siliconized
glass tube. The clotting time was determined after the addition
0t 0.1 ml 0£0.033 M CacCl,. The percent activation of Factor IX
was determined from a calibration curve prepared from the
fully activated sample.

Factor IX (0.056 mg) in 0.07 ml of 0.05 M Tris-HCI bufter,
pH 7.8, containing 0.15M NaCl and 10 mM CaCl, was
activated by the addition of 20 ul of RVV-X Sepharose
suspension followed by rapid swirling throughout the incuba-
tion at 37°C. At various times, the reaction was terminated by
the addition of 10 ul of 0.2 M EDTA and the tube was
centrifuged for 1 min at 500 g to remove the RVV-X-Sepharose.
Factor IX, in the supernatant fraction was then assayed as
described above.

The effect of DFP on Factor IX,; was tested by incubating
freshly prepared Factor IX,5 in 0.05 M Tris-HCI buffer, pH
7.8, containing 0.15 M NaCl and 5 mM CaCl, with 1 mM to 5
mM DFP for 1 h at 37°C. Esterase assays for human Factor
IX.s were carried out by the method of Roffman et al. (30) as
described by Kurachi et al. (31) using L[*H]tosyl arginine
methyl ester as a substrate.

The heavy and light chains of human Factor IX, and the
activation peptide were prepared as follows: Factor IX (10 mg)
was incubated with Factor XI, (0.15 mg) for 75 min in the
presence of 5 mM calcium chloride as previously described
and the reaction was terminated by the addition of 1 ml of
0.2 M EDTA. The protein was then desalted on a Sephadex G-
25 column (2 x 40 ¢m) which had previously been equilibrated
with 1% formic acid. The protein was eluted with 1% formic
acid and the fractions containing the protein were pooled and
lyophilized. It was then dissolved in 1 ml of 1% formic acid and
6 M urea and applied to a Sephadex G-75 column (1.6 x 84 ¢m)
which had previously been equilibrated with 1% formic acid
and 6.0 M urea. The flow rate was 0.1 ml/min. The peaks
containing the activation peptide and Factor IX, were pooled
separately and lyophilized. Factor IX, was then reduced and
carboxymethylated or pyridylethylated by the methods of
Crestfield et al. (23) or Friedman et al. (24). The heavy and
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light chains were applied to a Sephadex G-50 superfine
column (1.6 x 85 cm) which had previously been equilibrated
with 1% formic acid and 6.0 M urea, and the column was
eluted with the same solution. The flow rate was 0.2 ml/min.
The peak containing the heavy chain was desalted on a
Sephadex G-25 column (2 X 40 cm) in 10% formic acid and
lyophilized. The peak containing the light chain was also
desalted, lyophilized, and then redissolved in 6 M urea and
1% formic acid. It was then subjected to gel filtration on a
second Sephadex G-50 column under the same conditions to
free it from small amounts of contaminating heavy chain. After
the second passage over the Sephadex G-50 column, the pure
light chain was desalted and lyophilized.

The digestion of the heavy chain of Factor IX, by cyanogen
bromide was performed by dissolving 9 mg of salt-free S-
pyridylethyl Factor IX, heavy chain in 1.5 ml of 70% formic
acid. Cyanogen bromide (45 mg) was then added and the
reaction was allowed to proceed for 36 h at 4°C. After
lyophilization, the digest was fractionated by gel filtration on a
Sephadex G-50 superfine column (2.6 X 95 cm) in 10% formic
acid at a flow rate of 0.30 ml/min.

Amino terminal sequence analyses were performed with a
Beckman sequenator model 890C (Beckman Instruments,
Inc., Fullerton, Calif.) described (32-34). For amino terminal
analyses, the approximate amounts of samples that were used
were 1.0 mg of the activation peptide, 1.5 mg of the S-
carboxymethyl light chain of Factor IX,, 0.9 mg of the S-
pyridylethyl cyanogen bromide peptide containing the active
site of Factor IX,, 1.5 mg of the S-pyridylethyl heavy chain of
Factor IX,, and 0.8 mg of the third cyanogen bromide fragment
from the digest of the heavy chain of Factor IX,. All analyses
were performed twice. In the quantitation of the amino
terminal residues, protein concentration was determined by
amino acid analysis after hydrolysis of the sample in 6 N HCI.
Norleucine was employed as the internal standard to calculate
protein recovery.

Carboxyl terminal analysis was carried out by a modification
of the procedure of Fraenkel-Conrat et al. (35). Pancreatic
carboxypeptidases A and B were treated with 1 mM DFP
before use. The activation peptide (=0.5 mg) and the S-
carboxymethylated light chain (=1.0 mg) were dissolved in 0.2
ml and 0.5 ml, respectively, of 0.01 M sodium phosphate
buffer, pH 8.0, containing 1.0% sodium dodecyl sulfate. The
samples were boiled for 10 min and diluted by the addition of
0.25 ml or 0.5 ml of 0.01 M sodium phosphate buffer, pH 8.0,
for the activation peptide and the S-carboxymethylated light
chain, respectively. Half of the sample was incubated for 16 h
at 37°C with carboxypeptidase A and the other half with
carboxypeptidase B employing an enzyme-to-substrate weight
ratio of 1:50. The liberated amino acids were then analyzed in
the amino acid analyzer. The amount of the peptides was
quantitated by amino acid analysis of a 24-h hydrolysate
employing norleucine as an internal standard.

Antibodies against human Factor IX were prepared from
rabbits which had been injected subcutaneously three times
with 0.5-0.7 mg of purified human Factor IX with Freund’s
complete or incomplete adjuvant. The animals were bled by
heart puncture and the antibodies were purified as described
by Fujikawa et al. (36). Immunoelectrophoresis was per-
formed on glass slides (2.5 X 7.5 cm) with 1% agarose in
0.05M sodium barbital buffer, pH 8.6, containing 0.01%
sodium azide according to the method of Scheidegger (37).
Samples (4-7 ug) were subjected to electrophoresis for 50
min at 150V at 4°C and 50 ul of antibody solution (2.0
mg/ml) was added to the trough and allowed to diffuse
through the agarose gel overnight.

Inhibition of human Factor 1X . by human antithrombin
II11. The inhibition of human Factor IX,; was carried out by
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incubating human antithrombin I1I (0.3 mg) with Factor IX,,
(0.12 mg) in 1 ml of 0.02 M imidazole-HC] buffer, pH 7.4,
containing 0.15 M NaCl in the presence or absence of heparin
(10 U). Samples were incubated at 37°C and 10-ul aliquots
were withdrawn at various times, diluted with ice-cold
Michaelis buffer, and assayed immediately for coagulant
activity as previously described. The inhibition of Factor
IX,s was also studied as a function of antithrombin III
concentration. In these experiments, 10 uM of Factor IX,
in 0.2 ml of 0.05 M Tris-HCI buffer, pH 7.8, containing 0.15
M NaCl, in the presence or absence of 10 U/ml of heparin,
was incubated with increasing concentrations of antithrombin
IIT at 37°C for 15 min (in the presence of heparin) or 2h
(in the absence of heparin). The residual Factor IXg,
activity was then assayed for coagulant and esterase activity
as previously described.

RESULTS

Activation of human Factor IX by Factor XI,. A
time-course for the activation of Factor IX by Factor
XI, is shown in Fig. 1. A small activation of Factor IX
by Factor XI, occurred in the absence of calcium.
Activated Factor IX formed in this reaction was called
Factor IX,; analogous to the bovine system described
(11). Factor IX,s, generated by the action of Factor XI,,
gave a clotting time of 55 s at a final concentration of
250 ng/ml in the coagulant assay (see Methods). Factor
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FIGURE 1 Time-course for the activation of human Factor IX
by human Factor XI, and by RVV-X. The activation by Factor
XI, was performed by adding Factor XI, (0.015 mg) to a
reaction mixture containing 1.2 mg of human Factor IX in 1.2
ml of 0.05 M Tris-HCI buffer (pH 7.8), 0.15M NaCl and 5 mM
CaCl,. At the appropriate time intervals, aliquots (5 ul) were
withdrawn and assayed for coagulant activity as described in
Methods. The activation ot Factor IX by RVV-X was performed
by the addition of 0.02 ml of RVV-X-Sepharose to each of a
series of small plastic centrifuge tubes containing human
Factor IX (0.8 mg/ml) in 0.07 ml 0of 0.05 M Tris-HCI buffer (pH
7.8), 0.15 M NaCl, and 10 mM CaCl,. After incubation for
various times, the reactions were terminated by the addition of
0.01 ml of 0.2 M EDTA. Activated Factor IX was separated
from the RVV-X-Sepharose by brief centrifugation, and Factor
IX, coagulant activity was then assayed as described in
Methods. (O), Factor IX plus Factor XI, in the presence of
CaCl,; (A), Factor IX plus Factor XI, in the absence of
CaCl,; (@), Factor IX plus RVV-X in the presence of CaCl,;
(A), Factor IX plus RVV-X in the absence of CaCl,.



IX,s also had esterase activity and hydrolyzed 0.33
umol of L[*H]Jtosyl arginine methyl ester per hour per
milligram of enzyme at room temperature. The sub-
strate concentration was 0.16 mM.

A difference in electrophoretic properties of Factor
IX and Factor IX,s was apparent when the two pro-
teins were examined by immunoelectrophoresis (Fig.
2). Factox IX (sample 1) had a faster electrophoretic
mobility than Factor IX,s (sample 2). Both proteins
formed single, sharp precipitin lines.

A change in Factor IX during the activation by
Factor XI, was also observed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (Fig. 3). In
these experiments, aliquots were removed at various
times from an activation reaction corresponding to
those shown in Fig. 1 and analyzed by gel electrophore-
sis before reduction (upper panel) and after reduction
(lower panel). At zero time, Factor IX (=mol wt
57,000) appeared as a single-chain species (upper
panel). A new faster-moving band (=mol wt 46,000)
was observed during the activation reaction and the
appearance of this band occurred in parallel with the
increase in coagulant activity. In reduced gels (lower
panel), three new bands were observed. The fastest
band (=mol wt 18,000) stained rather poorly and cor-
responded to the light chain of Factor IX,;. The second
fastest band (=mol wt 28,000) stained strongly and
corresponded to the heavy chain of Factor I1Xg.
The appearance of this band occurred in parallel with
the increase of coagulant activity. The third fastest
band (=mol wt 45,000) appeared within the first 5 min
of the reaction and remained fairly constant during
the next 40 min. This band then disappeared as the
reaction went to completion. These data suggest that
human Factor IX is activated via a two-step mechanism
analogous to that of bovine Factor IX. In this latter
reaction, a two-chain intermediate is initially formed.
This intermediate lacks enzymatic activity and con-
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FIGURE 2 Immunoelectrophoresis of human Factor IX and
Factor IX,s. Factor IX (5 ul containing 5 ug of protein) was
placed in well no. 1, and Factor IX,5 (5 ul containing 4 ug of
protein) was placed in well no. 2. Electrophoresis was carried
outin 0.05 M sodium barbital buffer, pH 8.6, at 150V for 50 min
at 4°C. After electrophoresis, 0.05 ml of rabbit antibody
solution (2.0 mg/ml) against human Factor IX was placed in the
center trough. After 24 h, precipitin lines appeared and the
slides were then photographed.
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FIGURE 3 Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis pattern of Factor IX activated by Factor XI,. Sam-
ples (containing =30 ug of protein) were removed at various
times from an incubation mixture corresponding to those shown
in Fig. 1, and subjected to electrophoresis on 8.5% polyacryl-
amide gels as described in Methods. The numbers under the
gels refer to the incubation time in minutes. The anode was
at the bottom of the gels. The top panel shows the unreduced
samples, whereas the bottom panel shows the reduced samples.

tains a heavy chain and a light chain held together
by a disulfide bond(s). In a second step, an activation
peptide is split from the amino terminal end of the
heavy chain of the intermediate giving rise to Factor
IX,s and an activation peptide. This reduces the
molecular weight of the precursor by =11,000. The
data shown in Fig. 3 suggest that the mechanism
of activation of human Factor IX is essentially identical
to that of bovine Factor IX. Proof of this mechanism
for the human protein, however, required the isolation
and characterization of the various polypeptide chains.

Isolation of the heavy and light chains of human
Factor IX 44 and the activation peptide. Factor IX (10
mg) was activated in the presence of Factor XI,
for 120 min under conditions similar to those shown
in Fig. 1. The reaction mixture was then fractionated
on a Sephadex G-75 superfine column in 6.0 M urea
containing 1% formic acid (Fig. 4, left panel). The
major protein peak, containing Factor IXgs, eluted
in front of a small protein peak which was tentatively
identified as the activation peptide. The latter peak
migrated as a single band on sodium dodecyl sulfate-
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FIGURE 4 Separation of Factor IXg, the activation peptide,
and the heavy and light chains of Factor IX;; by gel filtration.
Human Factor IX (10 mg) was activated at 37°C for 75 min
with 0.15 mg of Factor XI, as described in Methods. After
desalting on a Sephadex G-25 column (2 x 40 cm) in 1% formic
acid and lyophilization, the sample was dissolved in 1 ml of
6.0 M urea containing 1% formic acid, and Factor IX,s and
the activation peptide were separated on a Sephadex G-75
superfine column (1.6 X 85 cm) previously equilibrated with
6.0 M urea containing 1% formic acid (left panel). The column
was then eluted with 6.0 M urea containing 1% formic acid.
The flow rate was 0.1 ml/min, and 1.7 ml fractions were col-
lected. Factor IX,s and the activation peptide were pooled
as.shown by the bars, desalted, and lyophilized. Factor IX,,
was then reduced, pyridylethylated (or carboxymethylated),
and fractionated on a Sephadex G-50 superfine column (1.6 x 85
cm) previously equilibrated with 6.0 M urea containing 1%
formic acid (right panel). The column was then eluted with
6.0 M urea containing 1% formic acid. The flow rate was 0.2
ml/min and 1.7 ml fractions were collected. The peaks con-
taining the heavy and light chains were pooled (as indicated
by the bars), desalted and lyophilized. The light chain was
further purified from small amounts of contaminating heavy
chain by a second passage over the Sephadex G-50 superfine
column under the same conditions. The sodium dodecyl sul-
fate-polyacrylamide gel of the activation peptide (20 ug) is
shown in the insert in the left panel, and the gels for the S-
pyridylethyl heavy chain (10 ug) and the S-pyridylethyl light
chain (10 ug) are shown in the insert in the right panel. The
gels (9.5%) were run for 3.5 h and stained with Coomassie
Brilliant Blue as described in Methods. The anode was at the
bottom of the gels.

polyacrylamide gels with =mol wt 11,000 (Fig. 4, in-
sert, left panel). The first peak containing Factor
IX,s was then reduced, carboxymethylated (or pyridyl-
ethylated), and the chains were separated on a Sepha-
dex G-50 superfine column (Fig. 4, right panel). The
heavy chain of Factor IX,; appeared in the first
peak, and the light chain appeared in the second
peak. These protein peaks also migrated as single
bands on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Fig. 4, insert, right panel). The heavy
chain (apparent mol wt 28,000) is shown in the left
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gel, and the light chain (apparent mol wt 18,000) is
shown in the right gel.

Amino terminal analyses. To identify the origin of
the chains of Factor IX,; and the bonds cleaved
during the activation reaction, it was necessary to
examine the amino terminal sequences of the heavy
and light chains of Factor IX,s and the activation
peptide. The amino terminal sequences and the equiv-
alents at each cycle for these various polypeptides
are shown in Table I. Amino acids that are underlined
are identical to those found in bovine Factor IX (38).
The amino terminal sequence of the light chain was
found to be Tyr-Asn-Ser-Gly-Lys-Leu. This sequence
is identical to that found in the precursor molecule
(7). These data indicate that the amino terminal por-
tion of Factor IX gives rise to the light chain of
Factor IX,;5. The amino acid sequence of the activation
peptide was found to be Ala-Glu-Thr-Val-Phe-Pro-
Asp-Val-Asp-Tyr-Val. This sequence is homologous to
that found for the heavy chain of bovine Factor
IX intermediate as well as the activation peptide
liberated in the formation of bovine Factor 1X,; (10).
The amino acid sequence for the first 18 residues of
the heavy chain of human Factor IX,s was also
determined. The first seven residues were Val-Val-Gly-
Gly-Glu-Asp-Ala and this sequence is identical to that
found in bovine Factor IX,; (10). These data strongly
support the conclusion that human Factor IX is ac-
tivated by Factor XI, by a two-step mechanism
analogous to bovine Factor IX.

Composition of the heavy and light chains of human
Factor IX, and the activation peptide. The amino
acid and carbohydrate compositions of the two chains
of Factor IX,s and the activation peptide are shown
in Table II. A summation of the amino acid and
carbohydrate residues in the light chain (column 1) and
the heavy chain (column 2) gives the composition
for Factor IX,s (column 3). Also, a summation of the
composition of the light chain, the heavy chain, and
the activation peptide (column 5) is in reasonably
good agreement with that previously determined for
the precursor protein (column 6). In these calculations,
mol wt 18,000 was employed for the light chain,
28,000 for the heavy chain, and 11,100 for the activa-
tion peptide.

Factor IX,s is also a glycoprotein, and the carbo-
hydrate is located in both the light and heavy chains
of the molecule. The activation peptide which is re-
leased during the activation reaction is particularly
rich in hexose, hexosamine, and neuraminic acid and
contains 50% carbohydrate.

Effects of carboxypeptidases A and B on the activa-
tion peptide and the light chain of Factor IX,. To
further characterize the peptide bonds split during the
activation reaction, the activation peptide and the light
chain of Factor IX,; were treated with carboxypeptidase



TaBLE 1
Amino Terminal Sequences of the Heavy and Light Chains, Activation Peptide, and Cyanogen Bromide
Fragments of Human Factor IX'*

Residue 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Light chain Tyr Asn  Ser Gly Lys Leu  (Gla) (Gla)  Phe
Equivalents 0.5 02 N.Q. 02 03 04 — —_ 0.2
Heavy chain
and CBR 1 Val Val Gly Gly Glu Asp  Ala Lys Pro Gly Gln Phe Pro Trp Gin Val Val Leu
Equivalents 0.4 0.7 0.4 03 05 0.5 0.5 0.3 0.2 0.4 0.2 0.3 01 NQ. 01 03 0.3 0.3
Activation
peptide Ala  Glu  Thr Val Phe  Pro Asp Val  Asp  Tyr Val
Equivalents 0.5 04 N.Q. 06 05 N.Q. 0.2 0.5 0.2 0.3 0.3
CBR 11 Phe Cys Ala  Gly Phe  His Glu Gly Gly Arg Asp  Ser Cys Gln Gly Asp SER Gly CGly  Pro (His) Val
Equivalents 0.6 09 0.3 08 03 N.Q. 0.1 0.7 0.6 N.OQ. 0.2 N.Q. 04 0.1 02 0.1 NQ. 01 o1 N.Q. — 0.1
CBR 111 Lys Gly Lys Tyr Gly e Tyr Thr Lys Val Ser Arg Tyr  Val  Asn
Equivalents 0.4 0.6 0.4 07 05 0.4 0.5 N.Q. 02 0.3 N.Q. N.Q. 03 0.2 0.1
* Residues that are italicized are identical to bovine Factor IX (38); —, not determined; N.Q., not quantitated; (), tentative identification; the active site

serine is shown in capital lettrs. Yields for the various residues were calculated by employing the tollowing molecular weights: light chain, 18,000; heavy chain,

28,000; CBR 1, 18,000; activation peptide, 11,000; CBR 11, 5,000; CBR 111, 3,000. CBR, cyanogen bromide.

A or carboxypeptidase B to identify the carboxyl
terminal amino acid. Arginine (1.0 equivalent) was
released from the light chain of Factor IX,; after
incubation with carboxypeptidase B for 16 h at 37°C in
0.05% sodium dodecyl sulfate. No other amino acids
were found. Under these same conditions, arginine
(0.7 equivalents) was released from the activation pep-
tide by carboxypeptidase B. No other amino acids were
found. Furthermore, no amino acids were released
from either polypeptide by carboxypeptidase A. These
data indicate that arginine is the carboxyl terminal
amino acid of the activation peptide as well as the
light chain of Factor IX,s These experiments also
indicate that a specific arginyl-alanine peptide bond
and a specific arginyl-valine peptide bond are cleaved
in Factor IX during the conversion of the precursor
to Factor 1X,,.

Amino acid sequence of the active site. To
determine the amino acid sequence in the active site
region of human Factor IX, the S-pyridylethyl heavy
chain of Factor IX 5 (9 mg) was subjected to cyanogen
bromide digestion as described in Methods. The
cyanogen bromide fragments were then fractionated on
a Sephadex G-50 superfine column (2.5 X 95 ¢m) in
10% formic acid (Fig. 5).Three major peaks were
observed, which is consistent with the presence of two
methionine residues in the heavy chain of the molecule
(Table II). The first peak showed a shoulder on the
leading edge of the peak, and this was found to be
because of residual undigested heavy chain. Accord-
ingly, the trailing edge of this peak and the remaining
two peaks were pooled separately and lyophilized. The
peptides recovered from peaks I, I1, and I1I migrated as
single bands on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis with =mol wt 18,000, 5,000,
and 3,000, respectively. The amino terminal sequences

of the three peptides and the equivalents at each cycle
are shown in Table I. The residues that are underlined
are identical to residues from the corresponding region
in bovine Factor IX (38). The first cyanogen bromide
fragment had an amino terminal sequence which was
the same as that of the heavy chain of human Factor
IX,s. The second cyanogen bromide fragment contained
the active site sequence of Factor IX,5. The active site
serine residue appeared in position 17 of this peptide.
The third cyanogen bromide fragment contained an
amino terminal lysine, and the sequence of this peptide
is homologous to a sequence in bovine Factor 1X,z
which is located in the carboxyl terminal region of the
heavy chain of the molecule (38).

Effect of DFP and antithrombin I11 on human Factor
IX, The coagulant activity of Factor IX,z was not
affected by incubation of the enzyme with 0.005 M
DFP for 60 min at 37°C at pH 7.8. Factor IX,
was inhibited by antithrombin III, however, and the
rate of inactivation was extremely rapid in the presence
of heparin. Similar results have been published for
human and bovine Factor IX,; (5, 31). The inhibition
of Factor IX,5 as a function of antithrombin III con-
centration also gave results that were essentially identi-
cal to the bovine system (31). In the presence or
absence of heparin, a one-to-one molar complex of en-
zyme and inhibitor was found at the inhibitor con-
centration giving maximal inhibition.

The formation of a stable one-to-one molar complex
between human Factor IX,5 and antithrombin II1 was
demonstrated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (Fig. 6). Gels 1 and 4 show
antithrombin III before and after reduction of the disul-
fide bonds. Gels 2 and 5 show Factor IX,; before and
after reduction. Gel 3 shows a mixture containing Factor
IX,s and antithrombin III (twofold molar excess) in-
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TABLE 11
Amino Acid and Carbohydrate Compositions of Human Factor IX

Heavy plus light

Heavy plus light
chains plus

Light chain of Heavy chain of chains of Activation activation
Components Factor 1X,, Factor X, Factor 1X.s peptide peptide Factor IX
Residues/ 18,000 Residuesi28,000 Residues/46,000 Residues/1 100 Residues/57,000 Residuces/57,200

& glycoprotein & glycoprotein

Amino acid

& glycoprotein

& glycoprotein & glycoprotein g glycoprotein

Lysine 9.9 14.2 24.1 0.9 25.0 26.6
Histidine 0.4 6.8 7.2 0.3 7.5 8.8
Arginine 5.8 8.2 14.0 1.3 15.3 17.3
Aspartic acid 19.7 22.8 42.5 8.2 50.7 45.9
Threonine 7.0 15.2 22.2 7.0 29.2 29.4
Serine 10.5 11.7 22.2 3.6 25.8 26.6
Glutamic acid 24 .4 23.0 47.4 7.0 54.4 47.0
Proline 6.3 8.2 14.5 1.6 16.1 14.9
Glycine 11.6 23.9 35.5 1.8 37.3 34.1
Alanine 4.7 12.1 16.8 2.8 19.6 22.3
Half-cystine 15.1 8.6 23.7 0.6 24.3 19.6
Valine 10.1 20.7 30.8 4.1 34.9 33.0
Methionine 0.9 1.9 2.8 0 2.8 2.4
Isoleucine 2.7 134 16.1 2.6 18.7 22.3
Leucine 5.8 13.0 18.8 1.8 20.6 25.4
Tyrosine 4.0 8.2 12.2 1.4 13.6 14.0
Phenylalanine 8.6 8.9 17.5 3.9 21.4 21.5
Tryptophan 4.9 7.0 11.9 0 11.9 11.7
Molecular weight*
(protein) 16,700 25,300 42,000 5,500 47,700 47,500
Carbohydratet
Hexose 2.0 6.2 8.2 7.9 16.1 16.2
Hexosamine 2.0 4.3 6.3 8.3 14.6 18.1
Neuraminic acid 1.8 2.2 4.0 79 11.9 10.0
Molecular weight
(carbohydrate) 1,300 2,700 4,000 5,600 9,600 9,700
Molecular weight
(glycoprotein) 18,000 28,000 46,000 11,100 57,000 57,200
Carbohydrate, % 7 10 9 50 17 17
Protein, % 93 90 91 50 83 83

* Molecular weights were rounded off to the nearest 100.

{ Carbohydrate was expressed as N-acetylhexosamine and N-acetylneuraminic acid.

cubated for 10 min in the presence of heparin. Two pro-
tein bands were observed in this gel. The fast-moving
protein band corresponds to residual antithrombin I11.
The band corresponding to Factor IX,; has disap-
peared, but a new slow-moving band is present and this
band corresponds to an enzyme inhibitor complex with
=mol wt 90,000. When the mixture containing the com-
plex of enzyme and inhibitor was reduced, three major
bands were observed (gel 6). The fast-moving band cor-
responds to the light chain of Factor 1X,,. The second
fastest-moving band corresponds to residual anti-
thrombin III. The slowest-moving band corresponds
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to a complex of antithrombin III and the heavy chain of
Factor I1X,s. Little or no free heavy chain of Factor
IX.s was present in this gel. These data indicate that a
very stable one-to-one molar complex is formed be-
tween Factor IX,5 and antithrombin 111, and this com-
plex directly involves the heavy chain of Factor IX,,
which contains the active site serine residue.
Activation of human Factor IX by a protease from
RVV-X. A time-course for the activation of Factor IX
by RVV-X-Sepharose is shown in Fig. 1 (solid circles).
Under the conditions employed, the reaction was es-
sentially complete after 20-30 min of incubation. The
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FIGURE 5 Gel filtration of the cyanogen bromide peptides
from the S-pyridylethyl heavy chain of human Factor IX,s.
The digest (9 mg) was dissolved in 2 ml of 25% formic acid
and applied to a Sephadex G-50 superfine column (2.6 x 95
c¢m), which had been previously equilibrated with 10% formic
acid. The column was eluted with 10% formic acid at a flow
rate of 0.3 ml/min, and 2.0 ml fractions were collected. The
various peaks, as shown by the bars, were pooled individually,
and the peptides were lyophilized. The sodium dodecyl sul-
fate-polyacrylamide gels of the second and third cyanogen
bromide peptides are shown above their respective elution
positions. The samples (=10 ug) were run on 10% gels for
4 h and stained with Coomassie Brilliant Blue. The anode
was at the bottom of the gels.
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FIGURE 6 Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis pattern of human Factor 1X,; incubated with anti-
thrombin III and heparin. Gels 1 and 4 contain 14 ug of anti-
thrombin III before and after reduction with 2-mercaptoetha-
nol, respectively. Gels 2 and 5 contain 6 ug of Factor 1X,z
betore and after reduction with 2-mercaptoethanol, respectively.
Gels 3 and 6 contain Factor 1X,5 and antithrombin III plus
heparin before and after reduction with 2-mercaptoethanol,
respectively. In the experiments shown in gels 3 and 6, Factor
1X,s and antithrombin III plus heparin were incubated for
10 min as described in Methods. In each case =20 ug of pro-
tein was applied to 8.5% polyacrylamide gels. Electrophoresis
and staining of the proteins were carried out as described in
Methods. The anode was at the bottom of the gels.

activated Factor IX formed in the reaction was called
Factor IX,,. Essentially, no activation of human factor
IX by RVV-X-Sepharose occurred in the absence of
calcium (solid triangles). RVV-X-Sepharose was em-
ployed in these experiments so that the clotting activity
of Factor IX, could be readily followed after removal
of the RVV-X-Sepharose by centrifugation. This was es-
sential because RVV-X readily activates Factor X and
this reaction will mask the effect of Factor IX, in the
clotting assay. The exact concentration of RVV-X in the
reaction mixture was not determined. The enzyme-to-
substrate weight ratio was probably =1:25, because un-
bound RVV-X at this enzyme-to-substrate ratio gave the
same gel electrophoresis pattern as described below.
A change in Factor IX during the activation by RVV-
X-Sepharose was observed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Fig. 7 shows the
pattern of aliquots removed from the activation mix-
ture at various times and analyzed by gel electrophoresis
before and after reduction. At zero time, a single pro-
tein band (=mol wt 57,000) was observed, and this
band was the major band present after 20-30 min
when near maximal Factor IX,, activity was obtained
(Fig. 7, upper panel). The formation of a faster-moving

vevyowvVeww
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FIGURE 7 Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis pattern of Factor IX activated by RVV-X. Samples
(=30 g of protein) were removed at various times from the in-
cubation mixtures corresponding to those shown in Fig. 1, and
subjected to electrophoresis on 8.5% polyacrylamide gels as
described in Methods. The numbers under the gels refer to
the incubation time in minutes. The anode was at the bottom
of the gels. The top panel shows the unreduced samples,
whereas the bottom panel shows the reduced samples.
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band (=mol wt 46,000) was evident in these experi-
ments, however, and this band migrated at a rate identical
to Factor IX,;.

In reduced gels (Fig. 7, lower panel), a new major
protein band was observed with an =mol wt 28,000.
These data suggested that the activation of Factor IX by
RVV-X-Sepharose was a result of the cleavage of Factor
IX into a two-chain molecule held together by a disul-
fide bond(s), and this molecule has the same molecular
weight as the precursor. Upon reduction, the two-chain
molecule is split into two chains that migrate at es-
sentially the same rate on gel electrophoresis.

Evidence for the activation of Factor IX by a single
cleavage of an internal peptide bond was shown by
amino terminal sequence analysis of a reaction mixture
incubated for =30 min under conditions analogous
to those shown in Fig. 1. Under these conditions, >80%
of the activated Factor IX was Factor IX,, and <20%
was Factor IX,5 as determined by gel electrophoresis.
In the first turn in the amino acid sequencer, valine
and tyrosine in equal amounts were identified and little,
if any, alanine was present. In subsequent turns, the fol-
lowing residues were identified: asparagine and valine
in cycle two, serine and glycine in cycle three, glycine
in cycle four, and lysine and glutamic acid in cycle
five. These residues correspond to the Tyr-Asn-Ser-
Gly-Lys sequence in the amino terminal chain of the
precursor molecule and the Val-Val-Gly-Gly-Glu se-
quence of the heavy chain of Factor IX,; as previously
determined. These data indicated that the conversion
of human Factor IX to Factor IX,, by RVV-X-Sepharose
is a result of the cleavage of a single internal peptide

Tyr AsN Ser GLy Lys LEu GLA GLA PHE VAL GLn

bond, and this bond is the same as that cleaved in
Factor IX by Factor XI,. These data also suggest that
Factor IX,, is converted slowly to Factor IX,s and
this reaction is probably due to the removal of the same
activation peptide which is released during the activa-
tion of Factor IX by Factor XI,.

DISCUSSION

In the present experiments, it has been shown that
human Factor IX is readily converted to Factor IX,s in
the presence of human Factor XI, and calcium ions.
This reaction involves a two-step mechanism that is il-
lustrated in Fig. 8. In the first step, an Arg-Ala bond is
cleaved by Factor X1, giving rise to a two-chain in-
termediate held together by a disulfide bond(s). This
intermediate has no enzymatic activity. In the second
step, an Arg-Val bond is cleaved giving rise to an activa-
tion peptide and Factor IX,s. These two reactions re-
duce the molecular weight of the precursor from =57,000
to 46,000. An initial cleavage of human Factor IX by
Factor XI, may also occur at the Arg-Val bond giving
rise to Factor IX,. A careful analysis of the inter-
mediates is necessary to clarify the extent of this path-
way. In the case of bovine Factor IX, the Arg-Ala bond
is cleaved at a far faster rate than the Arg-Val bond (10).

Factor IX,; is composed of a light and a heavy chain,
and these two chains are held together by a disulfide
bond(s). The light chain of Factor IX,; originates from
the amino terminal end of the precursor molecule and
contains y-carboxyglutamic acid. The heavy chain con-
tains the active site region of the enzyme, and the amino

ARG“r

T Aa
6LU
Thr

VaL
PHE

Asp Ser Cys GuN Gry Asp SER 6Ly GLy Pro

COOH

FIGURE 8 Partial structure of human Factor IX. The active site serine residue is shown in large
capital letters. Gla refers to y-carboxyglutamic acid. Residues that are underlined are identical
to those found in bovine Factor IX (38). The two arrows indicate the sites of cleavage in the protein
during its conversion to Factor IX,s by Factor XI,. The resulting light and heavy chains of Factor
IX,s are held together by a disulfide bond(s). Cleavage of Factor IX by RVV-X occurs primarily at
the Arg-Val bond giving rise to Factor IX,,. Amino acid sequences for the amino terminal region
were taken in part from Di Scipio et al. (7) and Fryklund etal. (8) and were confirmed in the present

experiments.
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acid sequence in this region shows considerable homol-
ogy with bovine Factor IX as well as many other
plasma serine proteases (39, 40).

Human Factor IX is also activated by a protease from
RVV-X. This enzyme initially cleaves the internal Arg-
Val bond giving rise to Factor IX,, (Fig. 8). Factor
IX,. is composed of a heavy and a light chain held to-
gether by a disulfide bond(s) and has the same molec-
ular weight as the precursor. Also, it has about the
same specific clotting activity as Factor IX,5. With the
bovine system, Factor IX,, has =50% of the clotting
activity of Factor IX,; (11). On prolonged incubation
with RVV-X, human Factor IX,, undergoes a further
cleavage and appears to be converted to Factor IX,; as
determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. This reaction, however, was not
examined in detail.

The critical event in the activation of Factor IX by
Factor XI, or RVV-X is the cleavage of the internal
Arg-Val bond. This cleavage very likely permits the
formation of a new ion pair between the valine residue
and the aspartic acid residue adjacent to the active site
serine. This would be analogous to the activation mech-
anism which has been established for the pancreatic
serine proteases (41, 42). An aspartic acid residue also
appears six residues before the active site serine in
pancreatic trypsin. This aspartic acid residue is located
in the bottom of the binding pocket in this enzyme and
is responsible for the specificity of trypsin for peptides
containing basic amino acids (43-48). Thus, it seems
likely that the specificity of Factor IX, toward peptides
containing a basic amino acid is due to a similar
mechanism.

The bond(s) that is cleaved in Factor IX by Factor VII
and thromboplastin is not known (12). Also, the exact
bond(s) that is cleaved in Factor IX by Factor X, has not
been established (11, 49). It seems likely that the activa-
tion of Factor IX by these enzymes also involves the
cleavage of the same Arg-Val bond that is cleaved by
Factor XI, and RVV-X. Factor VII and thromboplastin,
as well as RVV-X| also activate Factor X (1). It appears
very probable, however, that the primary effect of RVV-X
on the clotting of whole plasma is a result of its effect
on Factor X rather than Factor IX. This is indicated by
the fact that Factor X is activated by RVV-X at a rate
10-20 times faster than the activation of Factor IX by
RVV-X. Furthermore, the specific activity of Factor X,
in a clotting assay is 100-300 times greater than that of
Factor IX, (11, 50), and RVV-X corrects Factor IX-de-
ficient plasma at the same rate as it corrects Factor I1X-
deficient plasma reconstituted with purified Factor 1X.3
Whether the major effect of Factor VII and thrombo-
plastin on whole plasma is toward Factor IX or Factor X
is not known. It should also be pointed out that the

3 Di Scipio, R. Unpublished results.

primary effect of Factor X, on clotting of plasma is in the
activation of prothrombin rather than Factor IX. This is
indicated by the high specific activity of Factor X,
relative to Factor IX, in a clotting assay as well as by the
fact that Factor X, corrects Factor IX-deficient plasma at
the same rate as it corrects Factor IX-deficient plasma
reconstituted with purified Factor IX.3

The effect of antithrombin III on Factor IX,s has also
been studied in the present investigations confirming
earlier experiments with human and bovine Factor
IX,s (5, 31). The present data have also clearly
demonstrated the formation of a one-to-one molar com-
plex of enzyme and inhibitor, and the formation of this
complex was shown to occur via the heavy chain of the
enzyme. The nature of the linkage between enzyme
and inhibitor, however, is not known.
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