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ABSTRACT: Factor IX/factor X-binding protein (IX/X-bp) is an anticoagulant isolated from the venom of
Trimeresurus flaoviridis (habu snake) and binds predominantly to factor IX. In this study, we isolated
IX/X-bp-like proteins from the venom obeinagkistrodon acutushundred pace snake) with binding
characteristics different from those of IX/X-bp. The complete amino acid sequence and binding
characteristics of the main anticoagulant protein, named X-bp, were investigated. The concentrations of
X-bp at half-maximal binding to solid-phase factors X and IX were 0.4 and 3 nM, respectively. The
binding of X-bp to solid-phase factor X was inhibited by 50% by 6- and 9-fold excess concentrations of
factor X and Gla domain (GD) peptide 1-44, respectively, but was not influenced by GD peptide 1-41
and Gla domainless factor X. X-bp bound two?Céns per molecule withq values of 164 0.7 (mean

4+ SE,n = 6) and 103+ 10 uM. X-bp was a heterodimer of C-type lectin-like subunits. The 16 kDa
chain (A chain) consisted of 129 amino acid residues and was 68% identical to the sequence of the A
chain of IX/X-bp. The 15 kDa chain (B chain) consisted of 123 amino acid residues and was 87% identical
to IX/X-bp. Three-dimensional model construction from the known fold of IX/X-bp showed that amino
acid residues different from those of IX/X-bp are mostly on the molecular surface. Some of these are
concentrated on a part of the concave surface which is considered to be the coagulation factor-binding
site, presumably acting as a discriminator for ligand binding. These results indicated that X-bp isolated
from D. acutusvenom was a GD-binding protein, and the C-terminal region of GD peptide was critical
for folding of the peptide.

The anticoagulant proteins IX-Bpfactor IX-binding adjoining subunit and contributes to an intertwined dimer in
protein, and IX/X-bp (factor IX/factor X-binding protein) a manner similar to domain swapping. As a result?'Ca
from habu snake venom are disulfide-linked heterodimers binding sites of IX/X-bp were observed in the hetiboop
of C-type lectin-like subunits and bind predominantly to region different from those of MBP.

coagulation factor IX in the presence of Tdons (1-3). While snake venom is known to contain C-type lectins
The binding sites of IX-bp and IX/X-bp on coagulation sych asCrotalus atroxlectin (7) andLachesis muta steno-
factors were localized on the GD region of factors IX and phyrslectin 8), homodimers of a Ga-dependent carbohy-

X (3, 4) The CI’yStal structure of |X/X'bp at2.5 A resolution drate recognition domain, many C-type lectin-like het-
demonstrated that a putative binding site of GD is on the erodimers with various functions have been isolated from
concave surface between the two suburifs Unlike the  Crotalinae and Viperinae snake venom. For example, botro-
C-type lectin carbohydrate recognition domain (CRD) fold cetin ©), bothrojaracin 10), jararaca GPlb-bp1(), and
found in the crystal structure of rat mannose binding protein jararaca IX/X-bp 12) were obtained from the venom of
(MBP) (6), a central loop of IX/X-bp projects into the  Bothrops jararaca These have almost the same molecular
mass and show a high degree of structural similarity, but
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agulants, IX-bp and IX/X-bp. Four anticoagulant proteins Tokyo, Japan). Materials in peaks 1 and 2 reacted with the
bound predominantly to factor X in the presence of'Ca antibodies and a prolonged kaolin-activated clotting time.
ions and were named X-bps. The complete amino acid The fractions containing active proteins were pooled and
sequence of X-bp 1-1 (hereafter called X-bp) isolated from dialyzed against 50 mM Tris-HCI buffer (pH 8.0) and then
the main peak was determined, and its binding characteristicsapplied to a column of Q-Sepharose High Performance. After
were investigated. To obtain further insight into the strueture  washing with 50 mM Tris-HCI buffer (pH 8.0), proteins were
function relationship, we calculated a molecular model of eluted with a linear gradient formed from the starting buffer
X-bp using the crystal structure of IX/X-bp. On the basis of without NaCl and the same buffer containing 0.2 M NaCl.
the obtained model and comparison with IX/X-bp, the Purification of peak 1 on the column of Q-Sepharose High
locations not only of the coagulation factor-binding site but Performance is shown in Figure 1b. As shown in Figure 1c,
also of the region which discriminates between X-bp and the content in peaks 1-1 and 1-2, designated X-bp 1-1 and

IX/X-bp are discussed. X-bp 1-2, respectively, showed similar behavior on SDS
PAGE; both migrated as a 27 kDa band before and 16 and
EXPERIMENTAL PROCEDURES 15 kDa bands after reduction of disulfide bonds. Two

) proteins analogous to X-bp 1-1 and 1-2, designated X-bp
Materials. D. acutuzvenom was purchased from the Japan 2-1 and X-bp 2-2, respectively, were obtained from pooled

Snake Institute (Gunma, Japan). S—Sepharose Fast Flows,ctions of peak 2, by Q-Sepharose High Performance
Q-Sepharose Fast Flow, Q-Sepharose High Performancechromatography (data not shown). X-bps 2-1 and 2-2

Superdex peptide column, and standard proteins for estima-oyhibited the same behavior on SBBAGE as X-bps 1-1
tion of molecular mass were obtained from Pharmacia LKB and 1-2 had (Figure 1c).

Biotechnology (Uppsala, Sweden). Peroxidase-conjugated . di  Xob lati he bindi
goat antibodies against rabbit IgG were purchased from B'.n_ ing of X-bp to Coagulation Factorsl € binding
Kirkegaard and Perry Laboratories (Gaithersburg, MD). affinities of X.—bp for factor X or other c;oagulanon factors
Finepak SIL GgS and Finepak £columns were obtained were Qetermlned' by ELISA as desc;rlbed previousdy. (
from Japan Spectroscopic (Tokyo, Japan). The Cosmosil 5C Inh|b|t|on_ of the b_mdmg of X-bp to solid-phase factor X by
column was purchased from Nacalai Tesque, Inc. (Kyoto, GD peptides den\_/ed from _factor X was demonstrated by
Japan). All other reagents were of analytical reagent gradeth® method described previousH)(

or better. Dependence of the Binding of X-bp to Factors IX and X

Proteins.Bovine factor X, factor IX, prothrombin, protein 2" the Concentration of Ca lons. A solution of 50 mM
C, and protein Z were purified from bovine plasma by the T1S-HCI (pH 8.0) containing 0.1 M NaCl (TBS) was passed
published methodsly) with minor modifications Bovine over a column of Chelex 100 (Bio-Rad) to remove all traces

factor VI was isolated by the method of Saisaka et 2#8).( of calcium. Stock solutions of X-bp, factor IX, and factor X
Chymotryptic digestion of factor X to prepare derivatives Were dialyzed against TBS containing 1 g/L Chelex 100.
of factor X was performed by the method of Morita and Factors IX and X were separately fixed on microtiter plates
Jackson 19), and generated GD peptides and des (1-44) by incubation with solutions of these proteins at 3 nM. After
factor X were purified on a Q-Sepharose Fast Flow column. blocking with 1% gelatin, X-bp (0.4 nM for binding to factor

Amino acid compositions of GD peptide 1-41 and of GD X and 2 nM for binding tcifactor IX) was incubated in the
peptide 1-44 were confirmed by amino acid analysis. presence of 3.2 mM C&" ions and 0.1% Tween 20 for 1

h. Each well was washed with TBS containing 0.1% Tween

Isolation of X-bp All the procedures were performed at 4 20 (TBS-TW) and the respective concentration of dans,

°C. LyophilizedD. acutusvenom was dissolved in 10 mM o :
phosphate buffer (pH 6.8), and a small amount of precipitate ?E)d the bound X-bp was quantified as described elsewhere
was removed by centrifugation for 30 min at 15 000 rpm. o ) ) o ) )

The supernatant was applied to a column of S-Sepharose EQquilibrium Dialysis.Equilibrium dialysis was performed
Fast Flow, and the column was washed with the same buffer.8t 00m temperature in a micro dialyzer with 280 0f cells
Protein was eluted with a linear gradient of 0 to 0.2 M Nac| (Hoffer Scientific Instruments, San Francisco, CA) in 50 mM
in 10 mM phosphate buffer (Figure 1a). The anticoagulant Tfis-HCland 0.1 M NaCl (pH 8.0). Dialysis membranes were
activity of eluted fractions was tested by the kaolin-activated Pretreated with a boiled solution of 0.1 M NaHg@nd 2%
PTT assay, and their cross-reactivities with anti-IX/X-bp or EDTA and washed extensively with metal-free water prior
anti-X-bp antibodies were tested by ELISA. The kaolin- 0 use. The buffers and solutions of proteins used were freed
activated PTT was determined by the method described ©f @ny possible contamination by metal ions either by passage
previously (). IgG against a mixture of X-bp 1-1 and 1-2 through a column of Chelex 100 or by dialysis against a
was purified from the New Zealand white rabbit serum Suspension of Chelex 100 (1 g/L) in the buffer. A 120
immunized with the mixture of X-bp 1-1 and 1-2 by affinity ~aliquot of a solution of CaGlcontaining**CaC} as a tracer
chromatography on a column of Protein A-Cellulofine (100000 dpm/cell; Dupont, New England Nuclear) was
(Seikagaku Kogyo, Tokyo). The ELISA method was de- dialyzed against 150L of a solution of X-bp (16.5-38 M,
scribed elsewherg). In this study, we used microtiter plates Mean of 28.8M) for 20 h while the mixture was rotated
(Nunc, Roskilde) coated with the eluted fractions, the solution constantly. Protein-bound €aions were quantified by liquid

of rabbit IgG against X-bps 1-1 and 1-2 (4g/mL),  Scintillation counting.

peroxidase-conjugated goat antibodies against rabbit IgG, and Electrophoresis.SDS-PAGE was performed by the
the color development solution containimgphenylenedi- method of LaemmliZ0). The molecular mass markers used
amine (1 mg/mL) and kD, (0.06%). The absorbance at 492 were phosphorylase b (94 kDa), bovine serum albumin (67
nm was measured with a microplate reader (MPR-A4, Tosoh, kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa),
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Ficure 1: Isolation of X-bp. (a) Cation exchange chromatography.aicutuscrude venom on an S-Sepharose Fast Flow column. Lyophilized
venom (500 mg) fronD. acutuswas applied to a column of S-Sepharose Fast Flow (2.6<¢c38 cm), and proteins were eluted with linear
gradients of 0 to 0.2 M NacCl (750 mL/chamber) and 0.2 to 0.5 M NaCl (500 mL/chamber). Proteins were monitored by absorbance at 280
nm (— in lower panel). The anticoagulant activity in the kaolin-activated PTT asSay (upper panel) and reactivity with antibodies

against X-bp ) of the eluted fractions were tested. The cross-reactivity was assayed by ELISA measuring absorbance at 492 nm. Peaks
1 and 2 contained two-chain anticoagulant proteins homologous to IX/X-bp. (b) Anion exchange chromatography of pooled fractions of
peak 1 in panel a on a Q-Sepharose HP column. Material in peaks 1-1 and 1-2 reacted with the antibodies against IX/X-bp. Two anticoagulant
proteins homologous to IX/X-bp were also isolated from pooled fractions of peak 2 in panel a. (6)PREE analysis of the purified

proteins under nonreducing (NR) or reducing (R) conditions. Anticoagulant proteins from peak 1-1 (lane 2, X-bp), peak 1-2 (lane 3), peak
2—1 (lane 4), and peak 2-2 (lane 5) were subjected to -SBPSGE. Lanes 6 and 7 show IX-bp and IX/X-bp, respectively. The molecular

mass markers (lane 1) used were phosphorylase b (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30
kDa), soybean trypsin inhibitor (20.1 kDa), andactalbumin (14 kDa). (d) Amino-terminal amino acid sequence of X-bps. A chain refers

to the higher-molecular mass chain, and B chain refers to the lower-molecular mass chain of these proteins. Residues different from those
of X-bp 1-1 in each chain are boxed.

soybean trypsin inhibitor (20.1 kDa), andlactalbumin (14 the bands were cut out and proteins were analyzed on a gas-
kDa). phase sequencer.

Amino-Terminal Amino Acid Sequence of X-bpsduced Determination of the Amino Acid Sequence of X-bp.
andS-pyridylethylated X-bps 1-1 and 2-1 or reduced X-bps Purified X-bp was reduced an®pyridylethylated by the
1-2 and 2-2 were electrophoresed and electroblotted ontomethods described elsewhe®. (SPyridylethylated (Pe)-A
poly(vinylidene difluoride) membranes by following the chain and Pe-B chain were separated by reverse-phase HPLC
method of Hirano Z1). After staining with Amidoblack 10B,  on a Finepak SIL @S column. The Pe-A chain was digested
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with lysyl endopeptidase (1:50 mole:mole) in 50 mM Tris- 3

HCI buffer (pH 9.5) containig 4 M urea at 34C for 17 h, g

and the peptides generated (AK peptides) were purified by : 2.57

reverse-phase HPLC. The Pe-A chain was also digested with & 5.

pepsin (1:50 mole:mole) in 0.01 N HCI at 3T for 24 h, -

and the pepsin peptides (AP) were separated by reverse-phase 2 1.57

HPLC. Digests of Pe-A chain by chymotrypsin (1:25 mole: 2

mole, AC peptides) and bystaphysococcus aureus3 = 1

protease (1:12 mole:mole, AE peptides) were separated on 5§ 0.5-

a column of Cosmosil 5G. Enzymatic digestion of the Pe-B &

chain was performed with lysyl endopeptidase (1:100 mole: < 0 T .
mole, BK peptides) and chymotrypsin (1:25 mole:mole, BC 0.001 0.01 0.1 1 10 100
peptides), and the peptides generated were separated by [X-bp] (nM)

HPLC with a quumn of Finepak S.”‘ £The Pe-B chain Ficure 2: Binding of X-bp to solid-phase factors X and IX. X-bp

was cleaved with cyanogen bromide (1:2000 mole:mole), at various concentrations was incubated in the presence of 5 mM

and the fragments, BCN peptides, were separated on aCat ions in microtiter wells that had been coated with 18 nM

column of Superdex peptide. One of the BCN peptides, bovine factors X ©) or IX (®). Binding was detected by ELISA

BCN1, was subdigested with lysyl endopeptidase (1:100 With rabbit IgG against X-bp.

mole:mole), and the subfragments were separated on a

column of Finepak € Amino acid sequences of the purified

peptides were determined with a protein sequencer (model = 2.5
=

473A, Applied Biosystems, Foster City, CA). Amino acid

compositions of peptides were analyzed using an automated %.*

amino acid analyzer (model L-8500, Hitachi, Tokyo, Japan)

by following the method of Spackman et &2 after vapor-

phase hydrolysis at 11TC in evacuated, sealed tubes with

5.7 M HCI containing 0.1% phenol for 24 h.

Modeling. The programs QUANTA/PROTEIN and
QUANTA/MODELER (Molecular Simulations, Inc.) were
used to construct a three-dimensional model of X-bp by R
adopting its amino acid sequence into the known fold of IX/ 0 07/001 o1 1 10 100
X-bp. Sequence alignment was not required because of the ) ”.
high degree of homology (68 and 87% sequence identity in [Competitor/X-bp] (mol/mol)

A and B chains, respectively) and because there were norcure 3: Inhibition of binding of X-bp to solid-phase factor X
gaps in the sequences. The backbone was copied. Side chairgy GD peptide 1-44 but not by GD peptide 1-41. Microtiter wells
were copied where identical, and displaced side chain atomWere coated previously with 9 nM factor X. X-bp (2 nM) and 2

- P o mM C&" were incubated in the wells in the presence of various
positions were generated in ideal positions from a structure concentrations of factor X), GD peptide 1-44@), GD peptide

library. QUANTA/CHARMM (Molecular Simulations, Inc.)  1.41 (), or GD-less factor X 4). Bound X-bp was detected by
was used to minimize the obtained model to remove local ELISA.

strain. Further refinement by molecular dynamics or Monte

2
©

0.5

Absorbance at

Carlo simulation was not considered necessary. respectively. The binding of X-bp (2 nM) to solid-phase
factor X was inhibited by 50% in the presence of 11.1 nM
RESULTS liquid-phase factor X, while the concentration causing 50%

inhibition of factor IX was 37.3 nM. These data indicated
that binding affinity of X-bp for factor X was higher than
that for factor IX. X-bp did not bind to solid-phase factor
VII, prothrombin, protein Z, or protein C (data not shown).
The other three anticoagulant proteins isolated here showed

difluoride) membranes (Figure 1d). All four proteins pro- essentially the same binding properties as X-bp (data not

longed the kaolin-activated clotting time, and the four shown).
anticoagulant proteins showed similar cross-reactivity with ~ Binding of X-bp to GD Peptide from Factor >GD
anti-X-bp 1gG. The yields of X-bps 1-1, 1-2, 2-1, and 2-2 peptides 1-44 and 1-41 were prepared by chymotryptic
from 1 g oflyophilized crude venom were 20.4, 5.4, 15.0, digestion of factor X and the activities of binding of X-bp
and 3.4 mg, respectively. In the following studies, we used to these GD peptides were tested. The binding of X-bp (2
X-bp 1-1 as X-bp. nM) to solid-phase factor X was inhibited by 50% by a 6-fold
Binding Characteristics of X-bfhe properties of binding ~ excess of factor X (Figure 3). A 9-fold excess of GD peptide
of the anticoagulant protein X-bp to vitamin K-dependent 1-44 also inhibited the binding of X-bp to factor X by 50%,
coagulation factors were investigated by ELISA. As shown whereas GD peptide 1-41 and Gla domainless factor X did
in Figure 2, X-bp bound to factor X with a higher affinity =~ not reduce the extent of binding even when present in 25-
than to factor IX. EGy values of X-bp for binding to solid-  fold excess (Figure 3). A 100-fold excess of GD peptide 1-41
phase factor X and factor IX were 0.4 and 3.0 nM, reduced the extent of binding by 25%.

Amino-Terminal Amino Acid Sequences of the X-Bpar
IX/X-bp-like proteins were obtained froi. acutusvenom.
The amino-terminal amino acid sequences of the X-bps were
determined after separation of the two chains by SBAGE
of reduced samples and electroblotting onto poly(vinylidene
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FiGURE 4: Binding of C&" ions to X-bp. Binding of C& ions to X-bp was examined by equilibrium dialysis as described in Experimental
Procedures. (A) Direct plot of the number of moles ofChound per mole of protein as a function of the concentration of freé& @as.
(B) Scatchard plots of the data shown in panel A. The lines were drawn for the data obtained from six experiments.

Dependence of the Binding of X-bp to Factors X and X analyzed (Table 1). The complete amino acid sequences of
on the Concentration of C& lons. The binding of X-bp to the Pe-A and Pe-B chains were determined by arrangement
solid-phase factors X and IX required the presence éf Ca of overlapping peptides as shown in Figure 5. The 16 kDa
ions. The dependence on the concentration éf @ans of chain (A chain) consisted of 129 amino acid residues, and
the extent of binding of X-bp to coagulation factors was the 15 kDa chain (B chain) consisted of 123 amino acid
investigated using proteins pretreated with Chelex 100 to residues.
remove metal ions in the samples. X-bp bound to microtiter
plates coated with factor X or factor IX in the presence of DISCUSSION
0.2 mM C&" ions and reached a plateau at a?Cén We isolated four X-bps from the venom &f. acutus
concentration of about 1 mM; half-maximal binding to both Analyses of their biological activities and amino-terminal
factors occurred at 0.65 and 0.54 mM2Carespectively. amino acid sequence analysis revealed that these X-bps were
These results were essentially the same as those obtainedtructurally and functionally homologous proteins. Isolation
for IX/X-bp and 1X-bp (3, 4). of an anticoagulant protein from the venom of hundred pace

C&* Binding Properties of X-bprheKq values of IX-bp shake was first reported by Ouyang and Teh§).(Sugihara
were 14+ 4 and 130+ 100uM at pH 7.5 in an isotonic et al. (L4) isolated two anticoagulant proteins that could
buffer, while those of IX/X-bp were 25 12 and 202+ correspond to the components in peaks 1 and 2 produced by
110uM, respectively 8, 23). In this study, we investigated = S-Sepharose Fast Flow column chromatography in this study.
C&" binding to X-bp by equilibrium dialysis at pH 8.0 in  Teng and Seegerd§) demonstrated that the anticoagulant
an isotonic buffer (Figure 4). X-bp had two independent protein fromD. acutusvenom bound to bovine factor X and
C&*-binding sites withKy values of 16+ 0.7 uM (mean+ activated factor X (factor Xa) and inhibited the conversion
SE, n = 6) for the high-affinity binding site and 103 10 of prothrombin to thrombin by the prothrombinase complex.
uM for the low-affinity binding site. These results were Cox (15) also isolated an anticoagulant protein that binds to
essentially the same as those for IX-bp and IX/X-bp. factor X (Xa) from the venom ob. acutusand reported the

Complete Amino Acid Sequence of X-¥gp was reduced  amino-terminal amino acid sequence of the intact antico-
andS-pyridylethylated, and the pyridylethylated (Pe)-A and agulant protein which was similar to those of IX/X-bp and
Pe-B chains were separated by HPLC. Amino-terminal X-bps. While amino-terminal amino acid sequences of X-bps
sequencing of the Pe chains identified the first 55 residuesdetermined in this study were very similar with those of the
of the Pe-A chain and the first 54 residues of the Pe-B chain anticoagulant protein reported by Cox, we could not identify
with the exception of a few residues that could not be which X-bp corresponded to Cox’s anticoagulant protein
identified (Figure 5). Pe-A chain was hydrolyzed with lysyl because their sequence was too short. Although Teng and
endopeptidase (AK), pepsin (AP), chymotrypsin (AC), and Seegers16) suggested that the binding site of the antico-
S. aureusv8 protease (AE). Pe-B chain was digested with agulant protein was located in the GD region of factor X,
lysyl endopeptidase (BK) and chymotrypsin (BC). Pe-B chain this hypothesis has not been confirmed conclusively. The
was also cleaved by CNBr (BCN), and BCN1 peptide was binding characteristics of X-bp demonstrated in this study
subdigested with lysyl endopeptidase (BCN-K). The frag- indicated clearly that this anticoagulant protein bound to the
ments were separated by reverse-phase HPLC, and amin@&D region of factor X (residues-144 of the light chain).
acid sequences and compositions of the fragments wereVitamin K-dependent coagulation factors bind to the phos-
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Ficure 5: Amino acid sequences of the A and B chains of X-bp. Dashes indicate residues identified by sequence analysis of respective
peptides. An arrow indicates that the peptide was longer, but that no further residues were identified. Peptides obtained after pyridylethylation
(Pe-) and digestion with lysyl endopeptidase (AK and Bé&chymotrypsin (AC and BC), V8 protease fragh aureugAE), and pepsin

(AP), cleavage with CNBr (BCN), and subdigestion with lysyl endopeptidase of BCN1 (BCN1-K1) are shown.

Table 1: Amount Sequenced and Repetitive Yields in the Sequence X-bp to solid-phase factor X by 50%, GD peptide 1-41

Analysis of Peptideis showed no such effect even when present in a 25-fold excess.
amount  repetitive amount  repetitive A 100-fold excess concentration of GD peptide 1-41,
sequenced yield sequenced yield however, slightly reduced the extent of binding of X-bp to
peptide  (pmol) (%) peptide  (pmol) (%) solid-phase factor X. The two GD peptides contained the
Pe-A 3000 929 AE1 e 89.1 same number of Gla residues, but the latter lacked three
AK1 539 93.6  AE2 nd 84.7 amino acids, Ser-Lys-Tyr, constituting a hinge region
ﬁg %go gi'g Pe-B 1048 90.4 between GD- and EGF-domains in the intact factor X
AK4 460 874  BK2 292 85.6 molecule (Figure 6). Although the isolated GD peptide had
AK5 241 87.2  BK3 332 89.3 a lower affinity for C&" ions, C&" ion binding to GD linked
AKG 748 86.6  BK4 293 84.9 to the amino-terminal EGF-like domain was identical to that
AK7 1840 90.2  BK5 250 93.1 . f X Th I P
AC3 1300 841 BCNI-KL 220 89.8 to intact factor X g5). The crystal structure of Ca-
AC4 691 79.8  BCN2 186 81.6 prothrombin fragment 1 containing GD reported by Soriano-
AC5 1068 858  BCN3 194 92.5 Garcia et al. 26) showed that Phe 41, Trp 42, and Tyr 45
AP1 nd 924 BCl né 95.4

form a cluster of aromatic groups which appears to be critical

| 2 lF’epéideS 0Fgaine?Aeg@pdyg%;etmylaﬁon (Pe) ?Xg diggséiggl V\\;iéh for folding of the GD by interaction with the disulfide bond
ysyl endopeptidase an -chymotrypsin an , P
protease fronS. aureufAE), and pepsin (AP), cleavage with CNBr of Cys 18-Cys 23 of the conserved disulfide loop as well

(BCN), and subdigestion with lysyl endopeptidase of BCN1 (BeN1 s With Leu 14, Leu 19, Pro 22, and Leu 32 (see Figure 6).
K1) are used for the sequence analy%ihe amino acid composition ~ Pollock et al. 27) reported that a bovine prothrombin peptide
of the peptide was not determined because of low yield. of residues +45, but not a peptide of residues-42, bound
to membranes in a Ga concentration-dependent manner.

pholipid bilayer through their GD regior24). Binding of In factor X, the homologous peptide of residues4# bound
X-bp to the GD region of factor X/Xa should inhibit the to membranes in a €a concentration-dependent manner,
formation of the prothrombinase complex on the phospho- but the peptide from factor IX containing only residues4P
lipid bilayer and reveal anticoagulant activity. did not bind to membrane2@). It was reported that the

Whereas a 9-fold excess of isolated GD peptide 1-44 andGD and the adjacent aromatic amino acid stack domain of
a 6-fold excess of intact factor X inhibited the binding of factor IX (residues +47) form the unit responsible for
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Factor X ANS—FL KQGNL

Factor IX N S[GK|IL % [FIKRIGNL

Prothrombin A N[KG|F L REK|GNL mTD.FW.KY
Factor VII AN[G]-FL L L PlG[s|L Blv[RITRQF Wlvs]y
Protein C ANS—FL [L R P]G N[V] @T-FWSKY
Protein § AN[T]-[L]L [L L PlGcis|L TEY|FY PIKY

Ficure 6: Amino acid sequences of GD in various coagulatlon factors. Amino acid sequences of GD in various bovine coagulation factors
are aligned with that of factor X, and different amino acid residues are boxed. Gla residues are maykaudbshaded.

A chain
1 10 20 30 40 50 60 70
IX/X-bp DCLSGWSSYEGHCYKAFEKYKTWEDAERVCTEQAKGAHLVSIESSGEADFVAQLVTQNMKRLDFYIWIGL
Ix_bp .-P ------------ P.KL....D....F ....... G.. E.IQNTKS.V....
X-bp P - R I A S Ve KQS+++A+++SF+ +K-VN-G= G+ JTA*KI -SAKIHV + « + «
80 90 100 110 120
IX/X-bp RVQGKVKQCNlSEWSDGSSVSYENWIIEAESKTCLGLEKETDFRKWVNIYCGQQNPFVCEA
Ix—bp ..... E - .
X-bp +A*N-E-=- -
B chain
1 10 20 30 40 50 60 70
IX/%-bp FASSEFADFVVKLAFQTFGHSI FWMGLSN
IX-bp Te w tevie e b 4 s s s e s e e e v v 4w e e s e
X=bp v s e e s se e et e e i e s N s e e et e e s e e s s TS e simieiale ToelHle 000 e e v e e e DYG« » « « v o K
80 90 100 110 120
IX/X-bp VWNQCNWQWSNAAMLRYKAWAIEESYCVYFKSTNNKWRSRACRMMAQFVCEFQA
IX—bp ................................................ .
X_bp I .............. K.TD ................... IT.-.I-N--

AA A OHA A

Ficure 7: Comparison of the amino acid sequences of IX/X-bp, IX-bp, and X-bp. The sequences of X-bp and IX-bp are aligned with
IX/X-bp, and only amino acid residues different from those of IX/X-bp are shown. Residues involved in calcium binding of each chain are
shaded. Negativelya) and positively £) charged residues conserved on the putative GD-binding site are marked. Swapped loop-forming
residues that contribute to an intertwined dimer are boxed, and the residues of hinge regions are underlined.

binding phospholipid membrane29). The side chains of Two other proteins containing IX/X-bp-like structure were
three amino acids forming the aromatic amino acid stack isolated from the venom of Viperinae snakes: RVV-X from
domain, Phe 41, Trp 42, and Tyr 45, face the interior of the Daboia russelli(31, 32 and carinactivase frofa. carinatus
protein near the disulfide loop and stack upon one another.leucogaste(33). These proteins consist of a metalloprotease
These studies suggested that the aromatic cluster containingubunit as a heavy chain and a IX/X-bp-like CRD het-
Tyr 45 in prothrombin and in factor IX (Tyr 44 in factor X)  erodimer as light chains, and €dons are required for their
is essential for folding of the GD needed for interaction with activity. RVV-X activates factors IX and X; carinactivase
membranes. The GD peptide of factor X which lacks residues activates prothrombin, and the substrates of these proteins
42—44 apparently cannot form the essential fold. While the contain GD. It was reported that prothrombin activation by
binding site of X-bp may be localized in the region of GD carinactivase is inhibited by the prothrombin fragment 1, GD-
1-41, the C-terminal portion of GD peptide 1-44 appears to containing N-terminal region of prothrombin, and the isolated
be necessary to support the correct folding of the GD region light chains from carinactivase are capable of binding
and is indispensable for binding to X-bp. fragment 1 in the presence of €aions @33). Their light

As shown in Figure 7, the 16 kDa chain (A chain) was 73 chains might serve as regulator regions that determine the
and 68% identical to the sequences of the A chains of IX- specificity of binding of these snake venom proteases to their
bp and IX/X-bp, respectively, and the 15 kDa chain (B chain) respective substrates.
was 87% identical to those of IX-bp and IX/X-bp. Recently, Recently, the crystal structure of IX/X-bp was reported
a new factor IX/factor X-binding protein, ECLV IX/X-bp, (5), and two C&"-binding sites were identified. In the A
was isolated from the venom of the Viperinae sn&ohis chain, IX/X-bp bound a Cd ion through Ser 41, Glu 43,
carinatus leucogastg30). Thea subunit sequence of ECLV ~ Glu 47, and Glu 128. In the B chain, the Tainding site
IX/X-bp was 56% identical to the A chain of X-bp, and the consisted of Ser 41, Gln 43, Glu 47, and Glu 120. All these
S subunit of ECLV IX/X-bp was 58% identical to the B chain  residues were conserved in IX-bp and X-bp. In this study,
of X-bp. These observations indicated that the C-type CRD we showed that X-bp is capable of binding two?C#ons
heterodimer homologous to IX/X-bp is distributed throughout per molecule as in the case of IX/X-bp, and the binding
not only Crotarinae snakes but also Viperinae snakes andaffinities of C&"-binding sites of X-bp were essentially the
suggested the importance of such proteins for these snakessame as in the case of IX/X-bp. It was also revealed in this
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Ficure 8: Stereoview of the & model of X-bp. Subunits A and B are green and yellow, respectively. White spheres indiéat®i@Ga
(a) Amino acid residues differing between X-bp and IX/X-bp are red. Putative discriminator residues are labeled. (b) Conserved basic and
acidic residues on the concave surface are blue and red, respectively, and labeled.

study that X-bp binds to GD of factor X. This is essentially residues were different in subunit A, and 16 residues were
the same as for IX/X-bp and IX-bp which bind to GD of different in subunit B. The three-dimensional model of X-bp
their cognate coagulation factors. demonstrated that most of these residues are positioned on
The three-dimensional model of X-bp was basically the the molecular surface (Figure 8), and they are usually
same as IX/X-bp in the backbone fold. Thus, the most hydrophilic residues exposed to the solvent. In contrast, most
interesting variations were the amino acid sequence differ- of the hydrophobic residues are buried within the molecule,
ences between the two proteins. Sequences of X-bp and IX/and are prominently seen in the area surrounded by the
X-bp were aligned without any gaps (Figure 7). Forty C-terminal region of the secord helix, the loop after the
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helix, and twog strands in subunit A, where Val 16, lle 55, terminal region of GD peptide 1-44 is critical for the folding
lle 59, Val 66, and Val 105 face each other, forming a of the peptide. The hypothetical binding mode mentioned
hydrophobic core together with residues Val 51, Leu 54, Phe above should be verified by the X-ray study on the complex
111, and Val 126 being invariant among X-bp, IX/X-bp, and formed by X-bp and the GD peptide from factor X. Our
IX-bp. Concomitant changes of the former five residues investigation should provide new insight into the understand-
might be important for building the precise framework of ing of the structure and function of the Gla domain in
the main chain, because some residues in this regioncoagulation factor X.

participate in formation of a part of the concave surface
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