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ABSTRACT. Bitiscetin, a C-type lectin-like protein isolated from the venom of the srizikie arientans
promotes the interactions between plasma von Willebrand factor (VWF) and platelet membrane glycoprotein
Ib (GPIb) to induce platelet aggregation. We report here the crystal structure of bitiscetin at 2.0 A resolution.
The overall fold is similar to those of coagulation factor IX/X-binding protein (1X/X-bp) and flavocetin-A

(a GPIb-binding protein), although these three proteins are functionally distinct from one another. The
characteristic property determining target recognition is explained mainly by the differences in the surface
potential on the central concave surface. A negatively charged patch on the surface of bitiscetin is a
candidate for the site of binding to the positively charged surface of the VWF Al domain, as shown in
the case of another platelet aggregation inducer, botrocetin. However, a positively charged patch near the
central concave surface is unique for bitiscetin and suggests that it is the binding site for the negatively
charged surface of the VWF A3 domain. Thus, the interactions accounting for VWF activation by bitiscetin
possibly involve both the A1 and A3 domains of VWF, indicating a specific mechanism of VWF activation
by bitiscetin.

Bitiscetin, a protein isolated from the venom of the snake of the difficulties of investigating such an in vivo activation
Bitis arientans promotes interactions between plasma von mechanism of VWF, especially at the atomic level, non-
Willebrand factor (VWF) and platelet membrane glycopro- physiological activators seem to be very important as a tool
tein Ib (GPIb) to induce platelet aggregatidk).(VWF is a for elucidating the activation mechanism of VWF. Bitiscetin
disulfide-linked multimeric protein composed of identical 275 described above and botrocetin isolated from the venom of
kDa subunits and mediates the adhesion of platelets to theBothrops jararaca6) are such VWF activator proteins. They
injured vessel walls by binding both GPIb and subendothe- bind directly to VWF in vitro to form an active complex,
liums exposed on the injured vessel wall, which is the first and platelet aggregation is induced via interactions between
step in the formation of a platelet plug in hemostag)s It the active complex and GPI@,(7, 8). Bitiscetin, as well as
is known that some conformational changes in the structure potrocetin, belongs to the C-type lectin superfamily, but it
of VWF are necessary for the binding of VWF to GPIb, and s a heterodimer composed of homologousind-subunits.
it is likely that in vivo those conformational changes are Each subunit possesses within its structure the carbohydrate
achieved by its binding to exposed subendotheliums, par-recognition domain of C-type lectin, and hereafter, these
ticularly under conditions of high shear stre3s5). Because proteins are termed C-type lectin-like proteins. Up to now,
a number of these proteins have been isolated from snake
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StrUCt_ural feature_is C_OnS_iStent with some bi(_)Chemical data Table 1: Statistics of Data Collection and Structure Refinement
showing botrocetin binding to the A1 domain alorfe)(
On the other hand, bitiscetin was reported to bind to the VWF

data collection

. ) o e X resolution range (A) 652.0 (2.09-2.0F
A3 domain, with the possibility that it might bind to the Al total no. of reflections 566351
domain concomitantly 14). A number of biochemical no. of unique reflections 18662
experiments have revealed that both the A1 and A3 domains Ir‘;osa'c'ty (deg) lg-g »
of VWF are essential for biological function; that is, the Cgm 9 (4.3)
. - pleteness 98.8 (96.9)

former mediates the binding to GPIb, and the latter the Reym (%) 9.3 (26.4)
binding to type | or type Il collagen, the constituent structure refinement
subendotheliums. It would be of further interest if bitiscetin resolution range (A) _ 8:62.0
were to bind to the VWF A3 domain, because it would lend no. of non-hydrogen protein atoms 2005

. . - no. of water molecules 143
vv_elg_ht to the_ hypothesis that the activity of the platelet- R-factoP 0.207
binding domain (VWF Al) can be regulated by a subendo- Riec 0.252
thelium-binding domain (VWF A3)14). One of the major meanB-values (&) 24.2
differences between bitiscetin and botrocetin is in the rmgf@’:gﬂ%?ﬁ&%? ideal geometry 0.06
electrostatic nature of their molecular surfaces. Bitiscetin is bond angles (deg) 13

charged positively with a pl of 9.1, whereas botrocetin is aNumbers in parentheses refer to the values for the outer Strll.

charge_d negativgly with a pl of 4_.6)( T_his may be relatec_i factor= 3 ||Fopd — |Fead|/S |Fod-  ReeeWas calculated with a randomly
to a difference in the manner in which the two proteins selected 10% of the reflections not used in the refinement.

interact with their targets. To further understand the activation
mechanism of VWF by bitiscetin, we have crystallized
bitiscetin and determined its structure at 2.0 A resolution.

MATERIALS AND METHODS

Protein Preparation, Crystallization, and Data Collection
Bitiscetin was purified fronB. arietansvenom by the method
previously described1j. For crystallization, the purified
protein was concentrated t65 mg/mL in 50 mM Tris-HCI
buffer (pH 8.5) containing 100 mM NaCl. Crystals suitable
for X-ray structural analysis were grown over a period of 2
weeks at 20C by the hanging-drop vapor-diffusion method
by mixing 1uL of the protein solution and the same volume
of a reservoir solution containing 100 mM Tris-HCI (pH 8.5),
10% polyethylene glycol (PEG3350 or PEG6000), and 100
mM CaCb. The crystals belonged to orthorhombic space
groupP2;2,2; and contained one dimer per asymmetric unit
with the following unit cell dimensionsa = 35.4 A, b =
60.9 A,c=122.2 A. Data were collected to 2.0 A resolution
at room temperature with an R-AXIS IV imaging-plate area
detector (Rigaku, Tokyo, Japan) with a crystal-to-detector
distance of 150 mm using CudKradiation generated by a
rotating anode generator (Rigaku Ultra-X). All diffraction
data were processed by DENZO and scaled by SCALEPACK
(15).

Phasing and Refinemeniitial phases for the electron
density map were calculated using the 2.5 A resolution dataFicure 1: Stereoview of the overall structure of bitiscetin. The
by the molecular replacement (MR) method using the elements of thex-subunit are shown in magenta and those of the
program AmoRe from the CCP4 suitds). The polyalanine B-subunit in green. The side chains of two cysteine residues (Cys

L . 79 of the a-subunit and Cys 77 of thg-subunit) forming an
model of factor 'X'b'”d'”g protein (IX-bp) (,PDB entry 1BJ3) interchain disulfide bond are shown by means of a ball-and-stick
was used for the rotation and translation searches. Themodel.
searches were performed with the data in a range ef512
A resolution to produce a solution with a correlation vidual B-factor refinement, and manual model rebuilding
coefficient of 0.42 and aR-value of 0.52. The rigid body  using the program QUANTA (Molecular Simulations, Inc.,
refinement using AMoRe led to a model with a correlation Waltham, MA) until the Ryee dropped to<0.30. Water
coefficient of 0.44 and arfR-value of 0.48. Although the  molecules were located by peak searches in CNS. All peaks
initial electron density of the side chains of bitiscetin was were inspected manually and assigned as water if the density
poor, it gradually improved as the iterative refinements of was>1cin a 2, — F. map, there were appropriate distances
the model were performed. The model was successfully (2.6—4.0 A) from protein atoms, and tH&factor was less
refined to anR-factor of 0.32 and arRyee Of 0.39 by than 50 &. The final cycles of refinement were performed
simulated annealing with a torsion angle using the program using the diffraction data to 2.0 A resolution, which yielded
CNS (@7). Further refinements were performed with several an R-factor of 0.207 and afqee of 0.252. Throughout the
cycles of Cartesian simulated annealing refinement, indi- model building and refinement process, 10% of the reflec-
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_ 30
bitiscetin (o) DPG|CILP DWS|SIYIKGH|ICY|K V|FIKK VGTIWE|DAEIKF|C|V|IE|- - NSG
IXX-bp (A) D(C|L S GIW S|S|Y(E G H|C YK A|FIEK YK T|W(E(D A E|R V|C|T|IE|]Q AK G A
flavocetin (o) DF D|IC[I PGWS|AIYIDRY|CY|QA|F|S KP KN|WIE|D AE|S F|ICIE[E[GVKTS
botrocetin (A) D|C|P S GIW S|S|Y|E G N|C YK F|FIQ Q KMN|W|A|D AE|IR FIC|S(EJ]Q AK GG
0 50 _ 60 v 70 __ 80
L|A|S I|(D - - KEEAIDFVITKILIASQTL -TKFVYDAWIGLR|DESIK|T QQC|S P Q
L{VIS T|E - - S GE ADF VIAQILIVTQNMKRIDF - Y IWIGLR|VQG|KIVK|QCIN S E
L|V|S I(E - - SGEG|DF VVAQILIVAEKIKTS FQ-YVWIGLR[I QN|K|E QQC|RS E
LIV[S 1|K 1Y KEK -|DF VIGDILIVTKN 1T - QS S DL YAWI1GLR|VENIKIEK[QC|S S E
w2 ——
9% vV 100 v 110 v __ v 120
W[IT(D|G|S S VIVIYEN|- VDEPT - - KICIFGILIDVHTEYRTIWTDLP|C|GE K[N P|F I[C]K
W|S|DIG[S S VISIYEN(WIEAES - T(CILGILIEK ETG F RK|W|VN 1 Y|C|G Q QN P|F V|C|E
W|SIDIA|S S VINJ]ZYENILVKQF S - KK|C|]YA|LIKKGTEVLRTIW|FNVYC|GTE|NP|E V|CIK
W|S|D|G[S S VISIYEN|- VVERTYV K{C|F AILIEK DL GF V L|W/INULY|CIAQK|N P|F V|C|K
central loop region l 2 l 0 l
130 1 10 v v v v
S RLPH bitiscetin (p) DEG LPD K G KV K VEK TWJA[D A E|JK[F C|K E
A 1X/X-bp (B) D|CIP S DIWS S Y|EGIHC Y|K PIFIS EPKNWA|D A E[N|F C|T Q
YTPESC flavocetin (p) GFC|ICIPLG|WS SYDEHCY|QV|FIQQK MN|W|E[D A E|K|F C[T Q
P PP botrocetin (B) D|C|P P DIWS S Y|EG|HC YR F|FIK EWMH|W|/D|D A E|E|F CIT E
o
40 50 v v . 70 _ 80
L VN|G|G[H L|M[S|V N RIEE|GE|FIl SKLALEKMRIVLVWIIGL SIHF[W|R I|C|P L R(W
Q H A|G|G|H L|V(S|F Q SIE EJADIFIVVKLAFQTFGHS I FWM|GL SN VIWN QC|INW QW
Q H K|G|S|H L|V|S|F H SIEE|VDIFIVTS KTFPI1ILKYDFVWI|IGLS|NV|WNE|C|TK EW
Q Q T|G|A{H L|V[S|F Q K{E EJAD|IFIVRS LTS EMLKGDYV VWIIGL S|D V[W|N K|C|R F EW
B vV 100 1o _ v 120
TDGARLD|Y|R- -ALSDETPI|CIFVAESTFH KIWT QWT|CIN RKK S F|[VCIKYRY
SNAAMLR|YIK - - AWAEESYCIVYFKSTN K|IWIRS RA|CIRMMAOQF|VCIEF QA
S DGTKLD|YIK- - AWSGGSD|ICIIVSKTTD Q|W|IL S MD|C|S S KYY V|VCIKF QA
TDGMETFDYIDDYLLIAEYE|CIVASKPTN KWW 11 1P CITRFKNF|[VCIEF QA

central loop region

FiGure 2: Sequence alignment of bitiscetin with other C-type lectin-like proteins. The residues forming an acidic patch on the concave
surface of bitiscetin are denoted by solid triangles above the alignment, and residues making up a basic patch near the concave surface of
bitiscetin are denoted by open triangles. The secondary structural elements are shown by arfesteéds and rectangles farhelices.

tions were excluded to monité¥.e Bulk solvent correction  (Figure 2). However, bitiscetin did not show evidence of
was also applied during the refinement. The current model being able to bind to G4 ions, as in the case of IX/X-bp
includes 244 of 256 residues of bitiscetin, together with 143 (10) and IX-bp €2). In the conventional Ca-binding site,
water molecules. Residues-3, 60, 61, and 128131 in the amino acid residues used for Tabinding were replaced
o-subunit and residues 1 and 2 in tHesubunit were not  with other amino acids as will be discussed later. Residues
included in the model because of their poor electron density. 61 and 62 in the loop region between heti® and strand

All residues in the model were in the most favorable region 32 of the a-subunit and the N- and C-terminal regions
(92.2%) or in the additional allowed region (7.8%) of the appeared to be obscured by disorder. Each subunit of
Ramachandran plot defined by PROCHECK3)( Ribbon bitiscetin was comprised of a globular unit and a central loop.
models of the main chain fold of the protein were drawn by Each central loop was extended into the globular unit of the
using the programs MOLSCRIPT1Y and QUANTA adjoining subunit, resulting in three-dimensional domain
(Molecular Simulations, Inc.), and the surface representation swapping 23) as previously described in the cases of
of the protein was drawn using the program GRASB).( IX/X-bp and 1X-bp (L0, 22). This dimer was stabilized by
The statistics of data collection and refinement are listed in an interchain disulfide bond between Cysx7é&nd Cys 75

Table 1. as well as by domain swapping. This type of dimerization
generates a unique central concave surface (on the right side
RESULTS AND DISCUSSION of the molecule, as seen in Figure 1), which is important as

Overall Structure The homologous.- andB-subunits of a bin_ding site for the target molecule and expression of
bitiscetin were related by a pseudodyad which was perpen-function (see below).
dicular to the long axis of the molecule (Figure 1), forming  Comparison of the Structures of Bitiscetin and Other
a domain-swapped heterodimer. The conventional carbohy-Functionally Distinct C-Type Lectin-like Protein&s previ-
drate binding site of C-type lectin was disrupted by this ously mentioned, bitiscetin is very similar to other C-type
domain swapping as previously described in structures of lectin-like proteins in both amino acid sequence and main
IX/X-bp (10) and IX-bp @2). This is the reason C-type lectin- chain fold. Theo- and S-subunits of bitiscetin are ap-
like proteins have no lectin activity. The main chain fold of proximately 49 and 42% identical in pairwise sequence to
bitiscetin was similar to those of homologous C-type lectin- the corresponding subunit of IX/X-bp, respectively, and
like proteins with known structures, as might be expected 48 and 42% to that of IX-bp, 41 and 41% to that of X-bp
because of their high degree of sequence homol@dy ( from Deinagkistrodon acutug?4), 48 and 42% to that of
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Ficure 3: Superpositions of the globular units of tfiesubunits
of bitiscetin (red) and IX/X-bp (green) on the left and of bitiscetin
(red) and botrocetin (blue) on the right.

FIGURE 4: Superposition of Ca-binding sites in thex-subunit of
flavocetin-A (FL-A) from T. flavoviridis (25), and 50 and IX/)i—pp (white) and the correspohr]dlng kr]eglon of bitiscetin (red).
45% to that of botrocetin, respectively. The backbone chain C& "IN IX/X-bp is shown as a white sphere.

of each subunit of bitiscetin superimposes well with those g, nits of bitiscetin. It is apparent therefore that the former
of other proteins. Average rms differences for equivalent corresponds to dynamic behavior between the two subunits,
a-carbon atoms of thew- and f-subunit (except for the  yhich js analogous to domain movements proposed by
central loop region) of bitiscetin were 1.30 and 0.94 A over Gernstein et al.Z7), while the latter is sequence-dependent

IX/X-bp, 1.22 and 1.05 A over IX-bp, 1.35 and 1.00 A over  4nq not dynamic.

X-bp in the complex with the Gla domairi), 1.30 and Bitiscetin contained no bound &aions, although it was
1.15 A over FL-A @6), and 1.37 and 1.92 A over botrocetin crystallized in the presence of 10 mM CaCln the
(12), respectively. If the central loop or the adjoining subunit ,_sybunit, the two glutamic acids, conserved for coordination
was added for the superposition calculation, the rms differ- 15 c2+ in a conventional C#-binding site, were replaced
ence values increased markedly. This was because theyjth Asp 43 and Lys 126. The dNatom of Lys 130 was
relative orientation of the two subunits was different between ¢jose to the position corresponding to the?Caccupied in

the two proteins, as was pointed out previously in the |x/X-bp, and contributed to the neutralization of negative
comparison between IX/X-bp and [X-bp3). Figure 3 shows  charges and to the stabilization via hydrogen bonding to the
a typical difference; that is, when tifesubunits of bitiscetin - Q¢ atom of Glu 47A (2.80 A) and the fDatom of Ser 41A
and IX/X-bp are superimposed, a “2@otation of the  (3.08 A) (Figure 4). The side chain of Asp 43 was flipped
a-subunit of bitiscetin around the axis, which passes in the out and exposed to the solvent, causing it to interact with a
proximity of the interchain disulfide bond, is required for water molecule. A similar structure was also observed in
the superposition of the corresponding subunit of IX/X-bp. the corresponding site in th&subunit.

Similarly, an 18 rotation of thea-subunit of bitiscetin is Comparison of the Surface Potentials of Bitiscetin and
required when compared with botrocetin. These values areQther C-Type Lectin-like Protein€-Type lectin-like pro-
exceptionally large because the corresponding values@s  teins from snake venoms have the distinct ability to recognize
when compared between any two IX/X-bp, IX-bp, and X-bp different target molecules28), although their main chain
species. It is likely that the large difference observed in folds are very similar to one another. This functional
bitiscetin is based not only on hingelike motions but also on difference may originate from the structure and surface
structural changes in the central loop. When only the central potentials around the binding site for the target molecule.
loop of thea- and B-subunits of bitiscetin and the corre-  The coagulation factor-binding proteins (IX/X-bp, IX-bp, and
sponding subunit of IX/X-bp are superimposed, the rmsd is X-bp) have a positively charged patch conserved on the
0.54 and 0.87 A for 15 and 17 equivalemtcarbon atoms  central concave surface. Figure 5 shows surface potential
in the center of the loop, respectively, and 2.03 and 3.08 A representations of C-type lectin-like proteins designed for
for the remaining 11 and @&-carbon atoms in the N- and  recognizing different target molecules. They appear to differ
C-terminal regions, respectively. The larger displacements especially on the concave surface. FL-A has two hydrophilic
at the bases of each loop may largely be attributed to the patches which form a putative binding site on the concave
four Pro residues in that region, which affect the orientation surface for GP1bZ6). Different surface potentials reflect the
of each loop, that is, the relative orientation of the two composition of amino acid residues making up the central
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FicurRe 5: Surface representations of IX/X-bp, flavocetin (FL-A), botrocetin, and bitiscetin. Blue corresponds to positive and red to negative
potentials. Upper and lower halves of each molecule correspordA9- and 5(B)-subunits, respectively. The proteins have charge
distributions that are different from one another, particularly on the central concave surface used for binding, as indicated.

concave surface. Typical examples are the Arg residues
(Arg 107, Arg 109, and Arg 112) of the B-subunit of
IX/X-bp replaced with noncharged residues in bitiscetin
(lle 109, Trp 111, and Asn 114) and FL-A (Leu 109,
Met 111, and Ser 114) (Figure 2). Of the eight acidic residues
of bitiscetin, four residues (Asp 65 Glu 960, Asp 114,
and Glu 11@) are replaced with noncharged residues in
IX/X-bp (Tyr 65, Ala 97, Asn 116, and GIn 121), and all
eight residues are replaced with nonacidic residues in FL-A
(Tyr 67, Lys 98, Glu 99, Lys 108, Asn 118, Thr 123, Gly
944, and Gly 9%). In bitiscetin, a number of acidic residues
(Figure 2) are concentrated in the concave surface, forming
an extensive acidic surface (Figure 5), which resembles the
surface potentials of botrocetin, a candidate for binding to a
positively charged surface of the VWF A1 domain containing
helix o6 and the N-terminal portion of heli#5 (29).
Implication for Target Binding.The site of binding of
VWEF to botrocetin was recently assigned to residues Arg
629, Arg 632, Arg 636, and Lys 667 in the A1 domain using
charged-to-alanine scanning mutageneis31). The crystal FIGURE 6: Surface representations of bitiscetin, the VWF Al and
structure of botrocetin, on the other hand, showed that the A3 domains, and their putative binding sites. Arrows denote the

; i« Jossible docking directions of the VWF Al and A3 domains with
negatively charged patch on the central concave surface is their complementary charged surfaces on bitiscetin. Letters N and

putative binding site for the positively charged patch contain- ~ ghow the N- and C-termini of each domain.

ing the basic residues listed above. The results of this study

suggest that a negatively charged patch in the central concavéFigure 5). This patch is another candidate for binding to a
surface of bitiscetin resembles somewhat that of botrocetin, negatively charged patch of the VWF A3 domai®3)

and binds to the VWF A1 domain overlapping the botrocetin because these interactions explain the results of recent
binding site. This is consistent with the results of charged- biochemical experiments in which bitiscetin was found to
to-alanine scanning mutagenesis of the VWF Al domain of bind to an acidic region of the VWF A3 domairi4).
bitiscetin which is similar to that of botrocetiB%). However, Consequently, bitiscetin may bind to both the VWF Al and
the charge distributions in these two proteins, except for the VWF A3 domains. The former binding site is similar to that
concave surfaces, are quite different. Bitiscetin has a basicof botrocetin, but the latter is uniquely different. Figure 6
surface as a whole, while botrocetin has a rather acidic shows a model in which the VWF A1 and VWF A3 domains
surface, reflecting their pl values (9.1 for bitiscetin and 4.6 approach and bind to complementary charged patches on
for botrocetin). Bitiscetin had solvent accessible basic bitiscetin. This docking model is of particular relevance
residues consisting of Lys 17, Lys 20, Lys 23, Lys 30, Lys because (1) the C-terminal residue of the VWF Al domain
60, Arg 62, and Lys 116 which were concentrated on the (Thr 705) and the N-terminal residue of the VWF A3 domain
fB-subunit and formed a unique positively charged patch (Gln 925) are spatially close enough together to allow the

bitiscetin
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VWF A2 domain, which may take on a cuboid structure
similar to the VWF Al or VWF A3 domain (the N- and
C-termini are spatialy close together), to be fitted into and

connected to the neighboring domains and (2) the putative

collagen binding site located on the acidic surface of the
VWF A3 domain is the appropriate distance from the putative
GPIb binding site on the VWF Al domain. Thus, the crystal

structure of bitiscetin presented here appears to provide
relevant insight into the possible interacting surfaces in both

bitiscetin and VWF during VWF activation by bitiscetin.
Further investigations, including structural analysis of the
complex, together with additional biochemical data, should

lead to a clear understanding of the mechanism of bitiscetin-

related VWF activation.
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