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ABSTRACT:. Snake venoms contain a number of hemostatically active C-type lectin-like proteins (CLPs),
which affect the blood coagulation system, endothelial cells, and platelets. CLPs have broad similarities
in structure and possess distinct biological functions. EMS16, a CLP Ecms multisquamatugenom,

which is a potent and selective inhibitor of the collagen receptor, glycoprotein la/lla (integfit), has

been used in the present study to examine structiumgction relationships in venom CLPs by X-ray
crystallography. The structure of EMS16, determined at a resolution of 1.9 A, revealed a heterodimer
involved with domain swapping of the central loop as observed in the structures of other CLPs. A part of
the glycan was observed and identified\iacetylp-glucosamine (GIcNAC) in the electron density map

at Asn21 of subunit B, an expected glycosylation site. EMS16 had a unique, positively charged electrostatic
potential patch on the concave surface that may qualify as a site for interaction with the I-domain of the
glycoprotein la/lla.

Snake venoms contain a wide variety of protein compo- of CLPs solved so far by X-ray crystallograpt8+(11) show
nents affecting haemostasis. One such group consists of thehat they are very similar to each other but differ in their
C-type lectin-like proteins (CLPS)The name of this family ~ functions. This observation suggests that electrostatic, as well
is derived from the primary structure and disulfide bond as size and shape matching, interactions are important for
arrangement of the coagulation factor IX/X-binding protein binding with ligands. The concave surface, which is the
(IX7X-bp) from habu snake venoni(2). Up to the present,  binding site of the Gla domain for X-bp, as mentioned
various CLPs that affect either coagulation factors or platelets previously, has been considered the common binding site
have been sequenced and characterized. CLP is an heterceven for different ligands. In this connection, we previously
dimeric protein consisting of homologous subunits @ ( showed that the electrostatic potentials on the concave surface
and B {3) linked by a disulfide bond. The amino acid are considerably different among IX/X-bp, bitiscetin, and
sequence of each subunit shows homologies with carbo-botrocetin 8). Thus, further crystallographic studies of CLPs,
hydrate recognition domains of the classic C-type lectins, particularly those characterized as having different functions,
although lectin activity has not been demonstrated. We first are deemed necessary for better understanding of structure
determined the crystal structure of a CLP using IX/X-Bp ( function relationships in CLPs.

The structure showed that the two subunits were intimately Recently, EMS16 fronfEchis multisquamatugenom has
associated by domain swapping, and this dimerization been identified as a novel CLP antagonist that acts as a potent
resulted in the disruption of the lectin active site and the and selective inhibitor of a collagen receptor, GPla/lla (also
creation of a concave surface serving as an expectedcommonly referred to as integric2f1) (12). The latter is a
coagulation factor-binding site. Examination of the crystal major receptor expressed in many different cell types for
structure of the complex between factor X-binding protein native collagen types | and IV and laminitad). GPla/lla,
(X-bp) and the Gla domain of factor X revealed that the expressed on platelet membranes, plays a role in the initial
binding site is, in fact, the concave surfa@g. (Structures event in vascular response to injury with another collagen
receptor, GPVI. However, it is still not clear what the
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Ficure 1: Overall structure of EMS16. The left ribbon diagram is viewed from the concave surface, and the one on the right is rotated 90
from the one on the left around the vertical axis. The subunits A and B are shown in magenta and green, respectively. The N and C termini
and each secondary structural element are labeled for both subunits. The side chains of cysteine residues forming an interchain disulfide
bond (Cys81 in subunit A and Cys74 in subunit B), the glycosylated Asn21 in subunit B, and the atteabetyl glucosamine are shown

as ball-and-stick models. The figure was created with the programs MOLSCROPar{d Raster3D31).

and in the presence of a triple helical collagen peptid. (
The I-domf'iin, con_taining f’ibOUt 200 a_mino acid residues, Crystallographic Data

adopts a dinucleotide-binding fold that is very homologous space group P2,212;

to the A-domain of VWF and the I-domains of other integrins ~ cell dimensions (A) a=46.57,0=159.93,

Table 1: Data Processing and Refinement Statistics

al,ol, oM, andaX. In particular, GPla/lla is closely related . c=115.74
to integrin a1l that binds to collagens | and IV with a [ﬁzg's“j'r‘;*; ﬂiﬂgitiﬁs 381%'190 (1.97-1.90F
different affinity. It is of interest, however, that EMS16 does  unique reflections 26199
not interact with the I-domain of integria151 (12). averagd/o(l) . 16.1 (5.6)

The complete amino acid sequence of EMS16 has been ﬁqoor‘;g!gitt?”(%sez)(/") 092'7 (99.7)
recently determined?Q) and found to be approximately 30 Rmerge (%) 3.1(11.6)

50% identical to those of other CLPs (Figure 2). In this paper, Refinement Statistics
we report on the three-dimensional structure of EMS16 at a resolution range used in refinement () 261090

resolution of 1.9 A. R factor (%} 19.6
Riree (%0)° 23.4
EXPERIMENTAL PROCEDURES model
. . . . of -hyd tein at 2128
Crystallization and Data CollectiorEMS16 was isolated 28. Sf gf’yﬁaﬁ a{‘;ﬁ%" profein aoms 14 (GIeNAC)
from the crude venom d&. multisquamatuand crystallized no. of chloride ions 1
as previously describe®@). Briefly, the purified EMS16 no. Ogglycerol nlwlefules 4
was crystallized by the hanging-drop vapor-diffusion method avgfégoe ‘é"?;ecrtgr"(’gfcu es 250
at 293 K. Some diamond-shaped crystals were obtained ina  sypunit A 24.7
week by mixing 1uL of protein solution (5 mg of protein/ subunit B 28.0
mL in 50 mM Tris-HCI buffer, pH 7.5) and 3iL of 9'31°°S¥'ated sugar 3?55-.3
precipitant solution (0.04 M potassium dihydrogen phosphat_e, Ra%);:hnandran plot :
16% PEG8000, 20% glycerol) against 0.5 mL of reservoir residues in most favored 205
solution. X-ray diffraction data on a crystal were collected residues in additional allowed 24
at 120 K using an R-AXIS IV* imaging-plate detector residues in generously allowed 1
residues in disallowed 0

mounted on a copper rotating-anode generator equipped with R\ deviations

an Osmic mirror system (Rigaku). The diffraction was bond lengths (A) 0.008

measured at 1.9 A resolution and then integrated and scaled bond angles (deg) 1.50

using the program CRYSTAL CLEAR (Rigaku). The data  =Values in parentheses refer to the highest resolution $h@Herge

processing statistics are tabulated in Table 1. = Yn2ill(h, i) = D(M)EIXRY [(h, i), wherel(h, i) is the intensity value
Structure DeterminationThe structure of EMS16 was g;:r(‘ﬁ)itfgquf‘fngnsiﬁégé ar‘]’t‘gg(?g‘gzrthe CﬁrFre|5po|rlld|ip|§JFrTe®Eg$ue

determined by the molecular replacem_ent method with the |Fol and|F| are the observed and calculatezd storucturé fact(:)’r amplitudes,

program AMoRe 21) from the CCP4 suite2Q). A search respectivelyd Ry is the same as the factor but for a 5% subset of

model was constructed by homology modeling based on theall reflections.

coordinates of coagulation factor IX-bp)( using Insight Il

2000 (Accelrys). After rotation and translation calculations found with a correlation coefficient of 62.4% amdfactor

over the resolution range of 3@.0 A, a clear solution was  of 39.0%.
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Subunit A/a

a0 70

EMS16 SGFMHRSE I ¥ViEEs
Bitiscetin SOTLTEEVY DAGE
Botrocetin TENIQSSDLY AN
Flavocetin-A AEKIKETSFOY VRS
IX/X-bp TONMKRLDFY I [

S5

——

130 Identity
EMS1é EDLYEFV@KESAYV- 100.0%
Bitiscetin GEKMNEFI@®KSRILPH 39.6
Botrocetin YAOKNEFV@KSPFE- 45,5
Flavocetin-A YCTENEBEV@KYTPEC 48.5

IX/X-bp GOONgEFV@EA----  51.5

Subunit B/f

H2 52
——— E——
50 60
EMS16 SKLASKALKFTSMyT[e

Bitiscetin
Botrocetin

GERISKLALEKMRIVL
DRVESLTSEMLEGDV

Flavocetin-A HCY k AE F D@VTSKETFPILEYDE
I¥/¥X-bp 3 HHCY AR BSA VELAFQTEFGHS TF
Identity
EMS16 100.0%
Bitiscetin 37.5
Botrocetin 35.2
Flavocetin-A 46.1

IX/X-bp 41.4

Ficure 2: Amino acid sequence alignments of EMS16 and other venom CLPs. Sequences are aligned based on structural superposition.
Identity indicates the differences in amino acid residues of CLPs in comparison with that of EMS16. The secondary structural elements are
shown as arrows fgf-strands and rectangles farhelices. The symbols # and $ denote the glycosylation site (amino acid sequence NXT)

and the mutated site (G43S in subunit B) of EMS16, respectively (see text for details).

Structure RefinemenAll crystallographic refinements were  such as bitiscetin, botrocetin, flavocetin-A, and IX/X-bp,
carried out with the program CN&J) using the maximum-  reflecting the high degree of identity in the amino acid
likelihood target function. Throughout the refinement pro- sequence (Figure 2). Each subunit was divided into a globular
cess, the reflection data in the 20.9 A resolution range  domain and a central loop region. The globular domain was
were used, except for 5% of the randomly selected reflectionscomprised of residues-174 and 104-134 in subunit A and
for cross-validation. The 2, — F. andF, — F. electron residues +68 and 95-125 in subunit B. It was further
density and composite omit maps were generated by CNScomposed of two major helices (H1 and H2), five major
and used to manually rebuild the model with XtalVie2d). p-strands (S1-S5), and two sh@strands. Subunits A and
Refinements were performed with several cycles of torsion- B were found dimerized by domain swappiry §, 27) in
angle simulated annealing, energy minimization, individual the central loops of residues #3803 of subunit A and
B factor refinement, and manual model rebuilding. When residues 6994 of subunit B. They made contacts with
the value of theR factor dropped to 25%, the solvent globular domains of the neighboring subunits mainly by
molecules were gradually included in the model. Coordinate, hydrophobic interactions (Figure 1). Dimerization by domain
topology, and parameter files for glycerol were obtained from swapping resulted in a concave surface in the middle of the
the HIC-UP database?9). In the final model, theR factor two subunits, as has been observed in the structures of other
and Rqee converged to 19.6 and 23.4%, respectively. The CLPs g—11).
structure of EMS16 was determined for most of the protein  |n a recent study, it has been found that Asn21 of subunit
with some exceptions, namely, Aspl, Phe2, and Vall34 of B in EMS16 is glycosylated and that the molecular mass of
subunit A, and Pro126, Alal27, and VIal28 of subunit B. the attached glycan is about 2.4 kI28). From the electron
These undetermined residues are located in the N or Cdensity, a part of the glycan was identified ldsacetylp-
terminal regions of the subunits and may be unduly flexible. glucosamine (GIcNAc) covalently linked to Asn21. Because
The stereochemistry of the model was checked with the of poor electron density, it was not possible to find the
program PROCHECKZ6). Refinement statistics are listed continuous sugar residues connecting to GIcNAc. We at-
in Table 1. tribute this to the high mobility of the attached sugars, which

may be expected from the relatively highfactors of most
RESULTS AND DISCUSSION of the atoms in the defined GIcNAc residue (Table 1).

Structural Qeerview. EMS16 consisted of two subunits, The complete amino acid sequence of EMS16 is given in
A and B, which were connected by an interchain disulfide Figure 2 @0), with residue 43 of subunit B shown as glycine.
bond between Cys81 of subunit A and Cys74 of subunit B However, the extra electron density and its shape suggested
(Figure 1). The overall features and secondary elements ofthat this residue is not glycine but serine (Figure 3).
EMS16 were very similar to those of the snake venom CLPs, Assuming that residue 43 is serine, the hydroxyl group would
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Ficure 3: Stereoview of the region around residue 43 in subunit B with Ehe-2F; electron density map contoured av2The side chain
of residue 43 is omitted from the refinement and map calculations. The symmetry related molecule is shown in magenta. The figure was

drawn with the programs XtalView2d) and Raster3D31).

Subunit A

Ficure 4: Superposition of subunits A and B of EMS16 over those of the other CLPs. Stereoview of thec€ of EMS16 (red),
bitiscetin (orange), botrocetin (green), and IX/X-bp (blue) is shown after superposition usiai@ pairs of major secondary elements
(p-strands: S1-S5 and-helices: H1-H3) in each of the subunits. This orientation corresponds to the molecule on the right in Figure 1.

make a hydrogen bond with a distance of 2.54 A to the venom CLPs, as shown in Figure 2. Therefore, residue 43
carboxyl group of Glu98 of subunit A in the symmetry- of subunit B is considered likely to be serine. Such an amino
related molecule. This interpretation is supported by the fact acid difference in this position is probably due to single

that serine is highly conserved in this position among snake nucleotide polymorphism.
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EMS16 Bitiscetin Botrocetin IX/X-bp

Ficure 5: Comparison of the surface electrostatic potentials of EMS16 relative to the other CLPs. The drawn circles for bitiscetin, botrocetin,
and IX/X-bp indicate the binding site of each target molecule. The charge was assigned to each normally ionizable residue (i.e. aspartate,
glutamate, lysine, and arginine). Negatively charged regions are represented in red and positively charged regions in blue. This orientation
corresponds to the molecule on the left in Figure 1. The figure was generated with GR8)SP (

Table 2: Comparison of Structures between EMS16 and the Other
CLPs (Ay

bitiscetin botrocetin IX/X-bp
subunit A 0.54 (0.43) 0.72 (0.52) 0.53 (0.45)
subunit B 1.01 (0.71) 1.12 (0.73) 0.70 (0.54)
all 1.11 (0.92) 1.97 (1.64) 1.72 (1.53)

2The RMS deviations and average differences (in parentheses) are
given for bitiscetin, botrocetin, and IX/X-bp after least squares
superposition using £atoms of major secondary elementshelices:
H1-H3 andp-strands: S1-S5) in each or both subunits.

Comparison with Other C-Type Lectin-Like Proteins.
EMS16 is the first CLP found specifically to inhibit collagen
binding to GPla/lla. With the objective of understanding the
structural details that may account for the biological activity
of EMS16, we compared the structure of EMS16 with those
of other snake venom CLPs (bitiscetin, botrocetin, and IX/ -
X-bp) that have the ability to recognize distinct target .
molecules. The structural superposition of each of the CLP EMS16 I-domain
subunits is shown in Figure 4. The main-chain conformation FIGURE 6: Surface electrostatic potentials of EMS16 and the
of each subunit is well-conserved among the CLPs, excepttﬁé’gg'gf%gm%:laeg%}nTg%F(’)??ﬁ'eb'le dt(’)'rrr‘]‘giclg vizlatse z'iss :%%V;S-Jc:me
for the central loop and the regions between H2 and 8,2’ fandof 2.0 to calculate the surface electrostatic potentials using the
between S3 and S4. The root-mean-square (RMS) deviationgyrogram GRASP28).
are summarized in Table 2. The relative orientation of the
two subunits of EMS16 is similar to that of bitiscetin, but botrocetin and bitiscetin have negatively charged patches
different from that of botrocetin and IX/X-bp, by having a where the VWF Al domain binds as a target molecule. For
more closed conformation (abog®0° rotation) as reported  EMS16, the positively charged and hydrophobic patches exist
by Hirotsu et al. §). Interestingly, these differences are on the concave surface, even though the total surface
concentrated mainly in the concave surface, which may play potential is negatively charged. The positively charged patch
an important role in having determinants expressing distinct is made up of residues Lys97 and Lys102 in subunit A and
biological activities. In actuality, the crystal structures of the Arg92, Lys101, Arg110, and Lys114 in subunit B. It should
complex with the target molecule for IX/X-bg), X-bp (10), be noted that the positively charged patch exists only on the
botrocetin @), and bitiscetin 11) show that the binding site  concave surface in the case of EMS16, which is expected to
to the target molecule is located on the concave surface. be a binding site of the I-domain of GPla/lla, as described

The calculated molecular electrostatic potentials of IX/X- next.
bp, botrocetin, bitiscetin, and EMS16, using the program  Potential Binding Site to Collagen Recept@®m the basis
GRASP ¢8), are shown in Figure 5. The surface potentials of the crystal structure of the complex between the I-domain
on the concave surface may be viewed in a contrasting of GPla/lla and a triple helical collagen peptidE), the
outline shown for the different CLPs. The IX/X-bp has a collagen-binding site of the I-domain is presumed to be
positively charged patch on the concave surface where thenegatively charged (Figure 6). Therefore, the positively
negatively charged residues of the Gla domain of factor charged patch on the concave surface of EMS16 may be
IX/X-bp are involved in binding 4). On the other hand, considered a candidate binding site to the I-domain. Further,
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it has been reported that the cyclic peptide, CTRKKHD-

NAQC, whose design is based on the metalloproteinase

domain of jararhagin, binds to the I-domain of GPla/lla and
prevents the binding of collagen types | and R8), wherein

essential in inhibiting the collagen binding. This result

supports the present assumption that the positively charged 15
patch on the concave surface of EMS16 is the site for binding

to the I-domain.
Nonetheless, it is inexplicable why EMS16 does not inhibit

the

whose conformation and electrostatic potential are essentially 17.

binding of collagen to the I-domain of integiid (12),

identical to those of GPla/llal@). To resolve this problem,

crystal structure analysis of the complex is now in progress.

From a biomedical application point of view, such studies

should help in developing more effective antagonists against 19.

GPla/lla.
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