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Structure of acutolysin-C, a haemorrhagic toxin
from the venom of Agkistrodon acutus, providing
further evidence for the mechanism of the
pH-dependent proteolytic reaction of zinc

metalloproteinases

The structure of acutolysin-C, a haemorrhagic zinc metallo-
proteinase from the venom of Agkistrodon acutus, has been
analyzed and refined at 2.2 A resolution. The space group of
the crystal is P2,2,2;, with unit-cell dimensions a = 46.84,
b = 4952, ¢ = 95.34 A. One molecule was found in each
asymmetric unit. The phasing problem was solved by the
molecular-replacement program AMoRe. Crystallographic
refinement was performed using X-PLOR, leading to final R
and free R factors of 0.176 and 0.272, respectively. The residue
sequence of acutolysin-C was determined mainly by electron
density. No density was found for the first residue at the
N-terminus and the last two residues at the C-terminus, which
was also the case for most other P-I class snake-venom
metalloproteinases (SVMPs). Acutolysin-C has two highly
conserved characteristic sequences His142-Glul43-X-X-
His146- X-X-Gly149-X-X-His152 and Cys162-1le163-Met164.
The enzyme has three disulfide bridges: Cys117-Cys195,
Cys157-Cys179 and Cys159-Cys162. The entire structure
shows good agreement with that of other reported P-I class
SVMPs and has two subdomains with a cleft in which one
catalytic zinc ion is localized. However, the local conformation
(especially the disulfide configurations), the coordination of
the catalytic water molecules and some residue side chains
differ compared with other P-I class SVMPs. The proteolytic
activities of SVMPs are sensitive to the pH value. The
molecular superpositions around the proteolytic active sites of
all the P-I class SVMP crystal structures show that the
distances between the zinc ion and its ligands are not
correlated with the crystallization pH values, although the
contact distances between the catalytic water molecule and
the O atoms of the Glul43 carboxylate group in the neutral
and weakly alkaline structures are shorter than those in
weakly acidic structures, and the closer the crystallization pH
value of one enzyme is to its optimal activity pH value, the
shorter the contact distances. Overall, all P-I class SVMPs
have similar conformations in the active-site cleft. The size of
the active site is not correlated with the crystallization pH
values or the proteolytic activities. The disulfide bridge
Cys117-Cys195 is conserved in all crystal structures of P-I
class SVMPs, whereas the conformation and number of
disulfide bridges in the C-terminal subdomain differ. Acuto-
lysin-C has no structural calcium ion, which may not affect the
proteolytic activity or haemorrhagic activity directly.

1. Introduction

The snake-venom metalloproteinases (SVMPs, also known as
adamalysins), together with the astacins, the matrix metallo-
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proteinases (also known as matrixins or collagenases) and the
serralysins (large bacterial proteases from Serratia, Erwinia
and Pseudomonas), form a family of proteolytic enzymes for
which the designation ‘metzincins’ has been proposed, as all
four kinds of proteinases exhibit the characteristic consensus
motif HExxHxxGxxH, with the three histidine residues being
involved in binding the catalytically essential zinc ion, and
share a conserved methionine residue beneath the active-site
metal as part of a superimposable ‘Met-turn’ (Bode et al,
1994; Gomis-Riith et al., 1993, 1994; Hooper, 1994; Stocker et
al., 1995). A large number of SVMPs with different molecular
weights and biological functions have been isolated from the
crotalid and viperous venoms; some of these are also named
haemorrhagins or haemorrhagic toxins owing to their
capability to destroy the structures of the basement membrane
and the extracellular matrix surrounding capillaries and small
vessels and cause local haemorrhage after injection into
experimental animals (Ownby, 1990; Bjarnason & Fox, 1994),
whilst others are non-haemorrhagic. The SVMPs can be
classified into four classes, P-1, P-II, P-III and P-IV, according
to the number and organization of the domains contained. The
largest SVMPs (P-IV class) contain a proteinase domain, a
disintegrin-like domain, a cysteine-rich domain and a lectin
domain sequentially from the N-terminus to the C-terminus.
The smallest SVMPs (P-1 class) contain only a proteinase
domain. The proteinase domain is represented by three forms:
a two-disulfide, a three-disulfide and a four-disulfide structure
(Chung et al., 1996). The P-I class can be further divided into
two subclasses: P-IA, having strong haemorrhagic activities,
and P-IB, having weaker or no haemorrhagic activities
(Bjarnason & Fox, 1995). Additionally, a variety of organisms
including mammals, reptiles and invertebrates have been
found to produce a family of multi-domain proteins generally
termed ADAMSs, which are proteins containing a disintegrin-
like and metalloproteinase domain (Wolfsberg et al., 1995). In
addition to the domain structure described for the P-III class
of SVMPs, the ADAMs have an epidermal growth-factor-like
domain, a transmembrane domain and a cytoplasmic domain
(Jia et al., 1996) and are also considered to be members of the
reprolysin family (Bjarnason & Fox, 1995).

In the SVMP family, crystal structures of three P-IB
subclass SVMPs with or without inhibitor have been deter-
mined: adamalysin II from Crotalus adamanteus venom
(Gomis-Riith et al., 1994, 1998; Cirilli et al., 1997), atrolysin C
from C. atrox venom (Zhang et al., 1994; Botos et al., 1996) and
H,-proteinase from 7. flavoviridis (Kumasaka et al., 1996); the
crystal structure of acutolysin-A, a member of the P-IA
subclass SVMPs from Agkistrodon acutus, has also been
determined (Gong et al., 1998). Adamalysin IT and atrolysin C
are two-disulfide enzymes, whilst H,-proteinase and acuto-
lysin-A are three-disulfide enzymes. However, adamalysin 11
and H,-proteinase are both non-haemorrhagic; in contrast,
atrolysin C and acutolysin-A possess weak and strong
haemorrhagic activities, respectively. These proteases are
similar in terms of crystal structure. The proteolytic
mechanism and the geometric characteristics of SVMPs
binding to inhibitors have been analyzed (Gomis-Riith et al.,

1994, 1998; Zhang et al., 1994; Cirilli et al., 1997); however, the
detailed mechanisms of the proteolytic activity such as why the
proteolytic activity is sensitive to pH value remain to be
understood. As has been reported, most of the SVMPs show
optimal activities under neutral or weakly alkaline conditions
(Kurecki et al., 1978; Bjarnason & Fox, 1987; Kumasaka et al.,
1996; Zhu, Zhu et al., 1997).

The venom of Chinese mainland A. acutus contains plenty
of potent haemorrhagins. Four haemorrhagins, acutolysin-A,
acutolysin-B, acutolysin-C and acutolysin-D, have been puri-
fied and characterized (Xu et al., 1981; Zhu, Gong et al., 1997,
Zhu, Zhu et al., 1997). In contrast to other SVMPs whose
crystal structures have been determined, acutolysin-C is an
alkaline zinc metalloproteinase (p/ > 9.0) and possesses weak
haemorrhagic activity (Xu et al., 1981). The crystallization and
preliminary X-ray crystallographic analysis of acutolysin-C
(Gong et al., 1996, 1997) have been reported previously, but
the amino-acid residue sequence, the number of intra-chain
disulfide bridges and the metal ions which may occur in the
protein are still unknown. The purpose of this paper is to
provide details of the crystal structure and the possible
‘crystallographic sequence’ of acutolysin-C at 2.2 A resolution
and to discuss the mechanism by which the proteolytic activ-
ities of zinc metalloproteinases vary with the pH value.

2. Materials and methods
2.1. Crystallization and data collection

Acutolysin-C was purified as described previously (Gong et
al., 1996), with two chromatographic steps (DEAE-Sepharose
Fast Flow and Sephacryl S-200). Crystals of acutolysin-C were
grown at room temperature by the hanging-drop vapour-
diffusion technique from protein solution [20 mgml™
buffered with Tris-HCl pH 7.5 containing 10%(w/v) PEG
4000] equilibrated against the precipitating solution [buffered
with Tris—-HCI pH 7.5 containing 20% (w/v) PEG 4000] for a
week or longer.

Diffraction data were collected on a MAR Research
imaging-plate system mounted on a X-ray generator (40 kV,
50 mA) with a sealed copper-target tube and a graphite
monochromator at our laboratory. The crystal-to-detector
distance was set to 150 mm. A total of 90 frames were
recorded from one crystal at room temperature, with an
oscillation angle range of 1.0° per frame. The data were
integrated and scaled (Table 1) with DENZO and SCALE-
PACK (Otwinowski, 1993; Minor, 1993).

2.2. Structural determination and refinement

Acutolysin-C was located using the H,-proteinase (Kuma-
saka et al., 1996) as a model in rotation and translation sear-
ches with AMoRe (Navaza, 1994) from the CCP4 package
(Collaborative Computational Project, Number 4, 1994). The
metal ion, water molecules and the side chains of 61 highly
variable residues of H,-proteinase were excluded from the
search model; the temperature factors of all remaining atoms
were set t0 20.0 A2 The clear rotation and translation solution
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Table 1
Data collection and structural refinement of acutolysin-C structures.
Crystallization pH 7.5
Space group P2,2,2,
Unit-cell dimensions
a(A) 46.84
b (A) 4952
c(A) 95.34
Number of molecules in asymmetric unit 1
Resolution range (A) 8.0-2.2
Independent reflections 10704
Completeness (%) 90.7
Last-shell completeness (%)t 95.5
Ruerget 0.080
Last-shell Rperget: 0.263
Number of waters 105
Number of metal ions 1
Rcrysl § 0.176
Riree § 0.272
Bond-length r.m.s. deviation (A) 0.015
Bond-angle r.m.s. deviation (°) 1.85
Average temperature factors (A?)
All atoms 22.84
Protein atoms 21.75
Main-chain atoms 20.89
Side-chain atoms 22.46
Water molecules 38.47

+ The last shell is from 2.25-2.20 A. i Rmerge = S =)/ > {I), where [ is the
observed diffraction intensity and (/) is the average diffraction intensity of several
measurements of one reflection. The summation is over all reflections. § R =
> “Fol - ‘FrWZ |F,|, where F, and F, are the observed and calculated structure
factors, respectively. The conventional crystallographic R factor (R..ys) and free R factors
(Rpree) are calculated using the work and test reflection sets, respectively.

had a correlation coefficient of 66.2% and an R factoro (Reryst)
of 0.379 for all data in the resolution range 20.0-4.5 A.
Expanding and using the data with Fs > 2.00(F,) to 2.2 A
resolution, preliminary refinement of the model given by
molecular replacement was performed using the simulated-
annealing (SA) protocol of X-PLOR (Briinger, 1992a). A test
data set containing 10% of the reflections was selected and
reserved for the calculation and examination of the free R
factor (Ryee; Briinger, 1992b) throughout the entire refine-
ment process. Based on the electron-density maps (2F, — F.
map and F, — F. map), the structure was rebuilt using the
graphics programs O (Jones et al., 1991) and CHAIN (Sack,
1988). The initial Ry and Rg.. were 0.424 and 0.437,
respectively, and the initial 2F, — F. map generated by
X-PLOR (Briinger, 1992a) showed that the model fitted the
electron density well except for the main chains and side
chains of residues 154-163 and 169-173 and the side chains of
some other residues. 45 ‘bad’ side chains which did not fit the
electron density well were deleted; the main chains of residues
154-163 and 169-173 were retained, but their occupancy
factors were set to zero in order to remove their contributions
to the structural factors. Re;ys and Ry fell to 0.266 and 0.375,
respectively, after several cycles of X-PLOR SA minimization
in which the weighting scheme for diffraction term was skil-
fully adjusted as demonstrated by the falling R,y and Ryree.
At this point, the 2F, — F. map showed that a relatively
strong peak of electron density representing the intrinsic Zn**
ion was very clear at a position similar to that in other
adamalysins (Gomis-Riith et al., 1994; Zhang et al., 1994;

Kumasaka et al., 1996; Gong et al., 1998). The main chains of
all residues and the side chains of most residues could be
identified unambiguously by their electron density. In order to
find the differences between some side chains, e.g. Asp and
Asn, Glu and Gln, Thr and Val, Lys and Met or His and Phe,
the local environment around the residues, especially the
ability to form hydrogen bonds and/or salt bridges with
neighbouring groups, was taken into account, together with
the alignment of the sequence homology of 24 SVMPs. After
rebuilding the structures of all side chains and the main chains
of residues 154-163 and 169-173, several cycles of restrained
positional and individual temperature-factor refinements were
performed alternately, which decreased Rgyq and Ry to
0.217 and 0.294, respectively. Three shells of water molecules
were then added wusing the X-PLOR 3.851 program
WATERPICK and refined using the restrained positional and
individual temperature-factor refinements. The water mole-
cules were located as peaks possessing electron density greater
than 1.30 in 2F, — F, maps and reasonable stereochemical
geometry; the corresponding peaks in F,, — F, maps could also
be found. The changes in Ry.. were monitored and only
structures possessing decreased Rp.. were accepted and
retained in the course of the entire model refinement
mentioned above.

3. Results and discussion
3.1. Quality of the model

One zinc ion, 1497 non-H atoms and 105 water molecules
were located and refined, leading to excellent stereochemical
geometry and final Ry and Rge. values of 0.176 and 0.272,
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Figure 1

Ramachandran plot of acutolysin-C. The main-chain conformational
angles (¢ and ) of all non-glycine residues (indicated by a box), except
for Cys117, lie within the allowed low-energy regions (indicated by solid
boundaries). Glycine residues are indicated with a triangle. The plot was
produced using PROCHECK (Laskowski et al., 1993).
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Table 2

Geometry of zinc ion binding environment, the number of disulfides and the haemorrhagic activity of acutolysin-C and other SVMPs for which crystal

structures have been reported.

Data for adamalysin II derived from Gomis-Riith ef al. (1994) and Kurecki et al. (1978); data for atrolysin C derived from Zhang et al. (1994), Bjarnason & Fox
(1987) and Bjarnason & Tu (1978); data for acutolysin-A derived from Gong et al. (1998), Zhu, Zhu et al. (1997) and Xu et al. (1981); data for H,-proteinase derived

from Kumasaka et al. (1996).

Atrolysin C
Adamalysin II Acutolysin-A (chain A) Acutolysin-A Acutolysin-C H,-proteinase

Crystallization pH value 5.0 5.0 6.8 7.5 7.5 8.0
Optimal pH for proteolytic activity 10.0 ~8.8 8.3 ~8.8 ~7.0 ~8.0
His142 N**—Zn (A) 2.09 2.05 2.01 2.07 2.05 2.39
His146 N°2—Zn (A) 2.14 2.26 2.02 2.10 2.08 2.26
His152 N“'Z—QZn A) 2.11 2.27 2.02 2.09 1.88 2.19
Water—Zn (A) 235 2.16 2.11 2.06 1.98 244
Water- - -Glu143 O°! (A) 411 4.19 4.15 3.84 3.95 342
Water- - -Glu143 0% (A) 4.66 3.85 4.08 3.53 3.51 327
Number of disulfides 2 — 2 3 3 3
Minimum haemorrhagic dose (jLg) None - 11.0 0.4 10.0 None

respectively, for the diffraction data to 2.2 A resolution
(Table 1). No residues were found in the disallowed regions of
the Ramachandran plot (Fig. 1) and 92.3% of residues were in
the most favoured regions. The residue Cys117 had confor-
mational angles in the generously allowed regions, as observed
in other reported adamalysins, which may be the result of the
formation of the Cys117-Cys195 disulfide bond. The mean
deviation of coordinates in the final model was estimated from
a Luzzati plot (Luzzati, 1952) to be in the range 0.25-0.30 A
(data not shown). All residues except for the main chains of
Alal5s, Gly156, Ser169 and Ser170 fitted the electron density
well in the refined structure (Fig. 2). The temperature factors
for all groups, including the water molecules and zinc ion, were
crystallographically acceptable (Table 1, Fig. 3).

The amino-acid residue sequence was determined mainly
from the electron density (Table 2). No density was found for
the first residue at the N-terminus and the last two residues at
the C-terminus, which was also the case in most other P-I class
SVMPs; it remains unknown whether these residues are
absent or are crystallographically disordered. The recognition
of several residues on the molecular surface (such as Ala35,
Val50, Ala62, Alal55, Glyl156, Ser158, Thr161, Lys181 and
I1e190) was ambiguous owing to the unclear electron density;

o P B R e amh) e
s Sé P43 OE2 #

Figure 2

The active-site structure of acutolysin-C superimposed with the electron densities.

The plot was produced using CHAIN (Sack, 1988).

however, the highly conserved residues at the zinc ion binding
site and putative calcium ion binding site fitted the electron
density well.

3.2. Crystallographic sequence and overall structure

The current ‘crystallographic sequence’ of acutolysin-C has
a high homology with other zinc metalloproteinases of low
molecular weight (Fig. 4). Acutolysin-C has three disulfide
bridges (Cys117-Cys195, Cys157-Cys179 and Cys159-
Cys162). Acutolysin-C also has two highly conserved char-
acteristic sequences His142-Glu143- X-X-His146-X-X-Gly149-
X-X-His152 and Cys162-Ile163-Met164. Both acutolysin-C
and acutolysin-A are purified from the same venom; acuto-
lysin-A is a acidic protein, whilst acutolysin-C is alkaline.
Based on the current C‘crystallographic sequence’, the
sequence alignment between acutolysin-C and acutolysin-A
shows about 50% homology; clearly, the accurate percentage
homology needs to be further confirmed after determining the
correct sequence of acutolysin-C. Also, the entire amino-acid
sequence of acutolysin-C should be determined by chemical
and/or cDNA sequencing to diminish the ambiguity in the
recognition of residues owing to the relatively poor
diffraction resolution limit of the crystals.

The general folding of the polypeptide chain in
acutolysin-C is essentially similar to that in other P-I
class SVMPs (Gomis-Riith et al., 1994; Zhang et al.,
1994; Kumasaka et al., 1996; Gong et al., 1998). Its
secondary structure is composed of two structural
domains separated by a cleft (Fig. 5). The ‘upper’
domain (residues 2-152) consists of a central highly
twisted five-stranded S-sheet with a-helices arranged
on the both sides of this central sheet. The central
B-sheet has four parallel -strands: strand I (residues
6-14), strand II (residues 49-58), strand III (residues
94-99) and strand V (residues 123-127). Strand IV
(residues 108-112), which faces the cleft, is anti-
parallel. Strands I and II are connected through a
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short helix A (residues 16-21) and a long helix B (residues 26—
45); helix C (residues 71-86), which covers large parts of the
three central S-strands (B-strands I, II and III) together with
two loop segments, is on the opposite side to helix A, helix B

70

Temperature lactor (AZ)

0 20 40 60 80 100 120 140 160 180 200

Residuc number

Figure 3
The temperature-factor distribution of main chains (solid line) and side
chains (dashed line) of acutolysin-C.

1 10 20 30 40 50
Acutolysin-C -PAPQTSIELFLIVDHSMYAKYNSNSSKITTTLKARVNIMNAIYSSLNLV
Acutolysin-A STEFQRYMEIVIVVDHSMVKKYNGDSNSIKAWVYEMINTITESYSYLNID
Adamalysin Il <EQNLPQRYIELVVVADRRVFMKYNSDLNIIRTRVHEIVNIINEFYRSLNIR
Atrolysin C <EQNLPORYIELVVVADHRVFMKYNSDLNTIRTRVHEIVNFINGFYRSLNIH

Hy-proteinase ERFPQRYIELATVVDHGMYKKYNQNSDKIKVRVHNMVNHINEMYRPLNIA

51 60 70 80 20 100
Acutolysin-C ITLSGIEMWSAADLITVQSSSRNTLKLFASWRETDLLKRTSNDNAQLLTA
Acutolysin-A ITLSGLEIWSEKDLINVEASAANTLKSFGEWRAKDLLHRISHDNAQLLTA
Adamalysin I VSLTDLEIWSGQDFITIQSSSSNTLNSFGEWRERVLLTRKRHDNAQLLTA
Atrolysin C VSLTDLEIWSNEDQINIQSASSDTLNAFAEWRETDLLNRKRHDNAQLLTA

Hy-proteinase TSLNRLNIWSKKDLITVKSASNVTLES FGNWRETVLLKQONNDCAHLLTA

101 110 120 130 140 150
Acutolysin-C TNFNGNTVGLAYLKTMCNSKYSVGLIQDHSAI PLLMAVTMAHELGHNLGM
Acutolysin-A TDFDGATIGLAYTASMCNPKRSVGIIQDHSSVNRLVAITLAHEMAHNLGY
Adamalysin T INFEGKIIGKAYTSSMCNPRSSVGIVKDHSPINLLVAVTMAHELGHNLGM
Atrolysin C IELDEETLGLAPLGTMCDPKLS IGIVQDHSPINLLMGVTMAHELGHNLGM

Hj-proteinase TNLNDNTIGLAYKKGMCNPKLSVGLVQDYSPNVFMVAVIMTHELGHNLGM

151 160 170 180 180 198
Acutolysin-C NHDGAG.CSC. . ATCIMAPVLSSGPAKSFSDCSKHDYQSFLTIHKPQCLLN
Acutolysin-A SHDEGS . CSCGGKSCIMSPSISDETSKYFSDCSYIQCRDYIAKENPPCILN
Adamalysin I EHDGKD . CLRGASLCIMRPGLTPGRSYEFSDDSMGYYQKFLNQYKPQCILNKP
Atrolysin C EHDGKD . CLRGASLCIMRPGLTKGRSYEFSDDSMHYYERFLKQYKPQCILNKP

Hy-proteinase EHDDKDKCKCEA . . CIMSDVISDKPSKLFSDCSKNDYQTFLTKYNPQCTLNA

Figure 4

Alignment of the current sequence of acutolysin-C from A. acutus with
some snake-venom metalloproteinases. <E denotes 5-pyrrolidone-2-
carboxylic acid. Acutolysin-A is a strongly haemorrhagic proteinase from
Chinese mainland A. acutus (Gong et al., 1998). Adamalysin II is a non-
haemorrhagic proteinase from the Eastern diamondback rattlesnake
C. adamanteus (Gomis-Riith et al., 1994). Atrolysin C is a weakly
haemorrhagic proteinase from the Western diamondback rattlesnake
C. atrox (Shannon et al, 1989) H,-proteinase is a non-haemorrhagic
proteinase from T. flavoviridis (Takeya et al., 1989).

and helix D (residues 133-147). The ‘lower’ domain (residues
153-198) consists of a long a-helix (helix E, residue 178-191)
and a complicated loop region, which contains the Met-turn
and is stabilized by two disulfide bridges. The bottom of the
cleft is occupied by a catalytic active centre consisting of the
Zn atom and its chelators.

3.3. The pH-dependent proteolytic activity

The zinc ion binding site of acutolysin-C is similar to that of
other P-I class SVMPs (Fig. 2). The zinc ion is located at the
bottom of the active-site cleft and is ligated by three N** atoms
of His142, His146 and His152 and the O atom of a putative
catalytic solvent molecule Water300; the water molecule is
close to the O atoms of the Glul43 carboxylate group.

After determination of the astacin and adamalysin II
structures (Bode et al., 1992; Gomis-Riith et al., 1994), it was
proposed that Glu143 could polarize the zinc ion coordinated
water molecule Water300, prompting its nucleophilic attack
on the scissile peptide bond of a polypeptide chain substrate.
The key role of this water molecule was confirmed by the
structures of the complexes of atrolysin C with inhibitors
(Zhang et al., 1994). It was also indicated that the carbonyl
group of the scissile peptide bond will point towards the zinc

Figure 5

Overall structure of acutolysin-C. The molecule is shown in standard
orientation. The three disulfide connections, the zinc ion (filled circle) and
the three histidine residues and the catalytic water molecule ligating the
zinc ion are also shown. The plot was produced using MOLSCRIPT
(Kraulis, 1991).
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ion and be polarized (Gomis-Riith et al, 1994). The
mechanism of the proteolytic reaction of zinc
metalloproteinase(s) may be as follows: the zinc-ligating
Water300 is polarized by the carboxylate group of Glu143 and
negatively charged, then makes a nucleophilic attack on the
positively charged carbonyl C atom of the scissile peptide
bond (for the proposed mechanism, see Matthews, 1988;
Gomis-Riith et al., 1994).

Similar to other SVMPs, the proteolytic activity of acuto-
lysin-C depends on the pH value and the optimal activity
appears under neutral or weakly alkaline conditions. The
structures of acutolysin-A crystallized at different pH values
show that the contact distances between the catalytic water
molecule and the O atoms of Glul43 carboxylate group in the
weakly alkaline structure (with a higher proteolytic activity)
are shorter than those in the weakly acidic structure (with a
lower proteolytic activity). This small amount of conforma-
tional change in the active site is a possible reason why
acutolysin-A shows different proteolytic activities at different

44
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Figure 6

The plot of average distances between the catalytic water molecule and
the O atoms of the Glu143 carboxylate group against the pH deviations of
the optimal proteolytic activity pH values from the crystallization pH
values of P-I class SVMPs.
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pH values (Gong et al., 1998). By comparing the available
structural data of the P-I class SVMPs, it can be found that the
coordination of zinc ion in the active site of all the proteinases
is tetrahedral under different pH conditions and that the
contact distances between the zinc ion and ligands are not
dependent on the crystallization pH values; however, the
contact distances between the catalytic water molecule and
the O atoms of the Glu143 carboxylate group under neutral or
weakly alkaline conditions are shorter than those under
weakly acidic conditions (Table 2), and the closer the crys-
tallization pH value is to the optimal activity pH value, the
shorter the average distances (Fig. 6). The dependence of the
proteolytic activity on pH value may be related to the pK, of
the Glul43 carboxylate group (Gomis-Riith et al., 1994). The
pK, of a glutamate carboxylate group is about 4.3. Under
weakly acidic conditions, the ability of the Glu143 carboxylate
group to polarize the catalytic water molecule may be very
small and the water molecule may not be sufficiently nega-
tively charged for nucleophilic attack; the proteolytic activity
may therefore be low. When the pH value increases to weakly
alkaline, the polarization capability of the Glul43 carboxylate
group may become stronger and the contact distances
between the -catalytic water molecule and the Glul43
carboxylate group thus become shorter (Table 2), making the
catalytic water molecule fully negatively charged. The
distances between Water300 and the Glul43 carboxylate
group in the acutolysin-C structure are shorter, which is
consistent with the experimental observation that the crys-
tallization pH value is close to its optimal activity pH value.

3.4. Comparison of active-site clefts

Just as in adamalysin II (Gomis-Riith ef al., 1994), in stan-
dard orientation the active-site cleft of acutolysin-C is flat
from left to right. The left floor of the cleft consists of His191,
I1e190, Ser1l8 and Asnl51. The p-sheet segment
Vall08-Lys114 together with segment His129-Leul35 form
the upper edge of the cleft, while segment Prol66-Leul68
separates the S1' pocket from the solvent area. The S1’
hydrophobic pocket, which contains two water molecules in
the acutolysin-C structure, is lined by the side
chain of Thr139, the main and side chain of
Vall08, the main chain of the segment
Prol66-Leul68 and the side chain of Leul68.
Overall, the active-site clefts of the P-I class
SVMPs are similar (Fig. 7). The clefts of
acutolysin-A structures at different pH values
are almost the same. The cleft of acutolysin-C is
more similar to that of H,-proteinase. Thus, the
size of the cleft may not correlate directly with
crystallization pH value and the proteolytic
activity; the discrepancy of clefts may result
from the difference between enzymes. The S1’
pocket of atrolysin C (form d; Botos et al., 1996)
has been found to possess a differently shaped

Superposition of the active-site regions and the S1” pocket of acutolysin-C (thick line),
acutolysin-A (moderate line) and adamalysin II (thin line) shown in standard orientation
(see Fig. 4). The plot was produced using CHAIN (Sack, 1988).

entrance and has a 23% larger volume than the
corresponding pocket of MMP-8, which suggests
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Figure 8
Superposition of calcium ion binding site of acutolysin-A (thin line) and acutolysin-C
(thick line). The calcium ion is only included in acutolysin-A. The plot was produced
using CHAIN (Sack, 1988).

that while atrolysin C (form d) exhibits complete occupancy of
the S1’ pocket, it will be unlikely that BB-94 binds human
MMP-8 in the same orientation because of the marginally
constricted entrance of the pocket. The S1’ hydrophobic
pocket of adamalysin II is also larger than that in tumour-
necrosis factor-a-converting enzyme (TACE), a member of
the matrix metalloproteinase MMP-10 (Cirilli ez al., 1997).

3.5. The conformation of the disulfides

The P-I class SVMPs contain two to four disulfide bridges.
The sequences published so far have a conserved disulfide
bridge, Cys117-Cys195, which connects two subdomains. The
number of disulfide bridges varies in the C-terminal sub-
domain. In addition to the conserved disulfide bridge, acuto-
lysin-C has two further disulfide bridges in this subdomain:
Cys157-Cys179 and Cys159-Cys162. Of the SVMP structures,
adamalysin II and atrolysin C contain two disulfide bridges
and H,-proteinase and acutolysin-A belong to the three-
disulfide enzymes. The conformations of the disulfide bridge
Cys117-Cys195 are conserved in all the crystal structures of
P-I class SVMP, whereas the conformations and/or number of
the disulfide bridges in the C-terminal subdomain are
different. The haemorrhagic activities of the snake-venom
metalloproteinases are listed in Table 2, which shows that the
number of disulfide bridges is not related to the haemorrhagic
activity. The proteolytic activities of the metalloproteinases
published cannot be compared directly because different
methods were utilized for the activity determination. At pH
5.0 and pH 7.5, acutolysin-A shows very similar disulfide-
bridge conformation, although it has different proteolytic
activities (Gong et al, 1998). Therefore, it seems that the
conformations of the disulfide bridges do not play a key role in
the proteolytic reaction. This is somewhat paradoxical to the
general view about the function of the disulfide bridges.

3.6. The calcium ion binding site

A structural calcium ion occurs on the molecular surface of
adamalysin II opposite to the active-site cleft and close to the
crossover point of the N-terminal and the C-terminal segments
(Gomis-Riith et al., 1994). This calcium ion is ligated by seven

O atoms from Cys197, Asn200, Glu9, Asp93, a
water molecule and GIn196 of the adjacent
symmetry-related molecule. Of these five residues,
Cys197 is strictly conserved and the other four are

Cheso
22900 }‘X conserved in most snake-venom metalloprotei-

nases. However, the calcium ion is ligated by seven
and six O atoms in weakly acidic and alkaline
acutolysin-A structures, respectively (Gong et al.,
1998); the common residues are Cys197, Asn200,
Glu9, Asp93 and one water molecule; the seventh
ligand in alkaline acutolysin-A structure is also a
water molecule. No areas representing the calcium
ion could be found in the electron-density maps,
although these residues are all conserved in
acutolysin-C (Fig. 8). The calcium ion may not
affect the proteolytic activity as it is far from the
active site. Moreover, acutolysin-C and H,-proteinase have
weak and little haemorrhagic activity, respectively, though
both proteinases do not have a calcium ion (Table 2). There-
fore, it seems that the calcium ion does not directly affect the
haemorrhagic activity. Owing to its position close to the
C-terminus, the calcium ion could play an important role in
the multidomain SVMP structures in stabilizing and tightening
the segment connecting the catalytic domain with the
succeeding disintegrin-like domain (Gomis-Riith et al., 1994).

We are indebted to Drs W. Bode, E. F. Meyer and T.
Kumasaka for their kind supply of the coordinates of
adamalysin II, atrolysin C and H,-proteinase and to our
colleagues in the laboratory for their useful suggestions. This
work was supported financially by grants to LN from the
Chinese Academy of Science and State Commission of
Education of China.
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