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AaHIV, a P-III-type snake venom metalloproteinase (SVMP), consists of metalloproteinase/disintegrin/
cysteine-rich (MDC) domains and is homologous to a disintegrin and metalloproteinase (ADAM) family
proteins. Similar to brevilysin H6 and jararhagin, AaHIV can easily autolyse to release a stable protein
named acucetin, which contains disintegrin-like and cysteine-rich domains. In this study, we determined
the crystal structure of AaHIV and investigated the autolysis mechanism. Based on the structure of AaHIV
and the results from docking experiments, we present a new model for target recognition in which two
protein molecules form a functional unit, and the DC domain of one molecule is used for target recogni-
tion while the M-domain of the other is used for target proteolysis. Our results shed new light on the
mechanism of target recognition and processing in ADAM/reprolysin family proteins.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Snake venom, which is very toxic, is a mixture of proteins and
peptides with different biological activities. Snake venom metallo-
proteinases (SVMPs) act synergistically with many other toxins to
cause severe bleeding [1]. SVMPs are members of the reprolysin
subfamily of the M12 family of metalloproteinases [2], and based
on their domain organization, they are classified as P-I, P-II, P-III,
and P-IV [3]. P-III-type SVMPs possess a metalloproteinase domain
(M-domain), a disintegrin-like domain (D-domain), and a cysteine-
rich domain (C-domain). P-IV-type SVMPs have an additional C-
lectin domain linked to the other domains through a disulfide
bond. The P-III-type and P-IV-type SVMPs are grouped into the
ADAM/reprolysin family of proteins on the basis of their MDC do-
main architecture [2].

It has been found that some P-III-type SVMPs, including brevily-
sin H6 [4], jararhagin [5], and bothropasin [6], can be degraded
through autoproteolytic events in vitro. This degradation process
leads to the release of a stable fragment consisting of a disinte-
grin-like domain and a cysteine-rich domain. During the autoprote-
olysis of brevilysin H6, more than 25 peptide bonds may be cleaved,
C-terminal to which are some hydrophobic amino acid residues [4].
Based on the autodegradation feature mentioned above, these
metalloproteinases are classified in the P-IIIb subfamily [5].

The widely accepted mechanism for the hemorrhagic activity of
SVMPs is one in which these metalloproteinases degrade the cap-
ll rights reserved.
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illary basement membranes and surrounding extracellular matrix
thereby promote bleeding from capillaries [7]. Moreover, SVMPs
also degrade blood coagulation proteins such as fibrinogen and
the von Willebrand factor (VWF) [8]. Similarly, ADAMs, which con-
stitute a family of mammalian membrane-anchored glycoproteins,
are implicated in the processing of cell surface and extracellular
matrix proteins [9,10]. To date, the structure of an intact ADAM
with all its MDC domains has not been determined, and the struc-
tural basis of the catalytic and adhesive functions of this family of
proteins is elusive. Recently, the crystal structures of VAP1, VAP2B
and bothropasin, which belong to the P-III SVMP family, were re-
ported [11–13]. However, there are few studies on the autolytic
mechanism of P-IIIb subfamily proteins and the function of the
D-domain in target recognition.

AaHIV is a P-III-type metalloproteinase from Agkistrodon acutus
venom. It is an acidic protein with strong caseinolytic activity at pH
7–9 and can induce hypodermic hemorrhage [14]. This protein can
be autodegraded to a stable fragment named acucetin containing
the DC domain [15]. In this study, we present the crystal structure
of AaHIV. Based on this, we examine the autolytic mechanism of
this protein. The autolytic process suggests a novel model of target
recognition by ADAM/reprolysin family proteins.
Materials and methods

Purification of AaHIV and an intermediate. AaHIV from A. acutus
venom was purified using a previously described procedure [14].
A high molecular weight intermediate of AaHIV-to-acucetin was
obtained from the autolysis solution of AaHIV by using one-step li-
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quid chromatography, and the resulting protein was sequenced
(details provided in Supplementary material).

Autolysis assay of AaHIV. AaHIV dissolved in 0.1 M Tris–HCl buf-
fer (1 mg/ml, pH 8.0) was incubated at 37 �C for different time
intervals or under other conditions in the presence of EDTA, PMSF,
Ca2+, or HgCl2. The reaction was terminated by adding SDS–PAGE
loading buffer containing 0.2 M b-mercaptoethanol. SDS–PAGE
(12%) was performed under reducing conditions to examine the
products of autoproteolysis. The effects of changing the reaction
pH values and lowering the temperature on autoproteolysis were
also analyzed by SDS–PAGE.

Crosslinking assay. Crosslinking experiments were carried out to
identify the functional unit. Several AaHIV solutions at a concen-
tration of 1 mg/ml in 20 mM phosphate buffer (pH 7.5) were incu-
bated at room temperature with different molar excesses of BS3.
After 1.5 h, the reaction was quenched by adding Tris–HCl buffer
to a final concentration of 50 mM, and the products were examined
by 10% SDS–PAGE under nonreducing conditions.

Protein crystallization and structure determination. A single crys-
tal of AaHIV was obtained by the hanging-drop vapor diffusion
method. The diffraction data set was collected and processed,
and the crystal structure of AaHIV was solved and refined. Details
are provided in Supplementary material. Some quality parameters
are also summarized in Table s1. The atomic coordinates were
deposited in the Protein Data Bank (3HDB).
Results and discussion

Autolysis and sequence analysis of AaHIV

AaHIV could autolyse and release a stable protein product
named acucetin [15]. SDS–PAGE revealed that acucetin appeared
soon after the autoproteolytic reaction was initiated at 37 �C, and
little AaHIV remained after incubation for 20 h at pH 8.0 and
37 �C (Fig. 1A). A relatively high concentration (5 mM) of EDTA,
which is an effective inhibitor of metalloproteinases, could signifi-
cantly disrupt the proteolysis (Fig. 1A). Both 5 mM PMSF and
0.1 mM HgCl2 (which are inhibitors of serine proteases and thiol
proteases, respectively) had little effect on the autodegradation
of AaHIV (Fig. 1A), indicating that the proteolysis was actually per-
formed by AaHIV itself. This was consistent with the observations
from other studies on P-III-type SVMPs [4–6]. Similar to its casein-
olytic activity [14], the rate of autodegradation could be signifi-
cantly reduced even at 37 �C by lowering the pH of the reaction
system (e.g., by reducing it to pH 4.0, Fig. 1B). Apart from the pH,
changes in other conditions, for example, adding 10 mM Ca2+ or
1 mM EDTA or reducing the temperature, could also decrease the
autoproteolysis rate of AaHIV (Fig. 1C). At the same time, a high
molecular weight band (approximately 100 kDa) was detected
(Fig. 1C). This indicated the presence of some dimers during the
course of AaHIV autolysis. It was difficult to disrupt these dimers
using a low concentration of SDS, as in the case of the dimer
formed between fertilin a and b [16].

Under weakly acidic conditions, an intermediate of approxi-
mate molecular weight 43 kDa could be purified, and the sequence
of N-terminal amino acid residues was found to be L(277)LAE-
KKHDNAQLITGIDFRGSIIGYAYIGS. This proved that the intermedi-
ate was a single-chain peptide. In addition, the amino acid
sequences of three fragments of acucetin were reported to be
LYCKDDSPGQNNPCKMFYS, MFYSNDDEHKGMVLPGTK, and
LGTDIISPPLCGNELLEVGEECDCGTPENCQ [15]. These four amino
acid sequences of AaHIV fragments are identical to the sequence
of acutolysin E (GenBank: AAD27891.1). Therefore, the sequence
of acutolysin E was used as the reference sequence during struc-
ture determination.
Dimerization of AaHIV

After crosslinking, a new band of approximate size 100 kDa,
which corresponded to the AaHIV dimer, appeared on SDS–PAGE
(Fig. 1D). The amount of dimers increased as the crosslinker to Aa-
HIV molar ratio increased. When the molar ratio reached 400,
many AaHIV molecules still existed as monomers. Thus, only some
AaHIV molecules were present as dimers.

Overall structure of AaHIV

In the crystal structure of AaHIV, one molecule in the crystal has
a large interface with its neighboring molecule, indicating that Aa-
HIV may form dimers under some conditions. A similar crystal
packing pattern has also been observed in the crystal structures
of bothropasin and VAP2B [12,13]. When the dimers of these three
proteins are superimposed, only small differences are observed
(Fig. 3A).

Similar to VAP2B, bothropasin, and VAP1, the crystal structure
of AaHIV also reveals the presence of the M-, D-, and C-domains
[12–14]. The overall structure is shown in Fig. s1A. The structure
of the first domain is very similar to the corresponding structures
of acutolysin A [17] and ADAM33 [18]; it forms a flat ellipse with
a core of a five-stranded b-sheet surrounded by four a-helices
(Fig. s1A). It contains the conserved HEXXHXXGXXHD sequence,
including three histidines (His333, His337, and His343) that func-
tion as ligands of the catalytic zinc ion and a conserved methionine
(Met357, Met-turn) that is present downstream of the zinc-binding
sequence (Fig. 2). These are typical structural features of the metz-
incin family of metalloproteinases [19]. A bound calcium ion (Ca2+-
binding site I) has been identified as in the structures of acutolysin
A [17] and ADAM33 [18] (Figs. 2, s1A). The DC domain forms a
curved structure with the concave surface toward the M-domain.
This stretches the distal portion of the C-domain close to the cata-
lytic site, and the entire molecule thus adopts a C-shaped confor-
mation. The structure of the DC domain is stabilized by 14
disulfide bonds and 2 additional calcium ions (sites II and III) (Figs.
2 and s1A). Sequence alignment of some ADAM/reprolysin family
proteins shows the presence of a highly divergent and variable re-
gion containing residues 561–582 of the Ch domain (Fig. 2); this is
in the distal portion of the C-shape and has been designated as the
hypervariable region (HVR) in the VAP1 and VAP2B structures
[11,12]. A conserved cysteine residue in this region forms a disul-
fide bond that divides the HVR into HVR1 and HVR2 (Fig. 2), which
may have different functions (discussed below). The location of the
cysteine residues and the Ca2+-binding sites are conserved among
ADAM/reprolysin family proteins (Fig. 2).

Environment of the catalytic site of the M-domain and the HVR of the
C-domain

To explore the structural basis of the catalytic mechanism of
SVMPs, some tripeptide inhibitors were co-crystallized with TM-
3 from the Taiwan habu venom, and the structures of the com-
plexes (1kug, 1kui, and 1kuk) were determined [20]. The structure
of metalloproteinase FII from Anhui A. acutus snake venom is the
only reported structure of a natural complex of a SVMP with its
peptide inhibitor [21]. In the AaHIV structure, there is a tripeptide
(KNL) in the catalytic site that forms five hydrogen bonds with the
main chain atoms of the M-domain and coordinates with the zinc
ion at the enzyme’s active site (Fig. 3B). The tripeptide may mimic
the cleavage site of target proteins.

The HVR of the cysteine-rich domain participates in the interac-
tion between two neighboring AaHIV molecules, which exhibit a
packing pattern similar to that found in VAP2B and bothropasin
[12,13] (Fig. 3A). The Tyr575-Asn577 stretch in the HVR2 of both



Fig. 1. SDS–PAGE analysis of the autolysis and dimerization of AaHIV. (A) AaHIV was incubated for different time intervals (0–20 h) at 37 �C in the absence or presence of
5 mM EDTA, 0.1 mM HgCl2, or 5 mM PMSF. (B) AaHIV was incubated for 4 h at 37 �C under different pH conditions. (C) AaHIV was incubated for 2 h at 4 �C or 37 �C in the
presence of 1 mM EDTA or 10 mM Ca2+. (D) Different molar ratios of BS3 relative to AaHIV were used in the crosslinking assay. Control (lane Con in A and B): AaHIV; lane M,
protein marker. The symbols + and � represent the presence and absence of the indicated compounds.

Fig. 2. Sequence alignment of AaHIV with other SVMPS and ADAM2. The cysteine residues and conserved residues are shaded in purple and yellow, respectively. The Ca2+-
binding sites, Zn2+-binding site, and MET turn are boxed in green; HVR1 and HVR2 are boxed in blue; and the initial cleavage site is boxed in red. Secondary structures are
drawn schematically. Disulfide bond formation is shown by a black line that connects the corresponding partners. Atrolysin A, HF3, and VAP1 cannot autolyze; the first two
belong to the P-IIIa SVMP family, while the third belongs to the P-IIIc family [8]. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this paper.)
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molecules (A and B) forms four symmetric hydrogen bonds
(Fig. 3D), and residues Ser564-Asp568 in the HVR1 of molecule A
interact with the residues close to the catalytic site of the M-do-
main of molecule B (Fig. 3C). Moreover, the Tyr507-Tyr519 stretch
adjacent to the HVR1 of molecule A forms an additional interaction
with molecule B close to the catalytic site (Fig. 3C). The interface
between molecule A and molecule B calculated by PROTORP shows
that the dimer in solution may prefer to adopt this interaction pat-
tern. The HVR1 of molecule A is close to the catalytic site of B and
may serve as a target recognition platform together with the resi-
dues that surround the catalytic site of molecule B.

Architectural flexibility

When the monomer structures of VAP1 (2ero), VAP2B (2dw0),
and bothropasin (3sdl) are superimposed on that of AaHIV, the
rmsds of the Ca atoms are found to be 5.68, 1.67, and 1.03 Å,
respectively. Structural alignment of the M-domains of the three
proteins with AaHIV over the Ca atoms yields rmsds of 0.81,
0.43, and 0.48 Å, respectively (Fig. S1B). The rmsds over the Ca
atoms corresponding to the D-domain are 1.04, 0.44, and 0.37 Å,
respectively, and the corresponding values over the C-domain are
0.46, 0.34, and 0.45 Å, respectively (Fig. s1C). This indicates that
the linker regions between the domains are flexible, resulting in
different orientations of these domains in these protein structures.
When the metalloproteinase domains of VAP1, VAP2B, bothropa-
sin, and AaHIV are superimposed, the DC domains rotate relative
to the M-domain (Fig. s1C). Therefore, the linker between the M
Fig. 3. Crystal packing of AaHIV molecules, stereoview of the structure of the catalyti
Structural superpositioning of bothropasin (3sdl, yellow), Catro/VAP2B (2dw0, blue), an
between HVR1 (red) and HVR2 (purple) is indicated, and the zinc ion at the catalytic si
Ile361, Ser297, Ile298, Ile299, and Gly300 and the three histidines coordinated with the z
water molecule are colored grey and red, respectively. The hydrogen bonds between KNL
HVR1, and the residues of molecule B involved in dimerization are represented as stic
involved in hydrogen bond formation in both HVR2s of molecules A and B are shown
molecules A and B are colored green and yellow, respectively. The zinc ion is in grey. (For
to the web version of this paper.)
and DC domains may restrict the mobility of the shoulder joint
and thus determine the preferred orientation of the M-domain rel-
ative to the rest of the molecule for the desired target. In compar-
ison with the SVMPs, the linker regions of ADAMs show greater
variability with different numbers of amino acids and more polar
residues (Fig. s2). Based on this structure, we propose a similar
model mentioned by Igarashi et al. [12], in which ADAMs and P-
III SVMPs adhere to their target molecules through the cysteine-
rich domains and cleave the targets with the metalloproteinase do-
mains (Fig. 4B).

Initial site of autolysis

The crystal structure of AaHIV provides some information on
the structural basis of the autolytic process. To identify the initial
site of AaHIV autolysis, a protein intermediate of approximate
molecular mass 43 kDa was purified and subjected to N-terminal
amino acid sequencing. We speculated that the initial proteolysis
site during autolysis must lie before or exactly at Leu277. Consid-
ering the possible interactions between the enzyme and target, the
first cleavage site must be in the loop region and should be acces-
sible to the enzyme. Another important factor is the sequence
specificity of the enzyme. SVMPs prefer to recognize sites before
hydrophobic amino acids and cleave peptide bonds that are N-ter-
minal to hydrophobic amino acids, as proven by proteolytic exper-
iments with brevilysin H6 [4]. Therefore, the hydrophobic amino
acids in the loop regions on the surface of AaHIV before residue
Leu277 were examined (Fig. 2). Based on the structure of AaHIV,
c site in AaHIV, and structure of the residues involved in AaHIV dimerization. (A)
d AaHIV (green) presents a similar crystal packing pattern. The cysteine residue

te is shown in grey. (B) The tripeptide (KNL) stabilized by residues Pro359, Ser360,
inc ion are shown as sticks with the carbon atoms colored yellow. The zinc ion and a
and AaHIV are shown by dashed black lines. (C) The residue in HVR1, those close to

ks. The zinc ion and its coordinating residues are also presented. (D) The residues
as sticks. The carbon atoms of the residues involved in the dimerization between
interpretation of the references to colour in this figure legend, the reader is referred



Fig. 4. The docking model of AaHIV and two models of target recognition and
proteolysis by ADAM/reprolysin proteins. (A) The AaHIV dimer formed by mole-
cules A and B interacts with a target monomer. The M, D, and C domains and the MD
linker of molecules A and B are colored yellow, light pink, green, cyan and forest,
respectively. HVR1, HVR2, and zinc ion are colored red, magenta, and grey,
respectively. The monomer is colored blue. (B) The first model of target recognition
and proteolysis by ADAM/reprolysin proteins in which these enzymes interact with
their targets as monomers. (C) The second model in which these enzymes interact
with their targets as dimers. The MDC domains of the enzyme are labeled and
colored differently. The cleavage site of the target molecule is colored red. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this paper.)
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the accessibility of each amino acid residue before Leu277 was cal-
culated (using program ASC1.3), and a single site at Lys255-Ile256-
Thr257-Val258 was found to satisfy the conditions mentioned
above. Sequence alignment of P-III SVMPs showed that the amino
acid residue at site 257 varies in proteins that undergo autolysis
and those that do not (Fig. 2). Thus, it is believed that the initial site
of P-IIIb SVMPs autolysis lies between residues 255–258. Interest-
ingly, ADAM2 is processed to mature fertilin-b by the loss of its
pro-domain and metalloproteinase domain similar to the autolytic
process of AaHIV, with hydrophobic amino acid residues C-termi-
nal to the cleavage site (Fig. 2) [16]. ADAM2 may be cleaved by
an ADAM family protein by a mechanism similar to that involved
in the autodegradation of P-IIIb SVMP family proteins.

Mechanism of AaHIV autolysis and a new model for the process

By identifying the initial enzymatic cleavage site, some docking
experiments were carried out based on the structure of the tripep-
tide in the catalytic site. The DC domain is another important
restraining factor in docking because the autolytic process only oc-
curs in P-IIIb SVMPs. The docking results showed that if autolysis
occurs at the initial site between two monomers there is no inter-
action in the DC domain between the molecules. Some dimers do
exist when autolysis occurs at a low temperature or at low EDTA
or calcium ion concentrations, as shown by the results of the cross-
linking assay. Therefore, autolysis may occur between one dimer
and one monomer or between two dimers. When two dimers are
docked, there is steric hindrance in the model. If one dimer serves
as the target and one monomer as the enzyme, the DC domain does
not participate in the target interaction. The docking model is rea-
sonable in terms of steric hindrance and the functioning of the DC
domain only when a dimer acts as the enzyme and a monomer acts
as the target.

One monomer is docked in the catalytic site of molecule B in the
AaHIV dimer, during which the metalloproteinase active site of
molecule B is leashed to the initial cleavage site of the monomer
based on the structure of tripeptide binding to the zinc ion in the
active site (Fig. 4A). The docking model shows that the C-domain
of the target monomer is stretched to interact with the D-domain
of molecule A from the dimer. The M-domain of the monomer
interacts with the C-domain of molecule A and M-domain of mol-
ecule B, simultaneously presenting its cleavage site to the catalytic
site of molecule B (Fig. 4A). In this model, the residues of HVR1 of
molecule A are on the contact surface together with other residues
such as residues 504–520, which contribute to target recognition.
Simultaneously, the D-domain of molecule A participates in re-
mote recognition of targets and adjustment of the substrate in
the enzymatic center of molecule B. A different model is proposed
based on the results of the docking experiment in which it is pro-
posed that these proteins recognize their targets through the D-do-
main of molecule A from the dimer and hydrolyze them with the
M-domain of molecule B (Fig. 4C). Similarly, ADAM1 can form di-
mer with ADAM2 [16] and the dimer may recognize their target
proteins and hydrolyze them through the same mechanism as that
of the autolytic process of AaHIV. This may represent a new model
of target recognition and hydrolysis of ADAM family proteins.

ADAMs are widely distributed, and these enzymes proteolyze
cell surface proteins to release functional peptides for many bio-
logical processes. Dysregulation of the functions of these proteins
is also linked to different pathological states [22]. Investigation of
the structural basis of autolysis of AaHIV suggested a new model
in which the proteins form dimers, and one molecule offers the
DC domain for adhesion while the other provides the M-domain
for catalysis. These results may improve our understanding of tar-
get recognition and the processing mechanism of ADAMs.
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