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Abstract Rattlesnake venom can differ in composition and in metalloproteinase-associated
activities. The molecular basis for this intra-species variation in Crotalus scutulatus scu-
tulatus (Mojave rattlesnake) remains an enigma. To understand the molecular basis for
intra-species variation of metalloproteinase-associated activities, we modeled the three-
dimensional structures of four metalloproteinases based on the amino acid sequence of four
variations of the proteinase domain of the C. s. scutulatus metalloproteinase gene (GP1,
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GP2, GP3, and GP4). For comparative purposes, we modeled the atrolysin metallopro-
teinases of C. atrox as well. All molecular models shared the same topology. While the
atrolysin metalloproteinase molecular models contained highly conserved substrate bind-
ing sites, the Mojave rattlesnake metalloproteinases showed higher structural divergence
when superimposed onto each other. The highest structural divergence among the four C.
s. scutulatus molecular models was located at the northern cleft wall and the S’1-pocket of
the substrate binding site, molecular regions that modulate substrate selectivity. Molecular
dynamics and field potential maps for each C. s. scutulatus metalloproteinase model demon-
strated that the non-hemorrhagic metalloproteinases (GP2 and GP3) contain highly basic
molecular and field potential surfaces while the hemorrhagic metalloproteinases GP1 and
atrolysin C showed extensive acidic field potential maps and shallow but less dynamic active
site pockets. Hence, differences in the spatial arrangement of the northern cleft wall, the
S’1-pocket, and the physico-chemical environment surrounding the catalytic site contribute
to differences in metalloproteinase activities in the Mojave rattlesnake. Our results provide
a structural basis for variation of metalloproteinase-associated activities in the rattlesnake
venom of the Mojave rattlesnake.

Keywords Molecular models · Rattlesnake venom metalloproteinases · Structural basis of
hemorrhagic activity

1 Introduction

Zn2+-dependent metalloproteinases are very important toxins in the venom of most rat-
tlesnakes. Upon envenomation, these enzymes produce deleterious reactions in the bite
victim including profuse hemorrhage, coagulation, and immunological reactions due to the
hydrolysis of blood components and the blood vasculature, and the inactivation/activation
of complement proteins [1–5]. Despite recent progress made in determining the biochem-
ical activities and in elucidating the primary amino acid sequences and crystal structures
of cloned or purified venom metalloproteinases [6, 7], there is scarce knowledge regarding
the relationship between metalloproteinases’ tertiary structure and their physiological func-
tion. Snake venom metalloproteinases (SVMPs) have evolved from an ancient mammalian
ADAM gene [8–10]. Hence, SVMPs and ADAMs share a similar secondary structural
organization [11–16]. These metalloproteinases are complex multi-domain proteins that are
classified as P-I, P-II, and P-III based on the presence or absence of the non-catalytic ancil-
lary domains that extend beyond the mature proteinase domain (P-I) [12, 13, 17]. There is
a growing consensus that the diverse activities of these metalloproteinases are attributed to
the non-catalytic ancillary domains that may target the proteinase domain (P-I) to specific
substrates such as extracellular matrix proteins [12, 13, 18–23]. For instance, the disinte-
grin and cysteine-rich domains inserted into the C-terminal portion of the proteinase domain
physically block integrin receptors and subsequently inhibit platelet aggregation, leading to
disrupted hemostasis and profuse hemorrhage in the affected victim [6, 7, 18, 20, 21]. The
ancillary domains of SVMPs significantly increase hemorrhagic potency of the catalytic P-I
domain [24].

The P-I domains of SVMPs have also been found to show a high variation in substrate
specificity and catalytic activity and they have been further divided into two subclasses,
namely the P-IA and P-IB [25, 26]. Although both types of P-I domains are sensitive
to EDTA treatment, the P-IA subclass has strong hemorrhagic activity, whereas the P-IB
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subclass has weaker or no hemorrhagic activity, which includes adamalysin II from C.
adamanteus, the Eastern diamondback rattlesnake [25]. The observation that P-IA and P-
IB show variation in proteolytic and hemorrhagic activities implies that the P-I proteinase
domain has additional structural features which are involved in modulating hemorrhagic
and proteolytic activities [25, 26].

Rattlesnake venom belonging to the Crotalus genus exhibits high variability in snake
venom composition and shows complex pharmacological profiles and in biochemical-
associated activities [27–30]. Recently, a series of elegant transcriptome sequencing-based
approaches have shown that rattlesnake venom glands from C. adamanteus are composed
mainly of serine proteases, while a small fraction of venom consists of Zn+2-dependent
metalloproteinases [31]. Our lab and other groups have previously shown that different
venoms from C. s. scutulatus exhibit variability in metalloproteinase-associated proteolytic
activities, neurotoxic activity, and in the production of hemorrhage [32, 33]. Based on
these metalloproteinase activities, we previously categorized venom from 14 C. s. scutu-
latus into four groups. Venom from the first group (GP1) was highly hemorrhagic and
proteolytic whereas the other three groups (GP2, GP3, GP4) either lacked or contained
modest hemorrhagic activity and varied in their proteolytic activities. In that same study,
we categorized the genomic DNA sequences into four groups according to nucleotide
sequence differences. This genomic DNA categorization completely correlated with the
metalloproteinase-associated hemorrhagic and proteolytic activities of rattlesnake venom.
Although the coding regions of all four groups showed a high degree of sequence homology
to known snake venom metalloproteinases, there were single-nucleotide polymorphisms
found within zymogen and proteinase regions for sequences of the four groups of C. s.
scutulatus metalloproteinases. We have previously suggested that single-nucleotide poly-
morphisms within the coding regions of the metalloproteinase gene may give rise to
intra-species variation in metalloproteinase-associated activities in C. s. scutulatus [32].

In this study, we hypothesized that the P-I venom metalloproteinases from C. s. scutu-
latus possess specific tertiary structural differences, which may explain the variability in
metalloproteinase-associated hemorrhagic and proteolytic activities. To address this hypoth-
esis, we generated molecular models based on the translated amino acid sequences derived
from the coding nucleotide regions of the mature proteinase domain for each of the four C. s.
scutulatus metalloproteinase groups. The amino acid sequence of each isoform was folded
in silico and compared to the known X-ray crystal structures of the hemorrhagic metallo-
proteinase atrolysin C (Ht-d) [35] and the non-hemorrhagic metalloproteinase adamalysin
II [34].

Overall, we found that the molecular models of three groups, GP1, GP3 and GP4,
superimposed well with each other with the exception of GP2, which showed the highest
structural divergence. A comparative analysis of the spatial arrangement of different struc-
tural domains revealed that the S’1 pocket of the GP1 model, a metalloproteinase group
associated with high hemorrhagic activity, structurally superimposed better to atrolysins,
hemorrhagic metalloproteinases derived from C. atrox. However, we did not find any spe-
cific amino acid sequences or secondary structural elements that were conserved between
the atrolysins and the C. s. scutulatus molecular models that was associated with high hem-
orrhagic (GP1) or weak hemorrhagic (GP4) activities. This observation suggests that the
presence or absence of specific secondary structural elements may not confer hemorrhagic
activity and other factors such as the chemical environment surrounding the active site may
be involved. Hence, by studying the molecular potential surface of the metalloproteinase
molecular models of each of the four groups, we observed that GP2 metalloproteinase
model had a severely decreased electrostatic potential near the zinc binding site, whereas the
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surface potential map of the GP1 metalloproteinase model showed a narrower catalytic
binding groove and a wide acidic patch, which may attract positively charged extracellular
matrix substrates such as collagen type IV through long-range electrostatic interactions.

2 Materials and methods

2.1 Secondary structural alignment and molecular modeling

Each of the gene groups of the C. s. scutulatus metalloproteinases were translated into
mature proteinase domains using the Contig-Express module of the Vector NTI Suite pro-
gram (InforMax, Inc., North Bethesda, MD, USA). This gene translation software package
is currently marketed and licensed by Life Technologies (Grand Island, NY, USA). The
deduced C. s. scutulatus amino acid sequences and the atrolysin (Ht-a, Ht-b, and Ht-c)
amino acid sequences were initially aligned with the amino acid sequences of adamalysin
II and atrolysin C (Ht-d) by employing the PAM250 algorithms.

Atrolysin C (Ht-d; PDB: 1HTD) and adamalysin II (PDB: 4AIG) were used as template
proteins for the first round of modeling using the “Homology” module of the Insight2000
program (MSI, San Diego, CA, USA). These template crystal structures were chosen based
on the following factors: (1) similar phylogenetic classification of the rattlesnakes for which
the metalloproteinases (models or crystal structures) are derived (C. s. scutulatus, C. atrox,
and C. adamanteus); (2) a good amino acid sequence homology (34–38% homology of
atrolysin C and adamalysin II to Mojave rattlesnake sequences); (3) variability in hemor-
rhagic activity of template structures—adamalysin II is non-hemorrhagic whereas atrolysin
C (Ht-d) is hemorrhagic—which are ideal template structures to model the structures of
groups of metalloproteinases possessing variable in vivo hemorrhagic activities from the
same rattlesnake species; and (4) good structural alignment of target protein sequences to
template sequences as judged by a lack of major structural/domain gaps in the alignment
and the presence of similar clusters of conserved amino acids (zinc binding sites, methion-
ine turns, α-helix C, and C-terminal region). The initial structural alignment of the templates
and the target C. s. scutulatus amino acid sequences was done by using the AS1 algorithm of
the Align2D program of the Insight2000 program. Small C-terminal and N-terminal over-
hangs (2–3 amino acids) within the amino acid alignment of the template and target amino
acid sequences were cut off from the final version of the amino acid alignment of the met-
alloproteinases and thus were not used for generating the molecular models. Following the
generation of the draft versions of each of the eight molecular models, it was necessary to
“fill-in” small, unresolved structural gaps (<12% of the amino acid sequence) that were
generated after the first round of molecular modeling. To address the unresolved gaps, we
re-submitted the draft versions of the molecular models for a second round of molecular
modeling to build missing loops using a loop database of Insight2000.

2.2 Energy minimization of the molecular models

The final versions of the molecular models were subject to energy minimization protocols
as explained below using the Discovery module of Insight2000. All molecular models were
globally and locally optimized by applying at least 300 iterations using the Step Gradient
and Steepest Decent minimization methods of the Discovery 3 module of the Insight2000
molecular simulation software package and further revalidated using the SPDB Viewer soft-
ware to correct for molecular constrains such as unusual bond angles of the side chains,
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fixing unrealistic spatial strains within the Cα trace, unusual geometry, bond lengths, stere-
ochemistry, and unusual β-factors. To validate the quality of all the molecular models, we
analyzed the Ramachandran plots and structural and energy profiles for all of the molecu-
lar models as shown in supplementary Fig. 1 for C. s. scutulatus models. In brief, all the
molecular models contained 1–3 glycine amino acid residues outside the allowable psi/phi
ranges of the Ramachandran plots, which are similar glycine residues as seen for the crys-
tal structure templates and showed comparable structural and energy profiles to that of the
template crystal structures adamalysin II and atrolysin C (Supplementary Table 1). More-
over, none of these residues were located in secondary structural elements but were found
in expected interconnecting loops (Supplementary Table 1). All models were further refined
for atomic defects in their structure including incorporating missing hydrogen bonds within
certain amino acid side chains, ligating breaks in the carbon traces of the structure (more
than 3 Å), and adding a solvation layer (water). Final Gibbs free-energy calculations for
all models were calculated using Insight2000 and SPDV Viewer, which yielded results that
were comparable to the template crystal structures. The final molecular conformations were

Fig. 1 Alignment of the amino acid sequences for the mature proteinase domains of C. s. scutulatus metal-
loproteinases. Positions for conserved cysteine (↑) and non-conserved cysteine (*) amino acid residues are
indicated. Cysteine residues involved in the formation of disulfide bonds are colored red
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Table 1 The root mean square deviation (RMSD) values of the superimposed Ca -backbone atoms of the
complete proteinase domain, and the β-strand IV-linker, the S’1-pocket, and the zinc binding sites of the
Crotalus s. scutulatus metalloproteinases, GP1, GP2, GP3, and GP4, with the metalloproteinase of Crotalus
adamanteus adamalysin II (Adll), and Crotalus atrox atrolysins Ht-a, Ht-b, Ht-c, Ht-d, and Ht-e

Proteinases RMSDa RMSDb RMSDc RMSDd

GP1 vs. GP2 1.52 Å 1.69 Å 1.00 Å 0.50 Å

GP1 vs. GP3 0.56 Å 0.49 Å 0.31 Å 0.55 Å

GP1 vs. GP4 1.25 Å 1.11 Å 1.00 Å 0.80 Å

GP2 vs. GP3 1.60 Å 1.73 Å 1.02 Å 0.65 Å

GP2 vs. GP4 1.82 Å 2.10 Å 1.40 Å 0.50 Å

GP3 vs. GP4 1.31 Å 1.07 Å 1.00 Å 1.00 Å

AdII vs. GP1 1.41 Å 1.17 Å 1.13 Å 0.49 Å

AdII vs. GP2 1.62 Å 2.20 Å 1.30 Å 0.55 Å

AdII vs. GP3 1.49 Å 1.24 Å 0.78 Å 0.61 Å

AdII vs. GP4 1.77 Å 1.21 Å 1.41 Å 0.87 Å

Ht-a vs. GP1 1.33 Å 1.28 Å 0.88 Å 0.50 Å

Ht-b vs. GP1 1.41 Å 1.24 Å 1.09 Å 0.52 Å

Ht-c vs. GP1 1.41 Å 1.23 Å 0.84 Å 0.56 Å

Ht-d vs. GP1 1.42 Å 1.32 Å 0.93 Å 0.48 Å

Ht-e vs. GP 1 1.45 Å 1.01 Å 1.23 Å 0.43 Å

Ht-a vs. GP2 1.44 Å 1.97 Å 0.91 Å 0.42 Å

Ht-b vs. GP2 1.58 Å 2.03 Å 1.50 Å 0.53 Å

Ht-c vs. GP2 1.58 Å 2.13 Å 1.30 Å 0.52 Å

Ht-d vs. GP2 1.58 Å 2.01 Å 1.34 Å 0.45 Å

Ht-e vs. GP2 1.61 Å 1.97 Å 0.96 Å 0.39 Å

Ht-a vs. GP3 1.40 Å 1.37 Å 1.05 Å 0.40 Å

Ht-b vs. GP3 1.50 Å 1.30 Å 0.97 Å 0.44 Å

Ht-c vs. GP3 1.52 Å 1.55 Å 0.73 Å 0.61 Å

Ht-d vs. GP3 1.51 Å 1.31 Å 0.80 Å 0.52 Å

Ht-e vs. GP3 1.55 Å 1.06 Å 1.17 Å 0.42 Å

Ht-a vs. GP4 1.68 Å 1.26 Å 1.59 Å 0.43 Å

Ht-b vs. GP4 1.74 Å 1.43 Å 1.50 Å 0.43 Å

Ht-c vs. GP4 1.78 Å 1.53 Å 1.41 Å 0.72 Å

Ht-d vs. GP4 1.73 Å 1.42 Å 1.42 Å 0.44 Å

Ht-e vs. GP4 1.74 Å 1.17 Å 1.63 Å 0.52 Å

a
Complete molecular structure RMSD values for Cα-backbone atoms

b
β-strand IV-linker RMSD values for Cα -backbone atoms

c
S′1-pocket RMSD values for Ca -backbone atoms

d
Zinc binding site RMSD values for Ca -backbone atoms

rendered in Kabsch–Sander mode as depicted in Figs. 3 and 4 of this manuscript. The
molecular models were superimposed and analyzed for the number of disulfide bonds, root
mean square (RMS) deviation values for the complete Cαtrace, and for important molec-
ular regions using the Swiss PDB Viewer freeware (http://spdbv.vital-it.ch/download.html)
[36–39], PyMol and Insight 2000 Viewer packages (MSI, San Diego, CA, USA).

http://spdbv.vital-it.ch/download.html
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2.3 Surface potential and field potential maps and catalytic active-site calculations

In order to further elucidate a mechanism of variability in metalloproteinase-associated
activities in the venom of C. s. scutulatus, the molecular surface potential maps of the cat-
alytic region (β-strand IV, Met-turn, zinc binding domain, and α-helix C) were generated
using the “Surface” algorithm of Swiss Modeler with the following sigma contouring val-
ues: negative potentials were displayed as red (−1.80), neutral potentials were displayed
as white, while molecular regions containing positive potentials were displayed as blue
(+1.80). The physical dimensions (cubic Å and square Å) of each cavity for the catalytic
groove was calculated using the “Calculate Cavities” function of SYBYL software and the
volume of each cavity was rendered and displayed in Conolly mode using SYBYL software.
The total polar and non-polar molecular surface areas for each molecular model was calcu-
lated by using Surface Racer 5.0 [40] while the number of cavities was calculated using the
“cavities” function of Swiss Modeler [36–39].

In order to elucidate differences in long-range electrostatic interactions of each of the
four groups of metalloproteinases in the absence of a docked substrate, field potential maps
based on Coulombic interactions (electrostatic) in vacuum were generated using Poisson–
Boltzmann calculations, with a dielectric constant (protein) of 70 and solvent ionic strength
(total salt concentration in mol/l) based on the salt concentrations of PBS at pH 7.0 were
performed using Swiss PDB Viewer and SYBYL software. These conditions are the same
chemical environment for which the proteolytic metalloproteinase-dependent activities of
C. s. scutulatus venom were analyzed [32]. The field and surface potential maps were
superimposed and rendered in RGB as shown in Fig. 5.

2.4 Molecular dynamics simulations

To assess the flexibility and dynamics of the interconnecting loops near the Met turn
which form part of the catalytic site for each C. s. scutulatus metalloproteinase model, the
AMBER99 force fields were assigned to each of the atoms of the models and a layer of
water was added to generate PDBQT files. The shift in the central angle of the S’1-pocket
for each model (includes residues 157–167) was analyzed for flexibility and mobility in
solution for 10,000 femtoseconds at 300 Kelvins by using the Molecular Dynamics module
of the SYBYL software. The flexibility of this region was plotted as the variation in angular
displacement of this site over time.

3 Results

The complete amino acid sequences of the four C. s. scutulatus metalloproteinases were
deduced from the open reading frames of the DNA sequences of the mature proteinase
region of the metalloproteinases genes [32] (Fig. 1). Amino acid sequence alignments of the
metalloproteinases showed 80.93% homology to each other [32] (Fig. 1). The proteins con-
sist of up to 192 amino acids in length, and the predicted molecular weights were between
21.7 and 22.2 kDa (http://expasy.org/). Hence, the four mature proteinases were classified
as P-I type class of metalloproteinases based on the amino acid sequence alignments and
molecular weight. GP2 showed the highest divergence among the four groups of metal-
loproteinases with 31 amino acid differences that were predominantly located within the
N-terminal region of the proteinase domain. On the other hand, the C-terminal region of the
four groups was highly conserved compared to the rest of the proteinase domain. GP1, GP3,

http://expasy.org/
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and GP4 were highly similar to each other and had a 93.16% amino acid sequence homology
(Fig. 1). The amino acid sequences of GP3 and GP4 had a homology of 97.35% (two amino
acid substitutions). The proteinase domain of GP2 was 192 amino acids long or four amino
acids longer compared to the three other groups of metalloproteinases due to an insertion of
four consecutive amino acids located at amino acid positions 95-98 (TLEE). The predicted
isoelectric focusing points for each of the four C. s. scutulatus metalloproteinase sequences
were calculated as follows: GP1:6.17, GP2: 6.71, GP3:6.17, GP4:6.41.

All four metalloproteinases contained a conserved Zn2+ binding motif,
HEXXHXXGXXHD (highly conserved amino acid residues indicated in bold, amino acids
numbers 132–143, Fig. 1). The amino acid sequence in the methionine turn (Met-turn)
[41], the region that forms the hydrophobic base of the Zn2+ binding site, was 100%
homologous (CIMASVL, residues 154 to 160) for all of the mature metalloproteinases
and all four groups had four C-terminal cysteine residues at amino acid positions 147,
149, 154, and 187 that formed two disulfide bond bridges (Fig. 3). In addition to the two
disulfide bonds, the GP1, GP3, and GP4 isoforms had a cysteine residue at amino acid
position 106, whereas GP2 had a cysteine residue at amino acid position 171. All of the
four groups contained an N-glycosylation site (defined by the sequence NXS/T) at position
170. However, unlike the three other groups of metalloproteinases, the glycosylation site
for GP2 had a cysteine residue, which followed the asparagine residue rather than tyrosine
(Y171→171C, Fig. 1), and which was predicted to form a third disulfide bridge based on
the molecular model of the proteinase domain (Figs. 2 and 3).

Secondary structure analysis demonstrated that the four metalloproteinase groups were
rich in α-helices and β-strands located within the N-terminal region. In summary, all four
groups contained a series of highly conserved N-terminal α-helices and eight β-strands
except for GP2, which lacked one N-terminal α-helix. The GP2 isoform also had a trun-
cated N-terminal α-helix C, and a distorted α-helix D, which was predicted to split into two
smaller segments (Fig. 2). All four groups showed a similar topology (arrangement of sec-
ondary structural elements) with five β-strands that formed the β-pleated sheet core of the
proteinase domain that precedes the zinc binding domain. At the C-terminal domain, the
four groups contained two short β-strands that harbor the Met turn. This structural region
was arranged in the same order as reported for all RSVMPs [34, 35, 44, 45].

Molecular models for the four groups of Mojave metalloproteinase models were gen-
erated using the crystal structures of atrolysin C and adamalysin II as template structures
and subjected to global energy minimization protocols, validated for quality, and subjected
to molecular refinement protocols as explained in the Methods section of this manuscript.
Each molecular model was thoroughly validated and analyzed for their overall quality com-
pared to the crystal template structures by subjecting each model to several energy and
structural quality control analyses as summarized in supplementary Table 1. Overall, the
Mojave molecular models possessed either only one or no amino acids that produced unde-
sirable clashes with other amino acids. In addition, all of the molecular models scored well
for total solvent accessibility (73–75% for GP1–GP4 vs. 85–86% for template crystal struc-
tures) and for predicted tertiary structure analyses by comparing the predicted secondary
structure for each metalloproteinase amino acid sequence to the molecular models (72–77%
for GP1–GP4 vs. 85–86% for template structures). Furthermore, the mean force field energy
for each of the four C. s. scutulatus molecular models was similar to that of the template
crystal structures of adamalysin II and atrolysin C (supplementary Table 1). In addition,
all three catalytic histidine residues bound successfully to zinc atoms at their catalytic sites
(data imbedded in PDB files that can be downloaded in the electronic supplemental material
section of this manuscript). Threading energy analyses, an energy metric used to study the
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Fig. 2 Secondary structural alignment for the molecular structures of the presumed Crotalus s. scutulatus
metalloproteinases, atrolysins (Ht-a, Ht-c, Ht-d, and Ht-e,) and the crystal structures of atrolysin Ht-d and
adamalysin II (1IAG). Gaps are introduced for a better alignment. Consensus amino acid residues (*) and
chemically similar (.) amino acid residues are indicated. Residues that participate in the α-helix (h) and
β-sheet (s) formation are indicated below the amino acid residues
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Fig. 2 (continued)

chemical environment for each amino acid, demonstrated that all C. s. scutulatus metallo-
proteinase models contained similar threading energy profiles (data not shown) but only two
cysteine amino acids (Cys 143 and Cys 145) contained high threading energies as these two
residues were located in a surface loop that precedes the Met turn while the template struc-
tures possessed one amino acid each with high threading energies (Leu 2 for adamalysin II
and Met 116). Solvent accessibility profiles demonstrated that all molecular models contain
similar mean scores for predicted solvent accessibilities compared to the crystal template
structures (Supplementary Table 1) and contained the expected stretches of hydrophobic
amino acid residues buried within the zinc binding domains, in the methionine turns, and
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Fig. 3 Molecular models of the four groups of C. s. scutulatus metalloproteinases. The three-dimensional
molecular models of the four putative Crotalus s. scutulatus rattlesnakes metalloproteinases (quadrants I,
II, III, and IV show models for GP1, GP2, GP3, and GP4 Mojave metalloproteinase models, respectively)
as rendered in Kabsch–Sander mode. The a-helices have been rendered as red cylinders while the β-sheets
illustrated as yellow flattened elongated arrows. The β-turns are rendered in blue and the disulfide bonds are
illustrated as thick yellow lines bridging several regions of the enzyme

the central β-pleated sheet core while the C-terminal region is more solvent exposed (data
not shown). The secondary structural prediction analysis (Fig. 2) showed that the four met-
alloproteinase groups, as displayed in Kabsch–Sander mode in Fig. 3, contained two major
structural domains, an upper N-terminal domain and a lower C-terminal domain. All the
molecular models have four conserved a-helices, termed A, B, C, and D, and five N-terminal
β-strands (I–V) that form the central hydrophobic β-pleated sheet core region, which is
arranged in the same topological conformation as published for the crystal structures of
adamalysin II of C. adamanteus [34, 35, 43–45] and for atrolysin C (Ht-d) of C. atrox [34,
35]. The C-terminal domain included a downward loop preceding the Zn+2binding site but
located after α-helix C. All four models had the same conformation for the methionine-turn
(Met turn) with the methionine residue located approximately 2 Å away from the zinc ion
within the zinc binding pocket.
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Fig. 4 Molecular models of atrolysin and adamalysin II metalloproteinases. The three-dimensional molecu-
lar models of Crotalus atrox Atrolysins Ht-a, Ht-b, Ht-d, Ht-c, and Ht-e, and adamalysin II (crystal structure)
are rendered in Kabsch–Sander mode and illustrated as quadrants I, II, III, IV, V, and VI, respectively. The
a-helices illustrated are rendered red cylinders and the β-sheets illustrated as flat yellow arrows. The β-turns
are in colored in blue and the disulfide bonds are illustrated as thick yellow lines

In order to analyze the spatial arrangement of structural domains among the four molec-
ular models, we superimposed them using Swiss PDV Viewer. By using this method, we
found that the Zn2+ binding site was highly conserved (RMS: <1.00 Å) and that the first
six amino acid residues in the Zn2+ binding site superimposed very well, suggesting that
this domain is an obligatory conserved region for snake venom metalloproteinases. The Met
turn loop was stabilized by a disulfide bond (cysteine residues 147 and 154 for the GP2
and cysteine residues 143 and 150 for GP1, GP3, and GP4) in all four molecular models.
GP1, GP2, and GP3 contained a second disulfide bond that linked the cysteine residues at
positions 102 and 183, and for GP2, at amino acid positions 87 and 187. This second disul-
fide bond bridged the carboxyl terminus to the amino terminal end of the molecule in the
same manner as shown by the crystal structures of rattlesnake metalloproteinases [34, 35,
43–45]. Unexpectedly, the GP2 model had an additional third disulfide bond (149–171) that
pulled the α-helix D towards the methionine-turn loop and which caused α-helix D to be
partitioned into two smaller segments (Fig. 3).

In order to compare the spatial arrangement of critical structural elements in the cleft
of the active site, we superimposed the Ca-backbone traces for the whole protein, or for
certain regions, using the “Magic” fit function of PDB Swiss Viewer. The spatial differences
were expressed as the root mean square deviation (RMSD) values (measured in Å). These
data are summarized in Table 1. Overall, with the exception of the Zn2+ binding domain
and the Met turn, the molecular structures of the four groups showed significant structural
deviations for other functional regions of the proteinase domains including the S’1-pockets
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Table 2 The root mean square deviation (RMSD) values of superimposed Ca -backbone atoms of the com-
plete proteinase domain, and the β-strand IV-linker, the S′

1-pocket, and the zinc binding sites of and Crotalus
atrox atrolysins Ht-a, Ht-b, Ht-c, Ht-d, and Ht-e as compared to each other

Proteinases RMSDa RMSDb RMSDc RMSDd

Ht-a vs. Ht-b 0.53 Å 0.39 Å 0.82 Å 0.22 Å

Ht-a vs. Ht-c 0.56 Å 0.44 Å 0.62 Å 0.33 Å

Ht-a vs. Ht-d 0.55 Å 1.04 Å 0.73 Å 0.16 Å

Ht-a vs. Ht-e 0.60 Å 1.14 Å 0.33 Å 0.24 Å

Ht-b vs. Ht-c 0.50 Å 0.63 Å 0.62 Å 0.18 Å

Ht-b vs. Ht-d 0.48 Å 1.07 Å 0.48 Å 0.23 Å

Ht-b vs. Ht-e 0.66 Å 1.16 Å 0.90 Å 0.22 Å

Ht-c vs. Ht-d 0.54 Å 1.08 Å 0.75 Å 0.18 Å

Ht-c vs. Ht-e 0.70 Å 1.17 Å 0.88 Å 0.30 Å

Ht-d vs. Ht-e 0.55 Å 0.60 Å 0.75 Å 0.28 Å

Ht-a vs. AdII 0.63 Å 0.60 Å 0.88 Å 0.37 Å

Ht-b vs. AdII 0.70 Å 0.62 Å 0.68 Å 0.38 Å

Ht-c vs. AdII 0.51 Å 0.54 Å 0.48 Å 0.31 Å

Ht-d vs. AdII 0.71 Å 1.11 Å 0.40 Å 0.35 Å

Ht-e vs. AdII 0.78 Å 1.02 Å 0.87 Å 0.42 Å

a
Complete molecular structure RMSD values for Ca -backbone atoms

b
β-strand IV-linker RMSD values for Ca -backbone atoms

c
S′

1-pocket RMSD values for Ca -backbone atoms
d
Zinc binding site RMSD values for Ca -backbone atoms

and β-strand IV, two critical structural elements that form the base of the catalytic groove
and the northern cleft wall, respectively (Table 1). The complete Cα-backbone traces of the
molecular models of GP1 and GP3, two groups of enzymes with similar in vitro proteinase
activities [32], superimposed well on each other (<1.00 Å) whereas GP4 and GP2, two
metalloproteinase groups with different proteolytic activities, had a higher spatial deviation
of their Cα-backbone traces (Table 1).

To further understand a structural basis for the variation in proteinase activity in the
venom of the Mojave rattlesnake, we generated four additional models of the mature
proteinase domains from C. atrox (Western Diamondback rattlesnake), and searched for
structural domains that are conserved between Mojave and Western Diamondback rat-
tlesnake metalloproteinases. The amino acid sequences of C. atrox atrolysins Ht-a, Ht-b,
Ht-c, and Ht-e were used to generate these models using the Homology Module of Insight
2000 software. The atrolysin molecular models were minimized and optimized for tor-
sions, improper bonds, abnormal geometry, force-field energies, abnormal angles of amino
acid side chains, and missing hydrogen atoms were added to incomplete amino acids.
More importantly, all atrolysin models have high QMean scores (0.67–0.75), mean sol-
vent accessibility (81–85%), and predicted secondary structure scores (81–85% as predicted
by QMean analyses), possessed no amino acids making clashes to other amino acid side
chains or carbon backbone atoms, and contained similar structural and energy profiles as the
atrolysin C and adamalysin II template structures as validated by SYBYL (data not shown).
The molecular models for atrolysins Ht-a, Ht-b, Ht-c, and Ht-e and the crystal structures for
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Fig. 5 Molecular surfaces of the four groups of Mojave rattlesnake metalloproteinases and of atrolysin and
adamalysin II crystal structures. Rendering of the surface potential maps for each molecular model of each
C. s. scutulatus metalloproteinase group and the crystal structures of atrolysin C and adamalysin II. Positive
surface potentials (Sigma: +1.80) are shown as blue whereas negative surface potentials are shown in red
(Sigma: −1.80) and neutral regions are rendered white. For convenience to the viewer, the side chains of the
amino acid residues of the zinc binding domain, Met turn, and β-strand IV (top of the catalytic groove) have
been displayed (white) in order to locate the catalytic groove

atrolysin C (Ht-d) and adamalysin II are illustrated in Fig. 4. Like the Mojave rattlesnake
molecular models, the atrolysin molecular models and the crystal structures of atrolysin
C and adamalysin II show a similar topology. The N-terminal domain, which includes the
β-strands that form the central β-pleated sheet core, is highly conserved among all eight
molecular models. Moreover, all molecular models contain three elongated N-terminal α-
helices, and contain a highly conserved C-terminal domain. In a manner similar to the
molecular model of the Mojave rattlesnake GP2 isoform, the molecular models for atrolysin
A and E contained a third disulfide bond that bridges the downward loop of the Met-turn
with the N-terminal portion of α-helix D.

Superimpositions of the Cα-carbon traces of the atrolysin models and the crystal struc-
tures onto the Cα-carbon traces of the Mojave rattlesnake metalloproteinase models were
very similar except for some significant spatial deviations as described below (Table 1).
As expected, the Zn2+ binding domains were well superimposed among the atrolysin and
Mojave rattlesnake metalloproteinases (Table 1). This observation agrees with the view
that the Zn2+ binding domain is an obligatory conserved region for snake venom metallo-
proteinases and further validates our molecular models. Interestingly, not only do all four
Mojave rattlesnake metalloproteinase models have a lower amino acid homology compared
to the mature proteinase domains of the atrolysin models, but all four Mojave rattlesnake
metalloproteinase models showed a significant structural deviation RMSD range (RMSD:
1.33 ≤ 1.78 Å for C. s. scutulatus models) when superimposed onto each other while the
atrolysins molecular models showed less deviation when superimposed among each other
(RMSD: 0.48 ≤ 0.60 Å) or to adamalysin II (RMSD: 0.48 ≤ 0.60 Å) (Tables 1 and 2). In
addition, the S’1-pocket of all four atrolysins molecular models superimposed well to each
other (RMSD range, 0.33 ≤ 0.88 Å), suggesting that the atrolysins bind similar substrates
that induce hemorrhage when cleaved. Interestingly, the S’1-pocket of the GP3 isoform of
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the Mojave rattlesnake, a non-hemorrhagic enzyme but containing a high proteolytic activ-
ity [32], superimposed well with the S’1-pockets of adamalysin II and atrolysins Ht-c and
Ht-d (Table 1). In agreement with the proteolytic and hemorrhagic profiles for the C. s.
scutulatus metalloproteinases, the S’1-pockets and Met turns of the GP1 Mojave metallo-
proteinase superimposed the best with atrolysins Ht-a and Ht-b (Table 1) compared to the
other three C. s. scutulatus metalloproteinases.

The amino acid and structural alignments predict that the Mojave rattlesnake met-
alloproteinase groups contain catalytic grooves of variable sizes and contain different
physico-chemical environments surrounding the catalytic groove. To address this question,
we generated surface and field potential maps near the catalytic groove (Zn+2 binding
domain, Met turn, and β-strand IV) for each molecular model. Although the Zn+2 bind-
ing sites of all metalloproteinase groups superimposed well to each other (Table 1), the
electrostatic environment surrounding the Zn+2 binding domain and near the N-terminal
portion of α-helix C was dramatically different for all Mojave rattlesnake molecular mod-
els. Interestingly, the GP2 model contained a highly basic molecular surface compared to
the other molecular models (Fig. 5). Furthermore, a rendering of the field potential maps
surrounding the catalytic sites of the metalloproteinase molecular models show that the field
potentials near the N-terminal portion of α-helix C, which contains the Zn+2 binding site,
has been reduced and disrupted for the GP2 model compared to the other three metallopro-
teinase models. This observation suggests that the ability of GP2 metalloproteinase to attract
substrates in solution through long-range electrostatic interactions is limited (Fig. 6). Inter-
estingly, the GP2 metalloproteinase field potential map resembles that of adamalysin II in
that it contains a highly basic field potential surface whereas the GP1, GP3, and GP4 mod-
els contain a highly electronegative field potential surface near the catalytic cleft (Fig. 6).
Interestingly, the field potential surface for atrolysin C, a hemorrhagic metalloproteinase,
is extensive, wide, and predominantly acidic compared to all the other molecular models.
These results suggest that a highly electronegative environment of GP1 and atrolysin C
favorably attracts positively charged substrates to the active cleft. Furthermore, a thorough
analysis of the molecular cavities showed that the four C. s. scutulatus metalloproteinase
models have highly variable and amorphous catalytic binding grooves. The catalytic binding
site of GP1 metalloproteinase is shallow and smaller, similar to atrolysin C (area: 277.5 Å2,
volume: 263.81 Å3) hemorrhagic metalloproteinase, while the active site cavities were pre-
dicted to be wider and deeper for the other three C. s. scutulatus metalloproteinase models
as shown in Fig. 7 (427 Å2 and 463 Å3 for GP2, 495 Å2 and 464 Å3 for GP3, 503 Å2 and
391.7 Å3 for GP4, respectively).

It has been suggested that the depth and accessibility of the S’1-pocket dictates hem-
orrhagic activity for metalloproteinases [35]. However, we did not find differences in the
depth or a distance correlation between the center points of the catalytic and S’1-pockets
(GPI: 8.31 Å, GPII: 8.54 Å, GPIII: 7.82 Å, and GPIV: 9.035 Å).

4 Discussion

Over the past decade, several high-resolution crystal structures of RSVMPs have been
solved, and these data have enabled structural biologists to gain a deeper understanding
of the substrate specificity and selectivity of these toxins [35, 44–47]. Given the limited
number of available snake metalloproteinase crystal structures, predicting the molecular
structures of additional RSVMPs by applying molecular modeling techniques is essential
for designing catalytic inhibitors that block hemorrhage by these toxins. Indeed, molecular
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Fig. 6 Rendering of field potential maps (Coulombic) for each molecular model of each C. s. scutulatus
metalloproteinase group and for atrolysin C and adamalysin II crystal structures. Positive field potentials are
shown as blue spheres whereas negative field potentials are shown as red spheres that conform the surface
potential map and neutral regions are rendered white. For convenience to the viewer, the side chains of the
amino acid residues of the zinc binding domain, Met turn, and β-strand IV (top of the catalytic groove) have
been displayed (white) in order to locate the catalytic groove of each molecular model

modeling and in silico affinity docking techniques have aided toxinologists in develop-
ing small molecular inhibitors of rattlesnake metalloproteinases and for understanding the
molecular mechanisms of anti-venom compounds [48].

The P-I class of RSVMPs show variability in substrate selectivity, in binding affini-
ties, and in their ability to degrade both fibrin clots and insoluble protein aggregates.
Indeed, the high variation observed in rattlesnake venom composition—even within the
same rattlesnake species—gives credence to the concept that pooling rattlesnake venom
from individual rattlesnakes of the same species collected from different geographic loca-
tions is necessary to develop an effective “pan” anti-venom to efficiently treat bite victims
[49]. Because of these biochemical properties, it is conceivable that rattlesnake recombinant
metalloproteinases may find clinical applications such as treating humans affected by neu-
rodegenerative disorders by degrading protein aggregates like α-synuclein and β-amyloid
to stop or reverse mental degeneration. Recombinant forms of RSVMPs may also have
application as anti-thrombolytic agents to treat deep vein thrombosis.

Although the mechanisms of substrate specificity of snake venom metalloproteinases are
beginning to be elucidated, it is believed that small differences in amino acid sequences con-
tribute to altering the physico-chemical landscape surrounding the catalytic region of the
enzyme, which plays an important role in conferring substrate specificity. Indeed, several
P-I metalloproteinases from the venom of the same snake species were found to show vari-
ation in proteolytic activities and substrate binding affinities. For example, two Akistrodon
piscivorus leucostoma metalloproteinases that have high amino acid sequence homology
and similar molecular weight sizes can degrade fibrinogen and fibrin to the same degree and
do not produce hemorrhage in vivo [41]. In contrast, atrolysins from C. atrox, which have
a much lower amino acid sequence homology to each other, degrade similar extracellular
matrix substrates but produce very different digestion patterns and have different binding
affinities to these substrates [50, 51].
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Fig. 7 Connolly surface rendering of the cavity that encompasses the catalytic active site and the S’1-pockets
of the C. s. scutulatus molecular models. The cavity models have been color coded based on depth in which
blue colored sections represent shallow portions of the cavity while red regions depict deeper areas of the
cavity. For visual clarity, the amino acid residues of the three histidine residues of the active site and the
methionine residue of the Met turn have been rendered in ball and stick mode. Note that all models have
variable shape while the cavity size is shallow and smaller for GP1 metalloproteinase compared to the other
three molecular models. The cavity area and volumes were calculated respectively for the four Mojave met-
alloproteinase models as follows: 277.5 Å2 and 263.81 Å3 for GP1, 427 Å2 and 463 Å3 for GP2, 495 Å2 and
464 Å3 for GP3, 503 Å2 and 391.7 Å3 for GP4, respectively

The metalloproteinase composition of rattlesnake venom and their associated proteolytic
activities may vary, even within the same species [5, 32, 33, 42, 43]. While the venom com-
position and hemorrhagic activities of C. atrox appears to be consistent among individual
rattlesnakes [57], venom from individual C. s. scutulatus has different metalloproteinases
whose activities vary [4, 32]. Previously, we clustered the venom metalloproteinases of C.
s. scutulatus into four groups according to their hemorrhagic and protease activities [32].
The genomic DNA corresponding to these metalloproteinases was also sequenced [32]. Of
the four groups, GP1 metalloproteinase was highly hemorrhagic and had high proteolytic
activities, whereas the other three groups of metalloproteinases had modest or even lacked
hemorrhagic activity and their protease activity varied [32].

Given the differences of the four groups of metalloproteinases, we sought to elu-
cidate structural differences and molecular mechanisms that affect metalloproteinase
activity. Using molecular modeling methodologies, the three-dimensional structures of the
Mojave and atrolysin metalloproteinases were shown for the first time to be structurally
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homologous to the molecular structures of the metzincin-superfamily of zinc peptidases
[41]. Primary, secondary, and structural superimpositions of the molecular models were
done to identify specific structural elements that confer hemorrhagic and proteolytic
activities to the C. s. scutulatus metalloproteinases. All eight molecular models that we
studied, including atrolysin isoenzymes and the C. s. scutulatus metalloproteinases, had 3D
structures similar to that of trypsin or chymotrypsin-like enzymes [41].

Overall, we found significant primary amino acid sequence differences among the four
C. s. scutulatus metalloproteinase groups, which nevertheless contained highly conserved
predicted tertiary structures. For instance, while GP2 had a lower amino acid homology
compared to the other three C. s. scutulatus groups, this metalloproteinase contained minor
differences in the length and alignment of certain secondary structural elements compared
to the other three groups of metalloproteinases. These results suggest that the amino acid
differences observed in GP2 may predict drastic differences in the spatial arrangement of
structural elements among the four C. s. scutulatus metalloproteinase models. Indeed, by
superimposing the complete Cα traces of the proteinase domains, RMSD analysis showed
that the GP1 metalloproteinases had the highest structural homology to the atrolysins com-
pared to the other three groups of C. s. scutulatus metalloproteinases. Even though the GP2
metalloproteinase superimposed better to the atrolysins compared to the GP4 proteinase,
which is a weak hemorrhagic toxin (Table 1), it is conceivable that the lack of proteolytic and
hemorrhagic activity of GP2 is explained by the presence of charge reversal amino acid sub-
stitutions surrounding the catalytic cleft compared to other metalloproteinase models that
give rise to a different chemical landscape compared to other Mojave metalloproteinases
(Fig. 6).

Moreover, prior to our studies, several studies showed that the hemorrhagic potency of
rattlesnake venom metalloproteinases correlated with the degree of flexibility of the inter-
connecting loops that precede or follow the Met turn [52, 53]. For instance, it has been
reported that the interconnecting loop that follows the Met turn, which also contains the
S’1-specificity pocket, is remarkably more flexible in non-hemorrhagic metalloproteinases
compared to hemorrhagic metalloproteinases [52]. In agreement with this observation [52,
53], the C. s. scutulatus metalloproteinases belonging to the non-hemorrhagic group of met-
alloproteinases (GP2) contained a much more dynamic S’1- pocket than the strongly or
weakly hemorrhagic groups (GP1 and GP4) as measured by the standard deviations of the
angular shift over time (GP1: ±4.04◦, GP2: ±6.72◦, GP3: ±6.73◦, GP4: ±4.90◦).

On the other hand, it is also plausible that GP2 is not expressed due to transcriptional
repressive mechanisms as verified by a lack of immunoreactivity as determined by using
anti-hemorrhagic metalloproteinase antibodies in rattlesnake venom [26]. In agreement
with this concept, age-dependent microRNA-mediated suppression of RSVMPs has been
suggested as an additional posttranslational mechanism for regulating rattlesnake venom
composition and metalloproteinase-associated activities [54].

The N-terminal and C-terminal regions of the metalloproteinases delineate the active
cleft, which is comprised of the Zn+2 binding site, the northern wall of the active site cleft
(β-strand 4), and the S’1- pocket. The Zn+2 binding site in all four C. s. scutulatus metal-
loproteinases included six amino acid residues that formed part of the N-terminal portion
of the α-helix C and six residues contained within the downward loop that follows α-helix
C. The northern cleft wall (β-strand IV) of the active site cleft serves to orient the bound
substrate towards non-primed amino acid residues that are C-terminally located towards the
scissile peptide bond and determines the strength of enzyme-substrate interactions [41]. The
northern cleft wall of the Mojave rattlesnake metalloproteinases superimposed well among
each other based on their hemorrhagic potencies (GP1 vs. GP4, and GP3 vs. GP2). This
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finding suggests that a specific orientation of the northern cleft wall facilitates the access
of specific extracellular matrix substrates to the catalytic site and induce hemorrhage when
cleaved.

The S’1- pocket, which follows the Met-turn, harbors the P’1 side-chains of the bound
substrate and is thought to determine the cleavage specificity of the enzymes [41]. Unlike
the atrolysins, the 3D conformations of the S’1- pockets were not well conserved among
the C. s. scutulatus metalloproteinases, suggesting that differences in substrate specifici-
ties for the C. s. scutulatus metalloproteinases is also conferred by spatial differences of
the S’1 -pockets. Indeed, the GP2 and GP4 metalloproteinases, which are weakly hemor-
rhagic, showed a higher structural divergence for the S’1-pockets when superimposed to the
atrolysin isoenzymes as shown in Table 1. The S’1-pocket of GP1 was more structurally
homologous to the S’1-pockets of the atrolysins than of the other three C. s. scutulatus
metalloproteinases, suggesting that GP1 and the atrolysins recognize similar substrates to
produce hemorrhage. The depth and accessibility of the alternate binding cavity conformed
by the S’1-pocket is thought to determine the ability of hemorrhagic metalloproteinases for
binding bulky amino acid side chains (i.e., tyrosine and tryptophan) as found in collagen
type IV (Gly-X), a critical factor that determines hemorrhagic activity of metalloproteinases
[28]. In the present study, an analysis of the depth or the distance between the S’1-pocket
and the catalytic site cavity revealed no significant differences or correlation to hemorrhagic
activities for the C. s. scutulatus metalloproteinase models. While the atrolysins have been
characterized as hemorrhagic toxins that cleave similar substrates in vitro [55, 56], the fact
that their catalytic clefts superimpose well with each other but poorly to weakly hemorrhagic
C. s. scutulatus metalloproteinases is consistent with this observation.

On the other hand, RMSD analyses of superimposed atrolysin metalloproteinase mod-
els showed that the spatial arrangement of specific molecular regions is not sufficient to
explain their ability to induce hemorrhage since the catalytic binding clefts of the atrolysins
unexpectedly superimposed well with that of adamalysin II, a non-hemorrhagic metal-
loproteinase (Table 2). Although RMSD analyses may explain conservation in catalytic
activities for some metalloproteinases, these findings suggest that additional factors con-
tribute to hemorrhagic activity of metalloproteinases and that slight deviations of specific
structural elements or differences in amino acid sequences are not the factors that confer
hemorrhagic and proteolytic activities of rattlesnake metalloproteinase in vivo [57]. Inter-
estingly, we noticed that the catalytic clefts have similar sizes and depth for the GP2, GP3,
and GP4 metalloproteinase, while that of GP1 metalloproteinase was shallower and smaller
(Fig. 7), similar to that of the crystal structure of atrolysin C, a hemorrhagic metallopro-
teinase, suggesting that a narrow catalytic site of certain metalloproteinases is characteristic
of hemorrhagic metalloproteinases.

Other than the disintegrin domain, some metalloproteinases contain disintegrin-like
sequences imbedded within the proteinase domain which confer hemorrhagic activity. The
proteinase domain of jararhagin, a Bothrops jararaca venom metalloproteinase that inhibits
collagen-induced platelet aggregation, appears to interact with platelet integrin receptors
independently of the disintegrin domain [3]. The RKKH segment, which is adjacent to the
N-terminal β-strand 3 of the twisted β-pleated sheet, binds to the α2 I-domain of the inte-
grin in such a way that the catalytic active site of jararhagin remains free to degrade the β1

subunit of the integrin [3]. None of the four groups of C. s. scutulatus metalloproteinases
contain the RKKH segment and are not likely inhibitors of platelet aggregation.

The physico-chemical environment surrounding the catalytic cleft of RSVMPs is critical
for dictating substrate specificity and proteolytic activities. A rendering of the surface and
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field potential maps of the metalloproteinase molecular models showed that the physico-
chemical landscape surrounding catalytic cleft of GP2 metalloproteinase is significantly
altered compared to the other three metalloproteinases. Specifically, GP2 contained a highly
positively charged surface patch near the N-terminal portion of the Zn+2 binding domain
and near the S’1-pocket, whereas the other three groups contained negatively charged sur-
face landscapes. The positively charged field potential map surrounding the Met-turn of
GP2 was severely contracted compared to the other metalloproteinases (Fig. 6). This obser-
vation suggests that the GP2 metalloproteinase may be impaired for attracting positively
charged extracellular matrix substrates through long-range Coulombic interactions in the
blood of an affected human individual. Likewise, atrolysin C and acutolysin A [35, 45],
two strongly hemorrhagic metalloproteinases, also show very extensive and robust nega-
tive field potential maps compared to other metalloproteinases (data not shown). This result
suggests that a series of acidic residues located around the catalytic cleft region is critical
for attracting positively charged matrix substrates like collagen type IV, extracellular matrix
components that form part of the basal lamina of capillaries or bloodstream. Conversely,
adamalysin II, a non-hemorrhagic metalloproteinase, contained a robust basic surface land-
scape and an extensive positively charged field potential map near the catalytic cleft (Fig. 6).
Similar observations were seen for other crystal structures of non-hemorrhagic metallopro-
teinases including the fibrinogenolases (TM-1, TM-2, and TM-3) from Taiwan Habu [58].
Indeed, these three non-hemorrhagic metalloproteinases contain a very robust basic field
potential surface whereas acutolysin C and Bap1 from Bothrops asper, two weakly hem-
orrhagic metalloproteinases [53], show energy landscapes with mix polarities in that they
contain a highly basic field potential landscape at the N-terminal region and an acidic field
potential energy landscape near the catalytic site (data not shown). In further agreement
with this view, the intensity of the negative field potential maps surrounding the Zn+2 bind-
ing domain and the Met turn for each of the C. s. scutulatus metalloproteinases correlated
with hemorrhagic potency [32] in the following manner: atrolysin C> GP1> GP4> GP3>
GP2> adamalysin II. A previous study successfully segregated 19 hemorrhagic and non-
hemorrhagic PI metalloproteinases on the basis of their total polar molecular surface area. In
brief, hemorrhagic metalloproteinases tended to contain a significantly higher polar molec-
ular surface area compared to non-hemorrhagic metalloproteinase [59]. While our studies
also support the notion that multiple factors contribute to hemorrhagic activity, including
the physico-chemical landscape surrounding the catalytic cleft, we unexpectedly found an
inverse relationship in the total polar surface area compared to the hemorrhagic activity of
each C. scutulatus metalloproteinase (GP1: 3261 Å2, GP2: 3682 Å2, GP3: 3352 Å2, GP4:
3314 Å2, atrolysin C: 3440 Å2 and adamalysin II:3399 Å2), suggesting that other factors
besides surface polarity play roles in conferring hemorrhagic activity for PI snake venom
metalloproteinases. Hence, it is plausible that a combination of factors that include both the
amount of surface polarity and the type of polarity (acidic vs. basic) near the catalytic sites
of metalloproteinases may further explain differences in hemorrhagic activities. Interest-
ingly, we also found a modest correlation in the number of cavities to hemorrhagic activity
for each molecular model. The hemorrhagic metalloproteinase models and crystal struc-
tures (GP1, atrolysin C, acutolysin A, and GP4) contained fewer surface cavities (4, 2, 1,
and 4 cavities respectively) while the non-hemorrhagic metalloproteinases GP2, GP3, and
adamalysin II tended to contain a higher number of surface cavities (8, 5, and 5 respec-
tively). Hence, future studies are required to further elucidate how the combination of all the
aforementioned structural and physico-chemical factors lead to differences in hemorrhagic
activities of rattlesnake venom metalloproteinases. Overall, these observations suggest that
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the molecular basis for differences in hemorrhagic activities for PI metalloproteinases is
much more complex than anticipated.

Overall, our data suggest that the following factors confer metalloproteinases with dif-
ferences in substrate selectivity and hemorrhagic activities: (a) differences in amino acid
sequence within the N-terminal region of the mature proteinase domain, (b) spatial devi-
ations of the northern cleft wall and S’1-pockets, (c) differences in the physico-chemical
environment surrounding the catalytic groove (Figs. 5 and 6), (d) differences in the flex-
ibility and size of the catalytic cleft, and the (e) molecular surface complexity (number
of surface cavities). In aggregate, our results and other reports shed light on the molec-
ular basis of substrate selectivity for hemorrhagic rattlesnake metalloproteinases and may
aid in the design of basic peptide inhibitors that irreversibly anneal to the catalytic sites of
hemorrhagic enzymes.
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