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Abstract: Crotalase is a serine protease from eastern diamondback rattlesnake (Crotalus adamanteus) venom,
Crotalase has high amino-acid sequence similarity to three other members of the serine protease family, o-
thrombin, B-trypsin and kallikrein A. Their structural information was used to predict the folding of crotalase.

The computational structural data were used to explain biochemical properties of this important enzyme.
© 1997 Elsevier Science Ltd.

Crotalase is a serine protease extracted from eastern diamondback rattlesnake (Crotalus adamanteus)
venom."! Snake venoms have found many applications in studies of analgesics, hemostatic agents, and
anticoagulants? Crotalase is an endopeptidase with high peptidase specificity for hydrolysis of the -Arg-Gly-
peptide bond.? It also can hydrolyze basic amino-acid esters, and it shows some activity on non-basic esters
as well. Furthermore, p-nitropheny! esters of aromatic and aliphatic amino-acids can serve as substrates for
crotalase.! In addition, crotalase displays thrombin-like activity. It forms fibrin clots from fibrinogen and at
higher concentrations has a fibrinolytic activity.® Similarly to some other snake venom enzymes, crotalase
would appear to release only fibrinopeptide A. Furthermore, crotalase cleaves the thrombin-sensitive bond in
prothrombin.® It is intriguing that crotalase displays some features opposite to thrombin. It has no effect on
factors V, VIII, and XIII, does not cause platelet aggregationand does not bind to heparin.* Crotalase can
further be characterized as a trypsin-type serine protease. It is inhibited by known trypsin inhibitors such as
chloromethy! ketone of toluenesulfonyl-L-lysine. However, it shows no effect with chloromethyl ketone of
toluenesulfonyl-L-phenylalanine.® Crotalase also displays kallikrein-likeactivity. It is inhibited by specific
kallikrein inhibitors and displays activity with kallikrein-specific chromogenic substrates.® Crotalase catalyzes
kinin release from the high-molecularweight kininogen (HMWK) and cleaves the kallikrein-scissile bond in
HMWK. However, in contrast to kallikrein, crotalase fails to activate plasminogen.® These various properties
of crotalase lead us to conclude that in contrast to many enzymes extracted from various animal venoms,
crotalase is a multifunctional enzyme.

Crotalase not only shows physiological similarity to other serine proteases, but it displays a relatively
high amino-acid homology to other members of the family.” As could be expected from the substrate profiles,
crotalase shows highest similarity to kallikrein A, B-trypsin, and o-thrombin.® These three enzymes have
been crystallized, whereas the crotalase structure has not been determined to date® The crotalase three-
dimensional structure may shed light on mechanisms of action of the various serine proteases, and would help
to find applications in treatment of various diseases, particularly since many examples are known of such use
in medicine for other venoms.? In this manuscript the computational three-dimensional structure of crotalase
is elucidated and the observed properties with substrates and physiological behavior of this enzyme are
explained based on the structural information.

As described above, crotalase displays activities similar to o-thrombin, kallikrein A and B-trypsin.
Furthermore, these three enzymes were chosen by the COMPOSER program as the ones with the highest
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homology to crotalase, among eight serine proteases.'’ Percentages of the sequence identity of crotalase for

these three proteins

16 20 30 - 40 50 60 70 - 80 90 o
O PO leveen R DU leeeernnns leeenanns [ S DO [ were 42% (kallikrein
Ef | .
VIGGDECNINEHRFLVALYDYWSQLFLCGGTLINNEWVLTARHCDRT-RILIYVGVHDRSVOFDKBQRRFPREKYFFDCSMN | Ay 409, (B-trypsin)
100 110 120 130 140 150 160 170 --- | and 35% (o-
...................... T DR FUSUUNUN PSRN BUUUUPUN PR .
FTKWDRDIML IRLNKPVSYSERIAPLSLPSSP--PIVGSVCRAMGHGQTTSPOETLPDVPHCANINLLDYEVCRTARPOFR |  thrombin). These
high values for t
180 —- 190 200 210 220 230 240 gh he
...... e L I B I gl T LIS (VI Ti (21 10
LPATSRTLCAGVLEGGIDTCNRDSGGPLICNGQ-~--FQGIVFWGPDPCAQPDKPGLY TKVF DHLDWIQSTTAGEKTVNCP .
scores indicate
Figure 1. Numbering of the amino-acid sequence of crotalase is according to the] evolutionary
"chymotrypsinogen" numbering system,'' corrected based on results of multiple- . .
sequence alignment of the crotalase sequence with sequences of Kkallikrein A, B- relationship ~ among
trypsin and c-thrombin. them. These three

enzymes were used in modeling in order to increase the size of the model structure covered by the Structurally
Conserved Regions (SCR)—the areas with the same fold in homologous proteins.

To test the predictive power of COMPOSER for the serine proteases, the structure of B-trypsin was
predicted based solely on amino-acid sequence of B-trypsin and the three-dimensional structures of o-
thrombin and kallikrein A. The predicted and known crystal structures (for B-trypsin) were practically
identical, with the rms deviation in positions of the catalytic residues within 0.2 A (data not shown). The
same experiment was repeated for the prediction of the three-dimensional fold for kallikrein A based on
structura] data available for a-thrombin and B-trypsin. The predicted and X-ray structures of kallikrein A
were entirely superimposable, particularly in the active site area, for which the rms deviation was merely 0.14
A.

Finally, COMPOSER was used to determine the three-dimensional structure of crotalase. Crotalase
has 237 amino acids in its sequence (Figure 1). The twelve structurally conserved areas comprise 86% of the
length of crotalase. Hence, we expected a high level of confidence in prediction of the structure of crotalase.

Figure 2 shows the
backbone of all four proteins
superimposed according to their
topologically equivalent regions.
The regions encompassing the
catalytic triads (Ser-195, His-57
and Asp-102) of all four proteins
are entirely superimposable.

Certain criteria can be used

to evaluate the correctness of the

Figure 2. Superimposition of the backbones of the predicted
structure of crotalase (in cyan) and the crystal structures (in white)
structure. These are factors such as | for the kallikrein A, B-trypsin and a.-thrombin.

folding for the protein of unknown

exposure of charged and polar
groups to the solvent, spatial location of the catalytic residues, self-consistency of the structure with respect
to formation of unconstrained disulfide bridges, and compactness of folding. The predicted structure of
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crotalase satisfied all these criteria. The surface area calculated based on molecular weight of crotalase was
within 0.1% of the surface area of the predicted structure.'> The difference may be as much as 20% or more
for incorrectly folded proteins. Approximately 10-13% of molecular surface area for a typical globular protein
is usually provided by charged groups.'” Crotalase falls within these limits, having 12% of the surface
provided by charged groups. Almost all charged groups are exposed to the solvent. Crotalase has 12
cysteines, all of which exist in the oxidized disulfide form.'” All 12 cysteines in our model were in the range of
4-7 A from the Cg of another cysteine, a distance range which is favorable for formation of unconstrained
disulfide bridges. These pairs are Cys-22 to Cys-157, Cys-42 to Cys-58, Cys-136 to Cys-201, Cys-168 to
Cys-182, Cys-191 to Cys-220, and Cys-92 to the cysteine residue near C-terminal end. The disulfide pairs of
crotalase are in agreement with those demonstrated in the highly homologous thrombin-like venom enzyme,
bilineobin."> We used the "chymotrypsinogen" numbering system in this manuscript.'' This system uses
letters to number the amino-acid insertions. For example, o.-thrombin has nine-amino-acid insertion after
position 60, therefore the following residues are numbered as 60A to 601. Also, the prime sign is used for the

residues of serine  protease

substrates and inhibitors, to
differentiate their residues from
those of the enzyme.

Water molecules, found at
the same positions for the
homologous proteins, were added to
the folded crotalase structure.
Several water molecules were
incorporated to cover the active site
of the enzyme. A total of 296

water molecules were added to the ] Figure 3. Stereoview of the active site of the energy-minimized
folded structure of crotalase. Then, |Structure of the acyl-enzyme intermediate for crotalase. ~The
. catalytic triad is shown in n, the remainder of the enzyme is
the energy of the entire molecule coloritd in cyan. Substrate a%(r)er::s are colored according to the atom
was minimized by the AMBER types (carbons in white, nitrogens in blue, oxygens in red, and
force field. Energy minimization |hydrogens in cyan). Hydrogen atoms are shown only when they are
caused no significant change in |involved in a few selected hydrogen bonds. Hydrogen bond is

folding of crotalase. There is a salt depicted as yellow dashed lines.
bridge between the N-terminal amino group of Val-16 and the side chain of Asp-194, which precedes the
catalytic Ser-195. This salt bridge is common in serine proteases and it is believed to stabilize the structure of

the active site. The active site of crotalase has approximately the same dimensions as those for the three
homologous proteins used to model the enzyme. However, the presence of Phe-214 near the bulky Trp-215
causes the active site near the catalytic histidine and serine to be slightly narrow. The position 214 is occupied
by a smaller serine residue in kallikrein, trypsin and thrombin, compared to the bulkier phenylalanine in
crotalase. This change in the size of the residue near the catalytic serine residue can affect substrate
preferences and explains increased specificity of crotalase toward Arg-X substrates, where X is preferably
Gly.> We also modeled a hypothetical acyl-enzyme intermediate for the active site of crotalase modified by
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Pro-Gly-Ala-Arg tetrapeptide (Figure 3). The substrate binds in a mode similar to other serine proteases,
aligning in an antiparallel manner to the B-sheet of the active site. The arginineresidue of the substrate fits to
the S, pocket, participating in hydrogen bonding to the side chains of Asp-189 and Thr-190. The carbonyl of
the acyl-enzyme intermediate is sequestered in the oxyanion hole.

The S)-binding site. The S; pocket of crotalase is the same size as that of kallikrein A. All four
enzymes have Asp-189 at the bottom of this pocket. The acidic side chain of aspartate serves as the counter
ion in interactions with the basic groups at P, of the substrates. Crotalase, B-trypsin, and a-thrombin have
Gly-226 located near Asp-189. In contrast, kallikreinhas Ser-226 near Asp-189, which makes the S, pocket
slightly smaller for this enzyme. Another residue found in the S; pocket of crotalase is Thr-190, which is also
found in kallikrein. The hydroxyl of Thr-190 provides an additional hydrogen bond with the basic P; group.
Therefore, interaction of the substrates with basic groups at P; should be strong. Thrombin has a more
hydrophobic alanine residue at this position, and trypsin has a serine. Residue Val-213, located to the side of
the S; pocket (near its entrance), makes this part of the pocket more hydrophobic. This accounts for enhanced
activity with substrates with arginine at P, (which has three methylene groups in the side chain) and activity
against esters with aromatic and aliphatic groups at that position.!

The Sx-binding site. The S; binding site is formed by similar residues in the case of crotalase, kallikrein,
and trypsin, and to some extent in thrombin. Crotalase, kallikrein, and trypsin lack the nine-residue insertion,
a loop 60A-601, that is found in thrombin. This causes the S, site to be more open in these enzymes than in
o-thrombin. The S, binding site is bordered by the catalytic His-57 and hydrophobic ring systems of Trp-99
and Trp-215 in crotalase. Apart from the catalytic histidine residue, kallikrein, trypsin, and thrombin also
have hydrophobic residues such as tyrosine or leucine and tryptophan at positions 99 and 215, respectively.
The hydrophobic environment at the S, binding site causes preference by all these enzyme for hydrophobic
residue at P, in substrates.

The "aryl"-binding site. The "aryl"-binding site is formed by residues Leu-99, Ile-174, Trp-215 and
Phe-227 in thrombin. It is occupied by the aromatic group of Phe-8' of fibrinogen, during its hydrolysis. 4
This site is also bordered by hydrophobic residues Trp-99, Phe-173B, Leu-174, and Trp-215 in crotalase.
These residues could provide favorable hydrophobic interactions with Phe-8' of fibrinogenand may account
for the fibrinopeptide A releasing activity observed for this enzyme.

The "fibrinogen-binding" exosite. The "fibrinogen binding" exosite is formed by two loops (Phe-34 to
Leu-41 and Lys-70 to Glu-80) in thrombin with affinity for fibrinogen. The counterpart of the Lys-70 to Glu-
80 loop in trypsin is referred to as the "calcium loop"." This loop and its vicinity are very rich in basic
residues in thrombin, but not so in trypsin and kallikrein. These positions are similarly rich in basic residues
in crotalase (Arg-73, Lys-78, Arg-81, Arg-82), although to a lesser extent than in ¢-thrombin. o-Thrombin
has seven basic residues (Arg-67, Lys-70, Arg-73, Arg-75, Arg-77A, Arg-78, and Lys-81) in the loop,
compared to four in crotalase. Three of the four basic residues of crotalase (Arg-73, Lys-78, and Arg-81) are
shared with thrombin, and the side chain of Arg-82 in crotalase is located close to the side chain of Arg-67 of
o-thrombin. These residues of crotalase could provide the needed interactions for binding of fibrinopeptide to
the enzyme. Kallikrein and B-trypsin both lack basic residues at this loop, and consequently they cannot bind
to fibrinopeptide residues 30 to 44 from the ®A N-terminus. Kallikrein has only one basic residue in this
region, Arg-70. B-Trypsin has also just one basic residue (Arg-66). However, the loop of trypsin and its
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vicinity are rich with acidic residues (Glu-70, Asp-71, Glu-77, Glu-80, and residue Asp-153), which favor
binding to the calcium ion. Another interesting observation is that the topology of the molecular surface
surrounding the active-site cavity of crotalase is unique and different from the other serine proteases. In
crotalase two grooves are joined together forming the active-site cleft. One groove is similar to that in the
"fibrinogen-binding" exosite of thrombin, and another is unique. This second groove is absent in thrombin and
its place is taken by the 60A-601 loop. One of the walls of this second groove is formed by the additional six-
amino-acid stretch at the C-terminus of crotalase. Surprisingly, this second groove of crotalase is also lined up
with basic residues (Arg-60, Lys-85, Lys-89, Arg-107, and Lys-110). One can see that these two positively
charged surfaces "mirror" each other with respect to their position in reference to the active site. Therefore,
this second site could be considered as an "alternative fibrinogen recognition exosite", existence of which was
proposed previously.” Most thrombin-like enzymes have a net negative charge in the area where the regular
"fibrinogen-binding" exosite would be located. On the other hand, the basic residues at positions, 85, 89, and
107 are strictly conserved among the seven known thrombin-like enzymes from snake venoms, positions 60
and 110 are basic in six of them, suggesting the existence of such an alternative site.'®

The "heparin-binding” site. The "heparin-binding" site is unique to thrombin. It is part of the
thrombin surface formed by one helix comprised of residues His-230 to Ile-242, and is surrounded by basic
residues (Arg-93, Lys-97, Arg-101, Lys-126, Arg-165, Lys-169, Arg-173, Arg-175, Arg-233, Lys-235, Lys-
236, Lys-240), which are thought to be involved in heparin binding to thrombin."* Crotalase has Ser-93, Thr-
97, Lys-101, Ser-126, Tyr-165, Arg-169, Pro-173, Pro-175, Asp-233, Leu-235, Asp-236, Ser-240 at the
corresponding positions. These are mostly non-basic residues. Sixresidues among 13 of the helix (positions
230-242) are the same in thrombin and crotalase. However, all surface residues of this helix are variable in
crotalase. They are mostly acidic in nature (Asp-233, Asp-236, and Ser-240). In contrast, a-thrombin has
only basic residues—Arg-233, Lys-236, and Lys-240—at these positions, which also contribute to the
interaction of o-thrombin to heparin, in contrast to crotalase, which does not bind to heparin, as has been
shown experimentally.*

The "hirudin-binding" site. Hirudin is a peptide extracted from the leech saliva. It is one of the most
potent thrombin inhibitors and the most specific. It has a high content of negatively charged amino-acid
residues, and its side chain of Tyr-63' (near the carboxy-terminus) is sulfated. These residues are all necessary
for maximum complex formation with thrombin.'> Among some of the important hirudin-thrombin
interactions are ion pairs, Asp-5' to Arg-221A, Glu-17' to Arg-173, Glu-49' to Lys-60F, Asp-55' to Arg-73,
Asp-55' to Lys-149E, Glu-58' to Arg-77A, and the carboxy-terminal carboxylate to Lys-36 (all residues are
given for human hirudin-thrombin complex; 4htc).'> Positions 60F and 149E are spatially absent in crotalase.
Among seven ion-pairs which are present in the hirudin-thrombin complex, six do not exist if crotalase were to
interact with hirudin. The nine-amino-acid-insertion loop (60A-601) is found only in thrombin, and primarily
consists of hydrophobic residues. These residues provide hydrophobic interactions with Leu-13' and Pro-46'
of hirudin. This loop is absent in crotalase. Therefore, hirudin does not inhibit crotalase, as has been observed
experimentally.’

Plateletaggregation. Platelet aggregationis mediated by the thrombin receptor which is activated by
cleavageof an arginyl bond. It has been shown that thrombin cleaves the Leu-Asp-Pro-Arg~Ser site of the
thrombin receptor on platelets (~ represents the cleavagepoint). 17 The hirudin-like domain of the thrombin
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receptor binds to the fibrinogen recognition exosite.'” However, due to the presence of the bulky tryptophan
at position 215, crotalase has specificity toward -Arg-Gly- bonds.> Furthermore, as it has been pointed out in
a previous section, crotalase may have an alternative fibrinogen recognition exosite which is different from that
of thrombin. As a result, crotalase does not bind to hirudin nor, quite possibly, to the hirudin-like domain of
thrombin receptor. Therefore, because of all these factors crotalase cannot activate platelet aggregation, as
demonstrated experimentally.* ,

Structural analysis reveals that crotalase resembles kallikrein most closely. This is supported by higher
crotalase amino-acid sequence identity with kallikrein. The structural data provided herein make available
detailed information, which explains many observations on activity of crotalase.'®
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