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Abstract

Pit viper venoms contain a number of serine proteinases that exhibit one or more thrombin-like activities on
fibrinogen and platelets, this being the case for the kinin-releasing and fibrinogen-clotting KN-BJ from the
venom of Bothrops jararaca. A three-dimensional structural model of the KN-BJ2 serine proteinase was
built by homology modeling using the snake venom plasminogen activator TSV-PA as a major template and
porcine kallikrein as additional structural support. A set of intrinsic buried waters was included in the model
and its behavior under dynamic conditions was molecular dynamics simulated, revealing a most interesting
similarity pattern to kallikrein. The benzamidine-based thrombin inhibitors a-NAPAP, 3-TAPAP, and
4-TAPAP were docked into the refined model, allowing for a more insightful functional characterization of
the enzyme and a better understanding of the reported comparatively low affinity of KN-BJ2 toward those

inhibitors.
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Arterial and venous thromboses are major causes of human
morbidity and mortality. Strategies to inhibit arterial throm-
bogenesis focus mainly on drugs that block platelet func-
tion, but they often include anticoagulants to prevent fibrin
deposition, an approach also used in the prevention and
treatment of venous thrombosis because venous thrombi are
composed mainly of fibrin and red blood cells (Weitz and
Hirsh 2001). Fibrin results from the hydrolysis of fibrino-
gen, a process catalyzed by thrombin, a procoagulant serine
protease.

Snake venoms are complex mixtures containing many
different proteins, a number of them interacting with com-
ponents of the human hemostatic system and playing key
roles in hemorrhagia and blood-clotting disorders
(Markland 1998). The serine proteinase ones often display
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fibrinogen-clotting (thrombin-like) and kinin-releasing (kal-
likrein-like) activities and have been the focus of many
studies for their clinical and biochemical applications (Wa-
tanabe et al. 2002). Unlike thrombin, these enzymes are
incapable of activating factor XIII; thus, they hydrolyze
fibrinogen only to produce a soft clot (non-crosslinked fi-
brins) that is different from the crosslinked hard clots
formed by thrombin. Paradoxically, despite their observed
thrombin-like coagulant action in vitro, such purified
venombins have anticoagulant action in vivo, inducing a
benign state of defibrinogenation for which the abnormal
soft fibrin clot is thought to be crucial (Markland 1998).
Ancrod (from the Calloselasma rhodostoma venom) and
Batroxobin (from the Bothrops atrox, moojeni venom) are
commercially produced for clinical use as defibrinogenating
(anticoagulant) agents to prevent thrombi and improve
blood circulation. Other related defibrinogenating pepti-
dases with similar properties have been reported in a num-
ber of snake species, this being the case for the kinin-re-
leasing and blood-clotting KN-BJ2 serine proteinase from
the Bothrops Jararaca venom, which shares a 69% se-
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quence identity with Batroxobin (ClustalW [Higgins et al.
1994] default alignment) and has already been experimen-
tally characterized for its primary sequence, enzyme speci-
ficity, and comparatively low affinity toward a number of
benzamidine-based thrombin inhibitors (Serrano et al.
1998).

The functional differences between venombin-like en-
zymes and other serine proteinases, namely, thrombin,
would be best understood if a representative three-dimen-
sional (3D) structure of the former were available. At pres-
ent, the only experimental structure for a snake venom ser-
ine proteinase is the X-ray structure of the Trimeresurus
stejnejeri venom plasminogen activator (TSV-PA; Parry et
al. 1998), an enzyme with no fibrinogen-clotting activity.
Still, KN-BJ2—the target of the present study—shares a
64% sequence identity with TSV-PA (ClustalW default
alignment), allowing for a homology modeling of its struc-
ture using that plasminogen activator as template. Consid-
ering that, during evolution, the 3D structures among ho-
mologous proteins have been much better preserved than
their primary sequences, comparative modeling is a reliable
method to predict a protein’s 3D structure when sequence
identity between the target and the template(s) is high, with
accuracy comparable to a low-resolution X-ray structure
(Marti-Renom et al. 2000; Ramos et al. 2001).

The homology-built 3D computational model of KN-BJ2
proposed in the present contribution has been generated
using the TSV-PA structure as major template and a set of
five other trypsin-like serine proteinases for local modeling
of a few critical loops. The model was further improved by
including a set of 22 buried waters, which was considered to
be part of the structure by analogy with the pattern of se-
cluded water molecules found in other members of the same
enzyme family (Henriques et al. 1997, 2001). This con-
served water matrix ensured a structurally preserved protein
environment, a good indicator that the model is most prob-
ably a good representative structure of the enzyme, and
imposed a new type of structural constraint that otherwise
would be impossible to define in any subsequent force-field
simulation.

In an effort to understand the observed affinity differ-
ences between KN-BJ2 and thrombin toward some active-
site directed benzamidine-based inhibitors, a docking exer-
cise of three Na-substituted amidinophenylalanine piperi-
dines into the model structure(s) has been performed, the
inhibitors being o«-NAPAP (Na-(2-naphthylsulfonyl-
glycyl)-4-amidinophenylalanine  piperidine), 3-TAPAP
(Na-tosyl-3-amidinophenylalanine piperidine), and 4-TA-
PAP (Na-tosyl-4-amidinophenylalanine piperidine). The
subject of van der Waals (steric) and electrostatic comple-
mentarity has been also addressed by analysis of the enzyme
interaction (contact) surfaces mapped with the electrostatic
potential (ESP). The modeling/docking results have been
analyzed and compared with the available crystallographic
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structures of those three inhibitors complexed with throm-
bin and/or trypsin (Banner and Hadvary 1991; Turk et al.
1991), allowing for a more critical assessment of the KN-
BJ2 model and providing a first explanation for the reduced
affinity of this venombin-like enzyme toward the inhibitors
in question.

Materials and methods and Results

Multiple sequence alignment

The sequence of KN-BJ2 was obtained from the Swiss-Prot
database (Boeckmann et al. 2003; entry name VSP2_BOTJA).
The PSI-BLAST (Altschul et al. 1997) engine was used to
search for those sequence homologs of the enzyme’s cata-
lytic domain with available X-ray structures. The structures
for a few selected sequences producing significant align-
ments were extracted from the Protein Data Bank (Berman
et al. 2000) and relevant information about them is listed in
Table 1. The percentage of sequence identity was obtained
from a default ClustalW (Higgins et al. 1994) automatic se-
quence alignment. The alignment was then manually corrected
against the secondary structure superposition analysis of the
potential templates, within the QUANTA (QUANTA 2000,
Molecular Simulations Inc.) Protein Design application.

The final sequence alignment of the most promising tem-
plates is presented in Figure 1. As expected, TSV-PA is, by
far, the best candidate for major template: it has the highest
percentage identity with the fewest number of gaps/inser-
tions in the alignment, differing in sequence length by a
single residue only, and exhibiting the seven-residue C-
terminal extension that is highly conserved among snake
venom serine proteinases (Parry et al. 1998) and present in
KN-BJ2 as well. As for the remaining less homologous
sequences, each is representative of a particular subspeci-
ficity within the trypsin S1 family. The selected trypsin,
kallikrein, and thrombin structures were resolved in the
complex form with an inhibitor/substrate that is also an
inhibitor/substrate of KN-BJ2. Besides, unlike TSV-PA,
KN-BJ2 has blood-clotting and kinin-releasing activities
(Serrano et al. 1998), prompting the inclusion of thrombin
and kallikrein structures to guide the modeling. As for the
tissue-type plasminogen activator t-PA, its resistance to
Kunitz-type inhibitors (e.g., bovine pancreatic trypsin in-
hibitor, BPTI) is also common to snake venom serine pro-
teinases (Braud et al. 2000), a characteristic that KN-BJ2
might predictably exhibit and therefore should be consid-
ered during the modeling.

Crude model

The sequence alignment in Figure 1 was used to derive the
3D model structures of KN-BJ2. A first set of three crude
structures was automatically generated with MODELLER
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Table 1. Serine proteinase structures selected as possible templates for the KN-BJ2 model

Ramachandran plot
statistics (%)*

Resolution 3D profile % of sequence
Name Species In complex with PDB ID A) Core Allow  Gen/dis score” identity
TSV-PA Trimeresurus stejnejeri ~ CMK-derivative 1BQY 2.5 83.7 16.3 N/N 78.1 64
84.2 15.3 Y/N 80.4
Trypsin Bos taurus Diisopropylphosphoryl 4PTP 1.34 88.3 11.7 N/N 82.4 41
a-NAPAP 1PPC 1.8 86.2 13.8 N/N 78.5
3-TAPAP 1PPH 1.9 85.6 14.4 N/N 77.4
Kallikrein  Sus scrofa Hirustasin IHIA 2.4 83.2 16.3 Y/N 79.1 40
84.7 15.3 N/N 81.7
BPTI 2KAI 2.5 81.2 17.7 N/Y 73.2
t-PA Homo sapiens Benzyldiamine IRTF 2.3 84.6 15.0 Y/N 84.8 31
Factor D Homo sapiens Isatoic anhydride inhibitor ~ 1BIO 1.5 86.3 12.1 Y/N 81.0 29
Thrombin  Bos taurus Fibrinopeptide A 1UCY 22 80.9 18.4 Y/N 85.2 27
82.0 16.0 Y/Y 89.5
78.7 19.7 Y/Y 90.5
a-NAPAP 1ETS 2.3 78.7 20.3 Y/N 84.6
4-TAPAP 1IETT 2.5 76.7 223 Y/N 85.7
Thrombin ~ Homo sapiens NAPAP-derivative 1QUR 2.0 84.7 15.3 N/N 86.0 27
Fibrinopeptide A 1FPH 2.5 84.2 15.8 N/N 81.5
a-NAPAP IDWD 3.0 82.8 17.2 N/N 71.4

PDB entries 1BQY, 1HIA, and 1UCY have crystal units with multiple structures and were assessed accordingly. Ramachandran plot statistics were obtained
with PROCHECK (Laskowski et al. 1993); 3D profile scores are Luthy/Eisenberg’s (Gribskov et al. 1990); and sequence identity percentages are for a

ClustalW (Higgins et al. 1994) default alignment (more details in the text).

# Residues in most favored (core), additionally allowed (allow), generously allowed (gen), and disallowed (dis) regions of the ¢-{s Ramachandran plot

(Y = yes, N = no).

" Analysis performed for the catalytic domains only, with no hydrogens nor heteroatoms.

(Sali and Blundell 1993) using the default options; for
templates 1BQY.pdb and 1HIA.pdb, the structure with the
best (higher) 3D profile score was used (see Table 1). The
quality of the generated structures was evaluated with
PROCHECK (Laskowski et al. 1993), and Luthy/Eisenberg
(Gribskov et al. 1990) profiles were calculated with
QUANTA, the results being summarized in Table 2. Second-
ary structural elements were also assigned, those of models 1
and 3 being practically equivalent to the TSV-PA motifs, and
model 2 displaying a slightly less characterized folding. Be-
cause model 3 combines a higher 3D profile score with the
smaller number of bad contacts and highlighted residues, this
was the structure chosen for further refinement.

Six disulfide bonds were assigned to this initial model as
predicted by homology with TSV-PA. Five of them match
the kallikrein pattern, the sixth one being between Cys 91
(chymotrypsinogen numbering) and Cys 245e from the C-
terminal extension, which is strictly conserved among snake
venom serine proteinases (Parry et al. 1998). Henceforth,
the chymotrypsinogen numbering system will be used un-
less stated otherwise, the model(s) numbering matching the
TSV-PA numbering.

Refinement

One first refinement to crude model 3 was the inclusion of
a set of inner water molecules that are known to be pre-

served in proteinases sharing the primary specificity of tryp-
sin (Sreenivasan and Axelsen 1992), with positions prede-
termined by structural homology. This strategy has been
proved valuable in other homology prediction studies (Hen-
riques et al. 1997, 2001), for one such water matrix imposes
additional structural constraints to guide the modeling. A
comparative analysis of the two TSV-PA molecules in
1BQY.pdb revealed that only 2 of the expected 22 con-
served buried waters (Henriques et al. 1997, 2001) are ab-
sent in both molecules, those assigned to position identifiers
2 and 15 (cf. Sreenivasan and Axelsen 1992). Yet, the cavi-
ties to accommodate them are present in the TSV-PA struc-
ture(s) and with a residue environment highly homologous
to the equivalent cavities in KN-BJ2 model 3. The remain-
ing templates all have a water molecule in position 2, the
striking feature in its environment being the bulky Trp 29 or
Tyr 29 that these mammalian enzymes possess (see align-
ment in Fig. 1), in contrast with the much smaller, although
also polar, Ser 29 of the two snake proteinases. This fact
results in a much wider, solvent-accessible cavity in the
venom enzymes, thus allowing for a water molecule to re-
side there but exchange with the bulk solvent, and therefore
the corresponding position 2 in the KN-BJ2 model has been
occupied with one such water residue. As for position 15,
the cavity environment features residue 165, a His in TSV-
PA and a Tyr in KN-BJ2, with no structural parallel in any
of the other chosen templates (for which a water molecule is

www.proteinscience.org 2357



Henriques et al.

found in that position). However, within the serine pro- bares a solvent molecule in the equivalent structural
teinase family, the INES.pdb structure of porcine pan- site 15. Consequently, a complete set of 22 conserved
creatic elastase—which has a tyrosine as residue 165— waters was added to the KN-BJ2 model, copied by homol-
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Figure 1. Multiple sequence alignment used in the KN-BJ2 modeling. Sequences for the templates TSV-PA (1BQY.pdb), por-
cine pancreatic kallikrein (1HIA.pdb), bovine trypsin (1PPH), human thrombin (1IDWD.pdb), human factor-D (1BIO.pdb), and hu-
man t-PA (IRTF.pdb) were aligned according to their topological equivalence. The residue numbering refers to chymotryp-
sinogen. Shaded residues denote identity (black) or close similarity (gray) to KN-BJ2. Sequence lengths are displayed in italic
after the C terminus as well as the calculated percentage of identity with KN-BJ2. The secondary structure elements indicated
below each sequence is the Kabsch and Sander (1983) assignment provided in the Protein Data Bank online information; the
assignments are h = helix; b = residue in isolated 3 bridge; e = extended B strand; g = 310 helix; t = hydrogen bonded turn; s = bend.
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Table 2. Quality parameters for the MODELLER (Sali and Blundell 1993)-generated KN-BJ2 structural models and for the refined

model 3 and corresponding MD average structure

Ramachandran plots

Overall (%)* Individual Chil/Chi2 plot
Number of 3D profile
Core Allow Gen/dis Residues highlighted® bad contacts score
Model 1 87.9 11.6 Y/N 7 5 5 70.2
Model 2 86.4 12.6 Y/Y 8 5 7 61.8
Model 3 86.9 12.6 Y/N 6 1 1 70.1
Refined model 3 89.4 10.6 N/N 4 0 0 70.4
MD average 88.4 11.6 N/N 1 3 0 61.1

# Residues in most favored (core), additionally allowed (allow), generously allowed (gen), and disallowed (dis) regions of the ¢-y Ramachandran plot

(Y = yes, N = no).

® Number of residues deviating by more than 2.0 S.D. from ideal in individual (by residue type) Ramachandran and Chil/Chi2 plots.

ogy from the relevant template structures as identified in
Table 3.

With the conserved waters matrix already “in place”, a
process of regularization of the structure was carried out in
order to further improve the quality of the model. All energy
calculations were performed using the CHARMM?22 (Mc-
Kerell et al. 1998) force field implementation within
CHARMM (Accelyris Inc.). First, a series of local short
energy optimizations without nonbonding energy terms
were performed, aimed at correcting the main chain struc-
tural deviations detected with PROCHECK; in a few cases,
a manual redesign, over a particular template, was also ac-
complished. Next, side chains were explored and corrected
for optimal rotamers, favoring those from the existing tem-
plates as far as it made sense, while removing undesirable
bad contacts.

The modeling refinement of residue Arg 179 is worth
describing in more detail: only t-PA has an identical residue
in this position (see alignment in Fig. 1), with a side-
chain extended conformation that cannot be transposed to
KN-BJ2 because it would clash with its C-terminal exten-

Table 3. Matrix of conserved water molecules included in the
KN-BJ2 model by homology

Site identifiers Water Site identifiers Water
1 1BQY:ESOL:479 12 1BQY:ESOL:474
2 1PPH:DSOL:250 13 1BQY:ESOL:481
3 1BQY:ESOL:488 14 1BQY:ESOL:572
4 1BQY:ESOL:555 15 1HIA:GSOL:9%4
5 1BQY:ESOL:501 16 1BQY:ESOL:470
6 1BQY:ESOL:498 17 1BQY:ESOL:924
7 1BQY:ESOL:475 18 1BQY:ESOL:477
8 1BQY:ESOL:478 19 I1BQY:ESOL:574
9 1BQY:ESOL:545 20 1BQY:ESOL:550

10 1BQY:ESOL:513 21 1BQY:ESOL:947

11 1BQY:ESOL:492 22 1BQY:ESOL:482

Site identifiers conform with Henriques et al. (1997). Waters are identified
by the PDB ID of the protein from which they were copied and by the
segment and residue number.

sion, as evidenced in Figure 2. Rough model 3 (and models
1 and 2, in fact) offers a very unusual buried conformation
for this arginine-charged side chain, one that obstructs the
conserved water site 4. This conserved water is hydrogen
bonded to Tyr 234 in the matching templates; thus, it is
valid to assume the same must be true for KN-BJ2 and
therefore Arg 179 should adopt a different conformation.
And, as can be seen in Figure 2, the alternative rotamer
found for Arg 179 not only frees water site 4, but also
allows the arginine guanidinium group to form a surface-
exposed intramolecular salt bridge with the terminal Pro
245g.

The regularized KN-BJ2 model was finally subjected to
an energy optimization with harmonic constraints on the

COO

C-terminal
extension

Figure 2. C-trace superposition of the neighboring regions of Arg 179 in
factor-D (white) and crude (gray) and refined (black) model 3. Side chains
of relevant residues are displayed in ball and stick. Notice that conserved
site 4 is occupied with a water molecule (oxygen only) in the refined model
and factor-D structures and that the C-terminal extension is not a feature of
the latter.
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protein backbone (100.0 kcal mole™" A™2) and water oxy-
gens (25.0 kcal mole™' A™?); the system went through
enough minimization steps for the structure to relax and
clear out any remaining bad contacts. No significant dis-
placements of the conserved water positions or side-chain
distortions were observed. The overall Ramachandran plot
of the resulting model is presented in Figure 3, and its
quality check parameters are also listed in Table 2 for com-
parison. Figure 4 depicts the secondary structure and esti-
mated accessibility (PROCHECK results) of the refined
model and its major template, TSV-PA.

Model dynamics

Considering 3D structures of proteins change rapidly over
time under physiological conditions, a more realistic repre-

180+
1354

90 A

Psi (degrees)

-135
b

sentation of the KN-BJ2 could be a dynamic trajectory of its
model, solvated to some extent. Although the feasible
length of a molecular dynamics (MD) simulation samples
only a small fraction of a protein’s conformational space,
one such approach could further assess the consistency of
the refined model and account for solvation effects such as
flexibility increase of solvent-accessible residues.

Using the QUANTA/CHARMm package, we then
soaked the refined KN-BJ2 model with a 12-A-thick shell of
equilibrated water molecules and submitted it to 500 psec of
MD under NVT conditions at 300K, with an integration
time step of 1 fsec and SHAKE on all bonds involving
hydrogens. A 12.0 A cutoff distance with a switch smooth-
ing function at 11.25 A was used for the nonbonding inter-
actions, and a harmonic constraint of 0.60 kcal mole™ A2
applied on the water oxygens of the solvent outer-layer (2 A

1 ]
I
180 -135 90 -45 0 45
Phi (degrees)
Plot statistics

Residues in most favoured regions [A,BL.] 177 RO 4%
Residues in additional allowed regions [ab,Lp] 21 10.6%
Residues in generously allowed regions [-a.~b,~1.-p| 0 (1.0%%
Residues in disallowed regions 1] 0.0%
Number of non-glycine and non-proline residues T;s 155'0"%
Number of end-residues (excl. Gly and Pro) 1
Number of glycine residues (shown as trnangles) 20
Number of proline residues 14
Total number of residues 5;;

Figure 3. Ramachandran map and corresponding plot statistics for the KN-BJ2 refined model.
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Figure 4. Secondary structure and estimated solvent accessibility for the KN-BJ2 refined model (a), its subsequent MD average

structure (b), see text for details), and TSV-PA.

thick) because no periodic boundary conditions were used.
Trajectories were saved every 0.02 psec.

Figure 5 displays the potential energies as a function of
the simulation time, for both the entire solvated system and
the protein alone. The correspondent root mean square de-
viations (RMSDs) of the protein coordinates (heavy atoms)
relative to the initial structure—overall and backbone
only—are displayed in Figure 6. Temperature was well con-
served throughout the simulation, as intended. The system
was considered to be equilibrated after 300 psec of simula-
tion and an average structure was calculated for the last 200

-7000

psec (10,000 frames) of production. The resulting structure
was finally relaxed for the internal parameters to regular-
ize, and it displays a best-fit backbone RMSD of 1.28 A
relative to the initial refined model. Other relevant struc-
tural quality parameters have been included in Table 2 and
Figure 4.

For the earlier mentioned best-fit backbone superposi-
tion, the average KN-BJ2 structure exhibits all but one con-
served water site occupied by a water molecule, with a 1.58
A overall RMSD for the water oxygens (average vs. initial
equivalent positions). Table 4 summarizes the buried waters
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Figure 5. Potential energy plotted against the simulation time for the entire solvated system (thin line) and the protein alone (thick line). Energy values

have been averaged every 50 saved conformations.
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Figure 6. Root mean square deviations (RMSDs) of the heavy atom coordinates relative to the initial structure plotted against the simulation time, for the

overall (thick line) and backbone (thin line) KN-BJ2 model.

rearrangement in the averaged MD structure. Three buried
water molecules in peripheral sites have been replaced by
bulk solvent residues, a predicted situation under ordinary
solvent conditions (Sreenivasan and Axelsen 1992). Shuf-
fling has occurred between buried waters in the conjugated
sites 9 to 13 and eventually one water molecule (assigned
position 13) has been lost. Interestingly enough, kallikreins
have been reported either to have positions 9 and 13 alter-
natively occupied by His 27 side chain or to have water 9
present but not effectively buried (Sreenivasan and Axelsen
1992), depending on the structure. In fact, this is also the

Table 4. Rearrangement and deviation from initial positions
of the conserved water molecules in the KN-BJ2 MD
average structure

Identifiers Deviation Identifiers Deviation
R — from initial from initial
Site Water A Site Water A

1 1 1.818 12 11 1.085
2 2 0.962 13 Missing —
3 Bulk water 0.859 14 Bulk water 0.708
4 4 2.005 15 15 0.897
5 5 2.896 16 16 0.955
6 6 1.404 17 17 1.888
7 7 1.327 18 18 2.667
8 8 0.513 19 19 2.188
9 12 0.783 20 20 0.359
10 10 1.120 21 21 0.929
11 Bulk water 2.723 22 22 1.269

Waters are identified according to the sites they occupied in the model
before dynamics; “bulk water” means the original molecule has been re-
placed by a bulk solvent residue.
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case for the more recently reported 1HIA.pdb kallikrein
structure (Mittl et al. 1997), one of the KN-BJ2 templates,
which is devoid of buried water 13 and has water 9 on a
more exposed position compared with the templates without
a histidine residue 27, as exemplified in Figure 7. Both
KN-BJ2 and TSV-PA preserve His 27, and the latter also
exhibits a most appropriate “kallikrein-like” water 9 posi-
tion, the one copied to the model.

Docking

The refined KN-BJ2 model was used in the docking proce-
dures because its side-chain rotamers closely match those in
the analogous residues of the inhibitor:enzyme template
structures. The structures of the three inhibitors to dock,
a-NAPAP, 3-TAPAP, and 4-TAPAP, are represented in
Figure 8. The KN-BJ2:inhibitor starting structures were
generated by rigid-body fitting the inhibitors into the model,
having their conformations and relative orientations taken
from the crystal structures of the corresponding enzyme: in-
hibitor guiding templates, that is, PDB entries IDWD (Ban-
ner and Hadvary 1991), 1PPH (Turk et al. 1991), and 1ETT
(Brandstetter et al. 1992), respectively, for a-NAPAP,
3-TAPAP, and 4-TAPAP; the other available a-NAPAP-
bound conformations (1PPC.pdb [Bode et al. 1990],
1ETS.pdb [Brandstetter et al. 1992]) were found to be
equivalent to the chosen one.

The preliminary fitting exercise revealed a potential prob-
lem, because severe clashes occurred between the piperidyl
and naphthyl/tosyl groups of the inhibitors and residue Trp
99 of KN-BJ2, which could invalidate any subsequent rea-
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Figure 7. C_-trace superposition of the neighboring region of assigned
waters 9 and 13 in trypsin (gray), kallikrein (black), and the KN-BJ2
MD-average structure (white). Residue 27 side chain(s) is displayed in ball
and stick. Notice how the occurrence of a histidine as residue 27 induces
a more exposed (peripheral) position for water 9 and allows for water 13
to be absent.

sonable docking. None of the template structures has a
bulky tryptophan in this position, but kallikrein (and t-PA,
see alignment in Fig. 1) has a tyrosine residue 99 in a
backbone conformation that could possibly accommodate
those inhibitors groups. KN-BJ2 being a kallikrein-like en-
zyme, it was reasonable for its residue 99 region to adopt an
alternative kallikrein-derived conformation, this being ac-
complished without significant changes to the overall qual-
ity of the model.

A more refined docking study required the necessary set
of parameters for the inhibitors of interest to be derived in
conformity with the CHARMM22 force field. Geometric
parameters were taken from the available X-ray structures
(Bode et al. 1990; Banner and Hadvary 1991; Turk et al.
1991; Brandstetter et al. 1992), and the corresponding force
constants were derived by analogy to existing parameters.
For the net atomic charges, single-point energy calculations
were performed at the density functional theory level with
the Becke3-Lee-Yang-Parr (B3LYP) functional and the
6-31G* basis set, using the Gaussian 98 (Frisch et al. 1998)
package. Charges were fit to reproduce the inhibitors ESP in
their crystallographic bound conformations to thrombin and
trypsin. Details of the parameterization will be reported
elsewhere (E.S. Henriques, M.A.C. Nascimento, and M.J.
Ramos, in prep.).

Next a multisegment Hybrid Boltzmann Jump Confor-
mational Search was performed within QUANTA
(QUANTA 2000). The procedure explores conformational
space by performing docking rigid body manipulations via
a random perturbation method (using a Metropolis selection
criterion) while sampling the selected inhibitor’s torsional
degrees of freedom using a rotational isomeric state model
random search. For each inhibitor, 100 accepted sample

conformations were generated and the best-fitting results
were clustered and analyzed. These results proved the dock-
ing trend of the amidinophenylalanine and piperidine moi-
eties of each inhibitor to be very similar to the correspond-
ing one(s) in the complexes with thrombin and trypsin, but
were inconclusive on the fitting of the naphthyl/tosyl groups.
Attempts to overcome this situation using the GOLD ge-
netic algorithm for ligand docking (Jones et al. 1997) yield
no consensus either (see Kontoyianni et al. 2004 for an
evaluation on this and other docking algorithms). The most
promising results were then selected for a CHARMm mini-
mization guided fit, performed with a number of plausible
hydrogen bonding (H-bond) distance constraints intended to
preserve the already established fitting conformations of the
amidinophenylalanine piperidine frame. The constraints are
consistent with the reported pattern of H-bonds most likely
to be found for these inhibitors bound to trypsin-like serine
proteinases (Bode et al. 1990; Banner and Hadvary 1991;

HsC

3-TAPAP

HC

4-TAPAP

Figure 8. Chemical formulas of the inhibitors a-NAPAP, 3-TAPAP, and
4-TAPAP. Peptidic-like residue frames have been emphasized with dashed
boxes.
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Turk et al. 1991; Brandstetter et al. 1992), which are be-
tween (1) the inhibitor amidino nitrogens and the Asp 198
positioned at the bottom of the S1 specificity pocket, in
a typical “symmetrical” twin N—twin O manner for o-
NAPAP and 3-TAPAP and in a “lateral” single N—twin O
manner for 4-TAPAP and (2) the carbonyl (and possibly
amino) group(s) of the inhibitor “main-chain residue”
glycyl (a-NAPAP) or phenylalanyl (3— and 4-TAPAP) and
the important Gly 216 recognition site.

The constraints’ target distance was 3.0 A with upper and
lower bound limits of 3.5 A and 1.9 A and a force constant
of 50.0 kcal mole™! A2 for the steepness of the potential
outside those limits for all but the distance between the Gly
216 carbonyl group and the inhibitor’s “main-chain” amino
group, which was assigned half the value (25.0 kcal mole™
A7?). The target distance was chosen on the basis of the
analogous crystallographic values, which vary between 2.7
Aand 3.3 A (Brandstetter et al. 1992); the assignment of a
looser distance constraint for the “main-chain” amino group
was determined by the one-residue insertion in the KN-BJ2
loop 217-220 relative to thrombin (and trypsin), which pro-
trudes into the interaction region of the referred amino
group, thus possibly forcing it to a more twisted distal po-
sition. The reader is referred to Figures 8 and 9 for a better
understanding of these structural/geometric considerations.
The enzyme was kept rigid during the minimization fitting
procedure, which consisted of a Conjugated Gradient opti-
mization to an energy gradient tolerance of 0.01 kcal mole™
A‘l, with a distance dependent dielectric constant set to 4
(usual for proteins) and the same cutoff parameters used in
the model dynamics, followed by a regularization of the

A

internal parameters of the inhibitor within the context of the
cavity van der Waals interactions.

The optimized docking configurations for the three in-
hibitors are illustrated in Figure 9, superposed onto each
other inside the model and the KN-BJ2:a-NAPAP one su-
perposed to the thrombin:a-NAPAP crystal structure. Table
5 lists some relevant H-bond distances.

Considering that a comparison of the inhibition constants
(K;) for the inhibition of KN-BJ, human thrombin, and por-
cine pancreatic kallikrein by the inhibitors of interest (Table
6; Serrano et al. 1998) indicates a closer similarity in affin-
ity between the venom enzyme and kallikrein than to throm-
bin, an analogous docking exercise has been performed for
kallikrein also, using its complex structure with BPTI (Chen
and Bode 1983) to further assist the repositioning of the
inhibitors. Figure 10 illustrates the docking complementar-
ity between the binding cavities of those three enzymes and
the different best fit conformations/orientations of the in-
hibitors, which, as discussed next, provides an insightful
clarification of the reported different affinity trends.

Discussion

Overall structure

A structural model of the KN-BJ2 snake venom serine pro-
teinase has been homology built on the basis of the align-
ment of Figure 1, TSV-PA being the major (most similar)
template by genetic evolutionary proximity and tissue kal-
likrein being taken as an important auxiliary template for

Figure 9. Depiction of the optimized docking configurations of (A) KN-BJ2:a-NAPAP (black) superposed to thrombin:a-NAPAP (gray, IDWD.pdb) and
(B) the three inhibitors—a-NAPAP (dark gray), 3-TAPAP (light gray), and 4-TAPAP (black)—superposed onto each other inside the model. The inhibitors

are displayed in ball and stick and dashed lines represent H-bond interactions.
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Table 5. Relevant hydrogen bonding distances (A) for the modeled KN-BJ2:inhibitor complexes (this work) and the related

experimentally resolved complexes (identified by pdb code)

Enzyme KN-BJ2 IDWD KN-BJ2 IPPH KN-BJ2 IETT
Residue Atom Inhibitor atom NAPAP 3-TAPAP 4-TAPAP
Asp 189 OoD1 NG1 33 3.1 33 3.0 3.2° 3.2°
oD2 NG2 33 25 35 2.9 34 33
Gly 216 N o 3.0 2.9 32 3.1 3.4 32
0 N 2.8 23 3.1 3.1 3.5 2.8
d? 3.0 3.1 2.7 3.1 2.9 3.0

# Minimum enzyme—inhibitor contact distance for heavy atoms not involved in specific interactions.
® Values for NG2 also, the 4-TAPAP nitrogen interacting in a single N—twin O manner.

both its topological similarity with TSV-PA (Parry et al.
1998; see secondary structure elements in Fig. 1) and the
reported kinin-releasing (kallikrein-like) activity of KN-
BJ2. Despite the 64% sequence identity between KN-BJ2
and TSV-PA and the single one-residue insertion in their
alignment, TSV-PA does not display the fibrinogen-clotting
activity that prompts us to study KN-BJ2; thus, it was con-
sidered advisable to include a number of other relevant ser-
ine proteinases, namely, thrombin, to further guide the mod-
eling.

The refined KN-BJ2 model structure exhibits the typical
fold of an S1 serine proteinase, in close similarity with
TSV-PA topology and solvent accessibility (see Fig. 4). It
has hydrophilic residues His 57, Asp 102 (of the catalytic
triad), Asp 189 (S1 pocket), and Asp 194 (in a highly pre-
served internal salt bridge with the N-terminal residue) bur-
ied as expected, and an arrangement of surface-exposed
intramolecular salt bridges matching the one in TSV-PA
(Parry et al. 1998), except for bridges 143—149 and 97-174,
which have no analogy in KN-BJ2. Other charged side
chains are exposed to the bulk solvent and one can assume
an extra salt bridge between Arg 179 and the C-terminal
residue. A set of 22 buried waters known to be preserved in
S1 serine proteinases was incorporated into the model,
and it fit the structure without any significant adjustments.
The overall quality of the model is good and comparable
to the quality of its major template structure (TSV-PA,
Table 1), as made clear by the results in Table 2 and Fig-
ure 3.

Table 6. Inhibition constants (K, wM) of human thrombin,
bovine trypsin, porcine tissue kallikrein, and snake KN-BJ
(I and 2) as reported in literature

Thrombin Trypsin Kallikrein KN-BJ
(Stiirzebecher  (Stiirzebecher (Serrano (Serrano
Inhibitor et al. 1986) et al. 1984) et al. 1998) et al. 1998)
a-NAPAP 0.006 0.69 93 30
3-TAPAP 0.34 1.2 590 263
4-TAPAP 2.3 64.0 38 576

Compared with the refined model, the ensuing MD av-
eraged structure suffered a minor quality loss (see Table 2),
most certainly a consequence of the limited sampling and
the rather simplified force-field formulation, in particular
for the nonbonding interactions, which introduces many
very small structural errors; one should recall that secondary
structure elements such as (3-sheets and a-helices depend on
H-bond (i.e., nonbonding) interactions. Thus, the average
structure is more relaxed but less well packed as perceived
by the slight decrease in the ratio of hydrophilic/hydropho-
bic solvent-accessible surface area (0.52 versus the initial
0.59 value). Nonetheless, under dynamic conditions, the
model rapidly reached equilibrium both energetic (Fig. 5)
and structural (Fig. 6), and it seems reasonable to assume
that such a fast convergence is also a good indicator of the
quality of the starting model.

Very interesting MD results arise for the conserved water
molecules (see Table 4), their general behavior throughout
the simulation being consistent with the available experi-
mental data: the five water molecules assigned to enzymes
sharing the primary specificity of trypsin (sites 17-21;
Sreenivasan and Axelsen 1992) conserved their positions,
and for the three peripheral water sites that have been re-
occupied by bulk water molecules, the fact remains that a
particular water is bound to reside in each of these sites for
sufficiently long periods of time (the average structure cov-
ers 200 psec). Of particular interest is the simulation result
for waters 9 and 13, which seems to reproduce an already
observed pattern for kallikreins in what concerns the
presence (or absence) of these two buried waters in a re-
gion that might be alternatively occupied by His 27 side
chain, as depicted in Figure 7. Not only does the simula-
tion portray a dynamic solution for that pattern, but it also
emphasizes the kallikrein-like character exhibited by the
KN-BJ2 venom enzyme, thus contributing to the validation
of the model.

Inhibitor binding

The most striking difference between the binding sites of
thrombin and KN-BJ2, as well as other trypsin-like serine
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kallikrein:NAPAP

Figure 10. Solid-surface representation of the binding cavities for thrombin complexed with a-NAPAP (1DWD.pdb), KN-BJ2 with
a-NAPAP best-fit docking conformation, kallikrein with a-NAPAP best-fit docking conformation, and kallikrein with 4-TAPAP
best-fit docking conformation. Contour level surface is van der Waals radius +0.9 A, and coloring is according to the electrostatic
potential at the surface calculated with the CHARMm standard atomic charges, color ramping being from intense blue (=50 kcal

mole™") to intense red (=50 kcal mole™").

proteinases, is the specific 60-insertion loop of the former
(60.A-D, see alignment in Fig. 1), which creates with Trp
215, Leu 99, and Ile 174 a double hydrophobic pocket sub-
divided into a smaller proximal (P) pocket to the His 57 side
and a larger distal (D) pocket to the Trp 215 side (Banner
and Hadvéry 1991). Aromatic moieties such as phenyl or
naphthyl rings are well accommodated in this binding
pocket, this being the case for the three inhibitors «-
NAPAP, 3-TAPAP, and 4-TAPAP. KN-BJ2 (and kal-
likrein), lacking this peripheral (outer face) rim of the
pocket, leave it wide open to the bulk solvent, which could
account for much of its observed comparatively low affinity
toward those thrombin inhibitors (see Table 6); yet trypsin
does not have the 60.A-D loop also and its corresponding
affinities are of a much closer order of magnitude to the
thrombin ones. The docking exercises were intended to fur-
ther rationalize these experimental data.

The Hybrid Boltzmann Jump search docked the amidino-
phenylalanine and piperidine moieties of each inhibitor in a
predictable way, that is, equivalent to the corresponding
one(s) in the resolved complexes with thrombin and trypsin.
As can be seen in Figure 9, the amidinophenylalanyl group
packs favorably inside the S1 binding pocket, forming the
desirable interactions between the nitrogens and the carbox-
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ylate group of Asp 189, and the piperidine ring is squeezed
between the His 57 imidazole side chain and the indole
moiety of Trp 99; however, unlike Trp 60.D of thrombin,
Trp 99 of KN-BJ2 is in the “inner face” of the P-pocket and
pushes the piperidyl group slightly away from the enzyme
surface, because it is much bulkier than the corresponding
Leu 99 in thrombin (and trypsin). A comparable situation is
found for the docking in kallikrein, its residue 99 being (an
also bulky) tyrosine.

A close inspection of the binding cavity surfaces repre-
sented in Figure 10 makes it understandable as to why the
docking of the naphthyl/tosyl groups was not “straightfor-
ward”: the KN-BJ2 and kallikrein cavities lack the striking
shape complementarity thrombin has, prompting a looser
(ambiguous) fitting of those groups and making it necessary
to reduce the conformational freedom of the inhibitors’
“main chain”. This was achieved by imposing a number of
plausible distance constraints: those involving the amidino-
carboxylate interactions are obvious and were already “in
place” after the first docking run, and it follows from ex-
perimental evidence that, for all serine proteinases, sub-
strates and inhibitors must establish H-bonds with the non-
specific peptide recognition site Gly 216 (Klebe 2000);
hence, the second set of constraints.
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The calculated KN-BJ2-inhibitor interaction energies for
the final docking configurations (-68.1, —55.5, and —49.6
kcal mole™ for a-NAPAP, 3-TAPAP, and 4-TAPAP, re-
spectively) display the same decreasing tendency of the re-
ported affinities, and although potential energies are not
directly comparable with inhibition constants, they are still
a good indicator of the reliability of the docked structures.
As can be seen in Figure 10, the docking of a-NAPAP in
KN-BJ2 (and kallikrein) induces an extended conformation
for this inhibitor, with the naphthyl group being pushed
away from the piperidyl ring by the bulky residue 99 and by
the rotation around the O,S-NH bond, this latter occurring
to avoid the clash of the sulfonyl group with residue 218,
which protrudes unfavorably into the binding region in con-
sequence of the previously mentioned one-residue insertion
in loop 217-220; plus, the KN-BJ2 structure creates a rather
negative ESP around the active-site cleft (as, in fact, does
TSV-PA; Parry et al. 1998), facing the negatively polarized
SO, group of the inhibitor. Notice, however, that the ex-
tended conformation still allows for the naphthyl group to
interact favorably with Trp 215 at the bottom of the latent
D-pocket. Similar considerations can be made for the dock-
ing of the other two inhibitors, 3- and 4-TAPAP, which also
adopt extended conformations (see Fig. 9) in order to
achieve the best possible steric/electrostatic complementa-
rity with the KN-BJ2 binding cavity, yet lead to the sys-
tematic lengthening, that is, destabilization, of the crucial
interactions, patent in Table 5. One can also infer an in-
crease in steric hindrance by the general shortening of close
contacts represented by parameter d in Table 5.

In effect, these discussed modeling results are in excellent
agreement with a few consensual ideas regarding the bind-
ing of the studied inhibitors (Banner and Hadvary 1991;
Brandstetter et al. 1992), which attribute their large affinity
to thrombin, mainly as a result of (1) the notched double
pocket shaped by the unique 60-insertion loop, which is
much more prominent and hydrophobic and therefore better
suited to bury the inhibitors hydrophobic moieties than it is
possible in trypsin, KN-BJ2, and kallikrein and (2) the good
internal packing of the inhibitors themselves, in a com-
pact—close to their “naturally” most stable—conformation
(see Fig. 10), which is also preserved when binding to
trypsin, but appears to be inappropriate to dock in the dif-
ferently shaped KN-BJ2 and kallikrein binding regions, as
suggested by the predominance of extended docking con-
formations obtained in the present modeling study. One
particular result might be interpreted in light of this latter
topic and illustrates its importance: kallikrein, which in-
duces the most extended conformations of a-NAPAP and
3-TAPAP, has the lowest affinities for these two inhibitors
(see Table 6), whereas its off-trend higher affinity to 4-
TAPAP concurs with the best-fit compact docking confor-
mation of the latter, as depicted in Figure 10. Compared
with KN-BJ2, kallikrein displays a D-pocket less cramped

at position 99 (tyrosine is not as bulky as tryptophan) but
somewhat shrunken at the rim of its one-residue shorter
loop 172—175, creating a most appropriate concavity to ac-
commodate a tosyl group. In the case of 4-TAPAP, this has
been achieved with the inhibitor in a compact docking con-
formation much similar to the one found in the thrombin:
4-TAPAP complex and with similar anchor interactions to
Asp 189 and Gly 216; the different geometry of the 3-
TAPAP analog did not promote an equivalent situation.

From the discussion beforehand, it is reasonable to as-
sume that the considerably reduced affinity of KN-BJ2 to-
ward the studied thrombin inhibitors must be largely deter-
mined by a significant distortion of their compact stabilizing
conformations on docking, mainly induced by the different
shape and orientation of the cavities where the two hydro-
phobic groups of those inhibitors can be accommodated
(latent P- and D-pockets), combined with a rather poor
complementarity between the referred groups and their host
pockets. The bulky residue Trp 99 flanking these pockets
must be a key determinant of the KN-BJ2 subspecificity,
such as Tyr 99 is to kallikrein (Chen and Bode 1983); in-
cidentally, batroxobin, which possesses a small threonine at
position 99, has K; values for a-NAPAP of the same order
of magnitude of trypsin (Leu 99). The KN-BJ2 affinity trend
a-NAPAP>3-TAPAP>4-TAPAP is presumably the result
of the naphthyl group being more suited (better sterical fit)
to occupy the host pockets than the smaller tosyl group, as
the docking superposition in Figure 9B suggests, thus dis-
playing more favorable hydrophobic contacts (e.g., with Trp
215) and a tighter binding; 4-TAPAP has the additional
“disadvantage” of anchoring the amidinophenyl group to
Asp 189 via a single nitrogen atom. Similar arguments have
been used to explain that same trend for the thrombin and
trypsin affinity pattern (Bode et al. 1990; Banner and Had-
vary 1991; Turk et al. 1991; Brandstetter et al. 1992).

Hydrophobic interactions being a major determinant and
discriminating factor in the binding of the inhibitors under
study, no attempt has been made to further relax the mod-
eled complex structures by means of full-energy minimiza-
tions, for the so-called induced fit the protein must undergo
on their binding is unlikely to be correctly reproduced by a
simple molecular mechanics force field.

Conclusion

On the basis of the modeling results herein obtained and
their comparison with the available experimental data, it
seems reasonable to conclude that the structural model we
propose for KN-BJ2 is most likely a good representative of
this venom enzyme. The model allowed us to tackle a num-
ber of interesting aspects that emphasize the kallikrein-like
pattern of this proteinase, including how the behavior of its
intrinsic set of buried waters under dynamic conditions can
be related to a kallikrein motif. The information obtained
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from the docking procedures proved useful for the interpre-
tation of some reported K, values for the enzyme toward a
number of thrombin inhibitors, convincingly explaining the
relative KN-BJ2 affinities and the affinity differences to
thrombin and trypsin, and making it possible to rationalize
its similarities with kallikrein. Succinctly, both KN-BJ2 and
kallikrein feature a distinctive one-residue insertion in loop
217-220 following the Gly 216 recognition site and a bulky
aromatic residue 99 protruding into the S2 binding region,
two characteristics often associated with kallikrein-like en-
zymes and absent from thrombin and trypsin. Combined
with an ESP around the active site that is markedly more
negative than in thrombin and the lack of a thrombin-like
60-insertion loop, the overall result is a more loose-fitting
and solvent-exposed binding region and an ill-defined D-
pocket that induces extended docking conformations of the
inhibitors, exposing their hydrophobic surfaces and not pro-
moting enough cooperatively acting contacts to stabilize the
complexes. The fact that enzymes such as trypsin and ba-
troxobin, which also lack the 60-insertion loop but have a
smaller aliphatic residue 99 merged in the binding surface,
display much higher affinities for the inhibitors in question
than KN-BJ2 and kallikrein, underlines the relevance of
position 99 for the kallikrein-like affinity. The proposed
model provides an insightful clarification of the KN-BJ2
activity and is a valuable solid starting point for a better
functional characterization of other related venom protein-
ases with thrombin- and kallikrein-like activities, which
may either reside separately in different enzymes or be
found together in a single one (Serrano et al. 1998).

Coordinates for all of the modeled structures are available
directly from the authors on request.
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