J Mol Model (2011) 17:2939-2951
DOI 10.1007/s00894-011-0968-9

ORIGINAL PAPER

Analysis of Bacillus anthracis nucleoside hydrolase via
in silico docking with inhibitors and molecular dynamics

simulation

Ana P. Guimaries - Aline A. Oliveira - Elaine F. F. da Cunha -

Teodorico C. Ramalho - Tanos C. C. Franca

Received: 10 September 2010 / Accepted: 11 January 2011 /Published online: 12 February 2011

© Springer-Verlag 2011

Abstract As the enzyme nucleoside hydrolase (NH) is
widely found in nature but has not yet been detected in
mammals, it is considered an ideal target in the
development of chemotherapy against parasitic diseases
and bacterial infections like anthrax. Considering the risk
that this biological warfare agent represents nowadays,
the search for new drugs and new molecular targets in
the development of chemotherapy against anthrax is
imperative. On this basis, we performed docking studies
of six known NH inhibitors at the active site of NH from
Bacillus anthracis (BaNH). Subsequently, molecular
dynamics (MD) simulations of these compounds inside
BaNH were carried out in order to complement the
docking studies and select the most promising compounds
as leads for the design of potential BaNH inhibitors. Most
of the docking and MD results obtained agreed well with
each other and showed good correlation with experimental
data.
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Introduction

Biological warfare agents consist of live microorganisms or
their toxins that are used as weapons. In this context,
Bacillus anthracis, one of the most dangerous biological
agents, has been employed as a weapon by both military
and terrorist groups and is capable of causing a high
mortality despite the antimicrobial treatment and therapy
available today [1].

B. anthracis is a Gram-positive rod-shaped bacterium
found in many parts of the world that is capable of
producing almost indestructible spores. These spores are
resistant to disinfectants, heat, dehydration and freezing
[2—4]. Infection with B. anthracis can occur by skin
contact, inhalation or contact with the gastrointestinal tract.
This bacteria can be produced in wet or dry forms and then
stabilized for weaponization and dispersion by aerosol [5].
Despite the fact that anthrax therapy is now available, the
risk of resistance is always present. Furthermore, it is well
known that the drugs that are currently used will be
ineffective against genetically modified strains of B.
anthracis in the future. Moreover, in view of the current
global geopolitical situation, with B. anthracis being used
as a biological warfare agent for terrorist purposes, the
search for new drugs and new molecular targets for anthrax
therapy is imperative.

The nucleoside hydrolases (NH) of protozoa have
already been extensively studied as potential targets for
chemotherapeutic intervention due to the differences in the
metabolism of purines between parasite and host [6—12].
These enzymes have been characterized in bacteria [13, 14],
yeast [15], protozoa [10, 16], and insects [17]. The genes
responsible for their expression are present in plants,
amphibians and fish, but—surprisingly—no NH activity or
genes that encode it have been detected in mammals to date
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[12]. This means that NH is an attractive target for the
development of new antimicrobial agents.

All of the NHs studied to date have been homodimers or
homotetramers, and show considerable similarity in the amino
acid sequences of their active sites, which indicates that they
are closely related in terms of both structure and catalytic
mechanism. Therefore, NH inhibitors for one species are
likely to be active against many other species too [18].

In this work, we applied docking and molecular
dynamics (MD) techniques in the same way as in former
publications [18-26] in order to study the interactions of six
Tripanossoma vivax NH (TvNH) inhibitors developed by
Goeminne et al. at the active site of BaNH. The compounds
were first docked inside BaNH and 7vNH to analyze their
three-dimensional arrangements as well as the main
interactions with the amino acids of the active site, in order

to evaluate the factors relevant to the biological activity.
Subsequently, we employed MD simulations in order to
evaluate the dynamic behaviors of those inhibitors and their
potential as lead compounds for the design of new BaNH
inhibitors. The docking and MD results obtained agreed
well with each other and showed a good correlation with
experimental data.

Methodology
NH inhibitors studied
The compounds used in this study (Fig. 1) were selected

from a number of inhibitors developed by Goeminne et al.
[27, 28], whose inhibition constants (K;) were determined

Fig. 2 Alignment of the BaNH  BaNu 1  MKKVYFNHBG GVDBLVSLFL LLQMDN-VEL TGVSVIPABC YLEPAMSASR KIIDRFG---
and 7vNH sequences. Residues TvNH 2  AKNVVLDHDG NLDDFVAMVI, LASNTEKVRL TIGALCTDADC FVENGFNVTG KIMCLMHNNM
belonging to the active sites are L A L . Kk L5 . R *x,
marked in green
BaNH 57 -KNTIEVAAS NSRGENPFP F ALPILNESGK VVTH------ VAAKPAHHHL
TvHH 62 NLPFLFFIGKS AATAVNFF ENERC DMFILNIPEN VELWDKIKAE NEKYEGQQLL
¥ o * 5 EE & & & 3 'tt * 'i '**** % g * e *
BaNH 110 IETLLQTEEK TTLLFIGPLT DLARALYEAP I-IENKIKRL VWMGGTFRTA GNVHEPEHDG
TvNH 122 ADLVMNSEEK VTICVEGPLS NVAWCIDKYG EKFTSKVEEC VIMGGAVDVR GNVFLPSTDG
P, .*** *_ **l‘*. ..*. . .*_ * ***. *k* * k%
BaNH 169 T. SFWDP EAVARVWEAN -IEIDLITLE STNQVFLTID IREQWAKERK YIGIDFLGQC
TvlH 182 T. IYWDP ASAKTVFGCFP GLRRIMFSLD STNTVPVRSF YVQRFGEQTN FLLSILVGTM
Ekkkk  kkk * S S L L O L B o oa & e ®
BaNH 236  YAIVPPLY-- -————--— YL#B VLTAAFVGKA DLAKVQTINS IVHTYGPS-Q GRTVETDD--
TvliH 242 WAMCTHCELL IDG’GY‘L’ ALTRAAYVVDQ KVANVDPVPI DVVVDKQFNE GATVRTDAEN
* * k% L . * . * *k k%
BaNH 285 GRFVHVVYDV NHDRFFDYIT RLAKKV
TvNH 302 YPLTFVARNF EAEFFLDMLL RSARAC-
*
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Fig. 3 Superposition of the three-dimensional structures of BaNH
(green) and TvNH (purple)

for TvNH expressed in E.coli. In addition, we also studied,
as references, the natural substrates of NH (inosine, uridine
and adenosine), whose respective values of affinity with
TvNH (K)y;) were determined by Versées et al. [29, 30].
To verify the similarity between the residues of the
active sites of BaNH and 7vNH and to determine the degree

Y

Fig. 4 Docking spheres used in the validation of the docking protocol

Table 1 Residues belonging to the active sites of BaNH and 7vNH

BaNH TvyNH BaNH TvNH

Asp9 Aspl0 Thr125 Thr137
Aspl3 Aspl4 Asnl160 Asnl73
Aspl4 Aspl5 Glul71 Glul84
Ala37 Ala39 Asnl73 Asnl86
Asp38 Asp40 Trp246 Trp260
Lys75 Lys81 - Arg252
Trp77 Trp8&3 - Asp255
Asp85 Asp9l Asp247 Asp261

of identity (ID) between these enzymes, we downloaded
their three-dimensional structures from the Protein Data
Bank (PDB) server [31] under the codes 2C40 and 2FF2,
respectively, and aligned and superposed them using the
SPDBViewer program [32] (see Figs. 2 and 3).

Docking energy calculations

The coordinates of the dimeric crystallographic structures
of BaNH and 7vNH downloaded from the PDB [31] are
both complexed with the cofactor Ca* and, regarding the
ligand, BaNH is complexed with ribose while 7vNH is
complexed with immucillin H. The function of the cofactor
Ca*? is to anchor the ribose portion of the substrates inside
the NH active site [27-30]. For this reason, most of the NH
inhibitors also have a ribose portion or a suitable isosteric
group to perform this function. All of the inhibitors studied
here present a ribose portion (see Fig. 1), so they are not
expected to show any differences in their interactions with
the cofactor.

Considering that the monomers are identical and
independent of each other, we selected only monomer A
from each enzyme to perform our docking and MD studies.
This procedure reduced the computation time by half. Also,
the co-crystallized water molecules were removed from
both monomers using the software Molegro Virtual Docker
(MVD") [33].

The three-dimensional structures of each compound in
Fig. 1 were built using the program PC Spartan Pro” [34],
and their partial atomic charges were calculated by the PM3
semi-empirical method. The compounds were docked in the
BaNH and TvNH binding sites using MVD" [33] inside a
restriction sphere of radius 7 A and considering the residues
within a radius of 11 A to be flexible. Due to the stochastic
nature of the docking algorithm, about 20 runs were
performed for each compound and 30 poses (conformation
and orientation of the ligand) were returned to the analysis
of the overlap and the ligand—protein interactions with the
ribose and immucillin H structures present in the crystal
structures of BaNH and TvNH, respectively. The best pose

@ Springer



2942 J Mol Model (2011) 17:2939-2951

Table 2 Docking results for the compounds docked in BaNH and Table 3 Docking results and K; values for the compounds studied

their Ki values with 7vNH docked in 7vNH
Compound Residue Dist. Energy Intermolecular H-bond °K; Compound Residue Dist. Energy Intermolecular  H-bond K;
(A (kcal mol™") energy energy (uM) (A (kcal mol™") energy energy (uM)
(kcal mol ") (kcal mol ") (kcal mol ") (kcal mol )
1 Asp247 342 -0.10 1 Asp261  3.09 -2.18
319 -2.03 314 -144
Asnl60 343  -0.86 Glul84 3.17 -2.12
Glul71  2.68 —2.50 —71.18 —-13.00 450 x 10° Asnl86 2.78 —2.50
Asnl73 278 -2.50 3.50 -0.30 —72.43 -16.36 4.50 x 10°
Thr125 3.07 -2.50 248 —0.24
Asp38  3.09 -2.50 Thr137 2.66 —2.50
2 Glul71 276 -2.50 Asp40  3.19 -2.03
Asnl73 292 -2.50 2.60 -2.49
Thr125 329 -1.52 Asnl2 344 -0.55
Asp247 328 —0.10 =76.77 —-13.91 228 x 10° 2 Glul84 3.11 —2.44
312 211 Asnl86 3.05 -2.50
296 -2.50 Aspl4 291 -2.50
Aspl4 323 -1.83 Aspl0 3.15 226
Asp9 240 -0.85 Asp261  3.12 242 —86.61 —18.50 228 x 10°
3 Asnl60  3.54 —0.28 297 -2.50
323 -1.87 Aspl5 328 -1.59
Glul71 241 -0.90 Aspd0 297 —0.95
Asnl73 298 -0.94 333 -135
3.01 -0.84 —85.89 —-10.79 6.85 x 10% 3 Asnl73 326 —0.75
Asp247  2.65 -2.50 Tyr257 328 —0.28
Aspl4 342 -0.87 Asnl86 243 -0.24
Aspl3 331 -—144 Asnl2 235 —0.40
Trp77 3.57  —0.01 Asp261 290 -2.50 —84.99 -11.79 6.85 x 10%
4 Asnl60 334 -1.28 Aspls 353 -035
Asnl73 282 —1.65 Aspl4 3112 235
Asp247 295 -2.50 Asp40 3.09 -2.50
Aspl4 350 —0.49 —91.57 -10.78 6.77 % 10? 3.02 241
Asp38  3.08 -2.50 4 Asnl73 349 -0.56
Trp—77 3.13 237 349 -051
5 Asnl73  3.08 —0.68 Thr137 341 -0.93
331 -l46 Glul84 290 -2.50 —86.09 -9.74 6.77 x 10?
3.06 -2.50 Asnl86 241 -0.13
Thr125 345 -0.75 -93.77 —13.03 3.09 x 10? Asp261  3.05 -2.50
Asp247 318 -1.68 Aspl5 349 -0.53
321 -0.97 Aspl4 347 -0.33
Aspl3 278 250 333 -1.30
3.09 -2.50 Trp185 2.88 —0.45
6 Asnl60 337 -—1.15 5 Asnl86 2.77 —0.98
338 —0.11 Thr137 348 —0.59
Glul71  3.11 246 Asp261  3.11 243
Asnl73 297 -2.50 Aspl4 311 223 —89.04 —15.84 3.09 x 10?
Thr125 325 -1.73 Asnl2 293 250
Asp247 335 -2.50 Asp40 313 236
Asp38 295 -2.50 —114.42 —15.18 2.00 x 107" 321 -0.10
Vall2 295 -2.50 330 -1.49
His80 275 2.0 Aspl5 321 -1.90
Trp77 355 -0.33 Asnl73 326 -1.06
6 Arg252 2.83 -2.50
 Experimental data [19, 20] 350 —0.28

Tyr257 277 -2.50

of each compound was selected for the subsequent MD Asnl86 1,99 ~2.64

MR 287 -167
simula 1oq Steps. . Thr137 239 -0.78
To validate the docking protocol, we first performed Asp261 311 247 ~111.97 ~15.28 2,00 x 107"

the docking simulation at the active sites of BaNH and
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Table 3 (continued)

Compound Residue Dist. Energy Intermolecular H-bond K;
(A (kcal mol™") energy energy (LM)
(kcal mol ™) (kcal mol ™)
326 -0.72
310 -2.50

Asp40 344 —0.81
Aspl4  3.01 -2.50
Aspl5s 336 -1.21

 Experimental data [19, 20]

TvNH and compared the results to the crystallographic
structures (re-docking). The coordinates for BaNH were:
x=16.43, y=—28.41 and z=—18.44 with a docking sphere
radius of 7 A, while for TvNH, the coordinates were:
x=-26.81, y=—10.26 and z=-21.06, with a docking
sphere radius of 6 A.

MD simulations

Before performing the MD simulations, it was necessary to
parameterize the ligands so that they could be recognized by
the force field GROMOS96 from the program GROMACS
4.0 [35]. The parameterization was carried out in the Dundee
PRODRG server [36], and the charge distributions were
calculated by the chelpG method at HF/6-31G(d,p) using the
Gaussian 98" [37] program. The enzyme/Ca */ligand com-

Table 4 Docking results and Ky, values for the substrates studied

Compound  Residue  Dist.  Energy Intermolecular ~ H-bond *Km
(A) (kcal mol ") energy energy (M)
(kcal mol ™) (kcal mol™")
Inosine Asnl60  3.16 221
Glul71 380 250
Asnl73 279 -2.50
Thrl25 323 -1.83
Asp38 322 -191 —-110.57 —13.33 5.37
Asp247 350  —0.09
329 -1.53
His80 277 -0.77
Uridine Asnl60 343 -0.86
Asnl73  3.14 232
327 =029
Asp38 273 250 —91.32 -9.15 586
Tyr243 310 250
His80 330  —0.68
Adenosine  Asnl73 278  -2.50
Thr125 323 -1.86
Asp247  3.58  —0.01 -106.97 -10.13 8
334 -131
Asp38 291 -2.50

His80 3.21 -1.95

 Experimental data [21]
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Fig. Sa-b Correlation between the intermolecular energies, calculated
by MVD, and the K; values of each compound studied, for BaNH (a)
and 7vNH (b)
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His80
Asnl73

Vall2
Thr125

Asp247

Fig. 6 Interactions between compound 6 and the residues of the
active site of BaNH
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Fig. 7 Best conformation of compound 6 inside the active site of
BaNH. Red hydrophilic regions, blue hydrophobic regions, green the
cavity

plexes were simulated using the GROMACS 4.0 package
[35], in cubic boxes approximately 365,000 nm’ in volume
that contained around 10,600 water molecules. These
systems were minimized using the force field GROMOS
96 [35]. The minimization algorithms used were steepest
descent with ligand position restrained (PR) and a conver-
gence criterion of 100.00 kcal mol™' A™!, followed by
steepest descent without PR, conjugate gradients and, finally,
quasi-Newton—Raphson until an energy of 1.00 kcal
mol " A™'. The minimized complexes were then subjected
to MD simulations in two steps. Initially, we performed
500 ps of MD at 300 K with PR for the entire system, except
for the water molecules, in order to ensure that the solvent
molecules are balanced around the residues of the protein.

Fig. 8 Superposition of the best conformation of compound 6 (blue)
and ribose (red) after docking

@ Springer

Asnl86

Tyr257

Thrl37

Fig. 9 Interactions between compound 6 and the residues of the
active site of 7vNH

Subsequently, 6.0 ns of MD was performed at 300 K without
any restriction, using 2 fs of integration time and a cutoff of
10 A for long-distance interactions. A total of 300
conformations were obtained during each simulation. In this
step, the lists of pairs (pairlists) were updated every 500
steps, all Arg and Lys residues were assigned with positive
charges, and the residues Glu and Asp were assigned with
negative charges.

To analyze the structures generated after the optimization
and MD steps, we used the VMD [38] and SPDBViewer
[31] software packages. Plots of the variations in the total
energy, distances, RMSD and H-bonds formed as the MD
simulation proceeded were generated with the Origin®
software [39]. Qualitative spatial RMSD pictures were
generated in MolMol [40], and the frames of the MD
simulations were generated in PyMOL [41].
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Fig. 10 Variation in total energy for the system BaNH/compound 6
during the MD simulation
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Fig. 11 Temporal RMSD values for the system BaNH/compound 6.
Black line BaNH, red line compound 6

Results and discussion
Docking studies

Figure 4 shows the re-docking results for the best-docked
structures of ribose and immucillin H inside BaNH and
TvNH. The RMSDs for the superpositions of the non-
hydrogen atoms were 1.000 A for BaNH and 0.579 A for
TvNH, respectively. Bearing in mind that an RMSD value
of less than 2.000 A is considered acceptable [42-44], these
results validate the docking protocol used.

Analysis of the ID between the BaNH and TvNH active
sites points to high similarity. Among a total of 16 residues,
14 are identical. As can be seen in Table 1 and from the
alignment in Fig. 2, the only residues of the 7vNH active
site that were not observed in BaNH are Arg252 and
Asp255. These residues belong to a loop at the entrance of
the active site that was not observed in BaNH (see Fig. 3)

Fig. 12 Qualitative illustration of the spatial RMSD for the system
BaNH/compound 6. Compound 6 was omitted for a better visualization

Fig. 13 Frames of compound 6 in the active site of BaNH during the
6.0 ns of MD simulation

and, according to Versées et al. [30], they are related to the
mechanism of action of NHs through secondary interac-
tions mediated by water molecules. As will be fully
discussed later, the results of the docking and MD studies
revealed that Asp255 was not able to interact with any of
the compounds studied, while Arg252 interacted only with
compound 6. However, the absence of these interactions in
BaNH, however, was compensated for by Vall2 and His80.
Thus, taking into account these results, and the great
similarity between the active sites, we propose that these
TvNH inhibitors could be used as leads in the drug design
of BaNH inhibitors.

The ligand—protein interaction energies (electrostatic and
H-bond) were calculated in order to get a better under-
standing of the variations between the binding modes of
each compound and the molecular factors responsible for
the activity. Tables 2 and 3 list the residues present in these
interactions, their distances to the ligands, the energies,
and the experimental inhibition constants obtained for
TvNH by Goeminne et al. [27, 28], while Table 4 lists the
reference docking results for the natural substrates inside
BaNH. From Table 2 and Fig. 5a, it is clear that there is a
very good correlation between the theoretical results
obtained and the experimental data. Analyzing the plot in
Fig. 5b, we can also see that the same correlation observed
for TvNH also exists for BaNH. These results strengthen
our hypothesis that 7vNH inhibitors could also work as
BaNH inhibitors.

The inhibitor with the smallest K; value (compound 6 in
Tables 2 and 3)—which was considered to be the most
promising for 7vNH from an experimental perspective—
yields the lowest interaction energies with both 7vNH and
BaNH, showing high stability at both active sites. It
interacts with BaNH through nine H-bonds, the same
number observed for inosine (Tables 3 and 4). However,
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Fig. 14 Variations in the distances from compound 6 to the residues His80, Val12, Phe73, Trp238 and Trp77 during the 6.0 ns of MD simulation

the distances and energy values are different, and the
interactions with the residues Asp38, His80 and Asp247 are
the most stable. In addition, H-bonds were observed with
Vall2 and Trp77, justifying the best docking results for
compound 6 (intermolecular energy of —114.42 kcal mol ™
and total H-bond energy of —15.18 kcal mol ™) relative to
inosine (intermolecular energy of —110.57 kcal mol ™" and
total H-bond energy of —13.33 kcal mol"). Compound 6
was more effective than adenosine, showing stronger
interactions (Tables 3 and 4). Moreover, compound 6
interacts with four additional residues (Vall2, Trp77,

@ Springer

Asnl60, and Glul71) when compared to adenosine. The
interactions of compound 6 with residues of the BaNH
active site are illustrated in Fig. 6. As can be seen, besides
undergoing various stable interactions with the amino acids
of the active site, this compound also shows good
orientations at the binding sites, occupying the whole
cavity (Fig. 7) and adopting a conformation similar to
ribose (Fig. 8).

Regarding the docking results of compound 6 inside
TvNH, we observed the existence of twelve H-bonds, with
most of the residues observed for BaNH (Tables 2 and 3).
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Fig. 15 Hydrophobic interactions between compound 6 and Trp238

However, the distances and energy values were different,
and the interactions with the Aspl4, Arg252, Tyr257 and
Asp261 residues were the most stable. The strong inter-
actions observed with Arg252 and Tyr257 justify the better
docking results for compound 6 (intermolecular energy of
—111.97 keal mol ™' and total H-bond energy of —15.28 kcal
mol ") relative to the others. As mentioned before, it was
observed that compound 6 was the only one that was able
to interact with Arg252. This happens through H-bonding
between the N atom of the piridinic ring and the N atoms of
the side chain of Arg252 (Fig. 9). This interaction, which is
very important to the stabilization of the nucleobase portion
inside the active site, is not observed in BaNH once this
enzyme does not have a residue equivalent to Arg252. On
the other hand, it was observed that compound 6 finds a
way to compensate for this quite well by undergoing

74

Hydrogen bonds

T T T T T T T
0 1000 2000 3000 4000 5000 6000
Time (ps)

Fig. 16 Number of H-bonds observed between compound 6 and
BaNH during the 6.0 ns of MD simulation

Fig. 17 Frames of compound 6 in the active site of 7vNH during the
6.0 ns of MD simulation

equivalent interactions with Vall2 and His80 and slightly
changing the position of the piridinic ring (see Fig. 6).
The compound with the highest K; value (compound 1 in
Tables 2 and 3) showed the highest intermolecular energy
in both enzymes, suggesting that this ligand does not
interact as strongly with the enzymes as it is less stable
inside the active site, suggesting that it is a less efficient
BaNH inhibitor. Compound 1 interacts with BaNH through
seven H-bonds with the same residues observed for TvNH,
except for the weak interaction formed with Asnl2
(Tables 2 and 3). Aside from this, the docking results (data
not shown) also indicated that this compound does not
adopt an appropriate position within the cavity, because the
amide group shows no H-bond interactions with the
residues of the active sites. Among the inhibitors proposed
by Goeminne et al. [27, 28], compound 1 presented the
worst intermolecular and total H-bond energy values
(—=71.18 kcal mol™" and —13.00 kcal mol ™', respectively).

Molecular dynamics simulations

After the docking studies, compounds 1-6 and the natural
substrates were submitted to 6.0 ns of MD simulations. The
goal of these simulations was to observe the dynamic
behavior of these compounds in the active sites of BaNH
and 7vNH, in order to compare this behavior to the docking
results and get additional information supporting the
proposal of new potential inhibitors for BaNH.
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Fig. 18 Variations in the distances from compound 6 to the residues Arg252, Asp255 and Trp261 during the 6.0 ns of MD simulation

The graphs for the variation in the total energy with
the dynamics showed that the total energy tends to
stabilize after 2.0 ns of simulation (as shown for the
system BaNH/compound 6 in Fig. 10); the energy
variation is about —0.04 kJ mol™', indicating that the
average energy remains constant, thus suggesting struc-
tural stabilization. The same behavior was observed for all
18 systems simulated.

RMSD analysis can give an idea of how much the three-
dimensional structure fluctuates over time, and it allows
local fluctuations to be monitored; for example, the residues
with the highest mobility during the MD simulation. The
temporal RMSD calculations were performed on all of the
atoms of each complex to give 300 frames every 20 ps
during the 6.0 ns of simulation. Considering that the
complexes could fluctuate in the box, each frame was
adjusted by the least squares method to the previous one to
calculate the standard deviation. In Fig. 11, we can observe
the equilibration for the simulation of the system BaNH/
compound 6 during the initial 200 ps. This behavior was
common to all simulations, with deviations never exceeding
0.33 nm (3.5 A) and 0.31 nm (3.1 A) for the protein and
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ligand, respectively. This result suggests that the compounds
fit well inside the active site during the 6.0 ns of simulation,
showing system stabilization and confirming the results
obtained from the total energy calculations described previ-
ously. The spatial RMSD of each amino acid was also
calculated, as illustrated in Fig. 12. This provides a qualitative
and quantitative view of all regions of the protein during the
dynamics. We can see that the regions that moved the most
during the MD simulations (i.e., had the largest RMSD
values and show the greatest tube thickening in the figure)
correspond to the C- and N-terminal extremities and the loop
regions. Moreover, the residues in the active site region, the
alpha helices, and the beta sheets presented the lowest
fluctuations, indicating that these were the most stable
regions, as expected. The behavior observed in the temporal
and spatial RMSD calculations was common to all 18
systems simulated.

To facilitate the visualization of the dynamic behavior of
each inhibitor within the active site, we selected and
evaluated the variations in the distances of the residues
that were directly involved in interactions with each
inhibitor in each system, based on the results obtained in
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the docking studies. In general, the main interactions
observed in the docking studies were also seen in the MD
simulations, and there were no significant differences
between BaNH and 7vNH for all nine ligands aside from
compound 6. Because of this, as well as the fact that
compound 6 was the one that presented the most
interactions with the active sites, we will only discuss this
compound in more detail here.

The sequence of frames from the MD simulation of
compound 6 inside BaNH, presented in Fig. 13, shows that
this compound remains stabilized inside the active site,
where it interacts with residues Vall2, Phe73, Trp77,
His80, and Trp238. This result confirms the stability of
the MD simulation and the strong interaction with the
enzyme suggested by the total energy and RMSD plots.
The plots of Fig. 14 illustrate that Vall2 and His80
approach compound 6 closely enough to form hydrogen
bonds, corroborating our previous findings from the
docking study. As already mentioned before, interactions
with these two residues compensate for the absence of
Arg252 and Asp255 from the active site of BaNH.
Moreover, the presence and proximity of the residues
Phe73, Trp77, and Trp238 are apparent in Fig. 13.
Although these residues do not interact with it (according
to the docking studies), they may contribute to the
permanence of compound 6 inside the active site of BaNH.
Thus, upon analyzing the frames of the MD simulations, it
appears that compound 6 probably undergoes hydrophobic
interactions with Trp238 (Fig. 15), further contributing to
the stabilization and retention of this compound within the
active site of BaNH and justifying the fact that this
compound gives the best results according to both
theoretical calculations and experimental data.

Docking results suggested that the best conformation of
compound 6 inside BaNH makes H-bonds with nine
residues. MD results show that this compound is able to
establish up to seven H-bonds and retains five H-bonds
during the whole 6.0 ns of MD simulation, as can be seen
in the plot of Fig. 16. This kind of analysis was performed
for all 18 simulated systems and is in reasonable agreement
with the results obtained in docking studies, thus showing
that the proposed inhibitors remain well docked and stable
in the active site for the simulated time.

Compound 6 also presented very stable dynamic behavior
inside the 7vNH active site, as can be seen in the frames of
Fig. 17. Interactions of the nucleobase with Arg252 and
Tyr257, already predicted in the docking studies, are clearly
observed as well as possible hydrophobic interactions with
Trp261, similar to the one observed with Trp238 inside
BaNH. This result confirms the stability of the MD
simulation and the strong interaction with the enzyme
suggested by the total energy and RMSD plots. Also, the
plots of Fig. 18 illustrate that Arg252 and Tyr257 approach

compound 6 closely enough to create hydrogen bonds,
corroborating our previous findings from the docking study.

Conclusions

The energies obtained in the docking studies indicated a
good correlation between the theoretical and experimental
data, corroborating the results of Goemine et al. [27, 28]
that pointed to compound 6 as the best 7vNH inhibitor and
highlighting it as the most promising BaNH inhibitor.

MD simulations of the compounds in the active sites of
BaNH and TvNH confirm the results from docking
analyses, and they show that the proposed inhibitors remain
stable inside the BaNH active site throughout the simula-
tion time; they also interact with the same residues as
predicted in the docking studies.

The docking and MD results combined suggest that
compound 6 is the most promising candidate for a lead
compound in the design of potential BaNH inhibitors.
Derivatives of this compound may optimize their inter-
actions with key amino acid residues of the active site,
leading to new and more effective NH inhibitors. In fact,
these derivatives should, preferably, have aromatic groups
as substituents in order to explore the potential hydrophobic
interactions with tryptophan residues belonging to the
active site. Bulkier phamocophoric groups containing
amine and carbonyl groups are also desirable as they can
occupy the whole cavity, increasing the potential for
interactions with Vall2, Aspl3, Asp38, Trp77 and His80.
It is important to mention here that residues Vall2 and
His80, which were not previously reported to be part of the
active site of BaNH, were found to be very important to the
stabilization of ligands inside BaNH, considering that
interactions with them were observed to compensate for
the absence of residues equivalent to Arg252 and Asp255
in the active site of BaNH.
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