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A combined molecular modeling and molecular dynamics simulation was carried out to obtain
an improved description of the yeast acetohydroxyacid synthase (AHAS) in aqueous solution.
After a thorough homology modeling, the AHAS catalytic dimer was subjected to a molecular
dynamics (MD) simulation to analyze its behavior and optimize its geometry. The AHAS 3D
molecular structure was analyzed according to the number of salt bridges and hydrogen bonds
formed. During 20 ns of MD simulation, an average fluctuation of 3.9 A was obtained. The cofactor
thiamine diphosphate makes a relevant contribution to the system stability; this hypothesis was
confirmed by the decrease in the average fluctuation of 0.3 A. Moreover, the Ramachandran plot
revealed no denaturation framework during the time of the simulation.
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Introduction

The experimental methods for determining the three-
dimensional structure of biomolecules are essential for the
study of their structure and, therefore, their functions.'?
Presently, due to the technological development and
improvement of computers, the amount of structural data
is increasing, especially for proteins.'*# However, several
problems in experimental methods are still obstacles
to the experimental determination of structures; this is
particularly true in the application of X-ray diffraction
crystallography (XRD), one of the main techniques for
the determination of macromolecular structures. Problems
related to protein purification, crystallogenesis, vitrification
and harvesting of the crystal, obtaining phase information,
structure refinement, flexibility and/or disorder of parts
of the molecules in the crystal can directly affect the
3D structure description process."* The last problem is
particularly important in the determination of the positions
of all residues in the protein, as in the case of the loops;
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in the analysis of loops, a diffuse scattering is generated
that is useless to the high resolution calculation of the 3D
structure.>”’ In this context, the advances in computing and
programming areas in recent decades have resulted in the
creation of tools that make the generation of high quality
structural models possible.?

The acetohydroxyacid synthase (AHAS) is of great
relevance as a target in some of the main groups of
enzyme-inhibiting herbicides, the sulfonylureas and
imidazolinones.”!! AHAS is the first enzyme in the
biosynthetic pathway of branched chain amino acids
(valine, leucine and isoleucine) present in plants, seaweed,
fungi, bacteria and archaea but not in animals. For this
reason, the enzymes involved with the biosynthesis of such
amino acids, especially AHAS, are potential targets in the
development of agrochemicals (herbicides, fungicides
and antimicrobial compounds).*'> The molecular structure
of AHAS involves two distinct subunits: (i) the catalytic
subunit, which has all the apparatus necessary for the
catalysis; and (if) the regulatory subunit responsible for
modulating the activity of the catalytic subunit.'” During its
activity, AHAS demands the following cofactors: thiamine
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diphosphate (ThDP), flavin adenine dinucleotide (FAD), a
magnesium ion (Mg?*) in the active site'®!>!* and, generally,
a potassium ion (K*) to guarantee structural stability.'?

The great interest in this enzyme has resulted in a
series of structural studies which have already described
its three-dimensional structure.'>!3!51 The smallest
AHAS unit with catalytic activity is a dimer composed of
two catalytic subunits, with the active site located at the
interface between these subunits.”!! The dimeric structure
described for the AHAS of Saccharomyces cerevisiae
(protein data bank (PDB) 1JSC)" includes some missing
residues, namely, loop regions of undetermined position,
giving a disordered conformation to these regions. Thus,
the present study involves the use of molecular modeling
and molecular dynamics (MD), as well as available
experimental data for the enzyme to propose a full atomic
three-dimensional structure description of the yeast AHAS
enzyme functional dimer.

Methodology
Describing the molecular structure of the AHAS enzyme

The amino acid sequence of the AHAS (S. cerevisiae)
was obtained online from the protein database of the
National Center for Biotechnology Information (NCBI).
The missing residues were added based on homology
modeling protocols: (i) identification of proper templates
by searching the structural database of protein sequences
in the PDB* using the basic local alignment search
tool (BLAST) server? and protein BLAST (BLAST-P)
algorithm;?! (ii) selection of templates based on the
following criteria: highest percentage of sequence identity
and similarity, cofactor integrity and proportion of missing
residues on the disordered loops of AHAS molecular
structure; (ii7) alignment of the selected templates and
target amino acid sequences as well as determination
of three-dimensional AHAS structure by applying the
Swiss-PDB viewer program;? (iv) obtaining the AHAS
missing loop structure by the SWISS-MODEL server;**
and (v) insertion of the cofactors according to the atomic
coordinates of the templates.

Molecular dynamics simulation

To evaluate and to refine the AHAS molecular structure,
after all adjustments, an MD simulation was carried out to
provide some preliminary insights about AHAS behavior
in aqueous solution. As a result, three input files were
prepared in a box of water transferable intermolecular
potential three point (TIP3P)> to evaluate their behavior
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and interaction energies. The systems are summarized in
Table 1 and shown in Figure 1.

Table 1. Description of the simulated systems

System? No. of Counterion Water molecule No. of

solute atoms (TIP3P) atoms
1 17327 9 38368 132440
2 17497 5 38354 132564
3 17581 9 38350 132640

aSystem 1: AHAS only; system 2: AHAS + FAD + Mg** and K* ions;
system 3: AHAS + FAD + ThDP+ Mg?>* and K* ions.

=
10 A

Figure 1. Simulated systems. (a) System 1: AHAS enzyme only.
(b) System 2: AHAS and cofactors FAD, Mg** and K*. (c) System 3:
AHAS and cofactors ThDP, FAD, Mg?* and K*. Chains A and B are shown
in green and orange, respectively, and cofactors ThDP, FAD, Mg?* and K*
are shown in red, blue, black and purple, respectively.

All MD simulations were performed by means of the
nanoscale molecular dynamics (NAMD) 2.7 program?®*?
using the following protocol: (/) minimization step
at constant number of particles, system volume and
temperature (NVT ensemble), where the system temperature
was gradually increased in steps of 100, 200 and 298 K,
until the energy stabilization; (ii) a cutoff distance of 12 A
was used, and long-range corrections were considered using
the Ewald sum formalism;?® (iii) in the equilibration step,
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a Langevin piston® and thermostat were applied at 1.0 bar
and 310 K, respectively, using the isothermal-isobaric with
constant number of particles (NpT) ensemble for 20 ns.
The force field parameters for all simulated systems were
taken from the SwissParam web server*® and added to the
“chemistry at Harvard macromolecular mechanics” 27
(CHARMM27)* force field. The results were analyzed
using visual molecular dynamics (VMD)*? and Grace™®
programs.

System evaluation

To evaluate the structural quality of the simulated
systems, a Ramachandran diagram?** was plotted. A
Ramachandran diagram assessment is based on permitted
values of dihedral angles ¢ (phi) and y (psi) of residues
in the protein structure. Three parameters were analyzed:
(i) accuracy of the atomic coordinates of the AHAS
molecular structure; (ii) denaturation of the AHAS
during the MD simulation timescale; and (iii) impact
of the inserted loops on the AHAS molecular structure.
Ramachandran diagrams were calculated using the torsion
angle plot program® at the StrucTools online server.*

Results and Discussion

For a preliminary evaluation and validation of the
AHAS refined model as well as to characterize the AHAS
refined molecular structure behavior in aqueous solution, the
structure and three systems trajectories, obtained as detailed
in Methodology, were analyzed and are presented below.

Molecular modeling

Most studies reported in the literature involving AHAS
three-dimensional structures refer to the dimeric form.* !
The crystallographic structure of chain A from S. cerevisiae
AHAS (PDB 1JSC)" and also chain A from S. cerevisiae
AHAS in complex with the herbicide chlorimuron-ethyl
(PDB 1NOH)* were 100% identical with the target sequence
in BLAST, being highly rated according to this algorithm.
The chain A structure from Arabidopsis thaliana AHAS
(PDB 1Z8N),* considered one of the most representative
structures of the enzyme,’ exhibited 43% identity with the
target sequence. Nevertheless, the template selection was
not only envisioned as the results presented by BLAST but
also as the criteria concerning the integrity of cofactors
and the lost portion of the residues in the crystallographic
structure. Therefore, the structures chosen for modeling
were PDB 1JSC, the only structure free from herbicides
and with intact cofactors, and PDB 1Z8N, which shows a
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minimal proportion of lost residues in the XRD structure
determination. The S. cerevisiae AHAS dimer was built by
considering that the geometry of the association of its two
monomers is similar to the dimeric structure presented in
the PDB 1JSC template.

The alignment between the selected template sequences
and the S. cerevisiae AHAS was important to the
construction of atomic coordinates of the conserved regions
in the AHAS model. Figure 2a shows the superposition of
the templates (structural alignment) in which the PDBs
1JSC and 1Z8N are in green and purple, respectively.
By using this consideration, the enzyme core region is
more conserved, and as a result, the superposition was
attained successfully. Then, this result was used to build a
preliminary model of the molecular structure of the AHAS
(Figure 2b). However, as highlighted in Figure 2b, several
interruptions in the polypeptide chain are present, and these
interruptions correspond to external variable regions from
the templates. Consequently, no structural superposition
for these regions was feasible.

Figure 2. (a) Superposition of the template structures PDB 1JSC (green)
and PDB 1Z8N (purple). (b) Preliminary model obtained from the
alignment of the template and the target sequences (chain A shown in
green and chain B shown in orange). The interruptions in the polypeptide
chain are highlighted, indicating the absence of some loops.

The variable regions were modeled with the server
SWISS-MODEL that completed the missing loops, which in
turn had the anchor residues: serine (SER) 188-alanine (ALA)
198 (o), glutamic acid (GLU) 497-SER514 (B),
asparagine (ASN) 795-threonine (THR) 801 (y),
ALA823-valine (VAL) 827 (8), ALA919-isoleucine
(ILE) 927 (g), proline (PRO) 964-arginine (ARG) 968 ({)
and phenylalanine (PHE) 1114-histidine (HIS) 1117 (n)
(Figure 3b). In the end, the coordinates of the complete
AHAS model were obtained with a .pdb extension. Based
on the coordinates of the template structure PDB 1JSC,
the cofactors were directly inserted into the .pdb file. As a
result, the complete model obtained is shown in Figure 3a.
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Figure 3. AHAS model after homology modeling. (a) Complete model
obtained and cofactors (FAD shown in blue, ThDP shown in red, Mg**
in black and K* in violet). (b) Seven modeled loops (protein in white and
loops in purple).

Molecular dynamics simulation

After obtaining the simulated trajectories for the three
systems described (Figure 1), some major parameters
were analyzed to elucidate the behavior of the systems
in solution. First, the evolution of the interaction energy
(Coulomb and van der Waals) between the protein and
water were monitored as a function of time. Table 2 shows
that no significant disparities were observed in the energy
average values between the systems. The energy values
reached their equilibrium at a temperature of 310 K and
pressure of 1 bar. The temperature used in the simulations
is in the range in which the enzyme is active, according to
data available in the enzymatic repository, Braunschweig
enzyme database (BRENDA),*#! from 30 to 40 °C.*

Table 2. Coulomb, van der Waals and total energies involved during
20 ns of MD simulation

Interaction energy / (kJ mol™)

System Coulomb van der Waals Total

1 (-1.15£0.01) x 10° (-6.98 £0.2) x 10° (-1.23+0.01) x 10°
2 (-1.14+£0.01) x 10° (-7.09+0.2) x 10° (-1.21£0.01) x 10°
3 (-1.17+£0.01) x 10° (-7.08 £0.2) x 10° (-1.24 £0.01) x 10°

To characterize the stability of the system, both
hydrogen bonds between AHAS and water molecules and
electrostatic interactions between oppositely charged amino
acids (salt bridges) were analyzed. For the hydrogen bond
analysis, a cutoff distance of 3.0 A and a cutoff angle of
20° between donor and acceptor atoms were used.*#* For
the salt bridge analysis, a cutoff distance of 3.2 A between
the oxygen atoms of acidic residues and the nitrogen atoms
of basic residues was employed.*¢ Both hydrogen bonds
and the formation of salt bridges are presented in Table 3.
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Table 3. Hydrogen bonds and salt bridges formed during 20 ns of MD
simulation for the three analyzed systems

No. of hydrogen bonds

System time / ns between AHAS and Ng&g;s:h
water molecules
1 0 778 111
20 840 110
2 0 768 123
20 822 110
3 0 740 114
20 813 100

Concerning the hydrogen bonds, an average of 809,
794 and 777 bonds were formed between the enzyme and
water molecules in systems 1, 2 and 3, respectively. The
initial value for hydrogen bonds was smaller compared
with the final value for all systems analyzed because the
systems do not interact effectively with water molecules at
the beginning of the simulation. As the simulation proceeds,
the number of hydrogen bonds increases as a consequence
of the system solvation.

As was expected, the aspartic acid (ASP), GLU and
lysine (LYS) residues were the main contributors to the
hydrogen bond formation in the three simulated systems
because ASP and GLU are negatively charged, and LYS
is positively charged. As a result, the side chains having
the amino acids mentioned can be stabilized by forming
hydrogen bonds in aqueous solution. Cysteine (CYS), ILE
and tryptophan (TRP) amino acids contribute much less to
the formation of hydrogen bonds due to their hydrophobic
character and their being more internalized in the structure
of the enzyme.

An important observation in systems 2 and 3 was the
number of hydrogen bonds between AHAS and the FAD
cofactor. Although the function of this cofactor in the
structure and the enzymatic catalysis are still not clear
for the scientific community,!'*” the cofactor’s atomic
coordinates and interactions with the enzyme residues
are well defined. In simulation, an average value of
10 hydrogen bonds was observed between the FAD and
the AHAS for both systems 2 and 3. In the literature,
Pang et al.'® determined the position of the FAD cofactor in
the crystallographic structure of AHAS from S. cerevisiae,
which is strongly associated with the enzyme through
12 hydrogen bonds, established with specific residues
that form the binding site of this cofactor. McCourt and
Duggleby’ revised all structural information available on
the AHAS enzyme (bacterial, fungal and plant) and reported
that FAD is linked to the enzyme through 7 hydrogen bonds
and another 42 non-bonded interactions. This way, the
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average number of hydrogen bonds between AHAS and
FAD obtained in the simulation trajectory is in agreement
with literature data, which can be used as a validation
parameter for the final model.

Concerning the salt bridge formation, the initial and final
values are close to each other during the entire trajectory,
although, in the initial nanoseconds of the simulations
of systems 2 and 3, a higher number of salt bridges were
observed, stabilizing the initial structure of the protein.
A decrease in the number of these salt bridges were
observed in the simulation, which could be attributed to the
interactions between water molecules and the charged amino
acids (ASP, GLU and LYS). Observing the progression in
time of the average number of hydrogen bonds to these
systems (Table 3), the number of salt bridges was inversely
proportional to the number of hydrogen bonds, which could
indicate the influence of the solvation of the molecule.
Franca et al.*® also had similar results with simulations of
the acetyl-CoA carboxylase, in which a decrease in the
number of salt bridges was observed during the simulation.
This decrease could be attributed to the formation of
new hydrogen bonds by charged amino acids, causing a
reduction in the number of salt bridges and fluctuations in the
three-dimensional structure. These fluctuations in all systems
were evaluated along the timeline using the root mean square
deviation (RMSD) of the positions of the o carbons in the
initial and final structures presented in Figure 4.

5 . : T T T T

—— System 1
—— System2
—— System3

RMSD /A

| L | L | 1
0 5000 10000 15000 20000

time / ps

Figure 4. Time evolution of the RMSD of AHAS atoms from the initial
structure.

According to Figure 4, system 2 has the highest
conformational fluctuation. In system 2, the RMSD
varies considerably, with a fluctuation of approximately
3.9 + 0.3 A. In contrast, systems 1 and 3 have a smaller
conformational variation than the variation shown in
system 2, reaching a value of 3.6 + 0.2 A after 6 ns.

The smaller stability observed in system 2 may be
attributed to two factors: (i) insufficient simulation time
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for the system to reach a required stability, and (ii) the
absence of the ThDP cofactor in the simulations, which
plays a role in the stabilization. These factors, especially
the factor presented in (i), can be studied better through
the system 3 simulation, which involves the polypeptide
chain of AHAS, with all cofactors (FAD, ThDP and K* and
Mg?* ions). This system presents smaller conformational
fluctuations; after 6 ns of simulation, some variations
occurred at approximately 3.5 = 0.2 A. Thus, the data
presented by this system suggest the importance of the
ThDP cofactor in the AHAS enzymatic stability. In the
absence of ThDP and the presence of Mg** ion, a greater
variation was verified, probably because the Mg?** has an
anchor function towards the ThDP.

For the modeled loops, an average fluctuation of
11.4 0.6 A was observed for the three evaluated systems
in the protein structure. Because the loops are externally
located, the flexibility can be attributed to the solvation
effects when compared with the protein core regions. In
this context, the RMSD is in agreement with the expected
values.

System evaluation

The initial and final conformations (2 and 20 ns) of the
three simulated systems were analyzed in terms of the ¢ and
y torsion angles in the Ramachandran diagram (Figure 5).
The evolution of this graphic indicated that considerable
changes between the torsion angles ¢ and y did not occur
after 20 ns of simulation. Despite the presence or absence
of the cofactors, no denaturation was observed in the
AHAS model.

Regarding the quality of the atomic coordinates, it was
verified using the evaluation of the 1136 enzyme residues
that a great portion of its residues concentrated in the most
favorable region (core) and additionally allowed regions
for all systems, whereas few residues were located in the
generously allowed and disallowed regions. In the diagrams
presented, the MD simulation can be observed to change
the position of several residues from generously allowed
and disallowed regions to allowed regions. However,
given the motion in the enzymatic structure in the aqueous
environment, other residues were able to move to allowed
and disallowed regions over time. By analyzing the
interrupting regions after inclusion of missing residues
and 20 ns of MD minimization and equilibration, it is
possible to infer that the fluctuation range within acceptable
values refers to external protein regions. Therefore, the
model presented is in agreement with a full atomic model
description for the proteins, and the model presented is
suggested as an addition to an online protein repository.
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Figure 5. Ramachandran diagram for: (a) the initial (2 ns) and (b) the
final (20 ns) instances of MD simulation.

The quality of a model in homology modeling depends
on several factors, including the quality of the template
structure used.** Thus, the templates used were submitted
for evaluation by the server StrucTools, aiming to obtain
data for comparison. The residues from the 1JSC and 1Z8N
templates concentrated almost completely into the most
favorable and additionally allowed regions, presenting
only two residues in the generously allowed regions and
none in disallowed regions. Therefore, the residues in the
most favorable and allowed regions of all three systems
are presumed to be in agreement with the values of the
templates used. Nevertheless, the three systems showed an
average of three residues in the disallowed regions, which
is not justified by the quality of the templates used and
deserves further investigation.

Conclusions
An improvement in the determination of the AHAS

atomic coordinates was obtained by choosing accurate
template files; as a result, the position of all missing
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crystallographic residues could be determined. The model
quality was in agreement with the crystallographic template
structures, therefore indicating that no damage to the AHAS
three-dimensional structure occurred after loop modeling.
Despite this agreement, some residues of the AHAS model
occupied unfavorable regions in the Ramachandran plot.
This result can be explained by the presence of variable
regions in the template files. In both the presence and the
absence of the cofactors, no denaturation evidence was
verified. The presence of all cofactors confers stability
onto the AHAS molecular structure, whereas the absence
of the cofactors leaves empty space in an important AHAS
region, consequently conferring instability onto the model.

In summary, the structural refinement of the AHAS
enzyme was obtained according to its accuracy, and a
well-coordinated atomic position was obtained. The
molecular modeling used in the study provided structural
characterization of specific and highly disordered regions of
protein loops. This study is a prerequisite to the evaluation
of the AHAS molecular structure as an enzyme-sensor to
probe its possible inhibitors because the enzyme stability is
fundamental to the development of a precise and accurate
nanobiosensor. 2

Acknowledgments

This work was supported by the Higher Education
Improvement Coordination Agency (CAPES); Sao Paulo
Research Foundation (FAPESP) under grants FAPESP-INCT
2007/05089-9, 2008/57859-5,2010/00463-2, 2010/04599-6,
2013/09746-5,2013/21958-8, 2014/12082-4, 2014/12466-7
and 2014/26369-3; National Council for Scientific
and Technological Development (CNPq) under grant
CNPg-INCT 573742/2008-1; Minas Gerais Research
Foundation (FAPEMIG) under grant CEX-APQ-02176-11;
Rede Mineira de Quimica (RQ-MG), nBioNet; and
CNPq YPM fellowship. The authors would like to thank
Prof James M. Briggs from the University of Houston, TX,
USA, for use of the Texas Learning & Computation Center
(TLC2) supercomputer cluster facilities.

References

1. Garman, E. F.; Science 2014, 343, 1102.

2. Rhodes, G.; Crystallography Made Crystal Clear: A Guide for
Users of Macromolecular Models, 3" ed.; Elsevier: San Diego,
2006.

3. Yonath, A.; Curr. Opin. Struct. Biol. 2011, 21, 622.

4. Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat,
T. N.; Weissig, H.; Shindyalov, I. N.; Bourne, P. E.; Nucleic
Acids Res. 2000, 28, 235.



1708

W

o

~

(o]

10.

11.
12.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

A Computational Protein Structure Refinement of the Yeast Acetohydroxyacid Synthase

. Dunker, A. K.; Lawson, J. D.; Brown, C. J.; Williams, R. M;

Romero, P.; Oh, J. S.; Oldfield, C. J.; Campen, A. M.; Ratliff,
C. M.; Hipps, K. W.; Ausio, J.; Nissen, M. S.; Reeves, R.;
Kang, C.; Kissinger, C. R.; Bailey, R. W.; Griswold, M. D.;
Chiu, W.; Garner, E. C.; Obradovic, Z.; J. Mol. Graphics Modell.
2001, 79, 26.

Linding, R.; Jensen, L. J.; Diella, F.; Bork, P.; Gibson, T. J.;
Russell, R. B.; Structure 2003, 11, 1453.

Dong, G. Q.; Fan, H.; Schneidman-Duhovny, D.; Webb, B.;
Sali, A.; Bioinformatics 2013, 29, 3158.

. Bordoli, L.; Schwede, T. In Homology Modelling: Methods and

Protocols; Orry, A. J. W.; Abagyan, R., eds.; Humana Press:
New York, 2012, pp. 107-136.

McCourt, J. A.; Duggleby, R. G.; Amino Acids 2006, 31, 173.
Duggleby, R. G.; McCourt, J. A.; Guddat, L. W.; Plant Physiol.
Biochem. 2008, 46, 309.

Duggleby, R. G.; Pang, S. S.; J. Biochem. Mol. Biol. 2000, 33, 1.
McCourt, J. A.; Pang, S. S.; King-Scott, J.; Guddat, L. W.;
Duggleby, R. G.; Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 569.

. Pang, S. S.; Duggleby, R. G.; Guddat, L. W.; J. Mol. Biol. 2002,

317,249.

Tittmann, K.; Schroder, K.; Golbik, R.; McCourt, J.; Kaplun, A.;
Duggleby, R. G.; Barak, Z.; Chipman, D. M.; Hiibner, G.;
Biochemistry (Moscow) 2004, 43, 8652.

Wang, J.-G.; Lee, P. K.-M.; Dong, Y.-H.; Pang, S. S.; Duggleby,
R. G.; Li, Z.-M.; Guddat, L. W.; FEBS J. 2009, 276, 1282.
Pang, S. S.; Duggleby, R. G.; Schowen, R. L.; Guddat, L. W.;
J. Biol. Chem. 2004, 279, 2242.

McCourt, J. A.; Pang, S. S.; Guddat, L. W.; Duggleby, R. G.;
Biochemistry (Moscow) 2005, 44, 2330.

Kaplun, A.; Vyazmensky, M.; Zherdev, Y.; Belenky, I.;
Slutzker, A.; Mendel, S.; Barak, Z.; Chipman, D. M.;
Shaanan, B.; J. Mol. Biol. 2006, 357, 951.

Karanth, N. M.; Sarma, S. P.; Biochemistry (Moscow) 2013,
52,70.

Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.;
Papadopoulos, J.; Bealer, K.; Madden, T. L.; BMC Bioinf.
2009, /0, 421.

Altschul, S. F.; Gish, W.; Miller, W.; Myers, E. W.; Lipman,
D. J1.; J. Mol. Biol. 1990, 215, 403.

Guex, N.; Peitsch, M.; Electrophoresis 1997, 18, 2714.
Arnold, K.; Bordoli, L.; Kopp, J.; Schwede, T.; Bioinformatics
2006, 22, 195.

Schwede, T.; Kopp, J.; Guex, N.; Peitsch, M. C.; Nucleic Acids
Res. 2003, 31, 3381.

Wu, Y.; Tepper, H. L.; Voth, G. A.; J. Chem. Phys. 2006, 124,
24503.

Kalé, L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.;
Krawetz, N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.;
Schulten, K.; J. Comput. Phys. 1999, 151, 283.

Phillips, J. C.; Braun, R.; Wang, W.; Gumbeart, J.; Tajkhorshid,

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

J. Braz. Chem. Soc.

E.; Villa, E.; Chipot, C.; Skeel, R. D.; Kalé, L.; Schulten, K.;
J. Comput. Chem. 2005, 26, 1781.

Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G.; J. Chem. Phys. 1995, 103, 8577.

Feller, S. E.; Zhang, Y.; Pastor, R. W.; Brooks, B. R.; J. Chem.
Phys. 1995, 103, 4613.

Zoete, V.; Cuendet, M. A.; Grosdidier, A.; Michielin, O.;
J. Comput. Chem. 2011, 32, 2359.

Brooks, B. R.; Brooks, C. L.; Mackerell, A. D.; Nilsson, L.;
Petrella, R. J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.;
Boresch, S.; Caflisch, A.; Caves, L.; Cui, Q.; Dinner, A. R.;
Feig, M.; Fischer, S.; Gao, J.; Hodoscek, M.; Im, W.;
Kuczera, K.; Lazaridis, T.; Ma, J.; Ovchinnikov, V.; Paci, E.;
Pastor, R. W.; Post, C. B.; Pu, J. Z.; Schaefer, M.; Tidor, B.;
Venable, R. M.; Woodcock, H. L.; Wu, X.; Yang, W.; York,
D. M.; Karplus, M.; J. Comput. Chem. 2009, 30, 1545.
Humphrey, W.; Dalke, A.; Schulten, K.; J. Mol. Graphics
Modell. 1996, 14, 33.
http://plasma-gate.weizmann.ac.il/Grace/devel/ accessed in
May 2015.

Ramachandran, G. N.; Venkatachalam, C. M.; Krimm, S.;
Biophys. J. 1966, 6, 849.

Morris, A. L.; MacArthur, M. W.; Hutchinson, E. G.; Thornton,
J. M.; Proteins: Struct., Funct., Bioinf. 1992, 12, 345.
http://helixweb.nih.gov/structbio/basic.html accessed in May
2015.

Duggleby, R. G.; McCourt, J. A.; Guddat, L. W.; Plant Physiol.
Biochem. 2008, 46, 309.

Pang, S. S.; Duggleby, R. G.; Schowen, R. L.; Guddat, L. W,;
J. Biol. Chem. 2004, 279, 2242.

McCourt, J. A.; Pang, S. S.; King-Scott, J.; Guddat, L. W.;
Duggleby, R. G.; Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 569.
Schomburg, I.; Chang, A.; Hofmann, O.; Ebeling, C.;
Ehrentreich, F.; Schomburg, D.; Trends Biochem. Sci. 2002,
27, 54.

Schomburg, I.; Chang, A.; Placzek, S.; Sohngen, C.; Rother, M.;
Lang, M.; Munaretto, C.; Ulas, S.; Stelzer, M.; Grote, A.;
Scheer, M.; Schomburg, D.; Nucleic Acids Res. 2013,41,D764.
http://www.brenda-enzymes.org/enzyme.php?ecno=2.2.1.6
accessed in May 2015.
http://www.ks.uiuc.edu/Research/vmd/plugins/hbonds/
accessed in May 2015.

Torshin, 1. Y.; Weber, I. T.; Harrison, R. W.; Protein Eng. 2002,
15, 359.

http://www.ks.uiuc.edu/Research/vmd/plugins/saltbr/ accessed
in May 2015.

Franca, E. F; Leite, F. L.; Cunha, R. A.; Oliveira, O. N.; Freitas,
L. C.; Phys. Chem. Chem. Phys. 2011, 13, 8894.

Sanchez, R.; Sali, A. In Protein Structure Prediction: Methods
and Protocols; Webster, D. M., ed.; Kluwer: New York, 2000,
pp- 97-130.



Vol. 26, No. 8, 2015 lerich et al. 1709

48. Santos-Filho, O. A.; Alencastro, R. B.; Quim. Nova 2003, 26, 1. 52. Bueno, C. C.; Amarante, A. M.; Oliveira, G. S.; Deda, D. K_;
49. Wallner, B.; Elofsson, A.; Protein Sci. 2005, 14, 1315. Teschke, O.; Franca, E. F.; Leite, F. L.; IEEE Sens. J. 2014.
50. Oliveira, G. S.; Leite, F. L.; Amarante, A. M.; Franca, E. F.;

Cunha, R. A.; Briggs, J. M.; Freitas, L. C. G.; J. Mol. Graphics Submitted: March 14, 2015

Modell. 2013, 45, 128. Published online: June 3, 2015
51. Amarante, A. M.; Oliveira, G. S.; Bueno, C. C.; Cunha, R. A_;

Ierich, J. C. M.; Freitas, L. C. G.; Franca, E. F.; Oliveira Jr., FAPESP has sponsored the publication of this article.

0. N.; Leite, F. L.; J. Mol. Graphics Modell. 2014, 53, 100.



