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a b s t r a c t

Helicobacter pylori (H. pylori) persevere in the human stomach, an environment in which they encounter
many DNA-damaging conditions, including gastric acidity. The pathogenicity of H. pylori is enhanced by
its well-developed DNA repair mechanism, thought of as ‘machinery,’ such as nucleotide excision repair
(NER). NER involves multi-enzymatic excinuclease proteins (UvrABC endonuclease), which repair da-
maged DNA in a sequential manner. UvrB is the central component in prokaryotic NER, essential for
damage recognition. Therefore, molecular modeling studies of UvrB protein from H. pylori are carried out
with homology modeling and molecular dynamics (MD) simulations. The results reveal that the pre-
dicted structure is bound to a DNA hairpin with 3-bp stem, an 11-nucleotide loop, and 3-nt 3′ overhang.
In addition, a mutation of the Y96A variant indicates reduction in the binding affinity for DNA. Free-
energy calculations demonstrate the stability of the complex and help identify key residues in various
interactions based on residue decomposition analysis. Stability comparative studies between wild type
and mutant protein-DNA complexes indicate that the former is relatively more stable than the mutant
form. This predicted model could also be useful in designing new inhibitors for UvrB protein, as well as
preventing the pathogenesis of H. pylori.

& 2016 Published by Elsevier Ltd.
1. Introduction

Helicobacter pylori is a microaerophilic gram-negative bacter-
ium, infecting the stomachs of over 50% of the human population
[1]. Epidemiological studies suggest a correlation between gastric
cancer and H. pylori, characterized as a definitive carcinogen by the
World Health Organization (WHO) [2]. H. pylori is also known to
exhibit superior genetic diversity, which is predominantly due to
the combination of a high mutation rate, coupled with a highly
sophisticated recombination mechanism; this leads to the pro-
duction of one or multiple unique H. pylori strains with a capacity
to generate mixed infections in humans [3,4]. H. pylori often in-
habits the human stomach, gaining an opportunity to colonize the
human gastric mucosa, causing peptic ulceration and chronic
gastritis [5–7]. This gram-negative bacterium in the human
k),
stomach meets with other kinds of DNA-damaging conditions,
including gastric acidity [5]. Thus, H. pylori possesses a DNA repair
mechanism in general, and NER in particular, to overcome DNA
damage from gastric acidity, along with gaining long-term survival
status in the stomach [5].

The NER pathway likely removes any bulky modification of
DNA, resulting from harmful ultraviolet light or environmental
chemicals [8]. Recent studies recommend that the UvrABC system
can be efficiently processed from oxidative damage, even in pro-
tein-DNA cross-links [9–12]. The NER mechanism in prokaryotes
and eukaryotes is highly conserved, and can be categorized into
subgroups of detection, verification, incision, excision, and DNA
ligation. NER requires a series of proteins called UvrA, UvrB, and
UvrC [13], collectively known as UvrABC endonuclease, which is
encoded by three different genes [14–16]. NER is connected to a
multistep ATP-dependent reaction mechanism [17,18], such that
the DNA repair mechanism is initiated by the formation of a DNA
damage-recognition complex from the UvrA2-UvrB2 hetero-
tetramer [19] or the UvrA2-UvrB heterotrimer [20]. UvrB is the
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central component in the prokaryotic NER mechanism, as it in-
teracts with both UvrA and UvrC [21]. Once the damage is iden-
tified, UvrA dissociates and leaves UvrB-DNA to form a stable
preincision complex [20]. During this process, UvrB protein is
wrapped by DNA, which melts the DNA helix, and facilitates the
insertion of a beta-hairpin structure of UvrB protein between DNA
strands [19,22,23]. The beta-hairpin structure of UvrB protein is
rich in hydrophobic residues, and plays an important role in re-
cognizing present damage in DNA [22,24,25]. This depends on the
binding of ATP to a UvrB protein: UvrC binds to this preincision
complex and allows for the incision of the phosphodiester bond
7 nucleotides, towards the 5′ end and 4 nucleotides near the 3′ end
of the damaged site [26–28]. Next, the postincision complex is
expressed by the actions of helicase II (UvrD) and DNA polymerase
I, which work in tandem to excise the damaged fragment and
promote the turnover of the UvrB and UvrC proteins, filling the
gap [29,30]. The final step is the action of DNA ligase, which seals
the newly-synthesized end to the parental DNA. In this way, NER
serves as a protective mode for the survival of H. pylori inside its
host. However, if there is no damage identified by the UvrB pro-
tein, the non-damaged part of the DNA near the UvrB protein
crashes with the nonpolar residue at the base of the hairpin, which
marginalizes itself from the stable binding of the UvrB protein
with DNA [19].

It has been reported that UvrB plays a central role in the NER
mechanism, by first interacting with UvrA, then with UvrC, and
finally with polymerase I and helicase II - to complete the repair
mechanism [31]. Despite this critical role, only limited information
is known about the DNA damage-recognition strategies. Hence, we
present molecular modeling studies of H. pylori UvrB protein,
which shed light on the structural mechanisms of the UvrB pro-
tein, and further delineate the effect of mutations, including their
effect on the binding affinity of the UvrB protein with DNA.
2. Materials and methods

2.1. Template selection and homology modeling

We identify the most suitable template in the protein data bank
by subjecting the amino acid sequence of the UvrB protein to PSI-
BLAST [32]. The best template is selected via resolution, E-value,
sequence identity, and domain coverage, following the UvrB/DNA
complex from Bacillus caldotenax (PDB ID: 2FDC) [22]. The target
sequence is aligned to the template sequence, employing an align
program available on Discovery Studio 3.5 [33] by applying the
BLOSUM30 scoring matrix and a gap penalty of 10. We generate
5 homology models of UvrB protein by submitting sequence
alignments to the homology model-building program, using
Modeler, available on Discovery Studio 3.5. Thereafter, the
homology models are ranked based on probability density func-
tion (PDF) total energy and evaluated by the Ramachandran plot
[34] and verify protein (Profile-3D) [33]. Based on validation re-
sults, the best homology model is chosen and subjected to the loop
refinement module available on Discovery Studio 3.5. Finding a
high-quality homology model is necessary, so the optimized
structure of UvrB can be further verified in recruiting PROCHECK
[35], ProSA-web [36], Verify3D plot [33] and MOLPROBITY [37],
respectively. PROCHECK analysis evaluates the stereo-chemical
quality of backbone conformation, while PROSA shows model
quality by plotting energies as a function of amino acid sequence
position, using knowledge-based potentials of mean force to
evaluate model accuracy. Structural evaluation and stereo-chemi-
cal analyses are performed with proSA-web Z-scores [36]. The
Z-score specifies overall quality of the model and measures total
energy deviation of the structure, with respect to energy
distribution derived from random conformations [36]. Verify3D
analyzes compatibility of a 3D model with its own amino acid
sequence. Molprobity analysis evaluates quality of structures by
incorporating side-chain information with metrics, including clash
score, poor rotamers, Ramachandran outliers, Ramachandran fa-
vored, Cβ deviations, MolProbity score, residues with bad bonds,
residues with bad angles, and nucleic acid geometry (bad bonds
and angles).

2.2. DNA binding studies

Protein binding with DNA is studied by the TF modeler [38].
This program uses knowledge of protein-DNA complexes from the
related data bank and applies it to a model with similar interface-
related technology and homology [38]. The TF modeler utilizes the
MAMMOTH program to locate structurally-similar complexes [38],
which demonstrate that DNA exists in a disordered form, as ob-
served in the crystal structure [22]. The literature reveals [22]
eight missing residues in DNA, of which seven nucleotides are
derived from the loop region, while one is derived from three
nucleotides, forming a 3′ overhang.

2.3. Molecular dynamics simulations

For the present study, the homology-modeled structure of UvrB
protein, along with its DNA, is considered to be a “wild structure,”
while the mutation of Y96A in UvrB protein is labeled as a “mutant
structure.” The UvrB-DNA complex is then subjected to molecular
dynamics (MD) simulations with the GROMACS program [39,40] in
the CHARMM27 force field. A topology file for ligands is generated
employing SwissParam [41]. The ionizable residue in the protein is
protonated at pH 7 by adding hydrogen atoms; the protein-DNA
complex is immersed in a dodecahedron water box of a SPC216
water model, with a certain distance between the solute and the
box, set at 1 nm. The Naþ counter ions are added to neutralize the
system by replacing water molecules: the system is initially
comprised of energy, minimized by a steepest descent algorithm
to remove possible bad contacts from initial structures until tol-
erance of 2000 kJ/mol was obtained. The energy-minimized sys-
tem is then subjected to equilibration in three different steps. A
constant temperature controlled by V-rescale thermostat [42] is
applied for 100 ps at temperature 300 K in the first phase of
equilibration. Later, the 100-ps NPT ensemble is applied at 1 bar of
pressure, followed by 30 ns of production, and operated with the
same ensemble. During this, the Parrinello–Rahman barostat is
used to maintain pressure of the system [43]. During the equili-
bration process, the protein backbone is restrained and solvent
molecules with counter ions are allowed to move. Rotational
constraint is applied to bonds by the LINCS algorithm [44], while
the geometry of water molecules is constrained with the SETTLE
algorithm [45]. The particle mesh Ewald (PME) method [46] is
selected to compute long-range electrostatic interactions, using a
cutoff distance of 0.9 nm, with 1.4 nm set for Coulombic and van
der Waals interactions. All simulations are conducted with peri-
odic boundary conditions to avoid edge effects. The time step for
the simulation is set to 2 fs and coordinate data are stored to file
every ps. The entire analysis of MD simulations is done by VMD
[47], DS 3.5 [33], and Chimera [48].

2.4. Binding free energy calculations of protein DNA complex

For each system, binding free-energy (ΔGbind) calculations are
performed for 60 snapshots, and are extracted from the last 5 ns
with a stable MD trajectory, using the molecular mechanics-gen-
eralized born surface area (MM/GBSA) method as described pre-
viously [49–54]. The protein ligand complex binding free energy in
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the solvent is generally represented as:

( )Δ = – +G GG G ,binding complex protein ligand

where Gcomplex implies the total free energy of the complex,
Gprotein and Gligand denotes the total energy of the detached protein
and ligand in the solvent, while their individual free energies can
be calculated by:

= +G E GX MM solvation.

Here, X refers to the protein, ligand, or its complex, EMM indicates
the average molecular mechanics potential energy in vacuum and
Gsolvation represents the free energy of solvation. The molecular
mechanics potential energy in a vacuum can be calculated by:

( )= + = + +−E EE E E E .MM bonded non bonded bonded vdw elec

In the above equation, Ebonded demonstrates the bonded inter-
action consisting of bond distance, bond angle, and dihedral angle
- while the Enon-bonded refers to the non-bonded interactions, such
as van der Waal (Evdw) and electrostatic (Eelec), respectively;
however, the ΔEbonded is generally considered zero [55]. The sol-
vation free energy (Gsolvation) is expressed by the sum of both the
electrostatic solvation free energy (Gpolar) and apolar solvation free
energy (Gnon-polar), which is represented by the following:

= + −G G G ,solvation polar non polar

in which the Gpolar is calculated by adopting the Poisson–
Boltzmann (PB) equation [56], and the Gnon-polar is computed from
the solvent-accessible surface area (SASA), as seen below:

γ_ = +G SASA b.non polar

The γ denotes the coefficient of the surface tension of the sol-
vent, whereas b is its fitting parameter, in which the values are
0.02267 kJ/Mol/Å2 or 0.0054 kcal/Mol/Å2 and 3.849 kJ/Mol or
0.916 Kcal/Mol, respectively.

The binding interaction between the protein and DNA is cal-
culated in three terms, with the solvation contribution (ΔEsol), van
der Waals contribution (ΔEvdw), and the electrostatic contribution
(ΔEele).
3. Results and discussion

3.1. The homology model and structure optimization

The H. pylori UvrB protein sequence is aligned with the Bacillus
Fig. 1. Sequence alignment of H. pylori (represented as gb|AAC46270.1) with Bacillus cald
(For interpretation of the references to color in this figure legend, the reader is referred
caldotenax UvrB protein (Fig. 1), using the sequence alignment
protocol of the modeler in DS 3.5. The sequence identity is ap-
proximately 55.6%, while a strong similarity of 74.9% is also ob-
served. Subsequently, three-dimensional molecular models are
generated by Modeler.

Based on probability density function (PDF), total energy and
evaluation with Ramachandran plot together with verify protein
(Profile-3D) score, the best-modeled structure is chosen from
5 initial models for further refinement. The profile-3D score shows
one loop in the negative score region, which is subjected to three
rounds of loop refinement steps to produce a more refined model
in the acceptable area, with a self-compatibility score of 258.17;
this is close to the highest score, 273.62 and greater than the
lowest score, 123.129.

The homology model (Fig. 2A) was additionally verified by
PROCHECK and the Ramachandran plot (Fig. 2C), both of which
show a large amount of residue (497 in 546 residues, 91.0%) in the
most favored regions, 41 residues (7.5%) in additional allowed re-
gions, 3 residues (0.5%) in generously allowed regions, and 5 re-
sidues (0.9%) in disallowed regions. The Z-score value calculated
by the ProSA web server is within its value of the experimentally-
determined PDB structures (Fig. 2D). In ProSA II test, very few
residues show positive interaction energy, while the maximum
amount of residue is identified with negative interaction energy,
confirming the model quality. Molprobity analysis is initiated from
the main Molprobity website (http://molprobity.biochem.duke.
edu/) [37], exploiting built-in features. No outliers in bond length
and bond angle are observed in any of the entries, yet many atom
clashes and unfavorable dihedral angles are observed throughout
the structures before refinement, with 1.85% Ramachandran out-
liers and 6.81% poor side-chain rotamers (Table 1). Molprobity's
assessment showed no outliers for the refined structure. Further-
more, Molprobity displayed high clash scores for the crystal con-
former, compared to scores for the refined structure. This results in
an overall high Molprobity score for the crystal structure and a low
score for the refined structure (Table 1). The model is also assessed
by superimposing it onto the template with a root-mean-square
displacement (RMSD) of 0.858 Å, based on established main chain
atoms (Fig. 2B). Thus, fold recognition and secondary structure
analysis supports Bacillus caldotenax UvrB protein (PDB ID: 2FDC)
as an ideal template for homology modeling of the H. pylori UvrB
protein.

3.2. Structure of DNA

The TF modeler provides a protein-DNA complex, but the DNA
otenax UvrB protein (2FDC). The DNA binding residues are indicated in a yellow box.
to the web version of this article.)

http://molprobity.biochem.duke.edu/
http://molprobity.biochem.duke.edu/


Fig. 2. (A) Predicted structure of UvrB protein from H. pylori. (B) Structural comparison between the UvrB model (cornflower blue) and the template structure (2FDC)
(Orchid). (C) Ramachandran plot of the phi/psi distribution of the homology model as found by PROCHECK. (D) The Z-score plot for our homology-modeled structure shows
that the score is within the range typically found for native proteins of similar size. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1.
Molprobity analysis.

Validation criteria 2FDC in
PDB

2FDC after
refinement

All-Atom Contact Clashscore, all atoms 8.22 6.99
Clashscore percentile 97 98

Protein Geometry Poor rotamers (%) 6.81 1.53
Ramachandran outliers
(%)

1.85 0.27

Ramachandran favored
(%)

92.31 98.47

C deviation40.25 0.20 0.00
MolProbity score 2.55 2.18
MolProbity score
percentile

97 98

Residues with bad bonds
(%)

0.02 0.00

Residues with bad angles
(%)

0.02 0.00

Peptide Omegas Cis Prolines 0.00 0.00
Nucleic Acid
Geometry

Residues with bad bonds
(%)

0.00 0.00

Residues with bad angles
(%)

0.69 0.00

R. Bavi et al. / Computers in Biology and Medicine 75 (2016) 181–189184
is in disordered form as observed in the crystal structure [22]
(Fig. 3A), specifically at nucleotides C6-C12 in the loop region and
nucleotide A20 of the 3′ end (Fig. 3B). The 8 missing nucleotides
are joined to DNA by UCSF chimera (Fig. 3C). The 3D fold of the
patched model is matched with the crystal structure by
superimposition, adapting the same software. Moreover, the su-
perimposed structures do not show bad contacts or disturbances
in the 3-dimensional fold of the modeled structure. Thus, the DNA
hairpin consists of 11 nucleotide loops, 3-bp stems, and a 3 nu-
cleotide 3′ overhang (Fig. 3C). The 3 nucleotides 3′ overhang are
held behind the β hairpin of UvrB, where it interacts with the
surrounding residue (Fig. 4A).

3.3. The UvrB-DNA interactions

The UvrB protein consists of different color-coded domains,
such as domain 1 A (residues 1–151, 324–340 and 379–411), jade
green; domain 1B (residues 252–323 and 341–378), blue; domain
2 (residues 152–251), purple; domain 3 (residues 412–598), red;
The DNA inner strand is colored orange, and the DNA outer strand
is colored yellow [24]. The MD simulations are performed for the
UvrB-DNA complex to understand their coordination and dynamic
behavior with each other. During MD simulation, the inner DNA
strand (A14–A20), located behind the β hairpin, is found to interact
with the UvrB protein, while DNA-stacking interactions hold the
outer strand in place instead of protein-DNA interactions, given
that very few interactions are observed with the outer strand.
UvrB protein forms numerous electrostatic interactions with the
inner strand of the DNA duplex with residues Lys66, Ser90, Tyr96,
Lys110, Ser112, Arg122, Ser140, Lys303, Gly304, and Gln348,
whereas residues Gln97, Arg359, Leu456, Lys458, Lys527, and
Phe530 of UvrB protein interact with outer strands of the DNA
duplex (Fig. 5A). During MD simulations, several intermolecular



Fig. 3. (A) UvrB protein binding with disordered DNA. (B) Disordered DNA, where nucleotides 6–12 involved in loop formation are missing (C) Missing nucleotides (6–12,
pink) are added to form an ordered DNA hairpin, which consists of 11 nucleotide loops, 3-bp stems, and a 3 nucleotide 3′ overhang. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. UvrB-DNA model (A) The UvrB domains are color-coded as domain 1 A (residues 1–151, 324–340 and 379–411), jade green; domain 1B (residues 252–323 and 341–
378), blue; domain 2 (residues 152–251), purple; domain 3 (residues 412–598), red. The DNA inner strand is orange, and the DNA outer strand is yellow. (B) DNA binding
pocket. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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hydrogen bonds are observed between wild type protein and parts
of DNA, which have not been resolved in the crystal structure,
despite being modeled in this study. This includes C6:O4′…HN:
PHE530, T9:H3…O:LEU456, A8:O2P…H2:LYS527, T9:O2…HN:
LYS458, C10:O4′…H2:LYS458, C10:O2P…H3:LYS458. Residue of
UvrB protein involved in binding with DNA shows proper hydro-
gen-bonding interactions (Fig. 5A). Throughout MD simulation, the
predicted model is found to bind tightly to the DNA hairpin
structure. However, mutation of Y96A results in a reduction of
binding affinity with dsDNA, while mutational studies are carried
out based on experimental results [25,57]. The amino acid residues
involved in intermolecular hydrogen bonding with the inner
strand of the DNA duplex are Lys66, Ser90, Lys110, Ser112, Lys303,
Gln348, whereas Lys458, Lys527, and Phe530 form interactions
with the outer strand of DNA (Fig. 5B). During MD simulation,
several intermolecular hydrogen bonds have been observed be-
tween mutant protein and other parts of DNA that have not been
resolved in the crystal structure: these include A8:N7…HN:
PHE530, C12:H…O:LEU456, A8:N3…H1:LYS527, C10:N3…HN:
LYS458, C10:O2…HN:LYS458. The H-bonds between 96Tyr-OH…
O2P-A19 are stably maintained at average distances of about 2.1 Å
during simulation with the wild type, but are absent in the mutant
system (Fig. 6A). Thus, taken together, the number of inter-
molecular H-bonds are less in Y96A mutants compared to wild
types. The native structure of UvrB-DNA complex is more rigid,
while also showing a higher contribution of H-bonding with DNA
strands.

3.4. Stability of molecular dynamics simulation

Molecular dynamics simulations are used to understand the
dynamic behavior of protein conformations. We analyzed the
RMSD, root mean square fluctuations (RMSF), and radius of gyra-
tion (Rg) using GROMACS analysis tools to assess the structural
stability of protein DNA complexes. RMSD is the most commonly
used metric for structure comparison, and is then calculated as the
root mean of the sum of squared distances between corresponding
atoms of two structures. The backbone RMSD from the initial
structures for wild, mutant-type proteins and for the DNA mole-
cules is given as a function of time (Fig. 6B). Both simulations at-
tain stability in the atom positional RMSD with values less than
2.3 Å (Fig. 6A); however, few fluctuations are observed between 15
and 25 ns to process the investigation over a well-thermalized
system, with all analyses performed during the last 5 ns. The
average RMSD value for wild type protein is relatively low (1.4 Å)
compared to mutant protein (1.8 Å) (Fig. 6B). Similarly, the average
RMSD values for DNA in wild type protein DNA complex is com-
paratively low (2.2 Å), versus that of the DNA in the mutant pro-
tein DNA complex (2.5 Å) (Fig. 6C). The calculated backbone RMSD
value suggests that the wild type protein is relatively more stable



Fig. 5. Intermolecular hydrogen-bonding interaction between (A) wild type protein-DNA and (B) Y96A mutant protein-DNA.

R. Bavi et al. / Computers in Biology and Medicine 75 (2016) 181–189186
than that of the Y96A mutant. The small variation in the RMSD
value suggests that this mutation could affect the dynamic beha-
vior of UvrB, yielding a basis for further analyses.

To understand the effect of mutation on dynamic residue be-
havior, RMSF values of both wild type and mutant structure are
calculated. The RMSF indicates the degree of flexibility, with the
backbone RMSF calculated over several trajectories and averaged
over each amino acid residue (Fig. 6D) and nucleotide (Fig. 6E),
which applies to both wild type and mutant protein DNA com-
plexes. This reveals that the DNA interacting with mutant protein
has greater fluctuation in the loop region and less fluctuation in
the stem and 3′ overhang regions. To the contrary, however, DNA
bound to wild type protein shows greater fluctuation in the 3′
overhang region and less fluctuation in the loop region; this sig-
nifies that the wild and mutant type proteins might have induced
some distortion in different regions of the DNA binding sites.
Major fluctuations are seen in the residues (218–221 and 228–232)
of loops that connect the beta hairpin, which are slightly greater in
mutant protein than in wild type protein (Fig. 6D). Reduced
structural flexibility is observed for wild type protein-DNA com-
plex rather than for the mutant system. This indicates that the
wild type protein-DNA complex orients more correctly than the
mutated protein-DNA complex, which can reduce flexibility of the
molecule. The Rg of a protein is defined as the root mean square
distance from each atom of the protein to the centroid. The Rg
yields the overall dimension of the protein: the Rg of the wild type
and the Y96A mutant is found to be 2.59 and 2.76 Å, respectively.
The curve reveals that the Y96A mutant shows a greater Rg value
than that of the wild type during the complete process of simu-
lation (Fig. 6F).

3.5. Analysis binding free energy of protein and the DNA complex

MD simulation trajectories are used to calculate the binding
energy, with the MM/PBSA method. The total binding energy of
the complex system is a solid standard by which to measure the
binding affinity between wild/mutant protein and DNA. The values
of ΔGtotal for wild protein-DNA and mutant protein-DNA are
�362.9 kcal/mol and �339 kcal/mol, respectively, which finds
that DNA has stronger binding interaction with the wild type
protein than the mutant protein (Table 2).

In order to validate the binding modes of protein DNA complex
obtained from MD simulations and also gain detailed information
regarding key residues in the binding of each complex, the sol-
vation, electrostatic, and van der Waals energy for the interacting
residues have been calculated using the MM/PBSA method [49,50].
In addition, polar solvation energy positively contributes to total
free-binding energy, while non-polar solvation energy with non-
bonded interactions negatively contribute to total interaction en-
ergy: the van der Waals interacting contributions are much higher
than those of the electrostatic interactions. The non-polar free
energy contributes relatively less compared to total binding en-
ergy. This must specify that the non-polar solvation energy, along
with non-bonded interactions, collectively contribute to protein-
DNA stability.

The contribution of the interacting residues surrounding the



Fig. 6. Hydrogen bond interactions between Tyr96:OH…O2P:A19 in wild type protein-DNA Complex (blue) and Ala96:OH…HN1:G17 in Y96A mutant protein-DNA Complex
(Red); Backbone RMSD from starting structure of (B) wild type protein (Blue) and Y96A mutant protein (Red); (C) wild type-DNA (blue) and Y96A mutant-DNA (red); average
per residue backbone RMSF for (D), wild type protein (Blue), and Y96A mutant protein (Red); (E) wild type-DNA (blue) and Y96A mutant-DNA (red); (F) showing Rg for 30 ns
MD simulation of wild type protein-DNA complex (blue) and Y96A mutant system (red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 2.
Calculated energy components, binding free energy (kcal/mol�1) of two complexes.

Energy components (kcal mol�1) Wild type Mutant type

ΔEvdw �600.2 �568.3
ΔEele 2357.0 449.5
ΔGps �2076.3 �173.3
ΔGpolar 281 276.2
ΔGnps �43.7 �46.9
ΔGnonpolar �643.9 �615.2
ΔGbind �362.9 �339

R. Bavi et al. / Computers in Biology and Medicine 75 (2016) 181–189 187
DNA can be clearly seen in Fig. 7. The electrostatic interactions
play a key role in hydrogen-bond formation. This applies to Lys110,
Ser112, Lys303, Gly304, Gln348, Arg359, and Phe530, which form a
prominent electrostatic contribution and might be involved in the
formation of several hydrogen bonds with DNA, as seen in Fig. 7A.
However, Tyr96 has an appreciable electrostatic influence with
wild type protein than it does with Ala96 in Y96A mutant protein
(Fig. 7A and B). The difference observed in the electrostatic con-
tribution reveals that Tyr96 of a wild type protein forms a strong
hydrogen bond with DNA, compared to Ala96 of the mutant pro-
tein. Finally, these amino acids contribute to favorable electrostatic
and van der Waals interactions, suggesting interaction with DNA in
the complex system. Taken together, these findings suggest that
the wild type protein-DNA complex has higher binding affinity



Fig. 7. Decomposition of the binding free energy per residue basis on (A) wild type protein-DNA, and (B) Y96A mutant protein-DNA.
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than that seen in the mutant protein-DNA complex.
4. Conclusion

The predicted three-dimensional homology model of UvrB
protein from H. pylori is a part of the UvrABC endonuclease com-
plex. The predicted structure of UvrB protein binds tightly to the
DNA hairpin with a 3-bp stem, an 11-nucleotide loop, and 3-nt 3'
overhang. In addition, a mutation of the Y96A variant demon-
strates a reduction in binding affinity for DNA. The molecular
dynamic simulation studies reveal that the wild type protein-DNA
complex is relatively more stable than the complex of the mutant
system. The binding free-energy calculations of both complexes
reveal that the wild type protein-DNA complex has greater binding
affinity than the mutant system. The binding pattern of the UvrB
protein with DNA could be helpful in predicting the drug molecule,
which can inhibit stable binding by inhibiting the nucleotide ex-
cision repair mechanism of H. pylori. Therefore, failure in the DNA
repair mechanism of H. pylori could be useful in preventing its
pathogenicity.
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