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a b s t r a c t

The emergence of antibiotic resistance has attracted the attention of scientists and scientific circles over
the decades. b-Lactam antibiotics resistance is a worldwide therapeutic challenge in bacterial infections,
mediated through several mechanisms of which mutations in Penicillin Binding Proteins (PBPs) are an
important issue, making critical therapeutic problems in the human population. Accordingly, investi-
gating the dynamic structures of mutant variants could result in a profound understanding of such a
specific resistance. Therefore, this work investigated structural properties sampled by all-atom molecular
dynamics (MD) simulations, umbrella sampling, and binding free energy calculations for both a wild-
type and a cefotaxime-resistant T to S mutant of PBP1A. The T to S mutation significantly reduces the
binding affinity of cefotaxime (a frequently clinically-administrated b-lactam antibiotic) as the PBP1A
inhibitor. In the conventional MD simulations presented here, more fluctuations of the mutant's active
site cleft margins were detected. The cleft of the mutant protein also opened remarkably more than the
wild-type's cleft and displayed more flexibility. Thus, our findings have shown that flexibility of cleft
margins of the active site in the mutant PBP1A immediately results in the catalytic cleft opening. In
addition, binding free energy calculation suggests that reducing hydrophobic contacts and increasing the
polar contribution in the binding energy may play an important role in cefotaxime resistance.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

For over five decades, b-lactam antibiotics, including penicillins
and cephalosporins, have been widely applied for the treatment of
bacterial infections [1]. The target proteins for b-lactam drugs are
multiple specific proteins named penicillin-binding proteins (PBPs)
that operate in the last step of bacterial cell wall synthesis [2,3]. The
b-lactam antibiotics inhibit PBPs by acetylating the hydroxyl
element in the catalytic site of PBPs in a reaction similar to that of
their activity [4,5].

By reducing the success of available therapeutic regimens in
various bacteria, and increasing the risk of spreading multiple
antibiotic resistant pathogens, antibiotic resistance has become one
ecular Biology Research Cen-
tallah University of Medical
ran, Iran.
).
of the most dangerous threats to public health. Resistance to b-
lactam antibiotics can occur via several mechanisms [6,7]. Some
bacteria produce beta-lactamase enzymes that inactivate and
destroy antibiotics by cutting key bonds [6,7]. Some other mecha-
nisms depend on the activity of efflux pumps that exhaust drugs
from intracellular space, reducing the concentration of antibiotics
in the periplasmic space of Gram-negative bacteria [7e9]. Studies
have also reported that mutations in key structural motifs of PBP1A
significantly reduce its sensitivity to antibiotics [10,11], in which
some specific conserved motifs mutations especially in the C-ter-
minal and transpeptidase (TP) regions [10,11], are responsible
for high-level resistances to b-lactam antibiotics [10e12]. 3D
structural investigations have demonstrated that PBPs contain a
catalytic cleft located within an elongated, highly hydrophobic,
tunnel-like zone, with three major motifs in the active central part
[13,14], including: SXXK (S370eT371eM372-K373), which contains
the catalytic serine located at the amino-terminal of a2, SXN
(S428eR429eN430) located on a loop between a4 and a5, and
KTG (557e559) at the carboxyl-terminal of b3 [13,14]. Many

mailto:aliahmadi@bmsu.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2018.12.002&domain=pdf
www.sciencedirect.com/science/journal/10933263
www.elsevier.com/locate/JMGM
https://doi.org/10.1016/j.jmgm.2018.12.002
https://doi.org/10.1016/j.jmgm.2018.12.002
https://doi.org/10.1016/j.jmgm.2018.12.002


E. Behmard et al. / Journal of Molecular Graphics and Modelling 87 (2019) 185e191186
epidemiological studies have shown that a single mutation, T371A
or S in the SXXK motif, is conserved among a variety of strains, and
has a significant effect on the affinity of PBP1A to b-lactams [13,14].
How such a low tendency can eliminate the lethal effect of b-lac-
tams, and at the same time, maintains the activity of PBPs is under
debates for many years. To better understand the molecular details
of T to S mutation at the SXXK motif, in the present study, we
examined the structural and dynamical effects of the T to S muta-
tion in the context of both wild-type andmutant PBP1Avariants, on
the binding of cefotaxime, a third generation cephalosporin.

2. Material and methods

2.1. Protein structure preparation and molecular docking

UniProt Knowledge Base (primary accession no. A0A1D8GR86)
was used to extract the PBP1A sequence from S. pneumonia. This
sequence was accepted as an input to search homologous protein
structures using Optimized Protein Fold RecognitION (ORION) on-
line web server [15]. The PBP1A from S. pneumonia (PDB ID: 2V2F)
was selected as the appropriate structural template [14]. The
template structure has the query coverage, percentage of identity,
and structural resolution of 91.69%, 88.31%, and 1.9 Å, respectively.
Moreover, ORION web server was used to perform sequence
alignment. Finally, the DOPE score was utilized to select the best
structure. Also, VERIFY-3D, ERRAT, Ramachandran map and ProSA
were used to evaluate the quality of the best structure. The evalu-
ation results showed that themodel made byModeller 9.14 was the
best model with 97% of residues in the favored zone of the Ram-
achandran map, 91.14% ERRAT, and 88.82% VERIFY-3D scores
(Fig. S1). Moreover, the ProSA Z-score showed that the best model
has a good quality (Fig. S1). Therefore, it can be suggested that the
built model is reliable. DrugBank was used to extract the three-
dimensional structure of cefotaxime. PBP1A and cefotaxime
parameter files were prepared using AutoDockTools-1.4.5 [16].
Autodock Vina package was utilized to provide the molecular
docking of cefotaxime with PBP1A with all ligand torsions set
flexible [17]. Then, the conventional MD simulations were initiated
by the best complex of docking's output for both systems.

2.2. Molecular dynamic simulation

Conventional molecular dynamics simulations of the proteins in
complex with an antibiotic, were performed using GROMACS 4.6.4.
The proteins were modeled by the GROMOS96 (53a6) force field.
Cefotaxime was modeled using the Topolbuild, developed by Bruce
D. Ray. Then, each complex was solvated in the TIP3P water cubic
box. Next, the proper number of solvent molecules were replaced
with the ions to keep the whole system neutral. The whole system
was minimized by steepest descent algorithm for 50,000 steps.
Then, each systemwas gradually heated from 273 K to 310 K for 0.5
ns in the NVT ensemble. Conformations were stored every 0.01 ns
with a time step of 2 fs in the NPT ensemble (T¼ 310 K and
P¼ 1 atm). The SHAKE algorithm was applied to constrain the in-
ternal degrees of freedom of thewater molecules, the particle mesh
Ewald was applied to consider long-range electrostatic contacts,
and the LINCS procedure was used to restrain all bond lengths in
the proteins molecules, for both systems during simulations.
Eventually, all production runs were done for 50 ns at 310 K
[18e20]. The Gromacs toolbox, PyMol [21], and LigPlot [22] tools
were used to analyze the simulation trajectories.

2.3. Free energy calculations

First of all, for assessment of the binding free energies using the
MM/GBSA procedure, 500 conformations were selected from the
last 10 ns AMBER simulation frames at intervals of 0.02 nm. Then,
the MM/GBSA method was applied to calculate the binding free
energy using the following equations:

DGbind¼Gcomplex� (Gprotein þ Gligand)

DGbind¼DEMM þ DGsolv� TDS

¼DEvdW þ DEele þ DGpol þ DGnonpol� TDS

In these equations Gcomplex, Gligand, and Gprotein indicate free
energies of the complex, ligand, and receptor, respectively. A sum of
changes in molecular mechanical (MM) gas-phase binding energy
(DEMM), the solvation free energy (DGsolv), and entropic (�TDS)
contributions were applied to compute the binding free energy
(DGbind). Van der Waals (DEvdW) and gas-phase electrostatic (DEele)
energies create the molecular mechanical term (DEMM). A nonpolar
(DGnonpol) and polar (DGpol) energies create DGsolv. The DGnonpol
was calculated using DGnonpol ¼ gSASA þ b. The GBSA procedure of
the AMBERTools16 was utilized to compute the Gpol [23]. The
conformational entropy contribution (�TDS) was estimated using
the AMBER NMODE module [24].

2.4. Umbrella sampling simulation for ligand unbinding

In the late 20th century, umbrella sampling (US) approach was
presented by Torrie and Valleau for the first time [25]. In brief,
umbrella sampling includes using an umbrella biasing potential to
limit sampling in a certain length of a reaction coordinate. To assess
the potential of mean force (PMF) profiles, this method can
generate a series of configurations, and in each initial configuration,
MD simulations are applied by restraint-based configurational
sampling surrounding some values of the desired reaction coordi-
nate. Then, the weighted histogram analysis method (WHAM) was
utilized to provide the favorable PMF curve along the reaction co-
ordinate [25]. Finally, the DGbind/unbind was calculated using the
difference between the highest and lowest values of the PMF curve.
In the selected windows, a force constant of 1000 kJ/mol.nm was
applied. The US simulations were begun using the last conforma-
tions of the 50 ns conventional MD trajectories for both systems.
For each system, US was done in a simulation box of dimensions
7.560� 7.362� 12 nm. An umbrella biasing potential was applied
to harmonically restrain the drug at increasing center-of-mass
(COM) distance from protein. For drug unbinding, 48 windows
were selected from the US simulations frames at distance intervals
of 0.2 nm for both systems. In each window the temperature and
the pressure were kept at 310 K and one atmospheric pressure by
NoseeHoover thermostat and Parrinello-Rahman barostat [26,27],
during equilibration time (2 ns). Also, the main simulation time for
eachwindowwas 10 ns. In total, MD simulation timewas 480 ns for
the US. The PMF plots estimated from the US simulations were
convergent (Fig. S5).

3. Results and discussion

3.1. Molecular docking and MD simulation analyses

Docking analysis indicated that the T to S mutation slightly
decreases the cefotaxime binding affinity to PBP1A (Table S1). Also,
the analysis of docking complexes showed that there were some
hydrogen-bonds between the drug and proteins (Fig. S3).

The MD simulations were begun by similar conformations of the
PBP1A mutant and wild type variants, and the simulations were
carried out for 60 ns on both systems. According to the root mean
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squared deviations (RMSDs) of all backbone atoms of the wild type
and mutant systems, both systems have achieved stability at the
early times of simulations (Fig. 1a and Fig. S4a). However, the
mutant system did have a larger RMSD than the wild type during
MD simulations.

To study the effect of the mutation on the dynamics and con-
formations of the PBP1A binding pocket, RMSFs were calculated
versus the residue numbers for PBP1A for the mutant and wild type
states (Fig. 1c and Fig. S4b). The RMSF results showed that all the
residues in the binding pocket (77e123 and 223e267) in the
mutant PBP1A are more flexible compared with those sequences in
wild type PBP1A during the simulation period (Fig. 1c). This high
flexibility allows the cleft to be easily opened and the drug is
rapidly released from the protein (Figs. S8aee).

Since the point mutation of PBP1A was accompanied by a sub-
stantial conformation variation in the catalytic cleft, the backbone
flexibility of the catalytic cleft of PBP1A might be essential for un-
binding the cefotaxime. In fact, mutations at the conserved motifs
on the catalytic cleft can affect the sensitivity of cefotaxime to the
binding pocket by restricting its access through influencing the
conformation or dynamics of the catalytic cleft. This confirms that
the cefotaxime-resistant mutant's cleft opened more easily than
the wild-type's cleft during the same simulation times.
3.2. Antibiotic resistance mechanism defined using umbrella
sampling

As seen in Figs. 2f and 3g, the inhibitor left more easily the
binding pocket of the mutant protein, suggesting that the T to S
mutation can induce antibiotic resistance against cefotaxime.

According to the Fig. 2f, the minimum of the PMF value was
stabilized with RC¼ ~1.3 nm. Afterwards, two different phases can
be seen in the PMF diagram of the mutated complex during the
unbinding process of the drug from the binding pocket: a rapid
increase phase from 1.3 to 1.5 nm (Fig. 2f, a) and a steady but slower
increase phase after 1.5e3.8 nm (Fig. 2f, b-d). The cefotaxime un-
binding resulted in a decreased number of both H-bonds and
contacts between cefotaxime and PBP1A (Fig. 2aee). For the
mutant complex, the total number of contacts reduced significantly
Fig. 1. Simulation outputs of cefotaxime-PBP1A complexes: (a) and (b) present the RMSD
complexes, respectively; (c) present the RMSF values of Ca atoms for the proteins.
from approximately 1100 to 200 at 1.8 nm along the reaction co-
ordinates (Fig. 4). The reduced number of contacts mainly resulted
from the breakage of interactions among the residues Y99, N100,
W101, S156, N252, Y253, D255, and Q257 of PBP1A, and residues on
the complementary subunit of the binding pocket (Figs. S6aee).
Besides reducing the number of interactions, unbinding of cefo-
taxime was also accompanied by breaking the H-bonds along the
reaction coordinate (Fig. 2 a-e). The reduced number of contacts
and H-bonds was responsible for the rapidly increased PMF of
cefotaxime along the reaction coordinate (rapid increase phase)
(Fig. 2f, a). Afterwards, the slope of the PMF became moderate
(Fig. 2f, b-d). At 3.8 nm, the PMF of the mutant complex reached to
plateaus, meaning that the cefotaxime is entirely dissociated from
the mutant PBP1A (Fig. 2f, d-e).

The minimum of the PMF value is at a distance between the
Center-of-Masses (COMs) of 1.52 nm (Fig. 3g). Afterwards, the PMF
profile increases up to ~2.2 nm (Fig. 3g, a). In early stages of drug
release, the hydrophobic and hydrogen bonds between the drug
and some residues (Y99, N100, W101, S156, N252, Y253, D255, and
Q257) are broken (Fig. 3aef and 7Sa-f). In the next step, the PMF
value increases slowly until the drug reaches to the entrance of the
catalytic cleft (i.e., N250, N252, and Y253). In this position, the
catalytic edges should be opened to allow the massive drug to pass
(Fig. 3g, b-c), where the cefotaxime continually adjusts the posture
to put up itself in the binding site (Fig. 3bee or Figs. S7cee). Af-
terwards, the PMF of the wild-type complex reached to plateaus,
meaning that the cefotaxime is entirely released from thewild-type
PBP1A (Fig. 3g, f).

In the early stages of drug release process, the PMF value of the
mutated complex is greater than the wild-type complex (Fig. 2f),
meaning that interactions between the drug and mutated protein
are rapidly broken and the drug binding pocket collapses (Fig. 4a
and b). Overall, According to WHAM analysis, the PMF value of the
segregation of the drug from the wild-type protein is greater than
the mutated protein (Figs. 2f and 3g). Consequently, the DGunbind
value of the drug/wild complex is higher than that of the drug/
mutant complex, suggesting that the inhibitor can form relatively
tighter interactions with the wild type PBP1A thanwith the mutant
PBP1A.
values of Ca for proteins and the RMSD values of heavy atoms of the drug in the



Fig. 2. Pulling cefotaxime from its bound state (mutant complex) to an unbound state (panels aee); PMF profiles as a function of cefotaxime's displacement along the reaction
coordinate (panel f). Yellow dotted lines represent hydrogen bond connections.
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Fig. 3. Pulling cefotaxime from its bound state (wild type complex) to an unbound state (panels aef); PMF profiles as a function of cefotaxime's displacement along the reaction
coordinate (panel g). Magenta dotted lines represent hydrophobic interactions; yellow dotted lines represent hydrogen bond connections.
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Fig. 4. (a) Variation of the number of contacts between cefotaxime and protein in the
mutant (black line) and wild type (red line) complexes along the reaction coordinate;
(b) Variation of the number of contacts between cefotaxime and residues 223e267 in
the mutant (black line) and wild type (red line) complexes along the reaction coor-
dinate. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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3.3. Binding free energy analysis

Table 1 shows that binding energy (DGbind) of the mutated
complex is less than that of the native complex, indicating that the
drug binds more strongly to the wild type protein. Therefore,
resistance to cefotaxime can result from the T to S mutation in the
STMK conserved motif.
3.4. Effect of conformational entropy on the antibiotic resistance

Table 1 shows that the -TDS value of the mutated complex is
higher than that of the wild-type complex. Simulations analysis
showed that the drug has a higher RMSD value in the mutant
complex than the wild type complex (Fig. 1a and b). Moreover,
compared to the native protein, the motifs 77e123 and 223e267
amino acids containing the drug binding pocket have a greater
flexibility in the mutated protein. These areas include b-strand,
Table 1
The calculated binding free energy and the contribution of various energy compo-
nents (kcal/mol).a Polar contribution of the solvation effect.b Non-polar contribution
of solvation effect.c Enthalpic contribution.

Wild Mutant

DEele �40.11± 0.41 �7.13± 0.28
DEvdW �54.98± 0.15 �40.93± 0.12
DGGB

a 65.31± 0.35 25.53± 0.27
DGSA

b �5.67± 0.01 �4.22± 0.01
DEnon-polar �60.65± 0.15 �48.17± 0.12
DEpolar 25.20± 0.41 21.30± 0.28
DEenthalpyc �35.44± 0.15 �26.75± 0.12
-TDS 9.5± 0.58 17.7± 0.71
DGbind �25.94± 0.37 �9.05± 0.42
loop, and a-helix structures (Fig. 1c). The high flexibility of the
mutated complex represents high conformational changes in the
binding pocket, which is consistent with the changes in the entropy
value (-TDS) in Table 1. In addition, the disappearance of in-
teractions among some residues (W101, F267, and Y253) induces
the instability in the a-helix, loop, and b-strand structures of the
mutated PBP1A.
3.5. Non-polar contacts are important to cefotaxime resistance

The contribution of all binding energy components is listed in
Table 1. The enthalpy contribution for the wild type complex
is�35.44 kcal/mol comparedwith�26.75 kcal/mol for themutated
complex. The polar contribution for the wild type and mutated
complexes are 25.20 and 21.30 kcal/mol, respectively. Also, the
non-polar contributions for the wild type and mutant complexes
are �60.65 and �48.17 kcal/mol, respectively, meaning that the
nonpolar term (hydrophobic contact) is a favorable contribution for
drug binding to the protein, and the polar component plays an
unfavorable role in the binding process. Therefore, it can be sug-
gested that reducing the hydrophobic contacts and increasing the
polar contribution in the binding energy play an important role in
cefotaxime resistance.

Table 2 shows that the loop, b-strand, and a-helix regions of
PBP1A contain the most key residues for the cefotaxime binding.
Due to the Table 2, compared to the mutated complex, some of the
hydrophobic residues (F267, W101, Y281 and Y253) in the wild-
type complex have a dominant contribution in drug binding to
create a strong hydrophobic contact with different elements of the
drug (Fig. S11).

Thus, it can be suggested that hydrophobic contacts are the
major driving force for drug binding to PBP1A. In addition, the
reduction in the contribution of hydrophobic energies has an
important role in reducing the affinity of the mutated protein to
cefotaxime. Compared to the wild-type complex, the conforma-
tional changes in the binding pocket can lead to differences in the
contacts between the drug and the mutated protein.
4. Conclusion

In conclusion, the results of MD simulations suggested that the T
to S mutation reduces the stability of the conformation by
destroying some important hydrophobic interactions in the cata-
lytic cleft, which increases the flexibility of the catalytic cleft. In
addition, the RMSF results showed that after the mutation, the
binding pocket (especially residues 77e123 and 223e267) be-
comes more flexible. Thus, the catalytic cleft becomes more flexible
in the mutated protein. As a result, during the same simulation
time, the catalytic cleft opened more widely in the antibiotic-
resistant mutant than the wild-type, and the drug comes more
quickly out of it. All these factors reduce the affinity of the mutated
protein to the drug or cause the binding capacity to weaken
Table 2
The contribution of key residues in the DGbind (kcal/mol).

Name Wild type Mutant

W101 �3.35 0.22
Y250 �1.7 0.07
N252 �1.34 0.20
Y253 �2.13 0.1
I258 �1.82 0.06
F267 �5.39 �1.4
V268 �2.19 0.3
Y281 �4.9 �0.003
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between the drug and the protein, and the drug can quickly sepa-
rate from the protein. The usage of computational techniques to
clarify antibiotic resistance in bacterial infections is important,
rapid, and beneficial. Consequently, the data provided by this study
can help design new agents with high inhibitory potential against
bacterial infections.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jmgm.2018.12.002.
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