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Introduction

Mutations responsible for the carbapenemase
activity of SME-17+

Vidhu Agarwal, Akhilesh Tiwari and Pritish Varadwaj@*

SME-1is a carbapenemase, produced by Serratia marcescens organism and causes nosocomial infections
such as in bloodstream, wounds, urinary tract, or respiratory tract infections. Treatment of such infections
becomes very complex due its resistance towards penicillins, cephalosporins, monobactams, and
carbapenems. Resistance to such antibiotics is of great medical concern. The misuse and overuse of
these antibiotics result in the clinical mutation and production of novel B-lactamase enzymes such as
SME-1, which show resistance to carbapenems. Class A contains most of the clinically significant
extended spectrum of B-lactamase enzymes and carbapenemases. In this study, class A B-lactamase
SME-1 sequence, structure, and binding were compared with naturally mutated class A B-lactamase
enzymes and a wild-type TEM-1. This study was performed for revealing mutations, which could be
responsible for the carbapenemase activity of SME-1. The dynamic characteristics of SME-1 enzymes
manifest a different degree of conservation and variability, which confers them to possess
carbapenemase activities. Met69Cys, Glul04Tyr, Tyrl05His, Ala237Ser, and Gly238Cys mutations occur
in SME-1 as compared to wild-type TEM-1. These mutated residues are present close to active site
residues such as Ser70, Lys73, Serl30, Asn132, Glul66, and Asnl170, which participate in the hydrolytic
reaction of B-lactam antibiotics. Furthermore, these mutated residues demonstrate altered interactions
with the B-lactam antibiotics (results in altered binding) and within themselves (results in active site
structure alterations), which results in expanding the spectrum of activity of these enzymes. This study
provides important insights into the structure and activity relationship of SME-1 enzymes. This is evident
from the Q-loop structure modification, which forms the wall of the active site and repositioning of
residues involved in hydrolytic reactions, when present in the complex with meropenem in a stable state
of MD simulation at 50 ns. Hence, Met69Cys, Glul04Tyr, Tyrl05His, Ala237Ser, and Gly238Cys mutations
could result in an altered active site structure, binding, and activity of SME-1 with meropenem and thus
become resistantant against meropenem, which is a carbapenem.

(ceftazidime and cefepime), including carbapenems and
aztreonam.” Serratia marcescens causes community-acquired
and nosocomial infections such as the circulation, wounds,

Carbapenems are broad-spectrum antibiotics, with enhanced
stability against hydrolysis. The loss of the outer membrane
permeability and the development of B-lactam hydrolyzing
enzymes have been identified as one of the key mechanisms of
carbapenem resistance. This results in one of the most resilient
B-lactamase enzymes termed carbapenemase.' Serratia marces-
cens enzyme (SME) was identified as a class A carbapenemase,
which was derived from two clinical strains of Serratia marces-
cens (in 1982) from England, Europe, North America, and South
America. SME carbapenemase being atypical in nature, mani-
fest a distinctive phenotypic profile, exhibiting tolerance to all
B-lactams except extended-spectrum cephalosporins

Indian Institute of Information Technology, Devghat, Jhalwa, Prayagraj-211015,
Allahabad, U P, India. E-mail: pritish@iiita.ac.in; Tel: +919236666060
(ESI) available. See

T Electronic supplementary information

https://doi.org/10.1039/d2ra02849b

22826 | RSC Adv, 2022, 12, 22826-22842

urinary system, and respiratory tract. With the emergence of
resistance, it has become extremely challenging to curb this
pathogenic organism.** The basic architecture and folds of the
SME-1 structure are considerably comparable to those of class A
beta-lactamase enzymes. Almost all the key active site residues
positioned in SME-1 are conserved among class A B-lactamases
except at 104, 105, and 237 loci, which are occupied by tyrosine,
histidine, and serine, respectively.® Cysteine at loci 238 forms
a disulfide bridge with another cysteine positioned at 69 loci.
The critical function of this disulfide bridge was substantiated
by the site-directed substitution of Cys69 to Ala that produced
an incapable variant that fails to impart resistance to imipenem
and all other assayed B-lactams. The noteworthy structural
characteristic of SME-1 was the positioning of the active site
serine (70) residue and glutamate (166) by a minuscule distance
of up to 1.4 nm compared to class A B-lactamases. As a result,
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the three-dimensional active site topology of SME-1 fails to
accommodate the vital catalytic H,O molecules located between
Ser70 characterized in class A beta-lactamases. This entails
a significant conformational alteration in SME-1, which may be
required for the appropriate positioning of the hydrolytic water
molecule and directly implicated in the hydrolysis of the acyl-
enzyme intermediate.®

The SME-1 carbapenemase Ser237Ala mutant displayed
penicillin and aztreonam hydrolysis almost similar to wild-type
class A B-lactamase enzyme but showed reduced susceptibility
against cefoxitin, cephaloridine, and cephalothin. A sharp
decline in the catalytic efficiency was observed against the
imipenem, signifying the pertinent role of a serine residue in
SME-1 carbapenemase activity.® The significance of the disul-
fide linkage across Cys69 and Cys238 in the carbapenem
hydrolysis, as well as other B-lactams, was also demonstrated.
The loss of catalytic activity by the SME-1 carbapenemase
Cys69Ala mutant against imipenem, cefoxitin, kanamycin,
ticarcillin, amoxicillin, and aztreonam has been observed.?
PCR-based mutations have been used to generate different
alternative libraries for both the Cys69 and Cys238 positions.
Those enzymes from either of these libraries having Cys69 and
Cys238 showed efficiency and competence in conferring resis-
tance to B-lactams, indicating how these cysteines and the
associated disulfide linkage are unfavorable to the hydrolysis of
all B-lactam degraded by SME-1.” Furthermore, SME-1 residues
at 104, 105, 132, 167, 237, and 241 were subjected to rando-
mised site-directed mutations, and proficient mutants were
identified based on their capacity to hydrolyze imipenem,
ampicillin, and cefotaxime. However, no specific site appeared
essential for carbapenem hydrolysis, numerous locations
appeared to be significant for B-lactam antibiotic hydrolysis,
indicating that the carbapenemase activity of SME-1 is the
consequence of a highly dispersed series of interactions that
gradually modulates the conformation and architecture of the
active site compartment.®

Functional insights into drug resistance can be found using
MD simulation methods. Further, an atomic level of under-
standing can be gained using post-simulation methods such as
PCA. This method enables the dimensionality reduction of
different parameters of MD simulation in order to have an
understanding of its concerted motion.® PCA analysis can help
in knowing the effect of mutation on the overall MD trajectory;
hence, it is also known as essential dynamics." RIN and
residual decomposition analysis help in knowing the effect of
mutation on the protein residue interaction network and free
energy change at the residue level, respectively.

This study focuses on determining the mutations respon-
sible for the carbapenemase activity of SME-1 class A B-lacta-
mase enzymes. This could be known from the comparison of
sequence, structure, and interactions of SME-1 with naturally
mutated and wild-type class A -lactamase enzymes, in complex
with B-lactam antibiotics. Further, molecular docking,
MMGBSA, RMSD, and PCA analysis help in getting insights into
the stability of SME-1 carbapenemase, as compared to naturally
mutated and wild-type TEM-1 class A B-lactamase enzymes in
complex with B-lactam antibiotics.
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Results

SME-1 has evolved clinically to extend its spectrum against the
most effective and last resort of B-lactam antibiotics like car-
bapenems. Usually, the structures of these enzymes are
conserved, including their active site residues such as Ser70,
Lys73, Ser130, Asn132, Glu166, and Asn170 (for class A B-lac-
tamase enzymes), which participate in the hydrolytic reaction
with B-lactam antibiotics. The mutation of some important
residues could alter the structure and activity of such B-lacta-
mase enzymes." This could be due to alterations in the inter-
action pattern of the B-lactamase enzymes within themselves
(active site structure alterations) and with B-lactam antibiotics
(binding alteration), which could result in structural and
functional modifications. These structural modifications
caused due to mutations result in alterations in binding with
the ligand and hence could be responsible for the carbapene-
mase activity of SME-1. Kinetic, molecular docking, molecular
dynamic simulation, PCA, and MMGBSA analysis revealed
altered interactions and stability of the SME-1 in complex with
amoxicillin, ceftazidime, ceftolozane, and meropenem as
compared to wild-type TEM-1 and naturally mutated class A B-
lactamase enzymes.

Kinetics analysis

Naturally mutated SME-1 class A B-lactamase is a carbapene-
mase."” The catalytic efficiency of wild TEM-1 class A B-lacta-
mase is 0.002 pM ™' s~ ' as compared to the catalytic efficiency of
clinically mutated SME-1 that is 0.44 uM ™' s~ " in complex with
imipenem. Similarly, Table S1} shows the difference in catalytic
efficiency of clinically mutated class A B-lactamase enzymes
(SME-1 and SHV-1) and wild TEM-1 enzyme with respect to
different B-lactam antibiotics. Further, from Table S1,{ it is
evident that the catalytic efficiency (K.ai/kim) of SME-1 is higher,
as compared to that of GES-1, GES-11, and GES-5, TEM-1 for
cephalothin, cefoxitin and imipenem (carbapenem).

Sequence analysis

14 naturally mutated and wild-type class A pB-lactamase enzyme
sequences were compared. Multiple sequence alignment results
are shown in Fig. 1a. Furthermore, Table 1 combines the resi-
dues that could be indirectly involved in the alteration of B-
lactam activity and the mutations present in 14 naturally
mutated and wild-type class A B-lactamase enzyme sequences.
Fig. 1b shows that TEM-1 (PDB ID: 1ZG4) and SHV-1 (PDB ID:
1SHV) are evolutionary very close. Further, SME-1 (PDB ID:
1DY6) is evolutionary very far from TEM-1 and SHV-1. As SHV-1
is a penicillinase (Table 1), it has a similar binding affinity with
the TEM-1 enzyme and has a similar Q-loop structure (Fig. 1c)
and a lesser number of mutations on residues that could be
indirectly involved in the alteration of the B-lactam activity, as
compared to TEM-1 (Table 1). Therefore, for further analysis
and comparison, the SHV-1 enzyme is selected as a naturally
mutated class A B-lactamase enzyme, which can be compared
with naturally mutated class A p-lactamase enzyme SME-1 with
carabapenemase activity.
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(a) Multiple sequence alignments of SME-1 (PDB ID: 1DY6) along with 13 naturally mutated class A B-lactamase enzymes (TEM-52 (PDB ID:

1HTZ), SHV-1 (PDB ID: 1SHV), SME-1 (PDB ID: 1DY6), NMC-A (PDB ID: 1BUE), SED-1 (PDB ID: 3BFE), CTXM-9 (PDB ID: 1YLJ), CTXM-27 (PDB ID:
1YLP), PENI (PDB ID: 3W4P), GES-2 (PDB ID: 3NI9), GES-11 (PDB ID: 3V3R), GES5 (PDB ID: 4GNU), PER-1 (PDB ID: 1E25) and PER-2 (PDB ID:
4D20)) and TEM-1 (PDB ID: 1ZG4). (b) Shows the phylogenetic tree for the (PDB ID: 1DY6) along with 13 naturally mutated class A B-lactamase
enzymes and TEM-1 (PDB ID: 1ZG4). (c) Shows overall and Q-loop structure comparison of 14 naturally mutated class A B-lactamase enzymes
(including SME-1) with wild type class A B-lactamase enzyme TEM-1. (d) Shows the comparison of SME-1 (carbapenemase), SHV-1 (penicillinase)

and TEM-1 (wild type) class A B-lactamase enzyme.

It can be observed from Table 1 that Glu104Tyr has a unique
mutation in SME-1, as compared to other naturally mutated
class A B-lactamase enzymes with respect to wild-type class A -
lactamase enzyme TEM-1. Tyr105His has a unique mutation,
except for NMC-A compared to other clinically mutated class A
B-lactamase enzymes with respect to wild-type class A B-lacta-
mase enzyme TEM-1.

Structure analysis

SME-1 is a carbapenemase. 14 naturally mutated and wild-type
class A B-lactamase enzyme structures were aligned and visu-
alized in PyMOL, as shown in Fig. 1c. Further, root mean square
deviation (RMSD) calculations were also performed in PyMOL.
It was performed on all 14 enzymes as compared to wild-type
TEM-1 enzyme.

22828 | RSC Adv,, 2022, 12, 22826-22842

Class A B-lactamase enzymes contain two domains, between
which the active site of the enzyme is present. The first domain
contains eight o helix («2-29), whereas the second domain
contains five B-strands (B1-B5) and three o helix (a1, 10, a11).
Ser70, Lys73, Ser130, Asn132, Glu166, and Asn170 are conserved
in all the naturally mutated class A B-lactamase enzymes and the
wild-type class A B-lactamase enzyme. These residues participate
in the hydrolytic reaction with B-lactam antibiotics including
Ser70, which acts as a nucleophile and attacks the B-lactam ring
for its hydrolysis.” Ser70 was observed to be displaced in SME-1
by an RMSD value of 0.071, as compared to TEM-1. Ser70 residue
in SME-1 is much more structurally recolated as compared to the
wild TEM-1 and other clinically mutated class A B-lactamase
enzymes. This is caused due to alterations in the active site
structure of SME-1, due to clinical mutations as compared to wild
TEM-1. It can be observed from Table 2 that Ser70 (0.071) and Q-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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loop (0.366) deviation in SME-1 is greater with respect to wild
class A B-lactamase enzyme TEM-1, as compared to other clini-
cally mutated class A B-lactamase enzymes like NMC-A, PEN],
GES-2, GES-5, GES-11 and GES-14. Further, Fig. 1d shows the
structural relocation of Ser70 in SME-1, as compared to SHV-1
and TEM-1.

Q-loop and SDN loop forms the wall of the active site and is
the most flexible element. Any structural modification in the
active site can be easily reflected by the Q-loop structure
modification. 6 Carbapenemases NMC-A (0.316), PENI (0.272),
GES-2 (0.287), GES-5 (0.274), GES-11 (0.333) and GES-14 (0.273)
have a lower RMSD deviation in the Q-loop structure, as
compared to the Q-loop structure of naturally mutated SME-1
(0.366) with respect to wild type TEM-1. Among the carbape-
nemases, SME-1 has the greatest deviation in the Q-loop and
SDN loop structure, as compared to wild-type TEM-1. This can
be observed from the data in Fig. 1c and d, and Table 2.

Molecular docking and MMGBSA

The MMGBSA dG bind value gives insights into the binding
affinity between the protein and ligand in the docked complex.
It is evident from Table 3 that SME-1 has minimum binding
energy (MMGBSA dG bind: —41.361 kcal mol ') and hence
maximum binding affinity for meropenem (carbapenem), as
compared to the other 13 naturally mutated class A B-lactamase
enzymes and wild-type class A B-lactamase enzymes. Alterations
in the binding and affinity of 14 naturally mutated class A B-
lactamase enzymes including SME-1 carbapenemase and TEM-
1 wild-type class A B-lactamase in the complex with different -
lactam antibiotics evident from the data in Table 3. SME-1 is
a carbapenemase and hence has a greater binding affinity
(—41.361  kcal mol™?), as compared to TEM-1
(—32.69 kecal mol ') in the complex with meropenem. Further,
SME-1 binding affinity is greater depicted by MMGBSA dG bind
values (—34.84, —37.85, and —62.68 kcal mol '), as compared to
TEM-1 (—34.53, —33.78, and —15.72 kcal mol ') in complex
with amoxicillin, ceftazidime, and ceftolozane as well. This
shows that SME-1 is truly a carbapenemase, as it has a greater
binding affinity for amoxicillin, ceftazidime, ceftolozane, and
meropenem, as compared with TEM-1. Other carbapenemases
do not follow a similar binding pattern with amoxicillin, cef-
tazidime, ceftolozane, and meropenem, except GES-5. GES-5 is
a carbapenemase (Table 1) and hence it has a greater binding
affinity with amoxicillin (—42.59 kcal mol '), ceftazidime
(—56.46 kcal mol™"), and ceftolozane (—37.45 kcal mol™'), as
compared to TEM-1 (Table 3).

SED1 is a cephalosporinase (Table 1) and hence its binding
affinity is greater as depicted by MMGBSA dG binding values
(—36.32, —57.02, and —46.9 kcal mol ™), as compared to TEM-1
(—34.53, —33.78, and —15.72 kcal mol™') in complex with
amoxicillin, ceftazidime, and ceftolozane, respectively.
However, in SED-1, the binding affinity is lower (—23.305), as
compared to TEM-1 (—32.69 kcal mol™') in the complex with
meropenem. Similar is the case of CTXM-9, CTXM-27, and to
some extent NMC-A and PER2, but not with PER1, which all are
cephalosporinase class A B-lactamase enzymes (Table 3).

RSC Adv, 2022, 12, 22826-22842 | 22829
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Table2 The RMSD values for catalytically important residues, which directly participate in the catalytic hydrolysis of the B-lactam antibiotics and
loops present in the active site of clinically mutated class A B-lactamase enzymes, as compared to the TEM-1 wild-type class A B-lactamase

enzyme

S. No Class A B-lactamase Q-loop SDN-loop Ser70 Lys73 Ser130 Glu166
1 SME1 0.366 0.154 0.071 0.164 0.156 0.051
2 PER2 2.010 0.164 0.045 0.636 0.193 0.058
3 TEM52 0.222 0.094 0.110 0.071 0.049 0.094
4 PENI 0.272 0.126 0.011 0.061 0.264 0.021
5 GES14 0.273 0.195 0.061 0.633 0.217 0.019
6 CTXM9 0.278 0.169 0.094 0.056 0.262 0.024
7 CTXM27 0.241 0.134 0.091 0.119 0.217 0.021
8 GES5 0.274 0.185 0.044 0.117 0.219 0.021
9 PER1 2.029 0.194 0.050 0.089 0.236 0.125
10 SED1 0.372 0.170 0.286 0.173 0.517 0.063
11 GES11 0.333 0.225 0.047 0.632 0.275 0.0402
12 NMCA 0.316 0.178 0.067 0.148 0.027 0.022
13 GES2 0.287 0.236 0.034 0.137 0.203 0.026
14 SHV1 0.212 0.081 0.031 0.041 0.025 0.014

The molecular interactions between the active sites of class A
B-lactamase enzymes (SME-1, SHV-1, and TEM-1) and B-lactam
antibiotics (amoxicillin, ceftazidime, ceftolozane, and mer-
openem) were analyzed. In SME-1, Tyr104 does not form any
hydrogen bond but is involved in a hydrophobic interaction
with ceftazidime and meropenem (Fig. 2a and d). Asp104 of
SHV-1 and Glu104 of TEM-1 form a hydrogen bond with
amoxicillin, ceftazidime, and meropenem (Fig. 2e and f, Fig. 2h
and i, Fig. 2j and 1, respectively). This shows that Glu104Tyr
mutation in SME-1 plays an important role in altering its
binding with amoxicillin, ceftazidime, and meropenem. In
SME-1, His105 is involved in polar interaction with amoxicillin,
ceftazidime, and meropenem (Fig. 2a and b, and Fig. 2d),
respectively. However, in TEM-1 and SHV-1, Tyr105 forms
hydrophobic interactions with amoxicillin, ceftazidime, cefto-
lozane, and meropenem (Fig. 2e-1). This shows that the
Tyr105His mutation in SME-1 alters the interaction with
amoxicillin, ceftazidime, and meropenem. Glu171 forms an
ionic bond with Arg164 and Arg178, which results in an inward
turn in the Q-loop."* SME-1 contains Glu171Thr mutation
(compared to TEM-1), resulting in the disruption of this ionic
bond between Argl64, Arg178, and Glul71. The Glu171Thr
mutation in SME-1 has a role in altering binding with mer-
openem (Fig. 2d and 1). Thr216 forms a polar interaction in
SME-1, whereas Val216 forms hydrophobic interaction in TEM-
1, with ceftazidime and meropenem (Fig. 2b, d, j and ). Hence,
Val216Thr forms altered interactions in the case of SME-1 with
ceftazidime and meropenem, as compared to TEM-1. Two
hydrogen bonds are formed between the Ser237 residue of SME-
1 and amoxicillin, ceftazidime, and meropenem (Fig. 2a, b and
d, respectively). In contrast, no hydrogen bond formation was
observed between the Ala237 residue of TEM-1 and SHV-1 with
amoxicillin, ceftazidime, and meropenem (Fig. 2e, f, h-j, and
21). Hence, Ala237Ser mutation could be responsible for altered
interactions between SME-1 and amoxicillin, ceftazidime, and
meropenem, as compared to the interaction between wild type
TEM-1 and amoxicillin, ceftazidime, and meropenem. One
hydrogen bond is formed between the Cys238 residue of SME-1
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and meropenem (Fig. 2d), whereas no hydrogen bond is formed
between the Gly238 residues of TEM-1 and SHV-1 with mer-
openem (Fig. 2h and 1). Hence, Gly237Cys mutation could be
responsible for altered interactions of SME-1 with meropenem,
as compared to the interaction between wild type TEM-1 and
amoxicillin, ceftazidime, and meropenem. In SME-1, no
hydrogen bond is formed between Ala240 and amoxicillin,
ceftazidime, ceftolozane, and meropenem (Fig. 2a-d), but in
TEM-1, Glu240 forms a salt bridge with ceftazidime (Fig. 2j),
four hydrogen bond with ceftolozane (Fig. 2k) and one hydrogen
bond with meropenem (Fig. 21). Hence, Glu240Ala mutation
alters interaction in SME-1 with ceftazidime, ceftolozane, and
meropenem, as compared with TEM-1.

Molecular dynamic simulation

Root mean square deviation (RMSD) analysis. The RMSD
calculations can give an insight into the structural conforma-
tion change, throughout the simulation time. The global RMSD
of the backbone atom was below 2.5 A for 100 ns, showing the
overall stability and absence of significant conformational
change in all the cases. The mean RMSD value of SME-1 (1.110)
is less, compared with SHV-1 (1.532) and TEM-1 (1.283) with
meropenem. The values are tabulated in Table S2.1 Further-
more, Fig. 3 and the above values suggest that the naturally
mutated class A p-lactamase enzyme SME-1 has a better binding
with meropenem and amoxicillin, as compared to SHV-1 and
TEM-1.

Root mean square fluctuation (RMSF) analysis. The RMSF
plot (Fig. 4) shows the fluctuation in atomic residues of the
protein. The peaks of the plots depict the maximum fluctuation.
Alpha helix (represented by an orange background of the plot)
and beta-sheet (represented by a light blue background of the
plot) are the more rigid parts of the protein, as compared to the
loop (represented by the white background of the plot). Q-loop
plays an important role in the positioning of Glu166, which is
involved in the hydrolytic reaction of the B-lactam ring present
in the antibiotic substrate. Further, Q-loop forms the wall of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The RMSD plot of clinically mutated class A B-lactamase
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active site, and hence its flexibility may indicate any structural
and conformational modification in the active site. The Q-loop
(residue 164-179) flexibility was decreased in SME-1 in complex
with B-lactam antibiotics (amoxicillin, ceftazidime, ceftolozane,
and meropenem), as compared to that with TEM-1. This is
evident from the data in Table 2, Table 4, and Fig. 4.

Interaction analysis

SME-1 and SHV-1 are naturally mutated class A B-lactamase and
have different binding and activity towards amoxicillin, cefta-
zidime, ceftolozane, and meropenemas, per the molecular
docking and molecular dynamic simulations results. This
analysis can help us to gain insight into the altered active site
residue interactions. According to the molecular docking and
molecular dynamics simulation studies, SME-1 has a good
binding affinity throughout the simulation of 100 ns with
meropenem, as compared to TEM-1 and SHV-1 (Table 2 and
Fig. 3).

It was observed that Tyr104 (in SME-1) has an increased
interaction fraction with amoxicillin and meropenem (Fig. 5a
and d), as compared to Asp104 (in SHV-1) interaction fraction
and Glu104 (in TEM-1) interaction fraction with all the B-lactam
antibiotics considered in the study, including meropenem
(Fig. 5).

SME-1, Ser237, and Cys238 show significant interaction with
meropenem, whereas Ala237 and Gly238 (in SHV-1 and TEM-1)
do not interact much with meropenem (Fig. 5d, h, and 1).

Tyr104 in SME-1 forms a significant and constant interaction
for 100 ns, which is absent in the case of SHV-1 and TEM-1 in
complex with meropenem (Fig. 6d, h, and 1). His105 shows
slight interaction with SME-1 after 25 ns, with meropenem
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(Fig. 6d) but no interaction with TEM-1 after 25 ns, or mer-
openem (Fig. 61).

Principal component analysis

Principal component analysis (PCA) was performed to under-
stand the correlation between the secondary structure frag-
ments of the complex along with the contribution of its
residues. This could help in gaining insights into the protein
complex dynamics by analyzing the coefficients of the principal
components.” Protein biological function is governed by
protein conformations and their dynamics. A functional protein
demonstrates flexibility and rigidity of its constituent residues
to a different extent. Protein-ligand stability means that there is
a tighter interaction between the active site residues of the
protein and the ligand. Further, it could also mean that this
complex becomes stable and its motion is restricted to some
extent. Thus, the conformation of the biologically active
proteins results in activity. Hence, for understanding the
collective motion of the protein-ligand complex present in the
conformational space for the molecular dynamics simulations,
the dimension reduction method or the essential dynamic
calculations is an appropriate analysis for projecting principal
component 1 (PC2) and principal component 2 (PC2). This
calculation was performed by diagonalizing the covariance
matrix of the eigenvectors, for understanding the subspaces in
which most of the protein dynamics occur.” The PCA plot of
SME-1, SHV-1, and TEM-1 in complex with amoxicillin, cefta-
zidime, ceftolozane, and meropenem shows that SME-1 is more
stable, compared with SHV-1 and TEM-1 with meropenem and
amoxicillin (Fig. 7). This observation leads to the conclusion
that mutations in SME-1, as compared to TEM-1 and SHV-1,
result in better binding with ligands such as amoxicillin and
meropenem. RMSD plot also shows that SME-1 has a better
binding with amoxicillin and meropenem, as compared to
those in TEM-1 and SHV-1. This means that the mutations that
occur uniquely in SME-1, as compared to in TEM-1 and SHV-1
could be responsible for altering the binding properties of
SME-1 with amoxicillin and meropenem.

Residue interaction analysis

Ser70, Lys73, Ser130, Asn132, Glu166, and Asn170 are residues
that directly participate in the catalytic hydrolysis of B-lactam
antibiotics. However, several other important residues are
uniquely mutated in SME-1, which could play an important role
in altering the structure of the enzyme and thus are responsible
for carbapenemase activity. This could be due to the local
structural modification, which results from the altered inter-
actions and hydrogen bonding patterns with B-lactam antibi-
otics. Fig. 8 shows the modification in the interaction pattern in
SME-1, as compared to that in TEM-1. Fig. 8a shows the inter-
action between mutated residues with their closest associated
residues in SME-1, whereas Fig. 8b shows the same for the TEM-
1 enzyme. It can be observed that residues 69, 104, 105, 237, and
238 are mutated in SME1, as compared to the wild-type TEM-1
enzyme. These mutated residues are closely connected with
Ser70, Lys73, Ser130, Asn132, Glu166, and Asn170 residues,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Shows the RMSF plot and B factor plot of (a) SME-1_Amoxicillin (b) SME-1_Ceftazidime (c) SME-1_Ceftolozane (d) SME-1_Meropenem (e)
SHV-1_Amoxicillin (f) SHV-1_Ceftazidime (g) SHV-1_Ceftolozane (h) SHV-1_Meropenem (i) TEM-1_Amoxicillin (j) TEM-1_Ceftazidime (k) TEM-
1_Ceftolozane () TEM-1_Meropenem complex. Alpha helix (represented by the orange background of the plot), and beta-sheet (represented by
the light blue background of the plot) are the loop regions (represented by the white background of the plot). Green lines show the residues of

protein that interact with the ligand.

Table 4 RMSF values calculated for clinically mutated class A B-lac-
tamase enzymes (SME-1 and SHV-1) and wild class A B-lactamase
(TEM-1) in complex with meropenem

Residue SME-1 SHV-1 TEM-1
Ser70 0.755 0.378 0.43
Lys73 0.457 0.348 0.39
Ser130 0.649 0.357 0.427
Asp131 0.544 0.334 0.362
Asn132 0.572 0.32 0.379
Arg164 0.75 0.398 0.493
Trp165 1.019 0.4 0.523
Glu166 0.859 0.406 0.517
Glu168 0.794 0.476 0.561
Leul69 0.686 0.388 0.476
Asn170 0.756 0.438 0.469
Ala172 0.859 0.69 0.57
Pro174 2.795 2.654 1.295
Asp176 2.085 1.581 0.924
Arg178 1.077 0.629 0.611
Asp179 0.642 0.432 0.461

© 2022 The Author(s). Published by the Royal Society of Chemistry

which participate in the hydrolytic reactions of B-lactam
antibiotics.

MMGBSA calculations of the MD trajectory

To explore the effect of clinical mutations in SME-1 compared to
TEM-1 on binding with meropenem, MMGBSA of MD trajectory
of class A B-lactamase enzymes (SME-1 and TEM-1) with B-lac-
tam antibiotics were calculated. The average dGbind is lower
(—75.04 087 792 keal mol " and —59.0031 kcal mol ') for SME-
1, as compared with TEM-1 (—68.8181 kcal mol™' and
—56.7565 kcal mol ') in the complex with amoxicillin and
meropenem, respectively. This shows that SME-1 is more stable,
as compared to SHV-1 and TEM-1 with meropenem and amox-
icillin (Table 5).

Per residue binding free energy decomposition analysis

The decomposition of the binding energy into 5 key mutated
residues is shown in this analysis. These mutated residues are
closely connected with residues involved in the hydrolytic

RSC Adv, 2022, 12, 22826-22842 | 22835
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reaction B-lactam antibiotics and show altered binding with
meropenem. This results in alterations in the active site struc-
ture and binding with B-lactam antibiotics and hence results in
varied energy contribution with meropenem. Met69Cys,
Glu104Tyr, Tyr105His, Ala237Ser, and Gly238Cys mutations
result in increasing the dG bind energy in SME-1, as compared
to that in TEM-1 with the complex with meropenem. As such,
these residue mutations must be responsible for increasing the
affinity of meropenem for SME-1, compared to TEM-1.

Discussion

RMSD, PCA, and MMGBSA of the MD trajectory show the
difference in the binding affinity of SME-1, as compared to wild-
type TEM-1 in complex with meropenem (Fig. 3, 7, and Table 5).
Key active site residues, which are of catalytic importance
Ser70, Lys73, Ser130, Asn132, Glu166, and Asn170 play a critical
role in modulating the substrate activity. They are usually
conserved but could be relocated due to structural modification
of the enzyme. These relocations could be caused by a mutation
in other residues close to the active site, which plays an
important role in the structural plasticity of the enzyme.
Further, the structure and activity relationship of these enzymes
have been discussed for giving insights into the mechanism of
action of SME-1 enzymes, for becoming antibiotic resistant.

22836 | RSC Adv, 2022, 12, 22826-22842

Multiple sequence alignment reveals the presence of some
unique mutations in SME-1, as compared to other naturally
mutated B-lactamase enzymes considered in this study and
wild-type TEM-1 enzymes (Table 1). Among these, Met69Cys,
Glu104Tyr, Tyr105His, Ala237Ser, and Gly238Cys are closely
connected with residues such as Ser70, Lys73, Ser130, Asn132,
Glu166, and Asn170, which participate in the hydrolytic reac-
tion with meropenem (Fig. 8).

It can be observed from Fig. 1d that Ser70 of SME-1 is dis-
placed, as compared to that of SHV-1 and TEM-1. This obser-
vation is derived from the PDB structure not complex with
meropenem. However, we further studied SME-1, SHV-1, and
TEM-1 in the complex with meropenem at 50 ns of MD simu-
lation (most stable state). Fig. 10, S2, S3, S4,1 Table 2, and Table
4 depict the deviation of Ser70 residue along with residues that
are involved in the hydrolytic reactions in SME-1, as compared
to that in TEM-1 and SHV-1 in complexation with meropenem at
50 ns of MD simulation (stable state). Table 2 shows the RMSD
value of Ser70 residue 0.071 in SME-1, as compared to TEM-1.
Further, Table 3 shows the RMSF value of the Ser70 residue to
be 0.755 in SME-1, which is greater, compared with that in TEM-
1 and SHV-1.

Table 2 shows the deviation of Q-loop (residue 164-179),
SDN loop (residue 130-132), and other residues, which are
involved in the hydrolytic reaction with B-lactam antibiotics in
SME-1, as compared to other carbapenemase considered in this

© 2022 The Author(s). Published by the Royal Society of Chemistry
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study with respect to wild type TEM-1. Further, SME-1 in the
complex with meropenem shows the maximum deviation in
conserved residues like Ser70, Lys73, Ser130, Asn132, Glu166,
and Asn170 compared to naturally mutated SHV-1 and wild-type
TEM-1 class A B-lactamase enzymes (Table 4 and Fig. 10).

Residues 69, 70, 73, 104, 105, 166, 170, 237, and 238
(mutated residues and residues, which are involved in the
hydrolytic reaction with B-lactam antibiotics) showed a signifi-
cant deviation in naturally mutated class A B-lactamase enzyme
SME-1, as compared to naturally mutated class A B-lactamase
enzyme SHV-1 and wild class A B-lactamase enzyme TEM-1. Q-
loop forms the wall of the active site and is the most flexible
element of the active site. Hence, its structure alteration depicts
an altered active site structure of SME-1 enzyme, as compared to
TEM-1 in complex with meropenem (Fig. 10b).

Alterations in the H-bonding pattern can be observed in
Tyr104 of SME-1, as compared to those in Asp104 of SHV-1 and
Glu104 of TEM-1 (Fig. 2d, h, and 1). Tyr104 has an increased
interaction fraction in SME-1, as compared with that in Asp104
in SHV-1 and Glu104 in TEM-1 with meropenem (Fig. 5d, h and
1). Tyr104 is directly linked with Leu167 residue, which is further
linked to Asn170 and Asn132 residues that are important cata-
lytic residues in SME-1 (Fig. 8a). Whereas, Glu104 is linked with
the Pro167 residue, which is further linked with only Asn170 in
wild-type TEM-1 enzyme (Fig. 8b). Further, it can be observed
that Tyr104 has a lower dG binding in SME-1, as compared to

© 2022 The Author(s). Published by the Royal Society of Chemistry

that in Glu104 in TEM-1 in complex with meropenem (Fig. 9). As
104 residue is closely connected with residues, which are
involved in the hydrolytic reaction with B-lactam antibiotics
such as Asn130 and Asn170, mutation results in the displace-
ment of Tyr104 in SME-1 with respect to Asp104 in SHV-1 and
Glu104 in TEM-1 with meropenem, as shown in the 50 ns time
frame of the MD simulation (Fig. 10). So, it can be concluded
that Glu104Tyr mutation results in some structural modifica-
tions in the active site of SME-1 and as it is linked to residues,
which are involved in the hydrolytic reaction with B-lactam
antibiotics such as Asn170 (part of Q-loop) and Asn132 (part of
SDN loop), as compared to wild type TEM-1.

His105 of SME-1 forms a polar interaction with meropenem,
whereas Tyr105 of SHV-1 and TEM-1 forms a hydrophobic
interaction with meropenem (Fig. 2d, h, and I). His105 in SME-1
forms a link with Ser130, Asn132 and Tyr129 (Fig. 8a). Tyr105 in
TEM-1 forms a link with Ser130 and Asn132 (Fig. 8b). Both the
residues are of catalytic importance and form part of the SDN
loop. His105 in SME-1 has a lower dG binding value, as
compared to Tyr105 in TEM-1 (Fig. 9). His105 in SME-1 shows
a structural deviation, as compared to Tyr105 of SHV-1 and
TEM-1 (Fig. 10), and is linked to residues, which are involved in
the hydrolytic reaction with pB-lactam antibiotics and loops like
Ser130, Asn132, and SDN loop, respectively. This observation
was made in a complex with meropenem at 50 ns of MD
simulation (stable state). So, it can be concluded that the

RSC Adv, 2022, 12, 22826-22842 | 22837
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Fig. 7 The principal component analysis of clinically mutated class A B-lactamase enzymes (SME-1 and SHV-1) and wild class A B-lactamase
enzyme TEM-1 with (a) amoxicillin (b) ceftazidime (c) ceftolozane (d) meropenem.

Tyr105His mutation results in structural modifications that
could alter the binding of ligands such as meropenem.
Similarly, Ala237Ser and Gly238Cys mutations in SME-1
result in H-bond formation in SME-1, which is absent in SHV-
1 and TEM-1 with meropenem. A previous study demon-
strated that the formation of a disulphide bond in class A -
lactamse enzymes at Cys69 and Cys238 is important for the
catalytic activity against most of the B-lactam antibiotics
including carbapenems.'® Ser237 and Cys238 are directly linked
with Cys69 in SME-1 (Fig. 8a). These interactions are altered in
TEM-1, as the Met69 residue is connected with Ala237 and
Ser234, which is further connected with Gly238 (Fig. 8b).
Active site structure is directly related to the function and
activity of an enzyme. Q-Loop structure alteration in the case of
SME1 (compared to wild TEM1 and clinically mutated SHV1)
shows its altered active site at 50 ns, which is a stable state of
molecular dynamic simulation. It can be observed from the

22838 | RSC Adv, 2022, 12, 22826-22842

residue decomposition analysis that the dGbind value is
different in the case of all the key mutated residues such as 69,
104,105, 237, and 238 in SME1, as compared with that in TEM1.
Further, it can be observed from Fig. 10 that the mutated
(Met69Cys, Glu104Tyr, Tyr105His, Ala237Ser, and Gly238Cys)
and active site catalytically important residues (Ser70, Lys73,
Ser130, Asn132, Glu166, and Asn170) are relocated in SME1, as
compared with TEM1 and SHV1. These observations give
evidence of the structural analysis, which is correlated with the
enzymatic activity with residues.

As residues 69, 104, 105, 237, and 238 are closely connected
to residues, which are involved in the hydrolytic reaction with -
lactam, antibiotics such as Ser70, Lys73, Ser130, Asn132,
Glu166, and Asn170, and their mutation results in altered
interactions with residues, which are involved in the hydrolytic
reaction with B-lactam antibiotics, which are involved in the
catalytic reaction with meropenem as well as with meropenem,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Shows the residue interaction network of the SME-1 enzyme
(b) Shows the residue interaction network of TEM-1 enzyme. The
green colour shows mutated residues along with the residues of
catalytic importance and the blue colour shows its neighbouring
residues that directly interact with mutated residues.

which is a carbapenem. These structural modifications could
result in active site plasticity and altered binding with carba-
penems in SME-1 class A B-lactamase enzymes. Hence, it could
be concluded that Met69Cys, Glu104Tyr, Tyr105His, Ala237Ser,
and Gly238Cys mutations occur in SME-1 and result in altered
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interactions with residues, which are involved in the hydrolytic
reaction with B-lactam antibiotics.

Materials and methods
Kinetics analysis

The catalytic efficiency (K.at/kim) Was derived based on a litera-
ture survey for the kinetic analysis of SME-1 with other naturally
mutated and wild-type classes A B-lactamase enzymes.

Sequence analysis

FASTA sequences of 14 naturally mutated class A B-lactamase
enzymes TEM-52 (PDB ID: 1HTZ), SHV-1 (PDB ID: 1SHV), SME-1
(PDB ID: 1DY6), NMC-A (PDB ID: 1BUE), SED-1 (PDB ID: 3BFE),
CTXM-9 (PDB ID: 1YL]), CTXM-27 (PDB ID: 1YLP), PENI (PDB
ID: 3W4P), GES-2 (PDB ID: 3NI9), GES-11 (PDB ID: 3V3R), GES5
(PDB ID: 4GNU), PER-1 (PDB ID: 1E25) and PER-2 (PDB ID:
4D20) and wild type class A B-lactamase enzymes (TEM-1) were
derived from RCSB-PDB database. These sequences were
compared using the multiple sequence alignment tool Multa-
lign."” Furthermore, a phylogenetic tree was formed using
Clustal W.

Structure analysis

The structure of 14 naturally mutated class A B-lactamase
enzymes TEM-52 (PDB ID: 1HTZ), SHV-1 (PDB ID: 1SHV), SME-1
(PDB ID: 1DY6), NMC-A (PDB ID: 1BUE), SED-1 (PDB ID: 3BFE),
CTXM-9 (PDB ID: 1YL]), CTXM-27 (PDB ID: 1YLP), PENI (PDB
ID: 3W4P), GES-2 (PDB ID: 3NI9), GES-11 (PDB ID: 3V3R), GES5
(PDB ID: 4GNU), PER-1 (PDB ID: 1E25) and PER-2 (PDB ID:
4D20) were derived in the PDB format from RCSB-PDB data-
base. PyMOL Molecular Graphics System, Version 2.0 Schro-
dinger, LLC (academic version) was used to visualize and
compare enzyme structure of naturally mutated and wild-type
class A B-lactamase enzymes. Furthermore, RMSD values of all
the naturally mutated class A B-lactamase enzymes were calcu-
lated, as compared to wild-type TEM-1 using the PyMOL
Molecular Graphics System, Version 2.0 Schrodinger, LLC
(academic version). Structures of SME-1, SHV-1, and TEM-1 in
complex with meropenem at 50 ns (stable state during MD
simulation), were aligned to each other for comparing their
structural features.

Table 5 Shows the MMGBSA calculations of the SME-1 and TEM-1 MD trajectory in the complex with meropenem

MMGBSA
dG Bind

Protein
(Class A B-lactamase)

Ligand
(B-lactam antibiotics)

MMGBSA dG
Bind Coulomb Bind Covalent Bind Hbond

MMGBSA dG
Bind vdW

MMGBSA dG
Bind Solv GB

MMGBSA dG  MMGBSA dG

SME-1 Amoxicillin —75.04 087 792 —16.22 674 604
Ceftazidime —83.5186 —75.4778
Ceftolozane —70.3896 14.8433
Meropenem —59.0031 —35.0996

TEM-1 Amoxicillin —68.8181 —80.0014
Ceftazidime —84.4038 —37.7148
Ceftolozane —81.014 —68.1355
Meropenem —56.7565 —19.4327

© 2022 The Author(s). Published by the Royal Society of Chemistry

5.636 274192 —9.607 015983 21.21 115 165 —48.61 465 048

3.86303 —5.550 947 299 65.95 994 743 —49.43 714 579

1.83726 —7.30828 —1.57884 —50.367

5.099636 —0.66614 50.0101 —40.6197
12.93065 —9.30847 68.84899 —39.8453

0.816 403 —1.64518 40.76461 —50.9933
13.38447 —12.4592 62.71666 —52.3695

2.120 725 —0.34663 33.59121 —43.3942
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Fig. 9 (a) Shows the residue decomposition analysis for (a) clinically
mutated class A B-lactamase enzyme SME-1 and (b) wild class A B-
lactamase enzyme TEM-1.

Molecular docking and MMGBSA

Protein preparation wizard suite v10.2, Schrodinger, LLC, New
York, NY, 2015, was used for the protein preparation of 14
naturally mutated class A B-lactamase enzymes and wild-type
TEM-1. Default parameters were used for scraping off steric
clashes, non-essential water molecules, and hetero-atoms.'® The
dimensions grid box created around the active site of the target
receptor were kept as inner box: X = 20, Y = 20, Z = 20, outer
box: X = 20, Y =20, Z = 20 and was centered around active site
residues 70, 73, 130, 132, 166, 170 and 234 using Glide v6.6,
Schrodinger, LLC, New York, 2015 module.*® Ligand processing
was performed using Ligprep along with the Epik module and
expansion of protonation and tautomeric states (7.0 + 2.0 Ph
units). Five stereoisomers of low energy conformer were
generated for each ligand, out of which a single three-
dimensional structure (lowest energy conformation) with
accurate chirality was selected for further investigation.
Molecular docking of 14 naturally mutated B-lactamase
enzymes, as well as a wild-type class A B-lactamase TEM-1, with
amoxicillin (PubChemlID: 33 613), ceftazidime (PubChemlID:

22840 | RSC Adv, 2022, 12, 22826-22842
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Fig. 10 (a) Shows residues that are involved in the hydrolytic reaction
with B-lactam antibiotics and are conserved (black), mutated in SME-1
(cyan), SHV-1 (green) and TEM-1 (magenta), at 50 ns (stable state of
MD simulation) (b) Shows modifications in Q-loop structure at 50 ns
(stable state of MD simulation).

5481 173), ceftolozane (PubChemID: 56 843 746) and Mer-
openem (PubChemID: 441 130) using GLIDE v6.7 (Schrodinger,
LLC, New York, 2015). Amoxicillin is penicillin, ceftazidime and
ceftolozane are cephalosporins, and meropenem is
a carbapenem.

Molecular mechanics/generalized Born surface area (MM-
GBSA) of the docked protein-ligand complex was performed
using Prime, Schrodinger, LLC, New York, NY, 2019-2, to eval-
uate the binding affinity between the enzyme and the ligand.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Molecular dynamic simulation

Molecular dynamic (MD) simulation was executed using Des-
mond, incorporated in the Schrodinger suite. The OPLS 2005
force field was used for SME-1, SHV-1, and wild-type class A B-
lactamase TEM-1. The TIP3P water model was enclosed in an
orthorhombic box (@ = 10 A, b = 10 A, ¢ = 10 A) along with
periodic boundary conditions. A salt concentration of
0.15 mol L™" was used for charge neutralization using cation
(Na") or anion (Cl7). Energy minimization was performed using
the steepest descent method with a convergence threshold of
1.0 keal mol~* A~%. The system's minimization and relaxation
were performed using an NPT ensemble, and a 300 K temper-
ature was maintained along with 1.013 bar pressure. MD
simulation was performed for 100 ns. MD trajectory analysis
was carried out via RMSD, RMSF, and hydrogen bond analysis.*

MMGBSA of the MD trajectory

MMGBSA calculations of all protein-ligand complex MD
trajectories were performed using a prime package of
Schrodinger LLC. MMGBSA can be mathematically defined as
follows:

G= Ebnd (BONDED ENERGY) + Eclc (ELECTROSTATIC ENERGY) +
Evdw (VAN DER WAALS ENERGY) + Gsolv (NON-POLAR SOLVATION

ENERGY) + anr (SOLVENT ACCESSIBLE SURFACE AREA ENERGY) —
TSZI

Principle component analysis

Principle component analysis (PCA) of molecular dynamics
simulation helps in understanding the essential dynamics of
the protein complex. Desmond simulation package of
Schrodinger LLC was used for finding the essential dynamics of
the 12 complex (including SME-1, SHV-1, and TEM-1 protein in
complex with amoxicillin, ceftazidime, ceftolozane, and
meropenem).

Residue interaction analysis (RIN)

RIN demonstrates inter-residue interactions with the help of
network formations. This method gives insights into the effect
of mutation on drug resistance by showing how the interactions
are altered in the case of mutated residues.?” Protein (SME-1
and TEM-1) residue interaction networks were downloaded
from the RING web server.>® RIN analysis was performed using
Cytoscape.”*

Per residue binding free energy decomposition analysis

Binding free energy calculation gives insights into the energetic
contribution of the protein, binding to a ligand. This helps in
understanding the specificity and sensitivity of protein-ligand
interactions. This was calculated using a prime package of
Schrodinger LLC. The decomposition of binding energy per
residue helps in knowing the energy of different residues, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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could be important for altering the binding pattern of the
protein-ligand complex.”

Conclusions

SME-1 is a carbapenemase, which belongs to class A B-lacta-
mase enzymes. Multiple sequence and structure alignment
shows the presence of some unique mutations, which results in
the altered binding of SME-1, as compared to other naturally
mutated class A B-lactamase enzymes and wild-type TEM-1.
SME-1 has altered binding with f-lactam antibiotics as
evident from the molecular docking, molecular dynamic
simulation, PCA, and MMGBSA analysis of the MD trajectory of
SME-1, SHV-1, and TEM-1 class A B-lactamase enzymes in
complex with B-lactam antibiotics. Active site alterations occur
in SME-1, which is evident from the altered Q-loop structure
and relocation of residues such as Ser70, which are involved in
the hydrolytic reaction with B-lactam antibiotics. Molecular
docking and molecular dynamic simulation interaction analysis
showed that 69, 104, 105, 237, and 238 residues are mutated and
show altered interaction with meropenem. Furthermore, these
residues are closely connected with residues Ser70, Lys73,
Ser130, Asn132, Glu166, and Asn170, which are involved in the
hydrolytic reaction with B-lactam antibiotics including mer-
openem. Based on the altered interactions of 69, 104, 105, 237,
and 238 residues with meropenem in SME-1, as compared with
TEM-1 and its close connections with residues involved in the
hydrolytic reaction, it can be concluded that Met69Cys,
Glu104Tyr, Tyr105His, Ala237Ser, and Gly238Cys mutations
result in structural and binding alterations with meropenem,
leading to carbapenemase activity of the SME-1 class A B-lac-
tamase enzyme.
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