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Abstract
Antibiotic-resistant Acinetobacter baumannii, Pseudomonas aeruginosa, Mycobacterium tuberculosis, Staphylococcus 
aureus, and Enterobacterales infections are serious global health problems, and class A β-lactamases are one mechanism 
that leads to antibiotic resistance. QPX7728, relebactam, and enmetazobactam are new β-lactamase inhibitors to combat 
β-lactam resistance. in silico approach was used in the current study to find which of the three inhibitors would be more 
effective for all class A β-lactamases and to reveal molecular insights into the differences between their binding energies. 
The mutations in conserved residues of the active sites of β-lactamases were defined using BLDB and Clustal Omega. 
FastME and MMseq2 were used for cluster and phylogeny analysis. 3D protein structure models for β-lactamases were built 
using SWISS-MODEL. ERRAT and Galaxy Web Server were used to verify 42 β-lactamase protein structures. QPX7728, 
relebactam, and enmetazobactam were docked to β-lactamases by using AutoDock 4.2. The TEM76-relebactam, CTX-
M-81-relebactam, TEM-76-enmetazobactam, and CTX-M-200-enmetazobactam complexes were simulated by molecular 
dynamics method for 500 ns. Based on molecular docking results, relebactam and QPX7728 were more favorable inhibitors 
for serine A β-lactamases. A 2D representation of the interactions between ligands and β-lactamases showed that S235, 
hydrogen bonded with TEM-76, might play a role in inhibitor design. A 500-ns MD analysis of complexes indicated that 
distance from S70, stability in the enzyme active cavity, and high atomic displacement would account for a significant dif-
ference in inhibitor binding affinity.
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Introduction

For years, β-lactams have been the safest and most prescribed 
group of antibiotics for the treatment of treating infections 
caused by bacteria. Penicillin, cefpodoxime, cefuroxime 
axetil, cefepime, ertapenem, imipenem, and meropenem 
are some examples of antibiotics in this group [1]. With the 
clinical use of these antibiotics, a new and incessant global 
public health problem has emerged: antibiotic resistance. 
One of the mechanisms leading to β-lactam resistance is 
the enzymatic degradation of this group of antibiotics by 

β-lactamases. The β-lactamases are divided into four struc-
tural groups class A, B, C, and D according to their amino 
acid similarities [2]. Class A serine β-lactamases inactivate 
β-lactams through an acylation-deacylation reaction trig-
gered by nucleophilic attack of the active series, in which 
Glu166 acts as the activating base [3]. Antibiotic-resistant 
Acinetobacter baumannii, Pseudomonas aeruginosa, Myco-
bacterium tuberculosis, Staphylococcus aureus, and Entero-
bacterales were listed in the 2019 AR Threats Report. This 
report sounded the alarm to the danger of infections caused 
by these bacteria (https://​www.​cdc.​gov/​drugr​esist​ance/​bigge​
st-​threa​ts.​html). One of the mechanisms that cause antibiotic 
resistance in these bacteria is class A β-lactamases. Class A 
β-lactamases are divided into subclasses A1 and A2 based 
on conserved motifs S70XXK, S130DN, K234TG, catalytic 
base E166, and amino acid residues G45, F66, V80, L81, 
L91, L101, P107, A134, L138, G143, G144, G156, L169, 
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T181, T182, and P183 (Ambler numbering) [4]. CfxA, 
CepA, CblA-1, VEB-1, CSP-1, CIA-1, TLA-1, and PER-1 
belonged to subclassA2 and other class A β-lactamases are 
belonged to subclass A1, e.g., IMI-1, CTX-M-1, TEM-1, 
and SHV-1 [5].

β-Lactamase inhibitors have been discovered to potenti-
ate existing antibiotics to combat β-lactam resistance. The 
first of these was clavulanic acid, and later tazobactam and 
sulbactam were discovered as class A β-lactamase inhibitors. 
These inhibitors are suicide inhibitors that permanently inac-
tivate the enzyme through secondary chemical reactions at 
the active site [6] Although the combination of these inhibi-
tors with β-lactams has been used in the treatment of vari-
ous infections, the rapid evolution of β-lactamases into new 
alleles has led to the discovery of broad-spectrum inhibitor 
candidates. Three compounds from which these new inhibi-
tor candidates are derived: diazabicyclooctanones, boronate-
based compounds, and β-lactam compounds [7]. Relebac-
tam, avibactam, zidebactam, durlobactam, nacubactam, 
ETX1317, and WCK 4234 were diazabicyclooctane serine 
β-lactamase inhibitors and relebactam has been approved 
for treatment of complicated urinary tract infections and 
complicated intraabdominal infections [8, 9]. Vaborbac-
tam, taniborbactam, VNRX-5236, and QPX7728 which 
are boronate-based inhibitors with tetrahedral form are an 
analog of intermediates of acylation-deacylation reaction, 
and they are of mechanistically important for the inhibition 
of serine and metallo-β-lactamases [9, 10]. QPX7728 is a 
new boronate derivative inhibitor that can inhibit class A, B, 
and D carbapenemases such as KPC, NDM, VIM, OXA-48, 
and OXA-23 [11]. Enmetazobactam is a β-lactam–derived 
inhibitor with a methyl group in the triazole moiety, which 
is thought to increase interactions with β-lactamases, and its 
combination with cefepime has been found to reduce bac-
terial growth in cefepime-resistant Enterobacteriacea [12]. 
Serine beta-lactamase inhibitors have same binding site with 
beta-lactams [13]. In the study investigating the molecular 
basis of class A β-lactamase relebactam inhibition mecha-
nism, it was observed that the inhibitor is positioned to form 
hydrogen bonds with the oxyanion hole (S70 and T237 back-
bone amides), N132, and S130 [14]. The crystal structure of 
KPC-2 with QPX7728 indicates that the inhibitor is located 
at the active site of the enzyme [15].

The molecular docking approach is used to model the 
interaction between a ligand and a protein at the atomic level 
[16]. Molecular dynamics (MD) simulations predict how 
each atom in a protein will move over time and reveal the 
positions of all atoms. It can also predict how biomolecules 
will respond at the atomic level if a ligand is added [17]. 
These in silico approaches have been used to predict versa-
tile inhibitors for β-lactamases.

in silico approach was used in the current study to find 
which of the three inhibitors would be more effective for 

all class A β-lactamases and to reveal molecular insights 
into the differences between their binding energies. The 
results of this study may reveal information that can be 
used as preliminary data in the design of new inhibitors. The 
parameters which were used to determine enzymes (Sup-
plementary file, Table S1); among all subclasses, A1 and 
A2 class A β-lactamases were as follows: (i) β-lactamases 
detected in bacteria listed in 2019 AR Threats Report and 
(ii) β-lactamases with mutations in their active sites (T237, 
T235, S70, K234, S130, K73, and W105). Relebactam, 
enmetazobactam, and QPX7728 were selected as inhibitors. 
There are three factors that go into choosing relebactam, 
enmetazobactam, and QPX7728: (i) choosing new inhibitors 
from diazabicyclooctanones, boronate-based compounds 
and β-lactam–derived compounds, (ii) relebactam is effec-
tive in reversing imipenem resistance, (iii) enmetazobactam 
is the only β-lactam–derived class A β-lactamase inhibitor, 
(iv) QPX7728 is the last derived inhibitor with its ultra 
spectrum.

Materials and methods

Detection of mutations in conserved residues 
of class A β‑lactamase active site

Amino acid residues in the active site are T237, T235, S70, 
K234, S130, K73, and W105 in β-lactamases. Substitutions 
in these amino acid residues were determined by using 
BLDB (Β-Lactamase Database-Structure and Function) and 
Clustal Omega [18]. Amino acid substitutions were checked 
for all class A serine β-lactamases which were found in 
bacteria listed in the 2019 AR Threats Report (Supplemen-
tary file Table S1). Besides, amino acid substitutions were 
determined both in different types of β-lactamase and among 
their alleles. It was found by MMseq2 that selected 42 class 
A serine β-lactamases were divided into 22 clusters [19]. 
FastME web-based tool [20] and iTOL v6 (https://​itol.​embl.​
de/) were used for phylogeny analysis and management of 
phylogenetic tree, respectively.

3D Protein structure modeling

3D protein structure models of 32 β-lactamases were built 
using the SWISS-MODEL homology-modeling pipeline 
[21]. However, PER-1, TLA-1, OXY-1–1, XCC-1, KPC-
2, BlaC, TEM-76, CTX-M-15, SHV-1, and GES-14 X-ray 
crystal structures were retrieved from Protein Data Bank, 
and PDB codes of these enzymes were given in Supplemen-
tary file (Table S2). MolProbity is a structure-validation web 
service that provides an evaluation of model quality for both 
proteins and nucleic acids. MolProbity scores of 3D protein 
structure models were varied (Supplementary file Table S3). 
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And then, all 42 β-lactamases protein structures were veri-
fied using the web-based tool ERRAT. If the ERRAT quality 
factor is 95% and above, the model is in high resolution, 
and below 91%, the model is in low resolution [22]. Gal-
axy Web Server [23] was used to minimize the models of 
β-lactamases.

Molecular docking of three inhibitors 
to β‑lactamases by AutoDock 4.2

After quality checking 42 β-lactamase protein structure mod-
els, ligands (relebactam, enmetazobactam, QPX7728) were 
docked to the active site of the enzymes using AutoDock 
4.2 [24]. The active site (T237, T235, S70, K234, S130, 
K73, and W105) of the KPC-2 enzyme was identified in the 
study of Hecker et al. [15]. All other enzymes were aligned 
to KPC-2 using PyMOL, and this active site was used in all 
docking experiments.

3D structures of relebactam (PubChem CID 44129647), 
enmetazobactam (PubChem CID 23653540), and QPX7728 
(PubChem CID 140830474) were downloaded from 
PubChem database in SDF format. The file formats of the 
ligands were converted to the PDBQT format. A complete 
PDBQT file is partial, and AutoDock must have four atom 
type information. Hydrogens also must be added to the 
ligands and the protein. However, non-polar hydrogens were 
removed, and the binding site was mapped using AutoGrid. 
For each complex, molecular docking was performed at ten 
different positions using AutoDock4.2 and the Lamarckian 
genetic algorithm [25]. A maximum of 25 million energy 
ratings was applied for each experiment, and the results were 
clustered using a 2.0-Å tolerance. The 3D structures of the 
complexes were generated in the PDB format according to 
their the lowest binding energies.

Molecular dynamics simulations

Inhibitor and protein complexes were simulated by molec-
ular dynamics method for 500 ns. Thus, it was aimed to 
reveal the molecular basis of the differences in binding 

affinities. The force fields of atoms were defined AMBER 
force field (gaff2) and AM1-BCC charge model using the 
ANTECHAMBER tool in the AMBER package program. 
The topology and coordinate files of the complexes were 
generated by adding TIP3PBOX [21] type water in a 10-Å 
octahedral periodic box using AMBER14 tLEaP [26]. Fol-
lowing, Na + and Cl- were added to neutralize the system. 
The systems were minimized to remove bad contacts and 
clashes using 1000-step steepest descent algorithm and 
9000-step conjugate algorithm [27–29]. In order to give the 
first velocity to the molecules, the system [30] was heated to 
300 K at constant pressure using Langevin thermostat during 
1 ns. As a final step, all complexes were simulated for 500 ns 
in 2-fs steps at constant temperature, volume, and pressure 
using the weak coupling temperature algorithm [31].

Results

Amino acid substitutions in the active site of class 
A β‑lactamases

The active site of KPC-2 β-lactamase was shown using 
PyMOL (Fig. 1). This site is important for binding both 
substrate and inhibitor. All other 41 β-lactamases active site 
is the same region with some amino acid substitutions. For 
in silico studies, β-lactamases with amino acid substitutions 
in this site were selected, and only one with the same amino 
acid substitutions was used in molecular docking (Table 1). 
The phylogenetic tree of class A β-lactamases was shown 
in Fig. 2.

Quality assessment of 3D protein structure models

Except for two models, the ERRAT quality factor of the 
other models was above 95%. These two models belong 
to HER-1 and PAL-1 β-lactamases (Supplementary file 
Table S2). Galaxy Web Server [23] was used to minimize 
the models of these β-lactamases. After minimization, the 
ERRAT quality factor increased to 93.2806% and 92.8571% 

Fig. 1   Amino acid residues in 
the active site were shown in 
red (T237, T235, S70, K234, 
S130, K73, and W105) in 
KPC-2 β-lactamase
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Table 1   Mutations in conserved residues of the active site of β-lactamases

β-Lactamases Mutations in conserved residues of the active site
70SSFK73 W105 130SDN 234K235TG237T

PER (16 allele) SVFK W TDN→PER-4
TDN→PER-14
SDN→ all others

KTGT​

TLA (2 allele) STYK W SDN KTGS
VEB (27 allele) SVMK W TDN→ VEB-24

TDN→ VEB-27
SDN→ all others

RTGT→VEB-20
RTGT→VEB-25
KTGT→ all others

PC-1 (7 allele) STSK W→Y SDN KSGQ
PC-2 (2 allele) STLK W→Y SDN KSGQ
HER (7 allele) STFK W→Y SDN KTGA​
CKO (3 allele) STHK W→Y SDN KTGA​
SHV (246 allele) SAFK→SHV-147

NTFK→ SHV-179
STFK→ all others

W→Y SDN RTGA→SHV-56
RTGA→SHV-72
RTGA→ SHV-73
RTGA→ SHV-P11
KTGA→ all others

TEM (243 allele) STFK W→N TEM-212
W→F TEM-213
W→S TEM-233
W→Y all others

GDN→ TEM-76
TDN→ S-T TEM 211
TDN→ TEM-224
SDN→ all others

KSGT→TEM-5
KSGT→TEM -24
KSGT→TEM-86
KSGT→ TEM-114
KSGT→TEM-121
KSGT→TEM-130
KSGT→ TEM-131
KSGT→ TEM-136
KSGT→TEM-177
KSGG→TEM-22
KTGA→TEM-230
KSGA→ all others

PAL (8 allele) STVK W =  =  > Y SDN RSGA
HMS (2 allele) STFK W SDN RSGA
GES (48 allele) STFK W CDN→ GES-10

SDN→ all others
KTGA→GES-12
KTGA→GES-33
KTGT→ all others

XCC (24 allele) STFK W→H SDN KTGS
FRI (10 allele) SSFK W→H SDN KTGT​
IMI (20 allele) SSFK W→Y IMI-2

W→N IMI-5
W→H all others

SDN KTGT→IMI-5
KTGT→IMI-8
KTGS→ all others

KPC (88 allele) SSFK W→R KPC-21
W→R KPC-27
W-G→ KPC-22
W→ all others

SDN KTGT​

BlaC STFK W→I SDN KTGT​
CTX-M (251 alleles) STSK W→Y SDH→CTX-M-81

SDH→ CTX-M-181
SDD→ CTX-M 127
SDD→ CTX-M-191
SDD→ CTX-M-215
GDN→ CTX-M-189
GDN→CTX-M-239
TDN→ CTX-M-190
TDN→ CTX-M-199
TDN→ CTX-M-234
TDN→ CTX-M-218

KTGN→CTX-M-103
KTSS→CTX-M-178
KTSS→CTX-M-228
KTGI→CTX-M-100
RTGS→CTX-M-200
RTGS→CTX-M-146
RTGS→ CTX-M-192
RTGS→CTX-M-203
RTGS→ CTX-M-239
RTGS→ CTX-M-P4
RTGS→ CTX-M-P45
KTGS→ all others
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Table 1   (continued)

β-Lactamases Mutations in conserved residues of the active site
70SSFK73 W105 130SDN 234K235TG237T

OXY-1(49 alleles) STSK→ OXY-2–2
STSK→ OXY-2–3
STSK→ OXY-2–4
STSK→ OXY-2–6
STSK→ OXY- 2–7
STSK→ OXY-2–8
STSK→ OXY-2–9
STSK→ OXY-2–17
STSK→ OXY-2–19
STSK→OXY- 2-b
STSK→ OXY-2–10
STSK→ OXY-2–11
STSK→ OXY-2–12
STSK→ OXY-2–13
STSK→ OXY-2–14
STSK→ OXY-2–15
STSK→ OXY-2–16
STSK→ OXY-2–18
STSK→ OXY-2–20
STGK→ all others

W SDN KTGG→ OXY-1–1
KTGG→ OXY-1–2
KTGG→ OXY-1–3
KTGG→ OXY-1–9
KTGG→ OXY-2–3,
KTGG→OXY-2–19
KTGG→ OXY-4–2
KTGG→ OXY-4–3
KTGG→ OXY-4–4
KTGG→ OXY-4–5
KTGT→OXY-2–9
KTGS→OXY-2–14
KTGS→OXY-2-b
KTGA→all others

RIC-1 (2 alel) STSK W→L RIC-1
W→ RIC-2

SDN KTGS

Fig. 2   Phylogenetic tree for 
42 class A β-lactamases which 
were divided into 22 clusters
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for HER-1 and PAL-1, respectively. Thus, all models were 
found to be of adequate quality to be used in molecular 
docking.

Molecular docking of relebactam, enmetazobactam, 
and QPX7728 to 42 class A β‑lactamases

The lowest binding energies were observed with TEM-76 for 
relebactam (− 7.6 kcal/mol), enmetazobactam (− 7.2 kcal/
mol), and QPX7728 (− 8 kcal/mol). These results indi-
cate a higher binding affinity of these inhibitors to TEM-
76 β-lactamase. The β-lactamases with the lowest binding 
affinity of the inhibitors are CTX-M-81, RIC-1, and CTX-
M-200. The lowest and highest binding energies were − 7.6 
and − 4.7 kcal/mol for relebactam, − 8 and − 4.9 kcal/mol for 
QPX7728, and − 7.2 and − 3.9 kcal/mol for enmetazobactam 
(Supplementary file Table S4).

Compared to other inhibitors (relebactam and QPX7728), 
it can be said that enmetazobactam has a lower binding affin-
ity for all selected class A β-lactamases. In addition, there 
were differences between binding energies of inhibitors in 
allelic variants of some β-lactamases (e.g., CTX-M variants) 
(Fig. 3).

The binding energies of relebactam, QPX7728, and 
enmetazobactam to PAL-1 were − 7.6, − 6.7, and − 6.4 kcal/
mol, respectively. Among the TEM group β-lactamases 
(TEM-211, TEM-230, TEM-33, TEM-22, TEM-213, 
TEM-5, TEM-212, TEM-233), the enzyme with the highest 
binding affinity of the inhibitors was TEM-76. The inhibi-
tor with the lowest binding energy for TLA-1 and CKO-1 

was relebactam (− 6.5 kcal/mol and − 5.8 kcal/mol). Allelic 
mutations of GES-14 and GES-33 did not significantly 
change the binding energies of the three inhibitors. How-
ever, relebactam and QPX7728 had higher binding energy 
for GES-10 type β-lactamase compared to GES-14 and GES-
33. QPX7728 had higher binding energy for VEB-1 than 
enmetazobactam and relebactam (− 6.5 kcal/mol). Allelic 
mutation between PER-1 and PER-4 did not cause a signifi-
cant change in binding energies of inhibitors. Relebactam 
binding energy for CTX-M-81 was higher in comparison to 
other CTX-M-type β-lactamases (CTX-M-200, CTX-M-190, 
CTX-M-15, CTX-M-178, CTX-M-127, CTX -M-189, CTX-
M-103). Besides, the binding energies of QPX7728 against 
CTX-M variants were similar. Among the CTX-M variants, 
enmetazobactam bound to CTX-M-15 with the lowest bind-
ing energy (− 5.4 kcal/mol), while CTX-M-200 with the 
highest binding energy (− 3.9 kcal/mol). Among the three 
inhibitors for PC-2–1 and PC-1–1, relebactam and QPX7728 
had low binding energy, and mutations between these two 
enzymes had no significant effect on binding energies. While 
enmetazobactam bound to SHV variants (SHV-1, SHV-179, 
and SHV-147) with a higher binding affinity than other 
inhibitors, similar binding energies of QPX7728 and rel-
ebactam for SHV-1, SHV-179, and SHV-147 were observed. 
The binding energies of relebactam, QPX7728, and enmeta-
zobactam for OXY-1–1 are − 6 kcal/mol, − 6.7 kcal/mol, 
and − 5.6 kcal/mol, respectively. The binding energies of 
QPX7728 and enmetazobactam were similar for HER-1 and 
HMS-1. The binding energies of relebactam for HMS-1 and 
HER-1 were − 6.1 kcal/mol and − 7.1 kcal/mol, respectively. 

Fig. 3   Binding energy changes of relebactam, QPX7728, and enmetazobactam to all class A β-lactamases
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Relebactam, QPX7728, and enmetazobactam binding ener-
gies against BlaC were close to each other. The inhibitor 
with the highest binding affinity for KPC-2 was QPX7728. 
However, the binding affinity of this inhibitor was decreased 
in KPC-21 and KPC-22 variants. Relebactam had the lowest 
binding energy for RIC-1 when compared to other inhibitors. 
The binding energies of the three inhibitors were similar for 
XCC-1 and − 6.2 kcal/mol for relebactam, − 5.7 kcal/mol for 
QPX7728, and − 5.3 kcal/mol for enmetazobactam. All three 
inhibitors had a low binding affinity against IMI-5 (Table 2).

Molecular dynamic simulation

The selected β-lactamase–substrate complexes, TEM-76-rel-
ebactam, CTX-M-81-relebactam, TEM-76-enmetazobac-
tam, and CTX-M-200-enmetazobactam, were simulated 
500 ns. Fluctuations of enzymes and stability of relebactam 
and enmetazobactam were analyzed. First of all, a root mean 
square graph was drawn to analyze whether the complexes 
reached thermodynamic equilibrium during 500 ns MD. In 
the graph drawn based on the α-carbons of enzymes, all 
complexes reached equilibrium around 70–80 ns (Fig. 4).

The fluctuations of the residues in the enzyme during the 
500-ns MD simulation were demonstrated by plotting the 
B-factor graph. The B-factor is known as the temperature 
factor and is directly related to the root mean square fluc-
tuation. The B factor is formulated with B = 8/3π2 × u2 and 
represents the average displacement with the unit u Å in the 
equation. Regions with low B-factor values are constant, 
while high ones represent flexible regions. In the complexes, 
B-factor plots, the feature Ω-loop region showed the greatest 
fluctuation. The other two regions (sites 1 and 2) that show 
high fluctuation were the regions around the substrate bind-
ing region (Fig. 5).

In order to follow the mobility of the substrates, the vari-
ation of the distance between the catalytic residue serine and 
the substrates was analyzed during 500 ns (Fig. 6).

After simulation, the interactions of relebactam and 
enmetazobactam were described by a residual 2-dimensional 
interaction diagram (Fig. 7).

Discussion

Relebactam, which has the potential to inhibit class A and C 
β-lactamases, is effective to reverse imipenem resistance in 
imipenem-resistant Enterobacteriaceae and Pseudomonas 
aeruginosa when used in combination with imipenem [32]. 
β-Lactamase inhibition mechanism of relebactam occurs by 
covalent binding of the inhibitor’s opened ring to the active 
site serine, and this mechanism also applies to other DBOs 
(diazabicyclooctanes). The new boronic acid-based inhibitor 
is QPX7728, and it can inhibit enzymes such as KPC, NDM, 

VIM, and OXA-48, which cause resistance in carbapenem-
resistant Acinetobacter baumannii and Enterobacteriaceae. 
QPX7728 has a compact structure and can fit into the active 
site. It does not have side chains to interact with distant sites, 

Table 2   The estimated free binding energies of relebactam, enmeta-
zobactam, and QPX7728

β-lactamases The estimated free binding energy (kcal/mol)

Relebactam QPX7728 Enmetazobactam

PAL-1  − 7.6  − 6.7  − 6.4
TEM-76  − 7.6  − 8  − 7.2
TEM-211  − 6.4  − 6.2  − 5.4
TEM-230  − 6.3  − 6.6  − 5.4
TEM-33  − 6.3  − 6.4  − 5.3
TEM-22  − 6.4  − 6.5  − 5.6
TEM-213  − 6.5  − 7.2  − 5.8
TEM-5  − 6  − 6.8  − 5.2
TEM-212  − 5.7  − 5.5  − 4.6
TEM-233  − 6.1  − 6.3  − 5.1
TLA-1  − 6.6  − 6  − 5.7
CKO-1  − 7  − 6.5 -5.8
GES-14  − 7.1 -6.4  − 5.8
GES-33  − 6.7 -6.4  − 5.8
GES-10  − 6.3  − 5.3  − 5.5
VEB-1  − 6  − 6.5  − 5.5
PER-4  − 6.6  − 6.1  − 5.8
PER-1  − 6.6  − 6.3  − 5.9
CTX-M-190  − 5.8  − 5.6  − 4.7
CTX-M-15  − 6.4  − 6.2  − 5.4
CTX-M-178  − 5.8  − 6.2  − 4.8
CTX-M-127  − 5.9  − 5.8  − 4.7
CTX-M-189  − 6.1  − 6.2  − 4.4
CTX-M-103  − 5.9  − 6.3  − 4.1
CTX-M-81  − 4.7  − 6.2  − 4.4
CTX-M-200  − 5.9  − 6.4  − 3.9
PC-2–1  − 6.2  − 6.3  − 5.5
PC-1–1  − 6.6  − 6.5  − 5.5
SHV-1  − 6.1  − 5.8  − 5.3
SHV-179  − 5.8  − 5.2  − 5.2
SHV-147  − 6.2  − 6.1  − 5.5
OXY-1–1  − 6  − 6.7  − 5.6
HER-1  − 7.1  − 6.3  − 5.5
HMS-1  − 6.1  − 6.4  − 5.8
FRI-1  − 5.8  − 5.6  − 5.3
BlaC  − 6.1  − 6.4  − 5.7
KPC-2  − 6.4  − 6.8  − 5
KPC-21  − 5.5  − 5.5  − 5.4
KPC-22  − 5.9  − 5.6  − 5
RIC-1  − 5.3  − 4.9  − 4.4
XCC-1  − 6.2  − 5.7  − 5.3
IMI-5  − 4.9  − 5.1  − 4.2
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which may leave it unaffected by mutational changes in 
β-lactamases. Boronic acid-based inhibitors perform inhibi-
tion by the mechanism based on the formation of a covalent 
bond between boronate with the active site serine and the 
formation of a tetrahedral intermediate, which is a transition 
state analog [11]. Enmetazobactam, which shares a similar 
structure with tazobactam, has a methyl group on its triazole 
moiety and inhibits class A β-lactamases, including KPC 
[12]. In different studies, the IC50 values of relebactam, 
QPX7728, and enmetazobactam for KPC carbapenemase 
were found to be 82 nm, 2.9 nm, and ≤ 0.52 μM, respectively 
[11, 12]. As it is known, the formation of different types in 
class A β-lactamases and also new alleles with mutations 

within these types has been increased rapidly. Of class A 
β-lactamases, only the CTX-M-type β-lactamase has 251 
alleles. If we talk about β-lactamase types, there are about 
116 different types of class A β-lactamases.

In the current study, β-lactamases and their allelic vari-
ations in terms of mutations in active site residues were 
screened. In silico methods were used for revealing how 
relebactam, QPX7728, and enmetazobactam would be 
affected by these mutational changes by selecting 42 class 
A β-lactamases with active residue substitutions. The effect 
of mutational changes on binding energies within all class 
A β-lactamases may be relevant to design of inhibitors. In 
the first part of the study, relebactam, enmetazobactam, 

Fig. 4   Root mean square deviation of enzyme based on α-carbon during 500-ns MD simulation. TEM-76-relebactam, CTX-M-81-relebactam, 
TEM-76-enmetazobactam, and CTX-M-200-enmetazobactam were shown in red, green, blue, and pink line, respectively

Fig. 5   The fluctuation of residues based on α-carbon during 500 ns MD simulation. TEM-76-relebactam, CTX-M-81-relebactam, TEM-76-en-
metazobactam, and CTX-M-200-enmetazobactam were shown in red, green, blue, and pink line, respectively

76   Page 8 of 13 Journal of Molecular Modeling (2022) 28: 76



1 3

and QPX7728 were docked to the active site of 42 class A 
β-lactamases by molecular docking method, and estimated 
free binding energies (kcal/mol) were calculated with Auto-
Dock 4.2.

PER-4 has an S→T substitution at position 130 (com-
pared to PER-1), and this substitution did not cause a signifi-
cant change in the binding energies of the three inhibitors. 
It was determined that the S130T mutation did not cause 
a conformational change in CTX-M type β-lactamases but 
only when sulbactam was bound, a conformational change 
that weakened the binding of sulbactam occurred [33]. It 
can be speculated from our results that the S130T mutation 
did not result in a conformational change that would alter 
the binding affinity of relebactam, QPX7728, and enmeta-
zobactam to PER-type β-lactamases. However, in a study 
evaluating the effect of Ω-loop variations on avibactam inhi-
bition, S130T variants were found to be resistant to MIC 
alterations by avibactam [34]. These studies showed that 
the effect of mutations in β-lactamases was variable accord-
ing to the inhibitor. S70N and S71A mutations in SHV-type 
β-lactamases caused a slightly increase in the binding energy 
of QPX7728 (Table 2). The binding energy of QPX7728 
to SHV-1 was − 5.8 kcal/mol, while the binding energies 
of SHV-179 and SHV-147 were − 5.2 and − 6.1, respec-
tively. Interestingly, significant changes in binding energies 
of QPX7728, relebactam, and enmetazobactam were seen 
for TEM variants. TEM-33 had S70, Y105, S130, K234, 
S235, and A237 in its active site. For the three inhibitors, 
binding energies against TEM-212 (Y105N) were slightly 
decreased compared to TEM-33. Compared to TEM-33, the 
S130G (TEM-76) mutation reduced the binding energies 
of QPX7728, relebactam, and enmetazobactam, whereas 
the S130T mutation had no significant effect on the binding 

energies of these three inhibitors for TEM-211. From this, 
it was assumed that the S130T mutation did not have a 
significant effect on the binding energies of inhibitors for 
TEM-type and PER-type β-lactamases. When compared to 
TEM-33, A237T (TEM-5) and A237G (TEM-22) mutations 
did not affect significantly the binding energies of inhibitors. 
When the GES-10 (S130C) and GES-33 (T237A) variants 
were compared with GES-14, the binding affinity of relebac-
tam and QPX7728 was decreased. The binding energies of 
QPX7728 to KPC-21 and KPC-22 were increased, which 
was due to the mutations of W105R (KPC-21) and W105G 
(KPC-22) found in these variants as compared to KPC-2. 
Among the CTX-M variants, significant differences were 
observed in the binding energies of enmetazobactam and 
relebactam. The binding energies of enmetazobactam for 
CTX-M-15 and CTX-M-200 (K234R) were 5.4 kcal/mol 
and − 3.9 kcal/mol, respectively. Also, the binding energy 
of relebactam for CTX-M-15 was − 6.4 kcal/mol and for 
CTX-M-81 was − 4.7 kcal/mol. K234R substitution in the 
inhibitor-resistant CTX-M β-lactamase variant causes an 
increasing resistance to clavulanic acid which has been 
determined in previous studies [35]. In terms of binding 
affinities of three inhibitors, CTX-M β-lactamases carrying 
the K234R mutation were more resistant to enmetazobactam 
than others. Relebactam has piperidine in its R1-side chain 
[36]. The 2D representation of interactions between ligands 
and β-lactamases before MD simulation showed that N-atom 
of piperidine did hydrogen bond with THR219 in CTX-M-
81-relebactam complex but with SER235 in TEM-76-rele-
bactam complex (Figure S3). SER235 residue of TEM-type 
β-lactamases makes hydrogen bonds with the substrates and 
is important in catalytic activity [37]. Enmetazobactam has 
inhibitory activity toward CTX-M, TEM, SHV, and other 

Fig. 6   The distance (Å) of between substrate and catalytic residue S70 α-carbon during 500-ns MD simulation
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class A β-lactamases [38, 39]. There was no hydrogen bond 
between enmetazobactam and CTX-M-200 according to 2D 
representation. On the other hand, enmetazobactam made 
hydrogen bond with S235 in TEM-76-enmetazobactam com-
plex (Figure S3). According to our results, hydrogen bond at 
position 235 of TEM-76 was important for the first docking 
to enzyme.

The selected β-lactamase-substrate complexes TEM-
76-relebactam, CTX-M-81-relebactam, TEM-76-enmeta-
zobactam, and CTX-M-200-enmetazobactam were simu-
lated 500 ns. In the graph drawn based on the α-carbons 
of enzymes, all complexes reached equilibrium around 
70–80 ns (Fig. 4). If the complexes were simulated as short 
as 100 ns, it could be said that all substrates remained stable 
in the structure. In further analysis, 3-dimensional structures 
of the complexes were created at 20-ns intervals throughout 

the simulation (movie was not supplemented). In these com-
plexes, it was observed that enmetazobactam did not remain 
stable in the cavity where it was bound and was bound to 
another site after association. On the other hand, relebac-
tam remained stable in TEM-76, but not in CTX-M-81, 
which gave lower docking binding affinity. When analyzed 
throughout the simulation, relebactam was gone away from 
its binding cavity and rebinding (Figure S4). These associ-
ate and disassociate caused partial changes in the RMSD 
values of the enzymes. When the 3-dimensional structure of 
the enzymes was examined, it was seen that there were no 
significant changes in the secondary and tertiary structures 
and the 500-ns-long MD simulation was sufficient for the 
analysis of the interactions. The fluctuations of the residues 
in the enzyme during the 500-ns MD simulation were dem-
onstrated by plotting the B-factor graph. According to the 

Fig. 7   A 2D representation of the interaction between enzyme and substrate after 500-ns MD simulation. All markers and ligand interaction dia-
gram legends were shown below the figure
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results of docking to TEM-76 enzyme, higher atomic sub-
stitution occurred in relebactam and enmetazobactam com-
plexes with high binding affinity. While these substrates were 
more stable in the binding cavity of the TEM-76 enzyme, 
the binding was weaker in the CTX-M group enzymes, and 
therefore the Ω-loop region remained more stable. Another 
striking difference was the high volatility between 150 and 
160th residues of the CTX-M-200-enmetazobactam com-
plex (Fig. 5). Considering the 3-dimensional structure, after 
enmetazobactam left the active cavity, it was bound between 
the α-helix structure formed by 150th and 160th residues 
and remained stable in this region for 500 ns. In order to fol-
low the mobility of the ligands, the variation of the distance 
between the serine, the catalytic residue in the enzymes, 
and the substrates during 500 ns was analyzed. While the 
distance between S73 α-carbon in the active site of CTX-M-
200 and enmetazobactam was around 6 Å, enmetazobactam 
remained stable between the α-helix structure after disas-
sociation during the simulation and did not change position 
for 500 ns (Fig. 4). While the distance between enmetazo-
bactam and TEM-76 S70 α-carbon was 9 Å, it was located at 
a distance of 20 Å after about 100 ns and remained constant 
here. This region is a loop located between residues 99–110 
at the top of the active region (Fig. 6). On the other hand, 
while the distance between CTX-M-81 S73 α-carbon was 
around 10 Å, relebactam approached 5 Å around 150 ns and 
remained stable up to 400 ns. Looking at the distance graph, 
relebactam moved away from the region and remained stable 
at a distance of 14 Å. In TEM76, while it was 5 Å away, after 
100 ns, the distance remained stable for 250 ns at 18 Å away. 
However, when the 3-dimensional structure formed every 
20 ns was analyzed (figure not shown), it was seen that Rele-
bactam was in the binding cavity, but the inhibitor only tum-
bled according to its initial position. It was observed that the 
last 150-ns relebactam returned to its starting position and 
remained stable at 6 Å away (Fig. 6). This shows that rel-
ebactam remains stable closer to S70 [40], which is impor-
tant in catalytic activity. After simulation, relebactam and 
enmetazobactam and their interactions with residues were 
described by a 2-dimensional interaction diagram (Fig. 7). 
Enmetazobactam made hydrogen bonds with polar residue 
Gln99 and negatively charged residue Glu104 of TEM-76. 
This interaction was seen in a loop located between residues 
99–110 at the top of the binding site. In CTX-M-200, it was 
seen that enmetazobactam was located completely outside 
the binding cavity. Enmetazobactam made hydrogen bond 
with the hydrophobic residue of Ala82 (Fig. 7). Relebactam 
was more stable than enmetazobactam and hydrogen bonded 
with polar residue Asn274 and positive residue Arg243 in 
the binding cavity of TEM-76. In the binding cavity of CTX-
M-81, it made three hydrogen bonds, one with the polar 
residue Asn217 and two with the positive residue Arg277 
(Fig. 7).

In conclusion, molecular docking results showed that 
relebactam and QPX7728 were more favorable inhibitors 
for 42 class A β-lactamases. Inhibitors had slightly differ-
ent binding affinities in variants of class A β-lactamases. 
The enzyme with the highest binding affinities for enmeta-
zobactam and relebactam was an inhibitor-resistant TEM-
76 β-lactamase. The 2D representation of interactions after 
molecular docking showed that TEM-76 made hydrogen 
bonds with S235. This may enable us to speculate that this 
residue is a position to be considered in inhibitor design. The 
enzymes to which relebactam and enmetazobactam bound 
with the lowest and highest binding affinities were selected 
and the underlying mechanism in differentiation between 
binding energies were aimed to be revealed by molecular 
dynamic simulation. As a result of the analyzes made after 
the molecular dynamics simulation carried out for 500 ns, 
it was concluded that the distance from S70, stability in the 
enzyme active cavity, and high atomic displacement would 
be the factors affecting the binding affinity of inhibitors to 
class A β-lactamases.
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