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A B S T R A C T   

One of the most common primary resistance mechanism of multi-drug resistant (MDR) Gram negative pathogenic 
bacteria to combat β-lactam antibiotics, such as penicillins, cephalosporins and carbapenems is the generation of 
β- lactamases. The uropathogenic E. coli is mostly getting multi-drug resistance due to the synthesis of AmpC 
β-lactamases and therefore new antibiotics and inhibitors are needed to treat the evolving infections. The current 
study was designed for targetting AmpC β-lactamase of E. coli using molecular docking based virtual screening, 
linking fragments for designing novel compounds and binding mode analysis using molecular dynamic simu
lation with target protein. The FCH group all-purpose fragment library consisting of 9388 fragments has been 
screened against AmpC β-lactamase protein of E. coli and the antibiotics and anti-infectives used in treatment of 
Urinary tract Infections (UTIs) were also screened with AmpC β-lactamase protein. Among the 9388 fragments, 
339 fragment candidates were selected and linked with cefepime antibiotic having maximum binding affinity for 
AmpC target protein. Computational analysis of interactions as well as molecular dynamics (MD) simulations 
were also conducted for identifying the most promising ligand-pocket complexes from docking investigations to 
comprehend their thermodynamic properties and verify the docking outcomes as well. Overall, the linked 
complexes (LCs) showed good binding interactions with AmpC β-lactamase. Interestingly, our fragment-based 
LCs remained relatively stable in comparison with cefepime antibiotic. Moreover, S12 fragment linked com
plex remained the most stable during 50 ns with remarkable number of interactions indicating it as promising 
candidate in novel lead discovery against MDR E. coli infections.   

1. Introduction 

Antimicrobial resistance is one of the ten major global health bur
dens that is continuously increasing the rate of mortality and morbidity 
associated with bacterial infections. The overall economic cost of AMR 
because of resistance in the clinically important pathogens including 
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Acineto
bacter baumanii, Pseudomonas aeruginosa and Enterococcus faecium was 
reported to be $2.9 billion in the US alone (León-Buitimea et al., 2021, 
Friedman et al., 2016, Shrestha et al., 2018). E. coli is a commensal as 
well as an opportunistic pathogen that is resident in the mammalian 
digestive tract. Additionally, E. coli is the etiological agent behind many 
extra-intestinal infections (ExPEC), such as the urinary tract infections 
(UTIs) (Haenni et al., 2014, Pitout, 2012). 

UTIs are one of the most prevalent infectious diseases in humans 
representing about 40 % of all nosocomial infections and 50 % of all 

bacterial infections associated with increased morbidity (Karam et al., 
2019). UTIs are also an important economic concern due to the signif
icant financial burden on healthcare system. In the United States, about 
11 million people receive treatment for UTIs each year at a cost of about 
$6 billion (Mann et al., 2017). UTIs are caused by different pathogens, 
but most commonly by E. coli, K. pneumoniae, Proteus mirabilis, Entero
coccus faecalis and Staphylococcus saprophyticus. Among all the causes, 
the most frequent etiological factor of UTIs both complicated and un
complicated is uropathogenic Escherichia coli (UPEC) (Rezatofighi et al., 
2021, Bischoff et al., 2018). UPEC has been reported to be the main 
cause of upto 95 % of uncomplicated and 50 % of complicated UTI cases 
(Tan and Chlebicki, 2016). 

β-Lactam antibiotics hold a place as central antimicrobials for the 
treatment of bacterial infections due to their broad activity spectrum, 
clinical effectiveness and good safety profile (Spyrakis et al., 2020, Lima 
et al., 2020). The antibiotics such β-lactams, trimethoprim, 
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nitrofurantoin, and quinolones are frequently used as routine UTI 
treatment in many different countries. The extensive utilization of these 
antibacterials is the reason behind alarming levels of combined drug 
resistance against third generation and higher cephalosporins, amino
glycoside and floroquinolone drug classes in case of pathogens like 
Escherichia coli and Klebsiella pneumoniae (Weiner et al., 2016). It is 
predicted that E. coli would develop resistance to every known antibiotic 
by 2050, transforming into incurable superbugs (O’Neill, 2014). 
Therefore, comprehension of the impact of drug resistance along with 
the development of novel strategies is of prime importance (Ghosh and 
Mukherjee, 2016, Gales et al., 2000). 

Gram negative bacteria especially E. coli produce AmpC β-lactamase 
as one of the most common causes of resistance to β-lactam antibiotics. 
These AmpC β-lactamases cause resistance against different derivatives 
of penicillins, certain broad and extended spectrum cephalosporins and 
monobactams (Jacoby, 2009). These AmpC β-lactamases are also resis
tant to β-lactamase inhibitors like clavulanic acid (Ejaz et al., 2014). The 
secretion of β-lactamases hydrolytic enzymes have gained significant 
importance as resistance mechanism opted by various bacteria to 
hydrolyse β-lactam antibiotics (Fisher et al., 2005). 

AmpC β-lactamases develop when the chromosomal AmpC gene is 
overexpressed or when a plasmid-mediated AmpC determinant is ac
quired (Pfeifer et al., 2010). Plasmid-mediated AmpC (pAmpC) genes 
were reported for the first time in 1988 (Swaminathan et al., 2001). 
Although pAmpC β-lactamases occur worldwide but they have been less 
explored in E. coli. These enzymes have narrowed down therapeutic 
options as they have been typically associated with multiple antibiotic 
resistances (Black et al., 2005). AmpC β-lactamases in E. coli are less 
explored as compared to these enzymes in other genera of Enterobac
teriaceae family, but the constitutive over-expression of chromosomal 
ampC gene is being reported largely in many clinical isolates (Haenni 
et al., 2014). Therefore we have considered AmpC β-lactamase protein 
of E. coli in our work. 

During the past 25 years, the fragment-based drug design (FBDD) has 
proven to be a very effective and alternative approach to high- 
throughput screening (HTS) in identification of quality leads as clin
ical candidates and approved medicines. FBDD campaigns have suc
ceeded in establishing their place in medicinal chemistry, biotechnology 
and pharmaceutical sciences along with academic research by discovery 
of four fragment based drugs available in the market and more than 40 
in clinical trials (Konteatis, 2021, Erlanson et al., 2016, Nichols et al., 
2014). FBDD is an effective approach for the development of potent 
compounds from the fragments. In FBDD, a compound is often generated 
from a simple low affinity chemical fragment with less chemical 
complexity, and low molecular weight (less than 300 Da)(Li, 2020). 
Vemurafenib (Bollag et al., 2010) was the first drug originated from a 
fragment screening, that was approved in 2011 by the Food and Drug 
Administration (FDA). Similarly, two other drugs venetoclax (Li, 2020) 
and erdafitinib (Murray et al., 2019) were approved in 2016 and 2019, 
respectively. Vemurafenib and erdafitinib are the examples of drugs 
developed by fragment growing approach, whereas venetoclax was 
produced as a result of the fragment linking method. 

The present study has been designed considering the importance of 
fragment based drug design. In this study, we have screened fragment 
database with AmpC β-lactamase protein and linked best affinity anti
biotic with best fragments, their interactions were computed as well as 
their molecular dynamic simulations have been carried out to find out 
potential candidates against AmpC β-lactamase target protein. More
over, two potential fragments in linked complexes were linked together 
that exhibited best activity among all complexes and can help in the 
future to design more potent AmpC β-lactamase inhibitors. 

2. Materials & methods 

The overall scheme of methodology is represented in (Fig. 1). 

Fig. 1. Schematic diagram showing step-wise methodology of the study conducted.  
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2.1. Fragment library 

To begin the process of fragment based screening, small compounds 
called”fragments” are required as starting point (Chilingaryan et al., 
2018, Chilingaryan et al., 2012). All-purpose fragment library was ob
tained from FCH group (http://fchgroup.net/fragment-libraries.php) 
that consisted of 9388 fragments. This fragment library was selected in 
this study as it consisted of fragments with versatile functional groups 
and has not been tested against AmpC β-lactamases. Moreover, FCH 
group claims that this library has been used for lead discovery with its 
two drugs approved and thirty of these fragments are in clinical trials. 
FCH group fragment libraries have been used in fragment tailoring 
strategies for novel chemical entities against novel corona virus as well 
(Choudhury, 2021). Fragment database was subjected to protonation. In 
the next step, partial charges were calculated and applied to the frag
ments. Energy minimization with a MMFF94 forcefield was then per
formed for proper molecular arrangement within the space. 

2.2. AmpC β-lactamase protein structure retrieval and preparation for 
docking 

The crystal structure of AmpC β-lactamase of E. coli was downloaded 
from RCSB Protein Databank (RCSB-PDB) (https://www.rscb.org) (PDB 
Id 3BLS) with good resolution of 2.30 ̊A. The protein structure is then 
prepared by PlayMolecule TM (http://www.playmolecule.org) (Martí
nez-Rosell et al., 2017) where the protein is protonated at 7.4 pH and its 
H bond networks were optimized into their standard geometry. The 
structure was also refined by structure preparation wizard of MOE for 
corrections of all the issues in protein structure. In this process, removal 
of all solvent molecules was performed and energy was minimized. The 
active site was identified by Site Finder followed by dummy atoms 
creation from the resulting alpha spheres. This prepared protein struc
ture was further used for downstream analysis. 

2.3. Prediction and validation of active site of target protein 

The prepared protein was subjected to DogSiteScorer (https://bio. 
tools/dogsitescorer) for binding site prediction and druggability 
assessment. This server was used for validation of active site residues 
(Volkamer et al., 2012). The active residues in the catalytic site for 
ligand attachment are determined by binding site prediction. 

2.4. Molecular docking of the fragments with AmpC β-lactamase protein 

To find a potential fragment-based candidate against AmpC β 
–lactamase of E. coli, molecular docking studies were performed. Mo
lecular docking simulations were carried out by using MOE Dock func
tion of Molecular Operating Environment (MOE) 2015.10. All already 
prepared fragments were then dockedm at dummy atoms created at 
active site of the protein. For performing docking analysis, triangle 
matcher and refinement approaches were employed. The rigid receptor 
refinement methodology and GBVI/WSA dG was used. The best 05 poses 
were selected from 10 different poses for each tested fragment. The 
scoring methods were set to their default values (Samra et al., 2021). 
The lowest energy-minimized poses were used for further analysis. On 
the basis of the S score, interactions between inhibitors and receptor 
proteins were predicted (Vilar et al., 2008). 

2.5. Molecular docking of antibiotics used for urinary tract infections 
(UTI) with AmpC β-lactamase protein 

A total of 48 antibiotics and anti-infectives used for treatment of UTI 
were selected and their structures were retrieved and downloaded from 
drug bank https://go.drugbank.com/. The structures of antibiotics are 
depicted in (Figure. S1). These antibiotic structures were then imported 
in MOE and prepared and docked in the binding pocket of AmpC 

β-lactamase protein. The docked protein-antibiotic complex with 
maximum binding affinity was selected for further downstream analysis. 
Cefepime complex was visualized along with all the docked protein- 
fragment complexes for linking purpose. 

2.6. Protein ligand interaction fingerprinting 

Protein-Ligand Interaction fingerprinting (PLIF) is a powerful tool 
for analysis and accurate evaluation of the resultant docking poses for 
identifying the most suitable binding mode for each molecule and 
generating a relative ranking of different molecules. Protein-Ligand 
Interaction fingerprinting analysis was run for all docked complexes to 
explicate the frequency of protein ligand interactions within binding site 
using MOE v 2015.10. PLIF analysis is a graphical demonstration of the 
frequency of each interacting residue in all ligands-protein complexes or 
the occurrence frequency of each fingerprint bit. The PLIF interactions 
are depicted by HBD (side chain hydrogen bond donor), HBA (side chain 
hydrogen bond acceptor), HBd (hydrogen bond donor of backbone), 
Hba (hydrogen bond acceptor of backbone) and also arene interactions. 

2.7. Linking fragments with cefepime and their screening 

The selected fragments were visualized with antibiotic in pymol 
2.4.1 and all superimposed complexes were selected. All the selected 
fragments were imported to ACD Chemsketch Freeware version 
2020.1.2 and linked to cefepime resulting in the formation of stable 
antibiotic-fragment complex formation. All rules of chemical bond for
mation were considered in formation of complexes. The linked drug 
complexes were screened with AmpC β-lactamase in order to determine 
the new drug complex conformations and orientation within active site 
along with the determination of the binding affinity. 

2.8. Linking of best fragments (S12) and their molecular docking 

Fragment linking is one method of generating potent inhibitor 
compounds using different fragments. In this method, a novel lead 
molecule can be created by linkage of two or more fragments together 
(Yu et al., 2020). The binding affinities can be significantly improved by 
using this technique (Mondal et al., 2016). The top fragments that 
appeared in linked cefepime drug complexes with promising docking 
scores i.e. f-1 (f_2_3871) and f-2 (f_2_78) were linked together to form 
new fragment complex S12. S12 was then screened for the active site of 
AmpC β-lactamase for assessing its binding affinity with target protein as 
well as for its comparison with LCs. 

2.9. Molecular dynamics simulations of promising inhibitors 

The molecular dynamics simulation analysis is extensively utilized in 
drug discovery for investigating protein–ligand complexes at atomic 
level (Hollingsworth and Dror, 2018). The most promising leads and 
best affinity antibiotics (Table.1) in complex with AmpC protein were 
selected for 50 ns molecular dynamics simulation using a GROMACS 5.1 

Table 1 
MD Simulation studies of Antibiotics.  

Sr. No. Antibiotics DB accession number Docking Score (kcal/mol) 

1. Cefepime DB01413  − 11.65 
2. Cefotetan DB01330  − 9.45 
3. Cefoperazone DB01329  − 9.41 
4. Ceftolozane DB09050  − 9.29 
5. Ceftriaxone DB01212  − 9.27 
6. Cefiderocol DB14879  − 8.86 
7. Piperacillin DB00319  − 8.63 
8. Aztreonam DB00355  − 8.45 
9. Ceftazidime DB00438  − 8.32 
10. Meropenem DB00760  − 8.14  
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software package (GNU, General Public License; http://www.gromacs. 
org). The CHARMM36 force field was used (da Silva et al., 2022). The 
selected ligand–protein complex was firstly solvated within a cubic box 
with a three-points (TIP3P) water model (100 × 100 × 100 Å) (Izadi 
et al., 2014). The CHARMM force field parameters for each ligand were 
generated using CHARMM General Force Field (CGenFF) program 
(ParamChem project; https://cgenff.umaryland.edu/) (Vanomme
slaeghe et al., 2010). All of the complexes were then simulated within a 
cubic box at 1 ̊ A of buffer distance. During this process, electro- 
neutralization of the complexes was maintained using respective num
ber of ions added via Monte-Carlo ion-placing method (Ross et al., 
2018). The steepest decent minimization algorithm was used for 
neutralization of the system energy. After the energy minimization, all 
of these complexes were subjected firstly to 100 ps of NVT equilibration 
and then 100 ps of NPT equilibration. Final molecular dynamics simu
lation was performed for 50 ns. Different analysis modules from the 
GROMACS package were used to conduct structural and conformational 
analysis. After completion, root mean square deviations (RMSD), the 
root mean square fluctuations (RMSF), and the hydrogen bonds were 
calculated between the protein and the ligands by using GROMACS 
analysis tools and also visualized via Visual Molecular Dynamics 1.9.3 
(VMD) package (Humphrey et al., 1996). 

3. Results 

3.1. Validation of binding pocket of protein 

The active site of AmpC β-lactamase (3BLS) active site was predicted 
by DogsiteScorer (Table. S1). Total nine pockets were predicted and 
pockets with maximum drug score included Pocket one (P_0) and pocket 
two (P_1) with drug score of 0.78 and 0.87, respectively. The pocket P_0 
contains the residues Gly63, Ser64, Lys67, Thr111, Leu119, Gln120, 
Arg148, Asn152, Val211, Tyr221, Trp260, Gln 261, Tyr266, Glu272, 
Leu274, Ser282,Gly286, Ile291, Arg296, Val298, His 314,Thr316, 
Tyr325, Asn 343, Asn346, Arg349 that have been verified by SiteFinder 
of MOE suite (Table. S2). Also, another previous study reports Ser64 as 
essential catalytic residue of AmpC, that acetylates during the hydrolysis 
of β-lactam ring. Similarly, Lys67, Gln120, Tyr150, Asn152, Lys315, 
Thr316 and Ala318 are other important active-site residues that were 
involved in binding (Usher et al., 1998). After validation of P_0 residues, 
it was used for downstream analysis. 

3.2. Molecular docking of the fragments with AmpC β-lactamase protein 

The molecular docking simulations were carried out for investigating 
the potentiality of fragments against AmpC β- lactamase protein active 
site. Fragment database comprised of 9388 fragments was screened for 
AmpC β-lactamase protein active site. Out of these fragments, the frag
ments with least values of binding affinities were selected. The most 
negative energies represent the best scored fragment. Among all of the 
fragments, 339 best fragments were obtained with a minimum energy 
score of − 7.69 kcal/mol and a maximum score of − 7.0 kcal/mol. 

3.3. Molecular docking of antibiotics used for UTI with AmpC 
β-lactamase protein 

Molecular docking studies were also performed for 48 antibiotics and 
antiinfectives commonly used as treatment regimen for urinary tract 
infections using MOE 2015.10 suite. Out of these antibiotics, Cefepime 
has the maximum binding affinity for AmpC β-lactamase protein with 
score of − 11.65 kcal/mol, whereas, Methenamine possessed the lowest 
affinity with a value of 0.01 kcal/mol (Table.2). 

The docking scores of all the studied drugs are presented in the form 
of boxplot (Fig. 2). According to the boxplot, cefepime has the median 
score of − 7.5 and the lowest score of − 11.65. Comparatively, one of the 
poses of cefepime possessing the better binding affinity value of − 11.6 

kcal/mol was selected and its interactions and other binding poses were 
computed. The residues that participated in interactions include 
Asn289, Asn 346, Ser64, Gly317, Ala318, Asn152 and Lys315. It showed 
H bonding with Asn152, Ser212, Asn289, Gly320, Gly321, Asn346 and 
Arg349 whereas hydrophobic interactions were formed with Asn289, 
Leu293 and Ala318. This binding affinity value as well as good inter
action pattern of cefepime makes it a good candidate for linking with 
fragments. Other antibiotics showing binding affinities next to cefepime 
include cefotetan with a score of − 9.45 kcal/mol and cefoperazone with 
affinity value of − 9.41 kcal/mol. 

Cefepime is fourth generation cephalosporin. The structural analysis 
suggests that β-lactam ring is required for PBP reactivity and antibac
terial activity (Vaidya and Jain, 2017). This has been considered while 
linking of fragments with cefepime to form newer drug complexes. The 
β-lactam ring of Cefepime is forming hydrogen bond with Ser64 of target 
protein as well as additional hydrogen bonds are formed with Asn346, 
Asn289, Gly317, Ala318 and Asn152 of AmpC β-lactamase of E. coli 
(Figure. S2). 

3.4. Protein ligand interaction fingerprinting 

Protein ligand interaction fingerprinting was performed for the best 
339 fragments having maximum binding affinity and results of 332 
fragments were obtained. The interaction analysis of the top fragment 
poses with good binding affinities has been depicted in (Figure.S3). It 
indicated that Glu272 is the most commonly occurring interaction. 
Other interactions occurring in these 339 fragments include Lys315, 
Thr316, Met265, and Arg148, Gly286, Ser64, Asn346, and Tyr150. 
Thus, Glu272, Lys315, Thr316, Met265, and Arg148 contribute to be the 
most important residues of active site. 

3.5. Linking fragments with cefepime 

All fragments having best affinity score were linked with Cefepime 
for generation of linked complexes. As a result, one hundred and nine
teen new linked complexes (LC1 to LC119) were formed. Structures of 
these LCs are mentioned in (Table. S3). 

Table 2 
Computed Binding Affinities of Antibiotics against AmpC β-lactamase protein.  

Drugs Binding Affinities 
(Kcal/mol) 

Drugs Binding Affinities 
(Kcal/mol) 

Cefepime  − 11.65 Ciprofloxacin  − 7.00 
Cefotetan  − 9.45 Amoxicillin  − 6.79 
Cefoperazone  − 9.41 Imipenem  − 6.78 
Ceftolozane  − 9.29 Vaborbactam  − 6.76 
Ceftriaxone  − 9.27 Cefoxitin  − 6.62 
Cefiderocol  − 8.86 Cefaclor  − 6.55 
Piperacillin  − 8.63 Relebactam  − 6.35 
Aztreonam  − 8.45 Trimethoprim  − 6.34 
Ceftazidime  − 8.32 Cefadroxil  − 6.28 
Meropenem  − 8.14 Sulfamethoxazole  − 6.10 
Cefazolin  − 8.01 Avibactam  − 6.09 
Cefotaxime  − 7.71 Ampicillin  − 6.01 
Cefixime  − 7.67 Amikacin  − 5.86 
Cefpodoxime  − 7.65 Cefalexin  − 5.71 
Norfloxacin  − 7.59 Nitrofurantoin  − 5.65 
Cilastatin  − 7.52 Phenyl salicylate  − 5.51 
Pivmecillinam  − 7.49 Tazobactam  − 5.49 
Hyoscyamine  − 7.36 Clavulanic acid  − 5.26 
Ertapenem  − 7.31 Gentamicin  − 5.08 
Doxycycline  − 7.14 Sulbactam  − 4.91 
Ofloxacin  − 7.07 Benzoic acid  − 4.63 
Plazomicin  − 7.05 Fosfomycin  − 4.58 
Levofloxacin  − 7.04 Acetohydroxamic 

acid  
− 3.99 

Cefuroxime  − 7.04 Methenamine  − 2.78  
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3.6. Molecular docking based screening of linked complexes with AmpC 
β-lactamase 

All of the 119 linked antibiotic-fragment complexes (LCs) were 
screened for the active site of AmpC β-lactamase protein using same 
docking parameters as used for antibiotics and fragments docking. As a 
result, three complexes showed promising docking scores, named as LC- 
1, LC-2 and LC-3. LC-1 showed maximum affinity with score of − 9.54 
kcal/mol, LC-2 had 2 poses that possessed maximum docking score of 
− 9.19 and − 9.16 kcal/mol respectively. LC-3 exhibited binding affinity 
of − 9.13 kcal/mol. Although these LCs exhibit less binding affinity 
values than cefepime alone but these affinity values are higher than 
binding affinity scores of all these separate fragments. The chemical 
structures of all linked complexes are illustrated in the (Fig. 3). 

3.7. Protein ligand interaction of linked complexes 

Top three lead compounds having docking scores of − 9.54, − 9.19 
and − 9.13 kcal/mol were selected and their protein interactions were 
computed which illustrated that Ser212 amino acid is interacting with 
all of the lead compounds. Moreover, sulfur present in LC-2 is inter
acting with Gln120 and oxygen of LC-3 is interacting Asn289 in the 
target protein. Furthermore, it was also revealed that the protein ligand 
interaction pattern of these three top linked complexes showed 
increased contact points with protein after 50 ns of MD simulation. The 
interactions of LC-1 include hydrogen bonding with Ser212 and Val211. 
The interactions with protein increased during the course of 50 ns MD 
simulations. These interactions include hydrogen bonding with Glu61, 
Tyr221, Gly320 and Arg204. Moreover, LC-1 is also forming four ionic 
bonds with Arg204 residue (Figure. S4). LC-2 forms hydrogen bonds 

Fig. 2. Boxplot of docking score of antibiotics used in the management of UTI caused by UPEC. The Y-axis represents the affinity scores while X-axis represents 
the name of the antibiotics. Antibiotics show differential binding affinity pattern against the target protein. 

Fig. 3. Chemical structures of best affinity Linked complexes (LCs).  
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with Gln120 and Ser212 (Figure. S5). The interactions of this complex 
also increased during 50 ns MD simulation studies. It includes in
teractions with Arg204, Gly320 and His210 residues. LC-3 interacts with 
Asn289 and Ser212 whereas it formed two hydrogen bonds with Asp123 
residue during 50 ns simulation studies (Figure. S6). 

In comparison to LCs, the fragment f1 having score − 7.14 kcal/mol 
showed hydrogen bonding interactions with Arg148 whereas f2 showing 
binding affinity value of − 7.13 kcal/mol formed interactions with 
Lys315 and f3 fragment with binding affinity value of − 7.16 kcal/mol 
depicted hydrogen bond interactions with Lys315, Thr316 and Asn289. 
The binding interactions of the fragments are represented in (Figure. 
S7). 

3.8. Linking of fragments f1 with f2 (S12) and their molecular docking 
analysis 

The fragments that appeared in LCs with promising docking scores 
were further linked together to form new fragment complex (S12) and 
were then docked in the active site of AmpC β-lactamase showing good 
binding affinity with score of − 9.88 kcal/mol. The fragment complex 
exhibited good interactions with the target protein (Fig. 4). Major in
teractions include hydrogen bonding with Ser64, Arg148, Tyr150, 
Lys315, Thr316, Ala318 and hydrophobic interactions with Leu119, 
Thr262, Met265, Ile291, Ala292 and Arg296. S12 showed good number 
of interactions which include two hydrogen bonds with Arg148, two 
hydrogen bond interactions with Ser64 and one interaction with Ala318 
after 50 ns MD simulation. The increased number of interactions show 
increased adaptability of complex within the binding pocket. 

3.9. Molecular dynamics simulation analysis of promising inhibitors 

The MD simulation studies are carried out to study the dynamics of 
ligand-target complexes and determination of their relative stability. 
Also, MD simulations provide more clear insight of the complex 
conformation space in comparison to the static image depicted by mo
lecular docking alone (Karplus and Petsko, 1990). The top docked li
gands, with promising affinity as well as cefepime and antibiotics were 
subjected to 50 ns of MD simulation for the assessment of conforma
tional changes of the drug/target complexes during this period. The 
structural stability of the designed compounds were evaluated through 
the RMSD and RMSF values of the given protein–ligand complex 
(Wedberg et al., 2012). 

3.9.1. Root mean square deviation 
The newly designed linked complexes remained stable during 50 ns 

MD simulation studies. LC-1 showed fluctuation of 0.8 nm and remained 
within the acceptable range throughout the course of MD simulations. 
LC-2 showed relatively stable configuration after 15 ns and remained 
stabilized till the end. LC-3 remained stable till 35 ns and then fluctuated 
between 1 and 1.5 nm but remained stabilized till the end. Interestingly, 

among all the fragment based complexes S12 remained the most stable 
by showing negligible fluctuations in RMSD values. The RMSD plot of all 
linked complexes in comparison to cefepime are shown in (Fig. 5A). 
Moreover, the number of interactions of protein with the LCs improved 
alot during the course of 50 ns simulations as listed in (Table.S4). 

MD simulation was also performed on fragments that were used in 
formation of linked complexes and their results were presented in a 
graph (Fig. 5B). f1 and f3 fragments showed fluctuation of only 0.25 nm 
and remained stable throughout 50 ns simulations. f2 fragment 
remained completely stable for 30 ns and fluctuated 0.2 nm during 
period of 40 to 50 nm. 

Subsequently, the top ten antibiotics with the best binding affinity 
were subjected to molecular dynamic simulation for 50 ns to check the 
flexibility as well as stability of all the docked complexes. The RMSD for 
the protein backbone C-α atoms in complex with antibiotics were 
calculated and represented by graph depicted in (Fig. 5C). The best af
finity Cefepime showed various fluctuations in RMSD values at 10–20 ns 
to 6 nm and then the complex got stabilized between 25 and 45 ns at 
RMSD value of 3.5–4.5 nm after that it showed fluctuation of 2 nm in 
root mean square deviation values. It was also observed that it was 
removed from the trajectory. Cefotetan remains unstable and its plot of 
trajectory shows initial fluctuation of 0.3 nm till 10 ns and jumps to 
higher magnitude after 20 ns and remained fluctuating til 0.8 nm. 
Cefoperazone shows fluctuations in the range starting from 0.2 nm to 
0.45 nm. The RMSD plot of Ceftolozane shows that it keeps on fluctu
ating between 0.3 and 0.9 nm throughout 50 ns. Ceftriaxone shows a 
stable behavior it starts fluctuations from 0.4 nm but comes to 0.3 nm 
and remains stable till the end. Cefiderocol shows the range of 0.45 nm 
initially and fluctuates till 1.25 nm at 25 ns but then shows a stable 
trajectory at 0.75 nm with minor fluctuations till 50 ns. Piperacillin 
shows relatively stable trajectory with initial minor fluctuations of 0.3 to 
0.4 nm at 10 ns and stabilizes after 20 ns between 0.4 and 0.5 nm till 50 
ns. Comparatively, Aztreonam showed the most stable trajectory 
showing fluctuation of 0.2 nm to 0.3 nm till 40 ns and remained stable 
from 40 to 50 ns. Ceftazidime fluctuates in the range of 0.3 to 0.4 ns for 
5 ns and after 10 ns, it shows fluctuations between 0.45 nm and 0.6 nm. 
Lastly, Meropenem RMSD plot shows initial fluctuations of 0.5 nm to 
0.75 nm up-to 5 ns and then stabilizes at 0.85 nm with small peaks 
throughout 50 ns. Overall, antibiotics showed stable trajectories in 
comparison to cefepime. 

3.9.2. Root mean square fluctuation 
The root-mean-square fluctuation (RMSF) plot computes the average 

deviation of a protein residue over a period of time from one reference 
position that generally occurs upon ligand interaction. Thus, RMSF plot 
is an indication of portions that are fluctuating from their mean struc
ture. The low RMSF values show that structure is compact and the high 
RMSF values correspond to flexibility due to loop regions that in turn 
indicate increased interaction potential with the ligand molecule. The 
RMSF plot of 50 ns simulation trajectories of LCs bound protein is 

Fig. 4. Binding Interactions of S12 fragments complex with AmpC β-lactamase of E. coli. This complex shows good interactions pattern.  
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Fig. 5. Root Mean Square Deviation of all AmpC complexes during 50 ns MD Simulation: A: RMSD Plot of all LCs in comparison to Cefepime. Black: RMSD 
of Cef ligand Red: RMSD of LC-1 Green: RMSD of LC-2 Blue: RMSD of LC-3 Yellow: RMSD of S12 during 50 ns MD simulation. B: RMSD Plot of individual 
fragments. Black: RMSD of fragment f1 Cyan: RMSD of fragment f2 Violet: RMSD of fragment f3. C: RMSD Plot of top ten antibiotic AmpC complexes during 50 
ns MD Simulation. cef: Cefepime ctt: Cefotetan cfp: cefoperazone cft: Ceftolozane cro: Ceftriaxone fdc: Cefiderocol pip: Piperacillin atm: Aztreonam caz: Ceftazidime 
mem: Meropenem. 
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displayed in (Fig. 6A). The plot depicted the amino acid residues on the 
x-axis whereas fluctuation values on the y-axis. It shows that only a few 
residues at the start fluctuated, but overall the structure was stable. 
Other fluctuations occurred from residues 200 to 230 in the loop region 
of the protein with a magnitude less than 0.4 nm, indicating stability. 
Moreover, active site region residues exhibited significant fluctuations 
peaks due to flexibility. RMSF plots of fragments and antibiotics also 
represent the same peaks as shown in (Fig. 6B) and (Fig. 6C). Overall, 
the pattern of fluctuations peaks by the residues shows that the ligands 
adapted well within the active site of the protein throughout the simu
lation process. 

3.9.3. Conformational changes of residues and their resultant flexibility 
The RMSD calculations depicted that the essential residues may 

remain stable throughout the simulation process as represented by 
averaged RMSF values for the protein backbone atoms as well as for 
complexes. The loop regions of protein remained more flexible in 
comparison to rest of secondary structure elements. The flexibility of 
protein with LCs was assessed by comparison of RMSF values as dis
played in (Fig. 6). It disclosed higher flexibility in loop regions of the 
protein compared to the other secondary structural elements. The Res
idue regions 210–220, 240–250 and 310–320 represent loop region with 
higher RMSF values in case of all linked complexes and these residues 
also showed RMSF values within the acceptable ranges of maximum 
peak till 0.3 nm. This residual fluctuation pattern is predictive of the fact 
these fluctuations of loops cannot block entrance of active site and the 
active site remained open throughout simulation. 

Throughout MD investigations, the flexibility of binding site residues 
was also evaluated to see whether the active site remained stable. The 
computed distances of different pocket residues using trajectories 
throughout different frames of simulation demonstrated that pocket 
remained wide throughout simulation process as shown in (Supple
mentary Figure S9). A deeper analysis of active site residues at different 
frames of simulation clearly indicated that binding pocket remained 
wide throughout different frames. The average distance between 
conserved residue Ser64 and Asn289 remained 1.12 nm ± 0.09 nm. 
Similarly, Lys67 is another important key interacting residue is away 
from Asn152 with an average distance of 0.48 nm ± 0.05 nm (Supple
mentary Figure S9 C). Also key residues Ser64 remains at an average 
distance of 1.58 nm ± 0.11 nm (Supplementary Figure S9 D). These 
distances illustrate flexibility of major residues in the pocket. 

3.9.4. Hydrogen bond analysis 
The Hydrogen bonds formed between protein and ligand are essen

tial for maintaining a compact and proper conformation, in which re
sidual associated flexibility play an integral role in ligand bond 
formation. The H bonds formed between the protein-ligands and their 
occupancies were calculated and depicted as a graph shown in (Fig. 7). 
Analysis of the generated plots indicated that LC-1 formed a total of 
twenty six hydrogen bonds contact points during the course of 50 ns MD 
simulations. The most frequent H-bond interactions include with the 
residues Arg204, Glu61 and Gly320. LC-2 formed thirty seven hydrogen 
bonds, most frequent being His210, Ser212 and Gly320. LC-3 formed 
thirty five hydrogen bonds including Ser212, Glu61, Asn289 and 

Fig. 6. Root Mean Square Fluctuations (RMSF) Analysis of all ligand-AmpC β-lactamase complexes throughout 50 ns MD simulation. A: RMSF Plot of LCs; B: 
RMSF Plot of fragments; C: RMSF Plot of Antibiotics. 
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Asn152. S12 formed nine stable hydrogen bonds with Ser64, Ala318, 
Arg148 and Tyr150. These bonds remain constant throughout the course 
of MD simulation (Table. S5). MD trajectories of fragments represented 
that the fragment f1 formed twenty eight H-bonds including residues 
with Ala292, Asn289 Arg148 most frequently during 50 ns MD studies. 
f2 formed eight H-bonds with Arg148 and Asn346 whereas f3 formed 
fourteen most frequent H-bonds with His314 and Tyr325 (Table. S6). 

Similarly, all the antibiotics trajectories revealed number of H bonds 
with most common residues involved in bonding include Arg148, 
Asp264, Glu272, Arg296, Ala 318, Lys315 and Ser64 (Figure. S8 and 
Table. S7). Overall, these results provided evidence that LCs formed 
comparable H bonds with many standard antibiotics. 

4. Discussion 

The continuous incline of antibiotic resistance is a major public 
health problem of both developing and under-developed countries 
leading to failure of treatment options, higher management expenses, 
and increased mortality and morbidity (Aryal et al., 2020). Keeping in 
view of therapeutic aspect, pAmpC β-lactamases are becoming more 
significant and their identification is necessary for the surveillance along 
with epidemiological and infection control strategies (Saffar et al., 
2016). The AmpC from E. coli has been chosen as a representative 
enzyme of class C β-lactamases (hydrolases, cephalosporinases). There 
are over 100 structures for this protein in the PDB, one of the wild type 
protein determined at 2.30 ̊A was selected [45]. The chromosomal along 
with plasmid encoded AmpC enzymes are continuously evolving in ways 
to hydrolyze broad-spectrum cephalosporin rings. AmpC β-lactamases of 
Gram negative bacteria especially E. coli, produce AmpC β-lactamases 

that are of particular importance. 
Molecular docking is an essential primary screening method to 

identify important protein–ligand interactions of the complexes based 
on their affinity parameters (Bhardwaj et al., 2021). The docking anal
ysis of nine thousand three hundred eighty eight fragments was per
formed against AmpC β-lactamase. The stability of all docked molecules 
was determined and were categorized by their total binding energy. The 
best three hundred thirty nine fragments were selected for further pro
cessing based on their good scores and interaction patterns. The most 
important amino acids involved in structural interactions of fragments 
and receptor were found to be Glu272, Lys315, Thr316, Met265, and 
Arg148 (Figure.S3). The formation of hydrogen bond plays a very 
essential role in the stability of protein–ligand complex. It is estimated 
that the drug with more hydrogen bond acceptors and hydrogen bond 
donors binds well with other molecules and possesses good solubility 
and absorption (Hubbard and Haider, 2010). 

In this study, interactions of the four fragment-based linked mole
cules with AmpC β-lactamase were thoroughly explored by analysis of 
their binding patterns. It was observed that Ser212 amino acid of the 
protein was the key residue interacting with all of the lead compounds. 
The residues Ser212 and Gly320, depicted the fragment scaffolds link
age with previous boronic-acid based covalent inhibitors in earlier study 
(Morandi et al., 2008). These interactions resulted in 20-fold increased 
binding affinity of the said covalent inhibitor (Eidam et al., 2012, 
Nichols et al., 2014). Furthermore, the protein–ligand interaction 
pattern of these four top linked complexes show more interaction points 
with protein at 50 ns of MD simulation (Table.S4). The analysis of 
docked complexes revealed that the ligands were extensively bonded 
with the residues of the active site of AmpC β-lactamase with good 

Fig. 7. Plot of Hydrogen bond formation during 50 ns MD simulation period of all four linked complexes. A: LC-1; B: LC-2; C: LC-3; D: S12. X axis shows 
different frames of simulations whereas Y axis shows H-bonds. LC-1, cyan color; LC-2, navy blue color; LC-3, purple color and S12, blue color. 
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docking scores. All of the complexes as well as individual fragment 
revealed good binding interactions. Among all these LCs, S12 has shown 
maximum binding interactions including hydrogen bonding with Ser64, 
Arg148, Tyr150, Lys315, Thr316, Ala318 and hydrophobic interactions 
with Leu119, Thr262, Met265, Ile291, Ala292 and Arg296. The frag
ment based complex S12 showed exceptional number of interactions 
including hydrogen bonding with Arg148, Ser64 and Ala318 with 
maximum occupancies along with other amino acids after 50 ns MD 
simulation. These residues were also reported to influence the binding 
affinity of previous fragment inhibitors (Teotico et al., 2009). 

To elucidate the conformational flexibility and stability of protein 
with the ligand molecules, LCs, fragments and best affinity antibiotics 
were allowed to undergo MD simulations for a time period of 50 ns. After 
completion of the simulation studies, resultant plots were generated 
using RMSD, RMSF and H bonds trajectories of all these protein 
complexes. 

RMSD is one key factor to study a protein–ligand interaction. It 
computes average distance between the ligand atoms and targeted 
protein that helps in comparison of conformational changes along with 
the stability of protein in a dynamic state during simulation (Gupta 
et al., 2021). The RMSD values for the protein backbone C-α atoms in 
complex with the four LCs molecules were computed, and the resultant 
graph is depicted in (Fig. 5A). It was observed that the minimum and 
maximum RMSD values obtained by LC-1, LC-3 were of very low 
magnitude ranging from 0.2 nm to 0.8 nm. Among these complexes, S12 
remained most stable and showed no fluctuation in RMSD values 
throughout 50 ns time period. This strongly demonstrates the confor
mational stability of the protein with respect to the ligands. The resul
tant plots depicted stable trajectories with smaller fluctuations showing 
that the protein backbone underwent slight structural changes. The 
analysis of trajectories also depicted a few major fluctuations during 
different time intervals but overall the structure was stabilized in the 
end. The individual fragments showed minimal fluctuations in RMSD 
values within the range of 0.2 to 0.8 nm indicating their overall stability. 

The current regimen for UTIs treatment caused by AmpC 
β–lactamase producing E. coli include cephalosporins, nitrofurantion, 
fosfomycin, fluoroquinolones, cefepime, piperacillin-tazobactam and 
carbapenems (Bader et al., 2020). The best affinity antibiotics were 
screened against target protein and it was observed that aztreonam and 
ceftriaxone remained the most stable during 50 ns MD simulations 
Moreover, all the antibiotics showed minimum and maximum RMSDs in 
the range of 0.1–0.9 nm except for cefepime which showed fluctuations 
of high magnitude. All these findings were conclusive of the fact that 
linked complexes of cefepime remained stable conformation during the 
protein–ligand with only few conformational transitions in comparison 
with the conventional cefepime. Interestingly, it was also observed that 
number of interactions and contact points between the ligands and 
protein increased significantly after 50 ns simulations that is also 
indicative of stability of all these ligands within the protein pocket. The 
complexes remained stabilized within binding pocket by both polar and 
non-polar amino acid residues within 5 ̊A with the help of interections 
including hydrogen bonding, electrostatic and Van der Waal forces. The 
number of hydrogen bonds as well as hydrophobic interactions were 
reported to be more in number. To have an insight of the binding modes, 
frames were extracted at every 10 ns from the trajectories and rendered 
the LCs at the binding cavity which indicated that many residual con
tacts of LCs remained preserved throughout different frames of simula
tions (Table. S8) The RMSF values of all the ligands initially showed 
fluctuations of few residues and minor fluctuations of around residues 
from 200 and 230, which were less than 0.4 nm indicative of overall 
stability of the complexes within the target protein. The conducted MD 
simulation studies also revealed that hydrogen bonds have a substantial 
impact on the intermolecular recognition along with active center for 
the all protein complexes interaction as all the complexes exhibited 
significant number of hydrogen bond. It can be concluded that hydrogen 
bonds formed between complexes were comparable with the 

conventional antibiotics. 
In the present study, the molecular docking guided virtual screening 

have identified some potential ligand complexes LC-1, LC-2, LC-3 and 
especially S12, as promising fragment inhibitors against AmpC β-lacta
mase. The interactions of the suggested potential candidates with the 
protein were analyzed for choosing the optimized complex. For further 
validation of molecular screening findings, MD simulations were per
formed that depicted the ligand-complex stability for the identified 
candidates. Certain fluctuations in the active site region residues were 
observed with significant peaks illustrating flexibility of protein for 
ligand binding. Moreover, computation of distances between active site 
residues and linked complexes (LCs) validated that LCs attained better 
stability compared to conventional cefepime that was displaced out of 
the frames of simulation. It can be concluded that all the designed 
fragment complexes indicated overall stable structural conformations 
with AmpC β-lactamase. This study provides an insight of fragment- 
based inhibitors with promising inhibition potential against AmpC 
β-lactamase of E. coli as compared to conventional antibacterials. It is 
acknowledged that computational studies have their limitations, and 
that further laboratory experimentation and clinical investigations are 
needed for the validation of the inhibitory effects as well as toxicity 
profiling of these candidates against AmpC β-lactamase of E. coli as 
potential drugs for E. coli infections. 

5. Conclusion 

The exploration of new molecules to inhibit the β-lactamase proteins 
remains a challenge to be solved in the clinical therapeutic field, espe
cially in the context of bacterial resistance. The identification and dis
covery of new antibacterial agents has been substantially accelerated 
due to protein–ligand docking and molecular simulation approaches. In 
our study, using an in silico approach, we have proposed fragment-based 
linked complexes against AmpC β-lactamase of E. coli. When analysing 
dynamics stability, it was found that all complexes are stable due to 
presence of the RMSD values of all complexes in acceptable range. All 
these complexes showed improved behaviour than conventional cefe
pime antibiotic. S12 complex exhibited remarkable potential as anti
bacterial against AmpC β-lactamase of E. coli, as evident from higher 
binding affinity and stability compared to many other standard anti
bacterial drugs. The substantial inhibitory property of the compound 
was validated by the presence of conventional hydrogen bonds of 
complexes with the target protein. These findings concluded that current 
molecule has promising action and can serve as antibacterial agent. 
These potential compounds will further be elucidated in future wet lab 
experiments. 
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