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Highlights 

Molecular docking analysis of  β-lactam antibiotics are performed with PBP2a, PBP2b, PBP2x 

and SHV-1 proteins, and the best interaction is observed between Ceftobiprole and PBP2x 

complex, further the stability of complex is confirmed using simulation studies, our results 

shows that Ceftobiprole-PBP2x complex shows high stability as evident by RMSD, Rg and H-

bonds. 
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Abstract 

Bacterial resistance to β-lactam antibiotics pose a serious threat to human health. Penicillin 

binding proteins (PBPs) and β-lactamases are involved in both antibacterial activity and 

mediation of β-lactam antibiotic resistance. The two major reasons for resistance to β-lactams 

include: (i) pathogenic bacteria expressing drug insensitive PBPs rendering β-lactam antibiotics 

ineffective and (ii) production of β-lactamases along with alteration of their specificities. Thus, 

there is an urgent need to develop newer β-lactams to overcome the challenge of bacterial 

resistance. Therefore the present study aims to identify the binding affinity of β-lactam 

antibiotics with different types of PBPs and β-lactamases. In this study, Cephalosporins and 

Carbapenems are docked in to PBP2a of Staphylococcus aureus, PBP2b and PBP2x of 

Streptococcus pneumoniae and SHV-1β-lactamase of Escherichia coli. The results reveal that 

Ceftobiprole can efficiently bind to PBP2a, PBP2b and PBP2x and not strongly with SHV-1 β-

lactamase. Furthermore, molecular dynamics (MD) simulations are performed to refine the 

binding mode of docked complex structure and to observe the differences in the stability of free 

PBP2x and Ceftobiprole bound PBP2x. MD simulation supports greater stability of Ceftobiprole-

PBP2x complex compared to free PBP2x. This work demonstrates that potential β-lactam 

antibiotics can efficiently bind to different types of PBPs for circumventing β-lactam resistance 

and opens avenues for the development of newer antibiotics that can target bacterial pathogens.  
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Introduction 
  
β-lactams (Penicillins, Cephalosporins and Carbapenems) are  potent inhibitors and have been 

used effectively over several decades against different types of bacterial infections, due to their 

higher effectiveness, low cost, ease of use, and minimal side effects.1,2 β-lactam antibiotics form  

stable acyl enzyme complex with penicillin binding proteins (PBPs) in the bacterial cell 

membrane, thus inhibiting the final stages of peptidoglycan biosynthesis.3-5 However, Gram-

negative bacteria have developed resistance to β-lactams through three different strategies: (i) 

structural modification in PBP targets, (ii) production of β-lactamase6-8 and (iii) active expulsion 

of β-lactam antibiotics via efflux pumps.9 Penicillin binding proteins (PBPs) are enzymes that 

catalyze the steps involved in bacterial cell wall biosynthesis and are the target enzymes of β-

lactam antibiotics.10,11 PBPs have been classified into two types, high molecular weight (hmv) 

PBPs act as transpeptidases and low molecular weight (lmv) PBPs generally act as D-alanyl-D-

alanine-carboxypeptidases (DD-carboxypeptidases).12 The β-lactam antibiotics inhibit both 

transpeptidase and DD-carboxypeptidase activities by acylating the active-site serine of PBPs.13 

Alterations of the PBPs reduce their binding affinity for β-lactam antibiotics, resulting in drug 

resistance. The another common mechanism of bacterial resistance to the β-lactam antibiotics is 

the production of β-lactamase that inactivates β-lactams by hydrolyzing the amide group of the 

β-lactam ring.14,15 Therefore there is an urgent need to tackle this bacterial resistance with the 

help of a newer antibiotics.  

Cephalosporins have a broad spectrum of activity against Gram negative and Gram 

positive organisms such as Streptococcus pneumoniae, Haemophilus influenzae, Streptococcus 

pyogenes, Klebsiella pneumoniae and Staphylococcus aureus.16-21 S. aureus and S. pneumoniae 

are leading causes of hospital and community acquired bacterial infection and they are global 

health threat.22,23 However, many community based infections are becoming more difficult to 

treat owing to the emergence of resistant organism such as multidrug-resistant S. pneumoniae  

(MDRSP) and methicillin-resistant S. aureus (MRSA).24,25 These two organisms are developing 

resistance to many of the β-lactam antibiotics.26,27 S. pneumoniae contains six PBPs, PBP1a, 

PBP1b, PBP2a, PBP2b, PBP2x and PBP3. β-lactam antibiotics resistance in S. pneumoniae is 

caused by alterations in the penicillin-binding domains of one or more of these six PBPs.28-30 

Altered PBP1a, PBP2b and PBP2x are the most important PBPs for β-lactam antibiotic 

resistance.29, 31-33 MRSA acquires resistance to such antibiotics due to altered PBP2a that have 
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low affinity for β-lactam antibiotics.34 Several studies revealed  the mechanism of resistance of S. 

pneumoniae and MRSA to β-lactams using only a few cephaloporins and Carbapenems.35-41 This 

prompted us to investigate in detail using a wide spectrum of β-lactam antibiotics (both 

Cephalosporins and carbpenems). Our study mainly focused on PBP2a of MRSA and PBP2b, 

PBP2x from S. pneumoniae. Molecular docking studies are performed to investigate possible 

binding mechanism of Cephalosporins and Carbapenems with PBP2a of MRSA and PBP2b, 

PBP2x from S. pneumoniae. Furthermore, molecular dynamics (MD) simulations are carried out 

to refine the binding conformation of docked complex structure and to investigate the structural 

stability PBP2x in the absence and presence of ligand. The present study also compares 

Cephalospoirns and Carbapenem to find out which one exhibits the lowest binding affinity with 

SHV-1 β-lactamase. 

 

Materials and Methods 

 Data set  

Three PBPs (PBP2a, PBP2b and PBP2x) and class A type β-lactamase (SHV-1) were selected 

for this study. 3-Dimensional (3D) structures of the PBPs and β-lactamase were obtained from 

Protein Data Bank (PDB).42 Co-crystallized ligands were identified and removed from the target 

proteins and then crystallographic water molecules were eliminated from the 3D coordinate file. 

Missing side chains were reconstructed to the target protein structures and minimizations were 

performed using SwissPDBviewer.43 The structues of β-lactam antibiotics were obtained from 

NCBI PubChem Compound database44 and the structures were drawn using Chemsketch.45 

Hydrogen atoms were added to all the structures and gasteiger atomic partial charges were 

computed. A geometry optimization of all the compounds was performed by using chimera46 for 

flexible conformations of the compounds during the docking. The PDB ID, source and detail of 

PDB structures employed for the study are listed in Table 1. 

 

Molecular docking using Surflex2.0   

Molecular docking analysis was carried out to identify the variations in the binding affinity of β-

lactam antibiotics with PBPs (PBP2a, PBP2b and PBP2x) and SHV-1 β-lactamases. The target 

protein was imported into SYBYL molecular graphical interface. Using the biopolymer structure 

preparation module available in SYBYL2.047, charges were assigned according to AMBER FF99 
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force field, hydrogens were added and missing side chains were fixed to the target protein. 

Ligand molecules were then optimized using Tripos force field. Hydrogen atoms were added and 

the structures were subjected for energy minimization using tripos force field. The Surflex-Dock 

algorithm in SYBYL 2.048 was used for molecular docking calculation. The algorithm generated 

ideal ligand binding site called “protomol”, as a target to generate possible ligand binding pose 

for β-lactam antibiotics. These possible ligand binding poses were scored using the Hammerhead 

scoring function.49,50 The scoring function contains the polar contact terms, hydrophobic and 

solvation terms. In this study the differences in binding affinity of β-lactam antibiotics with PBPs 

and SHV-1 β-lactamase was analyzed. The docking scores were generated in -logKd units to 

represent the calculated-binding affinities. The maximum number of poses per ligand was set to 

10. No constraints were assigned for this procedure. The docking complex was validated using 

total score (dock score), further 3D structures of PBPs were analysed and visualized through 

PyMOL viewer.51 Hydrophobic contacts are analyzed using Ligplot.52 Solvent accessible surface 

areas were analysed for Target protein using Get area online server.53 
 

Molecular dynamics simulation  

The simulation of the enzyme in the presence and absence of ligand was performed using the 

GROMACS 4.5.5 software.54 Ceftobiprole has least docking score when compared to other 

compounds. MD simulation was carried out for PBP2x-Ceftobiprole docked complex. The 

topology of the enzyme was created using GROMACS utilities, where as the topology of the 

ligand was generated using the PRODRG server55 in the framework of the force field 

GROMOS96 43a1.56,57 All starting structures were solvated in a simple point charge68 water box 

under periodic boundary conditions using 1.0 nm distance from the protein to the box faces. 

Each system was then neutralized by Cl- or Na+ counter ions (PBP2x and PBP2x-Ceftobiprole 

system respectively). Following steepest descents energy minimization, the systems were 

equilibrated under NVT (constant number of particles, volume and temperature) conditions for 

100 ps at 300K, followed by 100 ps under NPT (constant number of particles, pressure, and 

temperature) conditions. All the covalent bonds were constrained using the LINCS (Linear 

Constraint Solver) algorithm.59 The electrostatic interactions were treated using the Particle 

Mesh Ewald (PME) method.60 The cutoff radii for coulomb and van der Waals interactions were 
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set to 10.0 and 14.0 Å, respectively. Finally, 10ns MD was performed in order to analyse the 

stability of each system. 

The potential of each trajectory produced after MD simulations were analysed. The MD 

trajectories were analysed using g_rms, g_rmsf, g_hbond and g_gyrate of GROMACS utilities61   

to obtain the root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), radius 

of gyration (Rg) and the number of H-bond formed between the ligand and proteins. The 

differences in the kinetic, potential and total energies, pressure and temperature were computed 

as a function of simulation time to check whether the systems obey NVT or NPT ensemble 

throughout the simulation. The number of hydrogen bonds was calculated to understand the 

difference in ligand-protein stability. The trajectories were analyzed using the tools from 

GROMACS distribution. All the graphs were generated using XMgrace tool.62 

 

Essential dynamics (ED) 

Essential dynamics (ED)63,64 was performed for all the trajectories. The GROMACS inbuilt tools 

g_covar & g_anaeig were used for performing ED analysis. The trajectory file of a MD 

simulation was utilized to identify the dominant motions of the PBP2x in the presence and 

absence of Ceftobiprole. The first two eigenvectors (principal components PC1 and PC2) with 

largest eigenvalues were used to make 2D projection for each of independent trajectories. ED 

analysis was applied to extract the principal modes involved in the motion of the protein 

molecule.  

 

Results and discussion 

Ligand conformation 

Evaluation of binding affinity of β-lactam antibiotics with PBP2a, PBP2b, PBP2x and SHV-1 β-

lactamase are performed using Surflex dock. The binding poses for each ligand molecule into the 

PBPs and SHV-1 β-lactamase are determined and different poses are generated based on the total 

score (Dock score). The total score is an indicator of the binding affinity of a ligand-receptor 

complex. The docking scores (-logKd) for fourth and fifth generation Cephalosporins and 

Carbapenems are depicted in Table 2. The binding conformation for each ligand molecule into 

the PBP2a, PBP2b, PBP2x and SHV-1 β-lactamase target proteins are determined and the one 

having highest docking score with PBPs and lower docking score with SHV-1 β-lactamase are 
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generated. The higher docking scores represent better protein-ligand binding affinity compared 

to lower docking score values. Among the 13 ligands, the fifth generation cephalosporin, 

Ceftobiprole has high docking score value with PBPs (Dock score for PBP2a=5.2, PBP2b=5.6, 

PBP2x=6.0) and low docking score for SHV-1 β-lactamase (Dock score SHV-1=3.2). From the 

docking results, the variation is observed in the binding affinity of Ceftobiprole with PBP2a, 

PBP2b, PBP2x and SHV-1 β-lactamase. Ceftobiprole shows high binding affinity with PBPs 

especially it has highest binding affinity with PBP2x where as for SHV-1 β-lactamase binding 

affinity of Ceftobiprole is lower. We further analyzed the docked conformation for finding the 

binding mode of Ceftobiprole into PBP2a, PBP2b, PBP2x and SHV-1 β-lactamase target 

proteins to validate the position obtained likely to represent reasonable binding conformations. 

 

Docking of Ceftobiprole into Penicillin binding proteins (PBP2a, PBP2b and PBP2x) 

Binding affinity of Ceftobiprole towards PBP2a, PBP2b and PBP2x are investigated in detail. 

The number of H-bonds and binding residues of PBP2a, PBP2b and PBP2x with Ceftobiprole 

complexes are shown in Table 3-6. From the post docking analysis, it is found that the 

Ceftobiprole shows high binding affinity with PBP2a, PBP2b and PBP2x. On analysis of the 

interaction of Ceftobiprole in the active site of PBP2a, PBP2b and PBP2x, it is observed the 

residues Gln292, Asp295 and His293 in PBP2a are participating in the H-bond interaction (Fig. 

1A). From the Fig 1A, it is found that His293 and Asp295 contributed more number of H-bond 

interaction with Ceftobiprole. Moreover these two residues are present in buried region of 

protein structure. In PBP2b, Lys241, Arg223, Ser239, Glu240, Ser238 and Arg262 residues are 

in H-bond contact with Ceftobiprole (Fig. 1B). Hydroxyl (Ser 239) and Polar residues (Arg223 

and Arg262) are very crucial in hydrogen bond formation between Ceftobiprole and PBP2b and 

they formed 5 hydrogen bonds with Ceftobiprole. Among these residues, Arg223, Glu240 and 

Ser238 are located in buried region of PBP2b structure. In PBP2x, the amino acid residues 

Asp313, Asp90, Ala91, Thr92 and Ser93 are shown H-bond interaction with Ceftobiprole (Fig. 

1C). The interaction analysis of Ceftobiprole-PBP2x complex reveals that hydroxyl amino acids 

(Thr92 and Ser93) and acidic amino acids (Asp313 and Asp90) have crucial role in the formation 

of hydrogen bond with Ceftobiprole and they contributed 7 hydrogen bonds (Table.7 ).    
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Docking of Ceftobiprole in to SHV-1 β-lactamase 

Docking analysis of β-lactam antibiotics with SHV-1 β-lactamase is carried out to identify the 

drug which is having lowest binding affinity with SHV-1 β-lactamase. Among the 13 β-lactam 

antibiotics selected for this study, Ceftobiprole shows the dock score value of 3.2 (Table. 2). It is 

lower when compared to other β-lactam antibiotics. It indicates Ceftobiprole has lower binding 

affinity with SHV-1 β-lactamase. From the interaction residues analysis, it is observed that only 

three amino acid residues Arg276, Gln270 and Asn132 are involved in the interaction with 

Ceftobiprole and formed less number of hydrogen bonds (Table 6). Among these interacting 

residues, Asn132 is present in buried region of protein structure. The possible binding mode of 

Ceftobiprole into the binding site of SHV-1 β-lactamase and corresponding 2D interaction 

models, number of hydrogen bonds and bond distance are shown in Table 7 and Fig 1D.  

 

Hydrophobic interaction  

Hydrophobic interactions are also a crucial element of binding for Ceftobiprole. Hydrophobic 

interactions should play an important role in the ligand-protein interaction. The residues of PBPs 

(PBP2a, PBP2b and PBP2x) and SHV-1 β-lactamase involved in the hydrophobic interaction 

with Ceftobiprole are analysed using Ligplot tool (Fig. 2). In PBP2a, Tyr297, Asn146, Lys273, 

Asp295, Glu294 and Val277 are in hydrophobic contact with Ceftobiprole (Fig. 2A). From the 

interaction residues analysis, it is observed the residues Lys241, Asp222, Ser238 and Val237 of 

PBP2b are involved in hydrophobic interaction with Ceftobiprole (Fig. 2B), Among these 

residues Ser238 and Val237 are present in buried region of protein structure, Hence these two 

residues are very crucial in hydrophobic contact with Ceftobiprole. On analysis of the interaction 

of Ceftobiprole in the active site of PBP2x, it is observed the seven residues Asn 185, Ser187, 

Ala91, Thr159, Glu89, Ser93 and Thr92 are participating in hydrophobic interaction (Fig. 2C). In 

SHV-1 β-lactamase, only four residues Tyr241, Asp240, Gly238 and Tyr105 are hydrophobic 

contact with Ceftobiprole (Fig. 2D). These observations are significant and might be the 

probable cause for higher affinity of Ceftobiprole to PBPs and lower binding affinity to SHV-1 

β-lactamase. 
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Molecular dynamics simulation 

MD simulations are conducted for the protein-ligand complex as well as for the free enzyme. 

This provided a better picture of the overall stability of the PBP2x and PBP2x complex with 

Ceftobiprole within nanosecond time scale. Ceftobiprole-PBP2x complex is selected because 

Ceftobiprole has high binding affinity with PBP2x. The complex model and the free enzyme are 

subjected to 10 ns MD simulations in order to find the stability of the PBP2x in the presence of 

the Ceftobiprole. Root-mean-square-deviation (RMSD), Root mean square fluctuation (RMSF), 

Radius of gyration (Rg) and H-bonds are used to check the stability of the model system. 

   

    Root mean square deviation  

The RMSD, a crucial parameter to analyse the equilibration of MD trajectories. RMSD of the 

protein backbone atoms are plotted as a function of time to check the stability of the each system 

throughout the simulation. The RMSD values of the PBP2x backbone with and without 

Ceftobiprole are calculated against the simulation time scale (0-10000 ps) and results are shown 

in Fig 3. It can be noted that two trajectories have RMSD values within 0.1- 0.6 Å during 10000 

ps simulation. From the Fig 3, it is seen that for free PBP2x system, The RMSD values is 0.35 

nm at 6000 ps. After this, the RMSD value is increased up to 0.6 nm. For PBP2x-Ceftobiprole 

complex, the RMSD values steadily increase till 3000 ps followed by a slow increase up to 4500 

ps. After this there is no further increment of RMSD values and the complex systems reached 

equilibrium. After 6000 ps, PBP2x-Ceftobiprole complex system shows lower RMSD value than 

the free PBP2x system. The decrease in RMSD value of the complex from that of the free PBP2x 

indicates increased rigidity and stability of the PBP2x upon binding with Ceftobiprole.   

 

Root mean square fluctuation  

The RMSF with respect to the average MD simulation conformation is used as a mean 

describing flexibility differences among residues. The RMSF of the backbone atoms of each 

residue in the PBP2x-Ceftobiprole and in free PBP2x is calculated to reveal the flexibility of the 

backbone structure. The high RMSF value shows more flexible where as low RMSF value shows 

limited movements during simulation in relation to its average position. The RMSF of the 

residues are shown in Fig 4, clearly depicting different flexibility in the PBP2x in the absence 

and presence of Ceftobiprole. In Fig 4, it is found that the residues (100-156 and 558-566) in 
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PBP2x without Ceftobiprole show more fluctuation than the PBP2x-Ceftobiprole complex. The 

residues in the PBP2x that bind with the Ceftobiprole shows a small degree of flexibility with 

RMSF of less than 4.00 nm when compared with the free PBP2x, reveals that the residues of 

PBP2x in the presence of Ceftobiprole seem to be more rigid as a result of binding to 

Ceftobiprole. 

 

Radius of gyration and H-bond network  

We also performed Rg to understand the level of compaction in the structure of PBP2x in the 

absence and presence of Ceftobiprole. The Rg is defined as the mass weighted root mean square 

distance of a collection of atoms from their common center of mass. Hence this analysis gives us 

the overall dimensions of the protein. The calculated Rg values over the simulation time scale for 

the PBP2x and the PBP2x-Ceftobiprole complex are shown in Fig 5. Rg value of PBP2x-

Ceftobiprole and free PBP2x varies between 2.55 nm to 2.75 nm. As shown in Fig 5, it is 

observed that for PBP2x, the Rg values fluctuate near 2.76 nm and then decrease to a minimum 

value of  2.68 nm and for PBP2x-Ceftobiprole complex the Rg value initially fluctuate near 2.60 

nm after 200 ps the Rg value is decreased up to 2.50 nm. From the Rg plot, it is clear that the 

PBP2x and PBP2x-Ceftobiprole complex curve differs significantly and PBP2x-Ceftobiprole 

complex shows lower Rg value than the PBP2x. During simulation the change of Rg value from 

PBP2x to PBP2x-Ceftobiprole over simulation time reveals stabilization and little 

conformational changes in PBP2x when bound to the Ceftobiprole. The intermolecular hydrogen 

bonding between the protein and ligand plays an essential role in stabilizing the protein-ligand 

complexes. The stability of hydrogen bond network formed between Ceftobiprole and PBP2x is 

calculated throughout the simulation for the ligated system. Total number of H-bonds in 

Ceftobiprole-PBP2x complex versus time at 300K is shown in Fig 6. Ceftobiprole-PBP2x 

complex exhibited seven H-bonds throughout the simulation time period. It indicates that the 

Ceftobiprole shows stable and strong H-bonds with PBP2x. 

  
 Essential dynamics analysis 

The confined fluctuation and structural motion of the PBP2x in the absence and presence of 

Ceftobiprole are determined using ED analysis. The molecular dynamics snapshots at every 2ps 

are projected on to the first two eigenvectors, the two most principal components out of 25 are 

calculated. The spectrum of the corresponding eigenvalues represents that the structural motion 
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of the system is basically confined within the first two eigenvectors. The projections of 

trajectories obtained at 300 K on to the first two principal components (PC1 and PC2) showed 

the structure motion of PBP2x and PBP2x-Ceftobiprole complex in phase space. The 2D plots of 

two principal components (PC1 and PC2 with largest eigenvalues) for PBP2x and PBP2x-

Ceftobiprole complex are depicted in Fig 7. More distribution of dots indicates the more 

conformational changes in protein structure. From the Fig 7, it clearly depicts that the 

distribution for free form of PBP2x is large compared to the Ceftobiprole bound form. The 

internal motions of PBP2x-Ceftobiprole represented by a subspace whose dimension is much 

smaller than the PBP2x. It is obviously due to the rigidity introduced by binding of Ceftobiprole.   

 

Conclusion 
 
In the present study, the molecular docking and MD simulations are performed to investigate the 

reasonable binding conformation of β-lactam antibiotics with PBP2a of S. aureus, PBP2b and 

PBP2x of S. pneumoniae.  The best docked conformation is selected based on binding energy 

scores, hydrogen bonding and hydrophobic interaction. Cephalosporins show higher affinity with 

PBPs than Carbapenems. Especially the fifth generation Cephalosporin, Ceftobiprole shows best 

results with PBP2a, PBP2b and PBP2x. The conclusion drawn from this docking is that 

Ceftobiprole has the highest binding affinity with PBP2x of S. pneumoniae.  Several Class-A β-

lactamase enzymes have the potential to hydrolyze Cephalosporins. Therefore, the present study 

also investigated the binding affinity of β-lactams (Cehaplospoirns and Carbapenems) with 

SHV-1 β-lactamase and solvent accessible surface area of amino acid residues involved in both 

H-bond and hydrophobic interactions with Ceftobiprole are identified. Our observations on 

amino acid residues in the active site suggest, that they are buried in PBPs and there are more 

hydrophobic and H-bond interactions with Ceftobiprole. However, the residues in the active site 

of SHV-1 β-lactamase are exposed and there are only a few H-bond and hydrophobic 

interactions with Ceftobiprole. Thus Ceftobiprole may not be hydrolyzed by SHV-1 β-lactamase 

while it binds strongly to PBPs. Furthermore, MD simulation is performed to check the stability 

of the Ceftobiprole-PBP2x complex. RMSD, RMSF, Rg, H-bond and PCA results indicates that 

Ceftobiprole-PBP2x complex is highly stable compared to free PBP2x. Over all, from the results 

of the present study, it is strongly suggested that Ceftobiprole is a potent inhibitor of PBP2a, 
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PBP2b and PBP2x which can be further modified and explored as a potential next generation β-

lactam antibiotic for S. aureus and S. pneumoniae infections. 

 

Abbreviations 

PBP  - Penicillin binding protein 
MRSA - Methicillin-resistant S. aureus 
MDRSP- Multidrug-resistant S. pneumoniae 
PDB    - Protein data bank 
ADT    - AutoDockTools 
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Fig. 1 Docking results of Ceftobiprole in to PBP2a, PBP2b, PBP2x and SHV-1. (A) Binding 
mode of Ceftobiprole in PBP2a. (B). A close-up view of the binding site of Ceftobiprole in 
PBP2b. (C) Ceftobiprole interaction with PBP2x. (D) Binding mode of Ceftobiprole with SHV-
1. Ligand atoms are coloured by its type. The interacted amino acids residues, hydrogen bond 
networks in the binding pocket are all shown. 
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Fig. 2 Schematic representation of the hydrophobic interaction between Ceftobiprole with A) 
PBP2a (B) PBP2b (C) PBP2x and (D) SHV-1 produced using the LIGPLOT program [43]. 
Hydrophobic contacts are indicated by an arc with spokes radiating towards the ligand atoms 
they contact. The interacted atoms are spokes radiating back.  
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Fig. 3 Backbone RMSDs are shown for PBP2x in the absence and presence of Ceftobiprole at 

300K. Black color indicates PBP2x in the absence of Ceftobiprole, PBP2x-Ceftobiprole complex 

shown in red.   
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Fig. 4 RMSF of the backbone atoms of PBP2x in the presence and absence of Ceftobiprole at 

300K. Black color indicates PBP2x in the absence of Ceftobiprole, PBP2x-Ceftobiprole complex 

shown in red.   
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Fig. 5 Radius of gyration of Cα atoms of PBP2x in the presence and absence of Ceftobiprole. 
Black color indicates PBP2x in the absence of Ceftobiprole, PBP2x-Ceftobiprole complex shown 
in red. 
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Fig. 6 Total number of H-bond between Ceftobiprole-PBP2x complex versus time at 300K. 

 

 

 

 

 

 

 

 

 

 

 

 

Page 23 of 31 Molecular BioSystems

M
o

le
cu

la
r 

B
io

S
ys

te
m

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Projection of most significant principal components of motion of the Cα- atoms of PBP2x. 

The trajectory projected to the two-dimensional space. Black color indicates PBP2x in the 

absence of Ceftobiprole, PBP2x-Ceftobiprole complex shown in red. 
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Table 1 Crystal structure of Penicillin binding proteins and β-lactamase selected for this 

study 

 

S.No PDB ID Detail 
 

Source  
 

Reference 
 

1 1VQQ 
Structure of Penicillin binding 
protein 2A  (chain B)  

Staphylococcus 

aureus. 

Lim and Strynadka, 
2002 
 

2 2WAE 
Penicillin binding protein 2B 
(Chain A) 

Streptococcus 

pneumoniae 

 

Martel et al., 2009 

3 1PYY 
Penicillin binding protein 2X 
(chain B) 

 Streptococcus 

pneumoniae 

 

Yamada et al., 2007 

4 1IYS 

Crystal structure of class A            
β-lactamase toho-1 
(chain A) 
 

Escherichia coli Ibuka et al., 2003 
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Table 2 Docking results of β-lactam antibiotics with Penicillin binding proteins (PBP2A, 

PBP2B & PBP2X) and SHV-1 β-lactamase 

 

S.No Ligands PBP2a 
(Dock score) 

PBP2b 
(Dock score) 

PBP2x  
(Dock score) 

Shv-1  
β-lactamase 
(Dock score) 

1 Cefepime 3.3 3.1 3.9 5.9 
 

2 Cefozopran 4.2 3.3 1.7 4.9 
 

3 Cefpirome 3.4 4.1 3.2 5.6 
 

4 Cefquinome 3.2 4.2 4.0 4.5 
 

5 Ceftaroline 4.0 3.9 3.6 5.9 
 

6 Ceftobiprole 5.2 5.6 6.0 3.2 
 

7 Doripenem 4.2 4.0 3.8 6.8 
 

8 Ertapenem 4.3 5.1 4.2 4.3 
 

9 Faropenem 3.7 4.8 2.1 5.0 
 

10 Imipenem 3.9 3.9 3.5 4.2 
 

11 Meropenem 4.8 3.8 3.8 5.5 
 

12 Tebipenem 4.2 2.8 4.5 5.6 
 

13 Thienamycin 4.3 4.5 3.5 6.1 
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Table.3  Post docking results for β-lactam antibiotics with PBP2a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S. 

No. 

ligand- Enzyme  

complex 

Interacting residues No. of  

H-bonds 

1 Cefepime -pbp2a His293, Asp295, Glu239 3 

2 Cefozopran- pbp2a His293, Asp295, Lys148 3 

3 Cefpirome- pbp2a Lys273 1 

4 Cefquinome- pbp2a Asp295 1 

5 Ceftaroline- pbp2a Tyr297 2 

6 Ceftobiprole- pbp2a Gln292, Asp295, His293 5 

7 Doripenem- pbp2a His293, Asp295, Glu239 5 

8 Ertapenem- pbp2a Asp295, Ser149, Lys148, Thr165 4 

9 Faropenem- pbp2a Ser149, Lys48 2 

10 Imipenem- pbp2a Asp295, Val277, Gln292 5 

11 Meropenem- pbp2a Asp295, Lys148,Glu239 5 

12 Tebipenem- pbp2a His293, Asn146 2 

13 Thienamycin- pbp2a Lys273, Val277, His293 3 
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Table. 4  Post docking results for β-lactam antibiotics with PBP2b 

  

 

 

 

 

 

 

 

 

S. 

No. 

Ligand-Enzyme  

complex 

Interacting residues No. of  

H-bonds 

1 Cefepime -pbp2b Asp222, Glu240, Lys77 3 

2 Cefozopran- pbp2b Lys77, Lys241, Glu240, Arg262, Ser238, Arg223 6 

3 Cefpirome- pbp2b Ile225,Arg223, Arg262, Lys77 6 

4 Cefquinome- pbp2b Lys77, Asp222, Glu240, Ser239 4 

5 Ceftaroline- pbp2b Ser231, Ile225, Arg223 3 

6 Ceftobiprole- pbp2b Lys241, Arg223, Ser239, Glu240, Ser238, Arg262 7 

7 Doripenem- pbp2b Arg223, Glu246, Lys77, Thr194 6 

8 Ertapenem- pbp2b Trp221, Val237, Gly243 3 

9 Faropenem- pbp2b Arg223, Asp222, Lys77, Glu240 6 

10 Imipenem- pbp2b Lys241, Glu240, Lys77 4 

11 Meropenem- pbp2b Glu240, Arg262, Val237, Ser236 4 

12 Tebipenem- pbp2b Ser235, Thr265, Lys270, Thr267 4 

13 Thienamycin- pbp2b Arg223, Asp222, Lys77, Arg262, Lys241 5 
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Table. 5  Post docking results for β-lactam antibiotics with PBP2x 

 

 

 

 

 

 

 

 

 

S. 

No. 

Ligand- Enzyme  

complex 

Interacting residues No. of  

H-bonds 

1 Cefepime -pbp2x Arg186, Asn185, Ser93, Asn95, Asp313 6 

2 Cefozopran- pbp2x Asp313, Asn185, Ser93 3 

3 Cefpirome- pbp2x Thr92, Lys75 2 

4 Cefquinome- pbp2x Thr159, Gly157, Tyr129 3 

5 Ceftaroline- pbp2x Lys75, Thr78, Tyr80, Glu89 4 

6 Ceftobiprole- pbp2x Asp313,Asp90, Thr92, Ser93 7 

7 Doripenem- pbp2x Thr92 1 

8 Ertapenem- pbp2x Glu89, Lys75, Asp257 3 

9 Faropenem- pbp2x Glu89, Thr78, Asp90, Lys75 4 

10 Imipenem- pbp2x Asp131, Tyr129, Thr159, Asn156 4 

11 Meropenem- pbp2x Ala91, Asn95 2 

12 Tebipenem- pbp2x Thr78, Glu89 2 

13 Thienamycin- pbp2x Lys154, Leu130, Tyr129, Asn162 4 
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Table.6  Post docking results for β-lactam antibiotics with SHV-1 β-lactamase 

 

 

 

 

 

 

 

 

S. 

No. 

Ligand-enzyme complex Interacting residues No. of  

H-bonds 

1 Cefepime -SHV-1 Asn104, Arg274, Asp240 6 

2 Cefozopran- SHV-1 Thr216, Arg276, Gly236, Ser130 4 

3 Cefpirome- SHV-1 Asn132, Arg276, Arg274, Asp240 6 

4 Cefquinome- SHV-1 Arg276, Arg274, Glu273, Tyr105 5 

5 Ceftaroline- SHV-1 Asn104, Thr216, Arg276, Ser237, Arg274 7 

6 Ceftobiprole- SHV-1 Arg276, Gln270, Asn132 3 

7 Doripenem- SHV-1 Asn132, Ser237, Ser130, Thr216, Arg276 8 

8 Ertapenem- SHV-1 Thr215, Ser130, Lys234, Ser70, Ser237 5 

9 Faropenem- SHV-1 Ser130, Ser70, Asn132 6 

10 Imipenem- SHV-1 Arg274, Ser237, Asn132 4 

11 Meropenem- SHV-1 Asn104, Arg274, Ser137, Arg276 7 

12 Tebipenem- SHV-1 Ser237, Arg276, Ser130, Tyr105 7 

13 Thienamycin- SHV-1 Ser130, Asn132, Glu166, Asn170, Ser70, 

Ser137, Arg274 

8 
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Table 7  Dock score, H-bond interactions and bond length obtained for Ceftobiprole with 

PBP2a, PBP2b, PBP2x and SHV-1 

 

Protein-ligand 
complex 

 
Dock score 

 
 H-bond interaction 

Bond length 
(Å) 

 
Bond Angle   

(°) 
 

PBP2a-Ceftobiprole 5.2 

 
(Gln292)OE1-H55 
(Asp295)OD1-H41 
(His293)O-H54 
(His293)O-N26 
(Asp295)OD2-N28 
  
 

2.1 
2.2 
1.8 
3.3 
2.8 

  

        
       147 
       142 
       131 
       160 
       145 

PBP2b-Ceftobiprole 5.6 

 
(Lys241)N2-O34 
(Arg223)O-H55 
(Ser239)OG-O17 
(Ser239)OG-H53 
(Glu240)N-O20 
(Ser238)O-O29 
(Arg262)NH1-O20 
 
 

         2.5 
2.0 
2.5 
2.5 
3.2 
2.9 
3.3 

 

       
      144 
      138 
      165 
      171 
      158 
      148 
      143 

PBP2x-Ceftobiprole 
 

6.0 

 
(Asp313OD1-H41 
(Asp313)OD2-H41 
(Asp90)O-H58 
(Ala91)O-O17 
(Thr92)O-O17 
(Thr92)O-O20 
(Ser93)HG-O33 
 
 

2.1 
2.2 
2.7 
2.9 
2.8 
3.2 
2.8 

 

 
156 
171 
146 
166 
136 
162 
145 

SHV-1-Ceftobiprole 
 

3.2 

(Arg276)NH2-O17 
(Gln270)O-H41 
(Asn132)ND2-O29 
  

2.9 
2.0 
3.0 

  

140 
138 
155 
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