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Abstract

:

The increase in the resistance of mutant strains of Neisseria gonorrhoeae to the antibiotic ceftriaxone is pronounced in the decrease in the second-order acylation rate constant, k2/KS, by penicillin-binding protein 2 (PBP2). These changes can be caused by both the decrease in the acylation rate constant, k2, and the weakening of the binding affinity, i.e., an increase in the substrate constant, KS. A501X mutations in PBP2 affect second-order acylation rate constants. The PBP2A501V variant exhibits a higher k2/KS value, whereas for PBP2A501R and PBP2A501P variants, these values are lower. We performed molecular dynamic simulations with both classical and QM/MM potentials to model both acylation energy profiles and conformational dynamics of four PBP2 variants to explain the origin of k2/KS changes. The acylation reaction occurs in two elementary steps, specifically, a nucleophilic attack by the oxygen atom of the Ser310 residue and C–N bond cleavage in the β-lactam ring accompanied by the elimination of the leaving group of ceftriaxone. The energy barrier of the first step increases for PBP2 variants with a decrease in the observed k2/KS value. Submicrosecond classic molecular dynamic trajectories with subsequent cluster analysis reveal that the conformation of the β3–β4 loop switches from open to closed and its flexibility decreases for PBP2 variants with a lower k2/KS value. Thus, the experimentally observed decrease in the k2/KS in A501X variants of PBP2 occurs due to both the decrease in the acylation rate constant, k2, and the increase in KS.
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1. Introduction


The last line of defense against gonorrhea is the β-lactam antibiotic ceftriaxone, which belongs to the cephalosporin group. This disease is caused by the Neisseria gonorrhoeae bacterium [1], and its treatment by ceftriaxone assumes covalent binding to the PBP and inhibition of the crosslinking of the peptidoglycan multilayers [2,3]. Antibiotic resistance frequently occurs due to mutations in the penA gene encoding PBP2, which is the main β-lactam antimicrobial target of gonococci [4]. Variants of the penA gene can carry a single point mutation close to the active site and contain up to 70 amino acid residues [5,6,7,8].



Several new antibiotics are currently undergoing clinical evaluation for the treatment of gonorrhea [9,10,11,12]. Namely, the Global Antibiotic Research & Development Partnership (GARDP), in collaboration with Innoviva Specialty Therapeutics, has reported positive phase 3 trial results for a first-in-class antibiotic, zoliflodacin [13]. If approved, zoliflodacin would represent the first new antibiotic for gonorrhea treatment in decades. However, at present, ceftriaxone monotherapy remains the sole available treatment in many countries [14]. An emerging problem in ceftriaxone therapy is the accumulation of mutations in a gene encoding PBP2 of the bacterium N. gonorrhoeae that leads to the development of resistance to the antibiotic [15,16].



It was shown from the structural side that there is a correlation between the conformation and dynamics of the β3–β4 loop (residues 498–514) of PBP2 and the extent of ceftriaxone resistance. Wild-type PBP2 exhibits a dynamic exchange between two distinct conformational states: a low-affinity state characterized by an extended β3–β4 loop conformation and a high-affinity state featuring an inward β3–β4 loop conformation [17]. Mutations found in PBP2 from the ceftriaxone-resistant strain H041 of N. gonorrhoeae are shown to confer resistance by either destabilizing the inward β3–β4 loop conformation or stabilizing the extended β3–β4 loop conformation [18,19]. These alterations favor the low-affinity drug-binding state, reducing the proportion of target molecules in the high-affinity drug-binding state.



The recent identification of fully cefixime- and ceftriaxone-resistant clinical isolates with an A501P mutation underscores the significance of mutations at the Ala501 residue in resistance augmentation. The potential of Ala501 mutations in PBP2 from strain 35/02 (PBP235/02) to enhance resistance to expanded-spectrum cephalosporins has been systematically studied [20]. Only five Ala501 substitutions (A501V, A501T, A501P, A501R, and A501S) preserve transpeptidase function. Structural insight suggests that increased rigidity in the active site region serves as a mechanism for cephalosporin resistance mediated by Ala501 mutations in PBP2. In particular, mutations at Ala501 to valine and threonine are associated with increased minimum inhibitory concentrations (MICs) of extended-spectrum cephalosporins. There is not always a direct correlation between the acylation rate and MIC, as other factors such as the extent of PBP2 inhibition required for cell death can also influence MIC. The second-order rate constant (k2/KS) is often used to assess enzyme efficiency. Here, it is a ratio of the rate constant k2 of covalent PBP2–ceftriaxone complex formation to the thermodynamic ceftriaxone–PBP2 dissociation constant, KS. k2/KS values are known for some PBP2 variants. The k2/KS value for PBP2A501V is 1.8-fold higher, and the k2/KS values for PBP2A501R and PBP2A501P are 1.8- and 45-fold lower, respectively, compared with PBP235/02. Individual catalytic parameters, acylation rate constant, k2, and binding affinity, KS, are unknown for these systems.



Previously, molecular modeling studies have demonstrated that mutations leading to increased resistance impact not only the conformation of the β3–β4 loop but also affect the active site region [21]. The majority of mutations associated with resistance affect the active site area, altering the acylation reaction mechanism [21]. An oxyanion hole is formed by NH fragments of Thr500 and Ser310 and is responsible for the binding and activation of the carbonyl fragment of ceftriaxone in the active site of PBP235/02 [21,22]. Residue 501 is located near the oxyanion hole, indicating that amino acid substitutions are likely to impact not only the mobility of the loop but also the enzymatic reaction in the active site (Figure 1).



This study investigates the impact of a mutation at residue 501 in the transpeptidase PBP2 of the strain 35/02 of Neisseria gonorrhoeae on the mobility of the β3–β4 loop and the acylation mechanism of ceftriaxone in the active site. We performed molecular dynamic (MD) simulations with the combined quantum mechanics/molecular mechanics (QM/MM) potentials to compare the dynamic behavior of enzyme-substrate (ES) complexes and reconstruct energy profiles of elementary steps corresponding to acylation. Classical MD runs of sub-microsecond trajectories were comprehensively analyzed to discriminate different conformational states of the β3–β4 loop.




2. Results and Discussion


2.1. Molecular Mechanism of Ceftriaxone Acylation by Ser310 of PBP2


The Gibbs energy profiles of the elementary steps of the acylation reaction in an active site of PBP2 variants and a schematic illustration of the reaction are presented in Figure 2. The QM/MM MD structures of all states along the reaction path are presented in the Supporting Information (Figure S1) and deposited at ZENODO (a link is available in the Supporting Information). The enzyme–substrate complex dynamics were analyzed for all considered systems. We found no pronounced difference correlated with kinetic properties in the key interatomic distances, including hydrogen bonds in the oxyanion hole and the distance of the nucleophilic attack (Figure S2). More complex combinations of geometry criteria can likely provide insight into the origin of hydrolytic activity differences.



The first step of acylation is the nucleophilic attack of Ser310 side-chain oxygen on the carbonyl carbon of the β-lactam ring of ceftriaxone accompanied by the proton transfer from the Ser310 OH group to the amino group of Lys313. The reaction coordinate of this elementary step is the sum of distances d(NLys313…HSer310) and d(OSer310…C), and it changes from ~4.5 Å at the enzyme–substrate complex to ~2.5 Å in the I1 state. The ES minimum has almost the same reaction coordinate values. Reaction coordinate values in the transition state and at the intermediate (I1) vary depending on the particular variant of PBP2. The complex with PBP2A501V has an earlier transition state (TS1) and an intermediate with the larger reaction coordinate value. For others, reaction coordinates at both of these points are larger. The Gibbs energy barrier for the PBP2A501-containing system is 8.4 kcal/mol. For PBP2A501V, the energy barrier is 7.3 kcal/mol, and it is consistent with the increase in second-order rate constants for acylation compared to PBP2A501. For PBP2A501R and PBP2A501P variants exhibiting decreases in k2/KS, the energy barriers are 8.8 and 9.7 kcal/mol, respectively, which is consistent with the extent of the rate constant decrease.



The second step comprises simultaneous C–N bond cleavage of the β-lactam ring and elimination of the leaving group, R2, of the antibiotic. The latter occurs due to the cleavage of the C–S bond accompanied by the transfer of the excess negative charge to the leaving group. The reaction coordinate at this step is the sum of the distances d(C…N) and d(C…S). The second step occurs with the low energy barrier for all considered systems and leads to considerable stabilization of the system due to the energy decrease. This step is practically irreversible as the R2 fragments diffuse into the bulk after elimination from the protein.



Thus, the chemical step of the reaction, at least to some extent, is responsible for changes in the k2/KS-caused amino acid substitutions at residue 501. This is in line with variations in the k2/KS for variants of PBP2 from different strains [21].




2.2. Dynamic Behavior of the β3–β4 Loop


Classical MD simulations were performed for the apo-form of all considered PBP2 variants. The RMSD was calculated for the β3–β4 loop (Figure 3). The alignment was performed over the backbone of the entire protein selected for all PBP2 variants, whereas the RMSD was calculated only for the β3–β4 loop. This allowed us to define both the changes in the conformation of the loop and its position relative to the rest of the protein. The PBP2A501 variant demonstrates bimodal distribution, whereas the three other variants are characterized by single-mode distribution. The RMSD distribution of the most efficient (with the largest k2/KS) PBP2A501V variant overlaps with the mode of distribution of PBP2A501 with larger RMSD values. In contrast, the RMSD distributions for the less efficient PBP2A501R and PBP2A501P are shifted to smaller values and overlap with another mode of PBP2A501. Importantly, the widths of the distributions decrease with the decrease in the k2/Ks value as the measure of loop flexibility. Thus, the β3–β4 loop of PBP2A501P is the least flexible and that of PBP2A501V is the most flexible. The bimodal distribution of the RMSD of PBP2A501 might be an indication of two types of conformations.



We combined all MD trajectories to perform a joint analysis of conformations of the β3–β4 loop using clusterization. We started with a set of dihedrals describing the backbone of the loop and then reduced the space to 14 principal components. The entire set of conformations is described by five clusters (Figure 4). The results of clusterization are shown in Figure 4. The dynamic behavior of the PBP2A501P variant with the highest antibiotic resistance demonstrates a closed, slightly moving β3–β4 loop pressed to the protein. PBP2A501V with the highest k2/KS value is characterized by an open, externally oriented, and labile β3–β4 loop. The PBP2A501 variant is characterized by two different types of conformations that are in line with the bimodal distribution of the RMSD values (Figure 3). One of them shares the same cluster with the PBP2A501R variant, which can be attributed to the closed states. The other cluster of PBP2A501 corresponds to the open state.



The following analysis of clusters was performed to determine the individual geometry parameters of the β3–β4 loop mostly contributing to variations in the conformations (Figure 5). The main contributions to PCs are torsions of the main chain of residues Leu504, Asn506, Gly507, Val510, and Asp511. For the PBP2A501P and PBP2A501R variants with a lower acylation efficiency and a less flexible loop in closed conformation, the φ dihedral (C–N–Cα–C of the backbone) of Asn506 varies in the range of −60°…−180°. For PBP2A501V, the same dihedral ranges between 40° and 120°. The distribution of φ(Asn506) is bimodal for the PBP2A501 variant, similar to the clusterization results. Another important parameter is φ(Gly507). For all PBP2 variants with mutations, distributions are unimodal with φ(Gly507) = 20°…180°. For PBP2A501, φ(Gly507) is also bimodal. Two populations dominate, with φ(Asn506) = −30°…−180°, φ(Gly507) = 30°…90°, φ(Asn506) = 30°…100°, and φ(Gly507) = −50°…−180°. Thus, we can conclude that the mutations at the 501 residue affect the conformation and flexibility of the β3–β4 loop, which is mostly pronounced in conformations of the Asn506 and Gly507 backbones.





3. Materials and Methods


The complex of the PBP235/02 apo-form was obtained from the crystal structure PDB ID: 6VBL with 1.9 Å resolution [18]. During crystallization, the protein was truncated, residues 283–297 were removed, and a new Gly297 was introduced to connect the two dangling ends. Therefore, there were reconstructed truncated residues according to the primary amino acid sequence from UniProt (Figure S1A). There was no structure for the complex of PBP235/02 with ceftriaxone or with any other antibiotic. To construct the enzyme–substrate complex, an additional study was carried out with the available crystal structures of PBP2 from the wild-type strain FA19 and PBP2 from the mutant strain H041 [21]. The crystal structure of the acyl–enzyme complex of PBP2FA19 with ceftriaxone was obtained from the crystal structure PDB ID: 6P54, and PBP2H041 with ceftriaxone was obtained from the crystal structure PDB ID: 6VBD. Then, ceftriaxone was recovered to its initial state in the PBP2H041–ceftriaxone structure, and its position was determined using molecular dynamics calculations. Then, the reaction mechanism was calculated from the acyl–enzyme structure to the enzyme–substrate structure. This approach allows one to avoid errors when manually constructing an enzyme–substrate complex. The resulting enzyme–substrate complexes PBP2FA19–ceftriaxone and PBP2H041–ceftriaxone were analyzed using QM/MM MD. The analysis showed different substrate positions in the active site of PBP2 from these strains due to the appearance of the G545S substitution. In PBP2 from the mutant strains, Ser545 interacts with ceftriaxone carboxylate. This interaction shifts the position of the substrate closer to the exit from the binding pocket in PBP2 from the mutant strains. Since PBP2 from strain 35/02 also contains the substitution G545S, ceftriaxone was placed in the active site of PBP235/02, similar to that in the ceftriaxone complex with PBP2H041 [18]. Hydrogen atoms were added using the Reduce program [23] in such a way that the protonated forms of the amino acids with ionogenic groups corresponded to a neutral pH, except for the catalytic residue Lys313, which remained in the neutral form as a proton acceptor of the OH group of the catalytic residue Ser310 during the nucleophilic attack. For mutant forms of PBP235/02, a point substitution of A501X was performed, and the considered variants were Ala501, Pro501, Val501, and Arg501. ES complexes were solvated in the rectangular water box so that the distance from the protein to the cell border exceeded 12 Å and was neutralized. Initial equilibration of ES complexes was performed for 20 ns (Figure S1B). CHARMM36 [24,25] force field parameters were utilized for the protein, TIP3P [26] for water molecules, and CGenFF [27,28,29] for ceftriaxone in all classic molecular dynamic simulations and in QM/MM MD simulations for the MM subsystem. All MD trajectories were calculated at T = 300 K and p = 1 atm with a 1 fs integration time step. The calculations were performed using the NAMD program package (version 3.0 Alpha 11, Urbana, IL, USA) [30]. Preliminary 20 ns runs were performed to equilibrate the systems. Equilibration was controlled by the RMSD graph calculated over all heavy atoms (Figure S3B). For the conformational analysis of the β3–β4 loop, 500 ns trajectories were computed for each system.



The EnGens service [31] was utilized to analyze the MD trajectories. We selected torsion angles of the main chain of the β3–β4 loop to discriminate between different states. Next, we performed principal component analysis (PCA) to reduce the dimension; the top 14 principal components (PCs) were selected for the following analysis. The number of PCs was chosen such that the variance was greater than 80%. Subsequent clustering was carried out using the KMeans method. The optimal number of clusters was determined by the sum of the distances within the clusters, and we chose the number of clusters where this value decreased to a greater extent. The representative structure of the cluster was the point closest to the center of the cluster.



QM/MM MD calculations were performed in the NAMD program package, combined with TeraChem (version 1.93P, Los Altos Hills, CA, USA) [32], and integrated by a special script [33]. The cutoff distance for point charges of the MM subsystem contributing to the QM Hamiltonian was 12 Å. The quantum subsystem included the substrate molecule, the catalytic residues Lys313 and Ser310, the amino acid residues forming the oxyanion hole, the residues interacting with substrate or catalytic residues (Ser362, Asn364, Thr500, and Ser545), and two solvation water molecules. The quantum subsystem was described at the Kohn–Sham DFT level with the PBE0 hybrid functional [34] with D3 dispersion correction [35] and a 6-31G** basis set.



The Gibbs energy profiles for each elementary step along the reaction pathway were calculated using the umbrella sampling approach [36,37]. The sets of 5–10 ps runs were performed with harmonic potentials centered at different values of reaction coordinates. The force constant of the harmonic potential ½·K·(ξ − ξ0)2 was usually set to 40 kcal/mol/Å2, and additional trajectories with K = 80–120 kcal/mol/Å2 in transition state regions were calculated in several runs. Harmonic potentials were centered every 0.2 Å along the reaction coordinates. The MD trajectories of the PBP2 enzyme and its mutant forms were combined using both the weighted histogram analysis method (WHAM) and umbrella integration (UI). The quality of distributions was monitored by the overlap and consistency of Gibbs energy profiles obtained with both WHAM and UI methods.




4. Conclusions


We performed molecular dynamics simulations with classical and QM/MM potentials to reveal the origin of changes in the second-order ceftriaxone acylation rate constant, k2/KS, observed in A501X variants of PBP2. QM(PBE0-D3/6-31G**)/MM molecular dynamics reveal that the acylation reaction occurs via two elementary steps. The first step is the nucleophilic attack of the carbonyl carbon atom of ceftriaxone by the oxygen atom of the side chain of the Ser310 residue. The second step is C–N bond cleavage in the β-lactam ring accompanied by the elimination of the leaving group of ceftriaxone. The energy barrier of the first step increases for PBP2 variants with smaller k2/KS values. It is already known that the conformation and flexibility of the β3–β4 loop are responsible for the antibiotic binding efficiency. We calculated submicrosecond classical MD trajectories followed by principal component and cluster analysis to discriminate between conformations of this loop on A501X variants of PBP2. The β3–β4 loop switches from an open to a closed state, and its flexibility decreases for PBP2 variants with lower k2/KS values. Thus, the decrease in the k2/KS in A501X variants of PBP2 occurs due to both the decrease in the acylation rate constant, k2, and the lowering of the binding affinity, i.e., an increase in KS.
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Figure 1. (A) The structure of PBP235/02 (yellow ribbons) with the β3–β4 loop colored purple (residues 498–518); the QM part in the QM/MM MD simulations is shown in the balls and sticks representation. Ala501 that is substituted with other residues is highlighted by van der Waals spheres. (B) The QM subsystem. The fragment of the antibiotic ceftriaxone leaving during the reaction is in the yellow oval, the spheres indicate the atoms of the carbonyl group of ceftriaxone, and the atoms form the oxyanion hole (NH fragments of Thr500 and Ser310). The color code is oxygen—red, nitrogen—blue, sulfur—yellow, and hydrogen—white. The color code for carbon atoms is green for ceftriaxone, purple for fragments of the β3–β4 loop and yellow for the rest of the protein. 
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Figure 2. (A) Gibbs energy profile of elementary steps of acylation reaction in active site of PBP2A501V (orange), PBP2A501R (yellow), PBP2A501P (gray), and PBP235/02 (blue). (B) Molecular mechanism of reaction: plain black arrows are reaction coordinates; dashed black arrows depict redistribution of electron pairs. 
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Figure 3. RMSD distribution plot for β3–β4 loop of variants of PBP2 and corresponding mean values and standard deviation of normal distributions. For PBP2A501, weight of each mode is in parenthesis. 
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Figure 4. EnGens analysis of PBP2A501 and its variants. (A) The timeline view of 500 ns trajectories with the assignment of each frame to a particular cluster with respect to the β3–β4 loop conformation. The dots represent MD frames and the colors correspond to the PBP2 variant (PBP2A501V—orange; PBP2A501—blue; PBP2A501R—yellow; PBP2A501P—gray). The vertical dashed lines depict the endings and beginnings of the trajectories. (B) A cartoon representation of 5 random states belonging to a cluster and the state that is the closest to the cluster center is colored red. 
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Figure 5. Distribution of φ(Gly507) and φ(Asn506) over MD trajectories for PBP2 variants. 
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