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Secondary multidrug transporters of the resistance-nodulation-cell division (RND) superfamily contribute crucially to antibiotic resistance in Gram-negative bacteria. Compared to the most studied transporter AcrB of Escherichia coli, little is known about the molecular determinants of distinct polyspecificities of the most important RND transporters MexB and MexY of Pseudomonas aeruginosa. In an effort to add knowledge on this topic, we performed an exhaustive atomic-level comparison of the main putative recognition sites (access and deep binding pockets) in these two Mex transporters. We identified an underlying link between some structural, chemical and dynamical features of the binding pockets and the physicochemical nature of the corresponding substrates recognized by either one or both pumps. In particular, mosaic-like lipophilic and electrostatic surfaces of the binding pockets provide for both proteins several multifunctional sites for diffuse binding of diverse substrates. Specific lipophilicity signatures of the weakly conserved deep pocket suggest a key role of this site as a selectivity filter as in Acr transporters. Finally, the different dynamics of the bottom-loop in MexB and MexY support its possible role in binding of large substrates. Our work represents the first comparative study of the major RND transporters in P. aeruginosa and also the first structure-based study of MexY, for which no experimental structure is available yet.
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INTRODUCTION

Pseudomonas aeruginosa is an opportunistic human pathogen and a leading cause of nosocomial infections worldwide due to the emergence and spread of multi, extensive, and pan-drug resistant isolates susceptible to very few antimicrobial agents (Fischbach and Walsh, 2009; Poole, 2011). The intrinsic resistance of P. aeruginosa to multiple antibiotics results from the synergy between its low permeable outer membrane and the action of (chromosomally encoded) multidrug efflux systems like the ones constituted by the resistance-nodulation-cell division (RND) superfamily of secondary transporters (Hancock, 1998; Li et al., 2015), which contribute to both intrinsic and acquired resistance (Poole, 2001; Poole and Srikumar, 2001; Dreier and Ruggerone, 2015). Several RND type efflux systems have been identified in P. aeruginosa PAO1 (Webber and Piddock, 2003; Poole, 2005; Lister et al., 2009; Zechini and Versace, 2009; Fernández and Hancock, 2012; Blair et al., 2014; Delmar et al., 2014; Sun et al., 2014), with the most significant for multidrug resistance being MexAB-OprM (Poole et al., 1993; Gotoh et al., 1995) and MexXY-OprM (Aires et al., 1999; Mine et al., 1999; Westbrock-Wadman et al., 1999). These two machineries contribute additively to the resistance to common substrate antibiotics (Lee et al., 2000; Llanes et al., 2004); moreover, their different specificities (viz. MexB for β-lactams and MexY for aminoglycosides) drastically reduce the susceptibility of infectious strains to numerous classes of antibiotics (Llanes et al., 2004).

The MexAB-OprM tripartite system was the first RND-type multidrug efflux system to be discovered in P. aeruginosa at approximately the same time as the AcrAB-TolC system of E. coli (Poole et al., 1993). MexB resembles AcrB with a jellyfish-like structural topology formed by an asymmetric trimer with each protomer comprising three domains (Ruggerone et al., 2013) (Figure 1A): (i) a trans-membrane domain (TMD) of 12 α-helices embedded in the inner membrane (IM), where the chemical-to-mechanical energy conversion takes place; (ii) a pore (porter) domain (PD) located in the periplasm, where substrate recruitment and transport occur; and (iii) a periplasmic funnel domain (FD), which connects the RND transporter to the outer membrane protein (OMP) via the assembly of membrane fusion proteins (MFPs) (Symmons et al., 2015) in the constituted pump. Substrate transport is characterized by the typical “functional rotation mechanism” (Supplementary Figure 1) in which concerted (but not necessarily synchronous) cycling of the protomers occurs through all of the so far identified asymmetric states: Loose (L) (a.k.a. Access) in which a substrate binds to a peripheral site termed access pocket (APL); Tight (T) (a.k.a. Binding) in which the substrate binds to a deeper pocket (DPT); and Open (O) (a.k.a. Extrusion) in which the substrate is released into the central funnel leading toward the OMP (Murakami et al., 2006; Seeger et al., 2006; Pos, 2009). The two pockets, APL and DPT (Figure 1B and Supplementary Figure 1), were previously identified in AcrB [and the latter also in MexB (Nakashima et al., 2013)] as the binding sites responsible for the recognition and selectivity of different types of substrate molecules based on their molecular weight or chemical type (Nakashima et al., 2011; Kobayashi et al., 2014; Iyer et al., 2015; Schuster et al., 2016). The pockets are separated by a G-rich (a.k.a. switch) loop whose flexibility has been shown to be important for the transport of high-molecular mass compounds (Nakashima et al., 2011; Eicher et al., 2012).
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FIGURE 1. General structure of an RND transporter and comparison of the putative binding pockets (AP and DP) between MexY and MexB. (A) The general structure of an RND transporter highlighting the three main domains (TMD, PD, and FD) with different colors. (B) The figure in the middle shows the top view of the four main domains (colored differently) enclosing the AP and DP. The locations of the pockets are schematically shown as red and blue colored circles for AP and DP, respectively. The insets highlight the mismatched residues of MexY and MexB as yellow-colored beads with the residue labels colored by residue type (non-polar residues in black, polar residues in green, basic residues in blue, and acidic residues in red). The residue labeling follows the notation “MexY (MexB).”



The MexY system, identified later, shares an overall sequence identity (similarity) of nearly 47% (66%) with MexB and nearly 48% (67%) with AcrB and AcrD (Supplementary Table 1). Thus, MexY is expected to resemble them in global features like structural fold, location of main ligand binding pockets and functional rotation mechanism (Srikumar et al., 1997; Murata et al., 2002; Eda et al., 2003a). However, MexB and MexY display relevant differences in their substrate specificities (Table 1 and Supplementary Figures 2, 3). For instance, the substrate specificity of MexB is very similar to that of AcrB (e.g., both proteins transport macrolides such as erythromycin, most beta-lactams, chloramphenicol, etc.) and slightly yet significantly different from that of MexY (aminoglycosides such as gentamicin, tobramycin, amikacin, and isepamycin are transported only by MexY but not by MexB and AcrB) (Krahn et al., 2012; Dreier and Ruggerone, 2015).

TABLE 1. Antibiotic substrate specificities of the paralog RND transporters MexB and MexY from P. aeruginosa (Li et al., 1995; Köhler et al., 1996; Zhao et al., 1998; Ziha-Zarifi et al., 1999; Masuda et al., 2000a; Chuanchuen et al., 2001; Okamoto et al., 2001; Hocquet et al., 2003; Llanes et al., 2004; Mesaros et al., 2007; Nakashima et al., 2013).
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Previous studies on these Mex pumps focused on identifying domains responsible for substrate recognition by means of chimeric domain swapping (Tikhonova et al., 2002; Eda et al., 2003b). A few investigations attempted to identify the substrates of Mex pumps (Masuda et al., 2000b; Collu et al., 2012), the residues involved in substrate selectivity (Middlemiss and Poole, 2004; Wehmeier et al., 2009) and also to explain the structural basis for the differential binding of inhibitors to MexB and MexY (Nakashima et al., 2013). However, the molecular basis for the diversity in the substrate profile of these Mex pumps remains largely unknown. One of the key steps to bridge this gap would be to map the differences in substrate specificities between these proteins to distinct structural, chemical and dynamic features of their main putative substrate-binding pockets. Unfortunately, the absence of an experimental structure of MexY and the availability of only one structure of MexB bound to compounds [the ABI-PP inhibitor D13-9001 within DPT (Nakashima et al., 2013)] have made it hard to reach this goal. However, given the overall good sequence identity and similarity of MexY with MexB of P. aeruginosa and with AcrB of E. coli for which high resolution X-ray structures are available, reliable computational modeling of MexY and related structure-based studies are possible.

In addition, as these biological systems are not static in vivo, understanding their dynamics in terms of statistically relevant conformations, interactions with solvent, and physicochemical nature of the putative binding pockets is essential for a more robust comparison. In this regard, computational modeling, in particular all-atom molecular dynamics (MD) simulations, have already proven to be valuable in addressing the molecular mechanisms of RND transporters (Schulz et al., 2010; Vargiu et al., 2011, 2014, 2018; Collu et al., 2012; Fischer and Kandt, 2013; Ruggerone et al., 2013; Zuo et al., 2015, 2016; Ramaswamy et al., 2017a,b; Matsunaga et al., 2018). By employing homology modeling and extensive multi-copy μs-long MD simulations, we recently identified the underlying link between the microscopic environment of the dynamic binding pockets and drug properties that governs and regulates substrate recognition and transport in AcrB and AcrD transporters of E. coli (Ramaswamy et al., 2017b). Very little is known of the physicochemical and dynamic features of the corresponding binding pockets in MexB and hardly anything for MexY.

In this work, we characterized and compared the main putative binding pockets (APL and DPT) of MexB and MexY in terms of molecular descriptors like accessible volume, lipophilic index, electrostatic potential, hydration profile and distribution of multi-functional sites (MFSs). These descriptors depend on the sequence, structure and dynamics of the pockets, and clearly affect the molecular recognition of substrates. We identified features that potentially explain the highly multifunctional nature of these pockets in MexB and MexY. In particular, the ability of MexY to accommodate a very diverse set of substrates ranging from hydrophobic macrolides to hydrophilic aminoglycosides, can be explained by the intermediate lipophilic profile (scaling between that of AcrB and AcrD) in synergy with the mosaic-like electrostatic environment of its main putative binding pockets. Furthermore, correlating our previous findings on the structure-function relation of Acr transporters (Ramaswamy et al., 2017b) with those of Mex transporters could be informative to new drug design attempts addressing efflux pumps-based antibiotic resistance (Ruggerone et al., 2013).

RESULTS AND DISCUSSION

Sequence Comparison

Since bacteria respond to adverse environmental stress by altering their genetic makeup, we first analyzed the sequences of MexB and MexY from all available bacterial strains of P. aeruginosa. Both these protein sequences were found to be well conserved across the strains deposited in UniProtKB1 (accessed November 2017). MexB of P. aeruginosa and AcrB of E. coli showed a comparable sequence identity (∼47 and ∼48%, respectively) and similarity (∼66 and ∼67%, respectively) with MexY having least gaps (none in the binding pockets) over maximum sequence coverage (Supplementary Table 1). Further, on comparing MexY to MexB (Figure 1B and Supplementary Figure 3), we noticed that both AP and DP were less conserved than the overall proteins, sharing only around 35 and 34% identities, respectively. However, in terms of chemical composition of the pockets, the DP of both MexB and MexY showed an equal proportion of hydrophobic residues (∼50%), but different proportions of polar and charged residues (32 and 11% in MexB vs. 23 and 16% in MexY, respectively). The AP exhibited a slightly higher proportion of hydrophobic residues and a lower proportion of polar and charged residues in MexB than in MexY (56% vs. 50%, 21% vs. 27%, and 13% vs. 15%, respectively). Most of the residues identified as essential to establish interactions with the substrates and/or the inhibitors in AcrB (Elkins and Nikaido, 2002; Nakashima et al., 2011; Vargiu et al., 2011; Eicher et al., 2012; Yao et al., 2013; Kobayashi et al., 2014; Blair et al., 2015; Opperman and Nguyen, 2015) were well conserved in MexB. The characteristic hydrophobic trap (HP-trap) sitting within the DP and rich in phenylalanine residues was completely conserved in MexB but not in MexY. The HP-trap does interact only smoothly with the transported drugs (Kinana et al., 2016) but it is likely a preferred target site for inhibitor design in AcrB (Bohnert et al., 2008; Vargiu et al., 2011, 2014; Ruggerone et al., 2013; Opperman and Nguyen, 2015; Ramaswamy et al., 2016). The corresponding HP-trap region in MexY though mostly hydrophobic contains the hydroxyl group of Y605 (corresponding to F610 in MexB and AcrB) and the nitrogen atom of the indole ring of W177 (corresponding to F178 in MexB and AcrB) (Nakashima et al., 2013).

MD Simulations of MexB and MexY

The all-atom MD simulations of apo-form of MexB were started from the crystallographic structure with PDB code 3W9I (pre-MD of MexB). As no experimental structure of MexY is available to date, we generated a reliable multi-template homology model of this transporter using the crystal structures of MexB (PDB code 3W9I) and AcrB (PDB code 4DX5). Details of the rigorous validation of this model (pre-MD of MexY) are reported in Supplementary Material (Supplementary Table 2). The stability of the MexY model and its suitability for subsequent quantitative analyses were further validated by performing 4 independent μs-long MD simulations.

Considering the root mean square deviation of the whole protein backbone and of each protomer with reference to the initial structure (Supplementary Figure 4), we established the equilibration time of ∼0.2 μs to be the most suitable for both MexB and MexY simulations. On the remaining ∼4 μs-long (4 × 1 μs) cumulative MD trajectory of each protein, we performed a cluster analysis to extract statistically relevant conformations sampled by the proteins (Supplementary Figures 5, 6). The most populated clusters were used to characterize the distribution of accessible binding volumes, molecular lipophilicity, electrostatic potential and MFSs. The trajectories themselves were further analyzed for hydration patterns within the APL and DPT of both proteins. In the following, we discuss separately the results of these characterizations.

Access Pocket of the Loose Protomer

Pocket Volume and Essential Dynamics

The accessible volume at the recognition pocket is the first of the many factors governing optimal ligand binding in addition to shape and electrostatic complementarity (Ruiz-Carmona et al., 2014). Promiscuous RND transporters were earlier identified to have a large binding site with a reasonable degree of plasticity to facilitate binding of molecules of a wide range of sizes (Edward et al., 2003; Nikaido and Takatsuka, 2009; Marsh, 2015).

The APL of MexB featured an average value of ∼1120 Å3 with the most populated cluster (about 28% of the simulation time) showing a pocket volume of around 1440 Å3. In the case of MexY, the APL showed a larger average volume of ∼1590 Å3 with the most populated cluster (covering ∼19% of the simulation time) showing around 2180 Å3 (Figure 2 and Table 2). Interestingly, while in MexB the volume of APL diminished significantly from that in the pre-MD structure (3350 Å3), the values calculated in MexY were overall in line with the initial volume of ∼1600 Å3 (Table 2). The opening of this site in the crystal structures 2V50 (Sennhauser et al., 2009) and 3W9I (Nakashima et al., 2013) of MexB with respect to the MD-based structures could, for instance, have been induced by the presence of other (perhaps unresolved) molecules, as suggested earlier for the DPT of AcrB (Seeger et al., 2006; Sennhauser et al., 2007; Fischer and Kandt, 2013).


[image: image]

FIGURE 2. Volume dynamics of APL of MexB and MexY. (Left panel) Distribution of the volume of APL of MexB (A) and MexY (C), calculated for the 10 top cluster representatives extracted from equilibrium MD trajectories. Histograms refer to the volumes, lines to the relative population of the corresponding clusters. The volumes calculated for the pre-MD structures of MexB and MexY are shown as dashed lines. (Right panel with side view of the protomer) Porcupine plots representing collective motions along the PC eigenvector for APL in MexB (B) and MexY (D) simulations shown as arrows (>2Å) attached to Cα atoms indicating the magnitude of the corresponding eigenvalues. Features of APL are colored blue and green in MexB and MexY, respectively. The G-loop and bottom-loop are shown as thicker tubes. The substrate path from the periplasmic entrance (dot) to the exit gate (arrow head) is shown with a dashed arrow passing between the two main loops likely governing substrate access and transport in RND pumps.



TABLE 2. Volumes of APL and DPT of MexB and MexY.
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It is also worth pointing out that both Mex transporters display smaller APL average volumes compared to AcrB and AcrD (about 2510 ± 440 Å3 and 3010 ± 380 Å3, respectively). In particular, during MD we observed a compression of the APL volume of nearly 66% in MexB vs. 30% in AcrB. It is to be noted that a constricted state of MexB (PDB code 2V50) with respect to AcrB was previously reported by Sennhauser et al. (2009) from their crystallographic studies. Nonetheless, the volumes of APL in MexB and MexY (Table 2) are much larger than those of the largest substrates [e.g., erythromycin having a volume of 727 ± 2 Å3 (Malloci et al., 2015)] transported by these pumps. This indicates the possibility of a substrate to bind in different orientations and/or at different sub-pockets, a hypothesis compatible with the multisite-drug-oscillation (Yamaguchi et al., 2015) and diffuse binding (Marsh, 2015) in these proteins.

In addition to pocket volume calculations, we performed principal component analysis (PCA) of equilibrium MD trajectories in order to identify the essential dynamics of regions lining the putative main binding pockets. Porcupine plots of the top three principal components (Figures 2B,D) show the entire APL of MexB and MexY exhibiting almost a coherent motion with slightly larger magnitude (depicted by length of the arrows) in the case of MexB. The dynamicity of the bottom-loop lining the base of APL and earlier identified as a peculiar feature of AcrB but not AcrD (Ramaswamy et al., 2017b) appeared to be different even in Mex transporters (Figure 3). The most populated cluster in MexB and in fact all cluster representatives were characterized by an “up” conformation, comparable to the pre-MD or the crystal structure of MexB (PDB code 3W9I). In the case of MexY, the corresponding bottom-loop showed an intermediate state between the “up” state of its pre-MD and its MexB template structure and the “down” state seen in the AcrB template structure (PDB code 4DX5). The magnitude of Cα displacements of the bottom-loop was different in Mex (<6.4 Å in MexB and <8.9 Å in MexY) and Acr (<12.5 Å in AcrB and <6.7 Å in AcrD) transporters (Ramaswamy et al., 2017b). On comparing the amino acid sequence among these different transporters, we found it interesting that this loop is poorly conserved across the Mex (MexB: LELGNA, MexY: PDLGST) and Acr (AcrB: VELGTA, AcrD: SGLGSS) transporters, with only residues LG being fully preserved across the four proteins. This could partly explain the differential dynamicity of the bottom-loop observed in our simulations. Further studies are needed to investigate the role of this loop in synergy with the G-loop in regulating substrate access and transport in these RND transporters.
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FIGURE 3. Main conformational states of the bottom-loop in MexB (Left panel) and MexY (Right panel). The conformation of the most populated MD clusters and the pre-MD structures are shown in blue and orange cartoons, respectively. The conformation of AcrB (PDB code 4DX5) is also shown for reference in red. The conformations of the G-loop are also indicated with the same color code.



Lipophilic Index (LI) and Molecular Lipophilicity Potential (MLP)

In addition to steric features, an adequate lipophilic profile is essential for suitable binding of hydrophobic or amphipathic molecules such as macrolides (e.g., erythromycin and spiramycin) transported by both Mex proteins. In order to characterize the lipophilicity of the pocket, estimate its dependence on the conformation of the protein, and compare closely related RND transporters, we calculated the LI of APL for the pre-MD structures and for representative structures of all clusters. There was no remarkable difference in LI of APL between pre-MD and MD values of MexB and MexY in our case [Table 3 and Supplementary Figure 7 (Upper panel)], as observed also for the LIs of Acr proteins (Ramaswamy et al., 2017b) [AcrB: 7.2 vs. 7.0 (±1.0) and AcrD: 1.2 vs. 1.6 (±0.6) for pre-MD and MD, respectively].

TABLE 3. Lipophilic indexes of APL and DPT of MexB and MexY.
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Considering the four RND transporters, we found that MexB and MexY featured intermediate LIs between those of AcrB (highest) and AcrD (lowest). Specifically, for the Mex transporters, the LIs were slightly higher for MexY than for MexB, despite the higher percentage of hydrophobic residues at this site in the latter protein. This is due to the reduced exposed lipophilic surface (Oberhauser et al., 2014) associated with the aforementioned closure of the pocket in MexB during MD simulations. To verify this aspect we considered open structures of MexB [both crystal structures with PDB codes 2V50 (Sennhauser et al., 2009) and 3W9J (Nakashima et al., 2013), and homology models built using AcrB with PDB code 4DX5 (Eicher et al., 2012) as template] and top five models of MexY built using 2V50 as template. The average LI values computed were 6.4 ± 2.5 and 5.5 ± 1.0 for MexB and MexY, respectively, in line with the features of the residues lining the pocket. Overall, the intermediate values of the Mex transporters reveal that the specific chemical environment of their APs is neither entirely hydrophobic nor entirely polar in both proteins as noticeable from their molecular lipophilic surfaces (Figures 4A,B), thereby giving rise to weak binding with dispersed interactions, possibly facilitating substrate transport (Marsh, 2015; Yamaguchi et al., 2015).
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FIGURE 4. MLP and electrostatic potential of APL of MexB and MexY. (Upper panel) MLP isosurfaces observed within 4 Å of APL of MexB (blue) and MexY (orange) in pre-MD (A) and the representatives of the most populated cluster (B) as seen from the center of the protomer. The hydrophobic/aromatic residues are shown as sticks in the structures. Isosurfaces at 0.75 (solid), 0.5 (dark transparent), and 0.25 (light transparent) are shown in blue (MexB) or orange (MexY). The HP-trap and Vestibule sites are also labeled in the pre-MD structure of MexB. The G-loop is shown in yellow cartoon. (Lower panel) The electrostatic potential plotted on the molecular surface representation of APL in the pre-MD (C) and the most populated cluster representative (D) of the Mex proteins as seen from the periplasmic front of the protomer. The color code is red to blue from negative (-10 kbT/e) to positive (+10 kbT/e) potential, where kb is the Boltzmann constant, T is the absolute temperature and e is the electron charge.



Electrostatic Potential

The recognition of charged substrates (viz. polycationic aminoglycosides by MexY and zwitterionic or anionic β-lactams by MexB) is mediated by electrostatic complementarity, which is essential for initial substrate recruitment and augmentation of their association rate (Selzer et al., 2000; Levy et al., 2007). The APL of MexY has a slightly greater number of polar and charged residues compared to that of MexB. This difference was mirrored in the different electrostatic potentials of the two transporters, as can be seen from their projection onto the solvent accessible surface areas in Figures 4C,D. In particular, two main regions are clearly visible in MexB: a negative patch near the base of APL and on the PC2 domain, and positive patches near the zone exposed to the periplasmic cleft entrance (mostly on PC1). This separation was less intense in MexY, which compared to MexB also featured an overall greater distribution of positive patches within the APL. The marked influence of electrostatics on substrate recognition and transport in MexY was already highlighted in an experimental mutation study reported by Poole and co-workers (Lau et al., 2014). In particular, three residues (D133, Y613, and K79) principally lining the AP compromised (D133, Y613) or enhanced (K79) aminoglycoside resistance upon substitution. These effects are in agreement with our findings, as the removal of the positive charge on K79 along the transport path likely enables a more efficient transport of molecules such as polycationic aminoglycosides, while substituting D133 with S or A, thus removing a negative patch in that pocket, probably has a negative effect on the recognition/binding of positively charged molecules.

It is interesting to note that the electrostatic nature of MexB and MexY seen here are comparable to that of AcrB (more negative) and AcrD (more positive), respectively. However, based on the homology to Acr transporters of E. coli in which residues essential for specificity to anionic β-lactams in AcrD were recently identified (Kobayashi et al., 2014), we found the corresponding residues (Q in MexB/MexY at position of R568 in AcrD; M in MexB/MexY at position of R625 in AcrD; E in MexB and D in MexY at position of G672 in AcrD) to differ in MexB and MexY. This lack of sequence identity may indicate a different selection filter for charged substrates in these Mex transporters.

Hydration Analysis

The radial distribution function (RDF) and spatial distribution function (SDF) profiles of water oxygen atoms around the APL residues in MexB and MexY were assessed for any possible difference in the density of hydration. The first solvation shell was found at around 2 Å from any residue lining the pocket in both proteins, displaying a slightly lower intensity in MexB (Figure 5A). The SDF was calculated on the trajectory of the most populated cluster extracted from MD simulations of MexB and MexY to get more insights into the spatial distribution of water in the pocket (Figure 5B). The SDF profiles featured no water density spots near the hydrophobic residues in APL of both MexB and MexY but showed a slightly higher number of dense regions in MexY at identical density isovalues (Figure 5B). The other lesser populated clusters showed no water dense regions at similar isovalue in both proteins.
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FIGURE 5. Hydration of APL of MexB and MexY. (A) Comparison of RDF profiles of water oxygen atoms around APL of MexB (red solid line) and MexY (brown dash-dotted line) extracted from the equilibrium MD trajectories. (B) Comparison of SDF of waters within the APL. The SDF was calculated over the configurations forming the most populated cluster of MexB (Left) and MexY (Right). The isosurfaces are shown at density isovalue of 2.5 (transparent surface) and 5 (solid mesh). The AP and DP are marked in green and red, respectively, while the G-loop in yellow cartoon representations. The hydrophobic/aromatic residues of the pocket are shown as cyan and orange sticks in the respective structures.



From visual inspection, the RDF plots of MexB and MexY are comparable to those of AcrB and AcrD, respectively, which can be related to the similarity in the overall physicochemical makeup of their putative binding pockets. However, MexB featured much less water dense regions than MexY at density isovalues corresponding to the spots found earlier in AcrB and AcrD (Ramaswamy et al., 2017b).

Deep Pocket of the Tight Protomer

The DP was earlier suggested to be the recognition site for low molecular mass compounds and inhibitors (the latter interacting strongly with the HP-trap within this site) (Murakami et al., 2006; Nakashima et al., 2011, 2013; Eicher et al., 2012; Vargiu and Nikaido, 2012; Vargiu et al., 2014; Sjuts et al., 2016; Wang et al., 2017). According to the available X-ray structures of AcrB (Murakami et al., 2006; Seeger et al., 2006; Sennhauser et al., 2007; Eicher et al., 2012) and MexB (Sennhauser et al., 2009; Nakashima et al., 2013), this pocket is open only in the Tight protomer; therefore, all the analyses concerning this site were performed on the Tight protomer of MexB and MexY.

Pocket Volume and Essential Dynamics

The volume of the DPT ranged from 2000 to 2800 Å3 in both proteins (average values around 2310 and 2400 Å3 for MexB and MexY, respectively), and also the most populated clusters featured a very similar volume of ∼2500 Å3 (Figures 6A,C). The pre-MD structures showed a much larger DPT in both proteins (5120 and 3840 Å3 in MexB and MexY, respectively) (Table 2). This result resembled our previous findings for the major RND transporters of E. coli (Ramaswamy et al., 2017b), where the average volumes of the DPT of AcrB and AcrD were around 2610 and 2770 Å3, respectively, during MD, and 3710 and 3850 Å3, respectively, in their pre-MD structures. As concluded in that study, despite a large collapse of the pocket (55% in MexB and 37% in MexY) with respect to the conformations in the initial (pre-MD) structures, the DPT remained large enough to accommodate ligands even in these Mex proteins. A marked dynamical behavior of the DPT was evident in both transporters as seen from the PCA analysis, the switch-loop and the PN2 (bottom-right region in Figure 6D) being the most flexible regions in MexB and MexY, respectively (Figures 6B,D).
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FIGURE 6. Volume dynamics of DPT of MexB and MexY. (Left panel) Volume distribution of DPT of MexB (A) and MexY (C). (Right panel) Porcupine plots of the PC eigenvector for DPT of MexB (B) and MexY (D) simulations shown as arrows (>2Å) attached to Cα atoms indicating the magnitude of the corresponding eigenvalues. The DPT is highlighted in cyan and green in MexB and MexY, respectively. The G-loop and bottom-loop are shown as thicker tubes.



In MexY, the sterically bulky side chain of W177 (corresponding to F178 in MexB) oriented into the DPT reduced the volumes in both pre-MD and MD-derived conformations. Also, the populations of the identified clusters indicate a non-preferential distribution of conformations adopted by DPT in contrast to what we found in Acr transporters (Ramaswamy et al., 2017b), where specific conformations were predominant.

Lipophilic Index (LI) and Molecular Lipophilicity Potential (MLP)

The difference between the DPT of MexB and MexY became more noticeable from their MLP surfaces (Figures 7A,B) and LI values (Table 3). With its phenylalanine-rich hydrophobic region wide open in MexB, the MLP features high-value isosurfaces over the whole bottom of the DPT; interestingly, MexY also features a relatively wide and strong MLP in the same region. This result is consistent with the observed higher LI in the pre-MD structure of MexB compared to that of MexY. The differences observed in Figures 7A,B and Table 3 are less marked as compared to that seen for AcrB and AcrD (Ramaswamy et al., 2017b).
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FIGURE 7. MLP (Upper panel) and electrostatic potential (Lower panel) surfaces of DPT of MexB and MexY as seen from PC2-PN1 side. (A,C) and (B,D) correspond to the results from pre-MD and the representative of the most populated cluster, respectively. See Figure 4 for further details.



An evident reduction in the MLP isosurfaces and in the LI values (for the latter, 80 and 44% in MexB and MexY, respectively) was observed when considering the weighted average computed for the cluster representatives extracted from MD trajectories. This is partly attributed to the larger shrinkage of the DPT in MexB (55% in volume) than in MexY (37%) thereby influencing the calculation of the LIs as shown for APL (see Table 3 and Supplementary Figure 7).

In the case of DPT, even though the corresponding HP-trap region is conserved in its overall hydrophobic nature, the residues W177 and Y605 in MexY are less hydrophobic than their phenylalanine counterparts in MexB. Nevertheless, the values of the LI as well as their difference between MexB and MexY are greater in the lesser-conserved DPT than in the APL, as observed for the homologous Acr transporters (Ramaswamy et al., 2017b). This suggests that the DPT might act even in this case as a lipophilicity-based selectivity filter.

Electrostatic Potential

The differences in the electrostatic potential between the DPT of MexB and MexY appear to be strikingly distinctive like that of the lipophilic potential in these Mex transporters. The electrostatic potential projected onto the surfaces of the DPT indicated a significantly greater positively charged environment in MexB compared to the more negative pocket of MexY (Figures 7C,D). This is consistent with the sequence analysis showing that the DPT of MexY and MexB are, respectively, composed of around 14 and 5% (2 and 7%) negatively (positively) charged residues. Moreover, these electrostatic features are in good agreement with the desired complementarity needed to accommodate the charged substrates transported by these proteins. The greater negative charge in the DPT of MexY favors positively charged aminoglycosides and disfavors negatively charged molecules; however, along with the scattered positive charges, the DPT in MexY may feebly favor binding of β-lactams (especially zwitterionic). Likewise, MexB with its predominant positive electrostatic potential surface in the DPT may attract negatively charged as well as zwitterionic β-lactams, and extrude them with greater efficiency along with weakly acidic quinolones such as cinoxacin and nalidixic acid, in comparison to its lower efficiency in pumping out cationic antibiotics (oleandomycin, erythromycin, and puromycin) (Table 1).

Hydration Analysis

The overall hydration of the DPT and HP-trap as reflected by the RDF plot was not very different between the Mex proteins (Figure 8A). In contrast, the spatial positions of water dense regions as seen from the SDF (Figure 8B) showed the DPT of MexY with more high-density regions than that of MexB, possibly due to a greater number of charged residues in the translocation channel part of the DPT. The HP-trap region was devoid of water in both proteins due to the shrinkage of the pockets during MD. The presence of a polar residue (Y605) might have had a minor influence on the hydration of the corresponding HP-trap region in MexY, provided it was less buried by the hydrophobic bulky side chain of W177.
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FIGURE 8. Hydration of DPT and HP-trap in the T protomer of MexB and MexY. (A) Comparison of RDF profiles of water oxygen atoms around the DPT and HP-trap in the T protomer of MexB (red solid line) and the corresponding regions of MexY (brown dash-dotted line). (B) Comparison of SDF for waters in the DPT calculated over the configurations forming the most populated cluster of MexB (Left) and MexY (Right) illustrating the variation in the immediate environment of the hydrophobic residues. The position of the HP-trap of MexB is indicated by an arrow. See Figure 5 for further details.



Fragment-Based Binding Site Characterization

MDR transporters like the Mex pumps investigated here often feature recognition sites endowed with several binding hotspots (Vargiu and Nikaido, 2012; Ruggerone et al., 2013; Yamaguchi et al., 2015) whose number, strength and spatial distribution determine the level of promiscuity of their interactions (Ciulli et al., 2006). Therefore, by using fragment moieties (Supplementary Figure 8) characterized by different physicochemical features, we probed the APL and DPT of the two proteins to map their possible MFSs (Imai et al., 2011; Ramaswamy et al., 2017b).

As expected, several MFSs were identified within the APL and DPT of both transporters (Figure 9 and Supplementary Table 3). In particular, MexY had a larger (lower) number of MFSs in the APL (DPT) than MexB. Considering the pre-MD and the top 5 clusters extracted from MD trajectories, the APL and the interface/G-loop region almost always showed the presence of at least 1 MFS in both proteins. For the DPT, however, a marginal difference was found, with MexB housing an average of 1 MFS compared to 0.7 in MexY. This difference was greater in the DPT of Acr transporters (AcrB with 1.3 and AcrD with 0.3 MFSs on average) (Ramaswamy et al., 2017b), which feature greater diversity in their substrate profile as compared to MexB and MexY. Note that the MFS identified in the DPT of the pre-MD structure in MexB is located exactly where the inhibitor D13-9001 (Nakashima et al., 2013) was experimentally resolved. In comparison to AcrB crystal structures, this is the site where several substrates like minocycline (Murakami et al., 2006; Nakashima et al., 2011; Eicher et al., 2012), doxorubicin (Murakami et al., 2006; Eicher et al., 2012), and inhibitors like D13-9001 (Nakashima et al., 2013) and MBX compounds (Sjuts et al., 2016) were resolved. Conformational changes during the MD simulation impacted the number and location of MFS compared to their pre-MD structures, nevertheless retaining the promiscuity in both transporters (Supplementary Figure 9 and Supplementary Table 3). An interesting feature was that though several consensus sites (CSs) populated with hydrogen bond donors and acceptors were observable in both proteins, those of MexB had many more aromatic-preferred sites than MexY.


[image: image]

FIGURE 9. The various MFSs identified in the APL and DPT of MexB and MexY. The binding modes of the different probes are shown as lines for hydrogen-bond donor (cyan) and hydrogen-bond acceptor (violet), as beads for aliphatic (yellow), and as CPK for aromatic (ochre) ligands. The AP and DP are marked in green and red, respectively, while the G-loop in yellow cartoon representations. (Note: The categorizing of MFSs here is arbitrary due to indistinct boundaries between the pockets. The sites not labeled as MFS here are all CSs; for further details see section “Materials and Methods”).



The position of the MFSs was not the same for all MD-derived clusters (Supplementary Figure 9 and Supplementary Table 3) and this dynamicity (in addition to the scattered profile) in the distribution of MFSs results from the exposure of different weak binding sites during conformational changes in the protein. Presence of such MFSs is likely very important to avoid the substrate from being trapped in a single site and to facilitate its efflux by multisite-drug-oscillation (Yamaguchi et al., 2015).

CONCLUSION AND PERSPECTIVES

We presented here an extensive comparative investigation of the structural and dynamic features of the two major RND multidrug transporters in P. aeruginosa, MexB and MexY. To the best of our knowledge this is the first structure-based study of MexY and also the first thorough quantitative comparison of the main putative binding pockets of the two transporters. We identified specific features of their multidrug binding pockets that partly explain the similarities and differences in their substrate selectivity profiles. Both proteins feature dispersed (mosaic-like) profiles of lipophilic and electrostatic surfaces within their access and deep binding pockets, which provide several multifunctional sites for diffuse binding of chemically dissimilar compounds. Several differences spotted in the molecular descriptors of the binding sites of MexB and MexY can be related to their different specificity profiles. Our results point out that the lesser conserved DPT could likely be the major substrate selection site in both proteins. In addition, the observed dynamics of the bottom-loop support our earlier hypothesis for Acr pumps of E. coli (Ramaswamy et al., 2017b) that their different dynamics contributes to the binding of substrates of different sizes. Collectively, our findings add a valuable piece to fill in the knowledge gap in molecular recognition and transport by bacterial RND transporters, an issue of importance in addressing antibiotic resistance.

MATERIALS AND METHODS

The protocol followed in this study is the same as that we used in our previous work for Acr transporters of E. coli (Ramaswamy et al., 2017b).

Homology Modeling of MexY

Since no experimental structure of MexY has been solved yet, we built a model of its asymmetric trimer structure by multiple template-based homology modeling using Modeler 9.13 (Šali and Blundell, 1993). The amino acid sequence of full length MexY transporter protein from P. aeruginosa PAO1 was retrieved from the UniProt database (The UniProt Consortium, 2015) (UNIPROT ID: Q9ZNG8), and subsequently searched for the best available template structures bearing homologous relationship to the query sequence using the NCBI-BLAST tool (Madden, 2013) against the Protein Data Bank (PDB)2. The high-resolution crystal structure of AcrB at 1.9 Å [PDB code 4DX5 (Eicher et al., 2012)] and MexB at 2.7 Å [PDB code 3W9I (Nakashima et al., 2013)] were chosen as templates for multiple-template based modeling of MexY. The protein sequences were optimally aligned by ClustalOmega (Sievers et al., 2011) and the results were visually inspected to ensure the absence of gaps in important secondary structure regions. Modeler 9.13 (Šali and Blundell, 1993) was used to generate a total of 100 asymmetric models of MexY based on AcrB and MexB templates using an optimization method combining slow MD with very thorough variable target function method through 300 iterations, and this whole cycle was repeated twice unless the objective function MOLPDF was greater than 106. The resulting models were ranked using discrete optimized protein energy (DOPE) (Shen and Sali, 2006) score values, and the top 5 models (with the lowest DOPE score) were selected for individual structure quality checks. Each model was further subjected to loop refinement using Modeler, and to overall structure relaxation by energy minimizations using AMBER14 (Case et al., 2014). The most reliable model was then selected based on various geometric and stereochemical quality factors evaluated for backbone angles, side chains flips, rotamers, steric clashes etc. using PROCHECK (Laskowski et al., 1993), ERRAT (Colovos and Yeates, 1993), ProSA (Wiederstein and Sippl, 2007), Verify3D (Eisenberg et al., 1997) programs available in MolProbity (Chen et al., 2010) and Structure Analysis and Verification Server3.

We performed comparative structural evaluation by superimposition of the modeled MexY structures over experimentally determined X-ray crystal structures of AcrB and MexB used as templates. Likewise, the template structures were also evaluated with the same programs to serve as reference for the results obtained for the MexY models. Visual inspections were performed with VMD1.9.1 (Humphrey et al., 1996) and PyMOL (Schrödinger, 2015).

Molecular Dynamics Simulations of MexB and MexY

Molecular dynamics simulations of the crystal structure of MexB (PDB code 3W9I) and of the most reliable homology model of MexY were carried out using the AMBER14 (Case et al., 2014) program. Protomer specific protonation states (Eicher et al., 2014) were adopted with E346 (E345) and D923 (D919) protonated in both Loose and Tight protomers while deprotonated in the Open protomer of MexB (MexY). The residues D407 (D406), D408 (D407), D566 (E563) were protonated only in the Open protomer of MexB (MexY). The proteins were successively embedded in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) bilayer patches, solvated with explicit TIP3P water model. The residual charge of the systems was neutralized by appropriate numbers of randomly placed K+/Cl- ions (Schulz et al., 2010, 2011, 2015; Vargiu et al., 2011). The ions count was suitably adjusted to account for an osmolarity of 0.15 M KCl. Embedding of the protein into a pre-equilibrated POPE bilayer patch was done using the PPM server (Lomize et al., 2012) and subsequently the CharmmGUI tool (Jo et al., 2008). The lipid residue nomenclature was converted from the CHARMM to AMBER format using the charmmlipid2amber.py python script provided with AmberTools. The central pore lipids were added after calculating the number of lipids to be added to each leaflet by dividing the approximate area of the central pore by the standard area per lipid of POPE molecules (Dickson et al., 2014). The topology and the initial coordinate files were created using the LEaP module of AmberTools14. Periodic boundary conditions were used and the distance between the protein and the edge of the box was set to be at least 30 Å in each direction.

Multi-step energy minimization with a combination of steepest descent and conjugate gradient methods was carried out using the pmemd program implemented in AMBER14 to relax internal constrains of the systems by gradually releasing positional restraints. Following this, the systems were heated from 0 to 310 K by a 1 ns heating (0–100 K) under constant volume (NVT) followed by 5 ns of constant pressure heating (NPT) (100–310 K) with the phosphorous heads of lipids restrained along the z-axis to allow membrane merging and to bring the atmospheric pressure of the system to 1 bar. Langevin thermostat (collision frequency of 1 ps-1) was used to maintain a constant temperature, and multiple short equilibration steps of 500 ps under anisotropic pressure scaling (Berendsen barostat) in NPT conditions were performed to equilibrate the box dimensions. A time step of 2 fs was used during all these runs, while post-equilibrium MD simulations were performed with a time step of 4 fs under constant volume conditions after hydrogen mass repartitioning (Hopkins et al., 2015). The particle-mesh Ewald (PME) algorithm was used to evaluate long-range electrostatic forces with a non-bonded cutoff of 9 Å. During the MD simulations, the length of all R-H bonds was constrained with SHAKE algorithm. Coordinates were saved every 100 ps. The ff14SB (Maier et al., 2015) version of the all-atom Amber force field was used to represent the protein systems while lipid14 (Dickson et al., 2014) parameters were used for the POPE bilayer. After equilibration, multi-copy μs-long MD simulations were performed for each system, namely four ∼1 μs-long production simulations for each transporter (for a total simulation time of ∼8 μs). Trajectory analysis was done using cpptraj module of AmberTools14 and VMD1.9.1, and graphs were plotted using the xmgrace tool.

Principal Component Analysis

To characterize and highlight possible similarities and differences in the collective motions of the binding pockets, we calculated the covariance matrices from the equilibrium trajectory and performed a PCA (García, 1992; Daidone and Amadei, 2012). As customary in PCA analysis, the covariance matrix was constructed taking the three-dimensional positional fluctuations of Cα atoms from their ensemble average position (after least-squares fitting to remove rotational and translational motion). Diagonalization of the covariance matrix yields a set of eigenvectors and corresponding eigenvalues, which represent the direction and amplitude of the motion, respectively. The eigenvectors are then ranked according to the decreasing order of their associated eigenvalues, such that the first eigenvector represents the largest contribution to the total fluctuation of the system. To visualize the motions represented by the eigenvectors, the structures from the trajectories can be projected onto each eigenvector of interest [principal component (PC)] and transformed back into Cartesian coordinates. The two extreme projections along each eigenvector can then be interpolated to create an animation or compared to understand which parts of the protein are moving according to that specific eigenvector and to what extent. Usually (a combination of), the first few principal components are able to represent most of the collective motions [the “essential dynamics” (Daidone and Amadei, 2012)] occurring in an MD simulation among the different regions of a protein.

Clustering of MD Trajectories

A cluster analysis of the MD trajectories was performed using the average-linkage hierarchical agglomerative clustering method implemented in cpptraj module of AMBER. Such clustering helps to reduce the number of structures for analysis yet retaining the large conformational space sampled during the MD runs. In this approach, we clustered in two separate instances the trajectory based on root mean square deviation (RMSD) (cutoff set to 3 Å) of the AP in L protomer and of the DP in T protomer. For each protein, the representative structures from each of the 10 top clusters generated in each of the two cases considered (AP in L, DP in T) were used to perform quantitative analyses in order to account for dynamical behavior. All non-protein molecules were stripped from the trajectory during post-processing to reduce additional memory usage and to speed up file processing.

Pocket Descriptors

The list of the pocket descriptors identified for the present study includes: (i) cavity volume; (ii) molecular lipophilicity potential; (iii) electrostatic potential; (iv) site hydration; and (v) fragment-based binding site characterization. The various pocket descriptors used to characterize the binding site were calculated using specific programs after validating their applicability to RND systems by assessing results against available crystal structures and experimental data, as well as previous computational reports (Imai et al., 2011; Schulz et al., 2011; Vargiu et al., 2011, 2014; Vargiu and Nikaido, 2012; Fischer and Kandt, 2013; Ramaswamy et al., 2017b).

Cavity Volume

Evolution of size and shape of the AP and DP during MD simulations was examined using the two-probe sphere method of rbcavity program bundled in the rDock suite (Ruiz-Carmona et al., 2014). This allows obtaining detailed information on the pocket volume and plasticity of the site. In this method, the binding site volume was identified by a fast grid-based cavity detection algorithm (Morley and Afshar, 2004) within a sphere of radius 13 Å for APL and 14 Å for DPT, centered over the pockets, using large and small probe radii of 6.0 and 1.5 Å, respectively. These radii were found to be optimal for our case after evaluating different combinations and checking through visual inspection their accuracy in predicting volume of the pocket space by keeping the possible inclusion of regions extending outside the pocket of interest at its least.

Molecular Lipophilicity Potential

The three-dimensional distribution of lipophilicity in space or on a molecular surface can be described using molecular lipophilicity potential (MLP), which represents the influence of all lipophilic fragmental contributions of a molecule on its environment. The MLP value of a point in space (k) is generated as the result of intermolecular interactions between all fragments in the molecule and the solvent system, at that given point. Thus, MLP can be calculated from the fragmental system of logP and a distance function as shown in the following equation (Gaillard et al., 1994):
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where N is the number of fragments, Fi is the lipophilic contribution of fragment i of the molecule and f(dik) is a function based on the distance of the measured point in space k to fragment i.

In this way, summing up all positive and all negative MLP values associated to each point on the binding pocket yields the lipophilic index (LI) as:

[image: image]

The lipophilicity of AP in L protomer and of DP in T protomer were qualitatively and quantitatively estimated in this way using MLP Tools (Oberhauser et al., 2014) plugin available for PyMOL.

Electrostatic Potential

The electrostatic potential surface maps were computed by APBS (Baker et al., 2001), after pre-processing structures of MexB and MexY to assign charges and atomic radii using the PDB2PQR server (Dolinsky et al., 2004). All electrostatic potential calculations were performed at 0.15 M physiological salt concentration, with a solvent probe of radius 1.4 Å, a solvent dielectric constant of 78.5, a biomolecular dielectric constant of 2.0, a temperature of 310 K, a minimum grid spacing of 0.5 Å and keeping the other Poisson–Boltzmann parameters at default.

Hydration Analysis

The RDF indicates the probability of finding water molecules at a certain distance from a region or residue of interest and is commonly used to analyse the solution structure revealed from either experimental or computer simulations data.

The RDF analysis of water oxygen atoms was performed using cpptraj module of AMBER14, in which the RDF is computed from the histogram of the number of solvent particles found as a function of the distance R from an (ensemble of) atom(s), normalized by the expected number of solvent particles at that distance in bulk. The normalization is estimated from:
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where dR is equal to the bin spacing, the default density value is 0.033456 molecules Å-3, which corresponds to density of water approximately equal to 1.0 g mL-1. Bin spacing of 0.1 and a maximum bin value of 4.0 was used in this case to calculate the RDF of all water oxygen atoms to each atom of AP in L protomer and of DP in T protomer over the entire length of the simulation.

Though RDF clearly shows a difference in the water distribution around the desired regions, it lacks the ability to present the information about the spatial positions of these differences. Hence, SDF of waters around the whole protein was calculated using the Gromacs utility g_spatial (Abraham et al., 2015) on the trajectory frames grouped into the most populated conformational clusters extracted from MD simulations. SDF allows determining the three-dimensional density distribution of aqueous solution around the binding pockets of the transporters. RDF and SDF together highlight the hydration around the binding pockets of these proteins, which can be effectively used to understand the molecular mechanism of interaction of water molecules penetrating the pocket in a dynamic manner.

Fragment-Based Binding Site Characterization

The FTMap server (Kozakov et al., 2015) implementing the FTSite algorithm is a tool helpful in the identification of binding sites and of the fragments that could be possible source of structure- and fragment-based drug design attempts. The main aim of such fragment-based binding site analysis is to obtain a measure of the ability of the protein (and in particular the pockets under study) to bind a drug-like molecule.

FTMap identifies the important hot spots based on the consensus clusters of 16 standard probes which include molecules varying in size, shape and polarity (Supplementary Figure 8). Such a diverse library of probes is useful to capture a range of interaction types that include hydrophilic, hydrophobic, hydrogen-bonding and aromatic interactions. The regions where clusters of different probes of the same or different type overlap are marked as CSs and MFSs, respectively, and are ranked based on the number of their clusters. Clusters in close proximity to a top ranked cluster are merged with it and the protein residues within this region become the top ranked putative ligand binding site.

AUTHOR CONTRIBUTIONS

VR performed homology modeling, MD simulations and analysis. VR, AV, GM, and PR analyzed the results. VR, AV, GM, JD, and PR designed the experiments, discussed the results, and wrote the manuscript. All authors contributed to manuscript revision, read and approved the submitted version.

FUNDING

The research leading to the results discussed here was partly conducted as part of the Translocation Consortium (http://www.translocation.eu) and has received support from the Innovative Medicines Initiative Joint Undertaking under Grant Agreement No. 115525, resources that are composed of financial contribution from the European Union’s Seventh Framework Programme (FP7/2007-2013) and EFPIA companies in kind contribution. VR is a Marie Skłodowska-Curie fellow within the “Translocation” Network, project No. 607694.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.01144/full#supplementary-material

FOOTNOTES

1 http://www.uniprot.org/blast

2 www.rcsb.org

3 http://services.mbi.ucla.edu/SAVES/

REFERENCES

Abraham, M. J., Murtola, T., Schulz, R., Páll, S., Smith, J. C., Hess, B., et al. (2015). GROMACS: high performance molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 1-2, 19–25. doi: 10.1016/j.softx.2015.06.001

Aires, J. R., Köhler, T., Nikaido, H., and Plésiat, P. (1999). Involvement of an active efflux system in the natural resistance of Pseudomonas aeruginosa to aminoglycosides. Antimicrob. Agents Chemother. 43, 2624–2628.

Baker, N. A., Sept, D., Joseph, S., Holst, M. J., and McCammon, J. A. (2001). Electrostatics of nanosystems: application to microtubules and the ribosome. Proc. Natl. Acad. Sci. U.S.A. 98, 10037–10041. doi: 10.1073/pnas.181342398

Blair, J. M., Bavro, V. N., Ricci, V., Modi, N., Cacciotto, P., Kleinekathöfer, U., et al. (2015). AcrB drug-binding pocket substitution confers clinically relevant resistance and altered substrate specificity. Proc. Natl. Acad. Sci. U.S.A. 112, 3511–3516. doi: 10.1073/pnas.1419939112

Blair, J. M., Richmond, G. E., and Piddock, L. J. (2014). Multidrug efflux pumps in Gram-negative bacteria and their role in antibiotic resistance. Future Microbiol. 9, 1165–1177. doi: 10.2217/fmb.14.66

Bohnert, J. A., Schuster, S., Seeger, M. A., Fähnrich, E., Pos, K. M., and Kern, W. V. (2008). Site-directed mutagenesis reveals putative substrate binding residues in the Escherichia coli RND efflux pump AcrB. J. Bacteriol. 190, 8225–8229. doi: 10.1128/JB.00912-08

Case, D., Babin, V., Berryman, J., Betz, R., Cai, Q., Cerutti, D., et al. (2014). Data for molecular dynamics simulations of B-type cytochrome c oxidase with the Amber force field. Data Brief 8, 1209–1214. doi: 10.1016/j.dib.2016.07.043

Chen, V. B., Arendall, W. B., Headd, J. J., Keedy, D. A., Immormino, R. M., Kapral, G. J., et al. (2010). MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12–21. doi: 10.1107/S0907444909042073

Chuanchuen, R., Beinlich, K., Hoang, T. T., Becher, A., Karkhoff-Schweizer, R. R., and Schweizer, H. P. (2001). Cross-resistance between triclosan and antibiotics in Pseudomonas aeruginosa is mediated by multidrug efflux pumps: exposure of a susceptible mutant strain to triclosan selects nfxB mutants overexpressing MexCD-OprJ. Antimicrob. Agents Chemother. 45, 428–432. doi: 10.1128/AAC.45.2.428-432.2001

Ciulli, A., Williams, G., Smith, A. G., Blundell, T. L., and Abell, C. (2006). Probing hot spots at protein- ligand binding sites: a fragment-based approach using biophysical methods. J. Med. Chem. 49, 4992–5000. doi: 10.1021/jm060490r

Collu, F., Vargiu, A. V., Dreier, J., Cascella, M., and Ruggerone, P. (2012). Recognition of imipenem and meropenem by the RND-transporter MexB studied by computer simulations. J. Am. Chem. Soc. 134, 19146–19158. doi: 10.1021/ja307803m

Colovos, C., and Yeates, T. (1993). Verification of protein structures: patterns of nonbonded atomic interactions. Protein Sci. 2, 1511–1519. doi: 10.1002/pro.5560020916

Daidone, I., and Amadei, A. (2012). Essential dynamics: foundation and applications. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2, 762–770. doi: 10.1002/wcms.1099

Delmar, J. A., Su, C.-C., and Edward, W. Y. (2014). Bacterial multi-drug efflux transporters. Annu. Rev. Biophys. 43, 93–117. doi: 10.1146/annurev-biophys-051013-022855

Dickson, C. J., Madej, B. D., Skjevik,ÅA., Betz, R. M., Teigen, K., Gould, I. R., et al. (2014). Lipid14: the amber lipid force field. J. Chem. Theory Comput. 10, 865–879. doi: 10.1021/ct4010307

Dolinsky, T. J., Nielsen, J. E., McCammon, J. A., and Baker, N. A. (2004). PDB2PQR: an automated pipeline for the setup of Poisson–Boltzmann electrostatics calculations. Nucleic Acids Res. 32(Suppl. 2), W665–W667. doi: 10.1093/nar/gkh381

Dreier, J., and Ruggerone, P. (2015). Interaction of antibacterial compounds with RND efflux pumps in Pseudomonas aeruginosa. Front. Microbiol. 6:660. doi: 10.3389/fmicb.2015.00660

Eda, S., Maseda, H., and Nakae, T. (2003a). An elegant means of self-protection in gram-negative bacteria by recognizing and extruding xenobiotics from the periplasmic space. J. Biol. Chem. 278, 2085–2088. doi: 10.1074/jbc.C200661200

Eda, S., Yoneyama, H., and Nakae, T. (2003b). Function of the MexB efflux-transporter divided into two halves. Biochemistry 42, 7238–7244. doi: 10.1021/bi0300074

Edward, W. Y., Aires, J. R., and Nikaido, H. (2003). AcrB multidrug efflux pump of Escherichia coli: composite substrate-binding cavity of exceptional flexibility generates its extremely wide substrate specificity. J. Bacteriol. 185, 5657–5664. doi: 10.1128/JB.185.19.5657-5664.2003

Eicher, T., Cha, H.-J., Seeger, M. A., Brandstätter, L., El-Delik, J., Bohnert, J. A., et al. (2012). Transport of drugs by the multidrug transporter AcrB involves an access and a deep binding pocket that are separated by a switch-loop. Proc. Natl. Acad. Sci. U.S.A. 109, 5687–5692. doi: 10.1073/pnas.1114944109

Eicher, T., Seeger, M. A., Anselmi, C., Zhou, W., Brandstätter, L., Verrey, F., et al. (2014). Coupling of remote alternating-access transport mechanisms for protons and substrates in the multidrug efflux pump AcrB. eLife 3:e03145. doi: 10.7554/eLife.03145

Eisenberg, D., Lüthy, R., and Bowie, J. U. (1997). VERIFY3D: assessment of protein models with three-dimensional profiles. Methods Enzymol. 277, 396–404. doi: 10.1016/S0076-6879(97)77022-8

Elkins, C. A., and Nikaido, H. (2002). Substrate specificity of the RND-type multidrug efflux pumps AcrB and AcrD of Escherichia coli is determined predominately by two large periplasmic loops. J. Bacteriol. 184, 6490–6498. doi: 10.1128/JB.184.23.6490-6499.2002

Fernández, L., and Hancock, R. E. (2012). Adaptive and mutational resistance: role of porins and efflux pumps in drug resistance. Clin. Microbiol. Rev. 25, 661–681. doi: 10.1128/CMR.00043-12

Fischbach, M. A., and Walsh, C. T. (2009). Antibiotics for emerging pathogens. Science 325, 1089–1093. doi: 10.1126/science.1176667

Fischer, N., and Kandt, C. (2013). Porter domain opening and closing motions in the multi-drug efflux transporter AcrB. Biochim. Biophys. Acta 1828, 632–641. doi: 10.1016/j.bbamem.2012.10.016

Gaillard, P., Carrupt, P.-A., Testa, B., and Boudon, A. (1994). Molecular lipophilicity potential, a tool in 3D QSAR: method and applications. J. Comput. Aided Mol. Des. 8, 83–96. doi: 10.1007/BF00119860

García, A. E. (1992). Large-amplitude nonlinear motions in proteins. Phys. Rev. Lett. 68, 2696–2699. doi: 10.1103/PhysRevLett.68.2696

Gotoh, N., Tsujimoto, H., Poole, K., Yamagishi, J., and Nishino, T. (1995). The outer membrane protein OprM of Pseudomonas aeruginosa is encoded by oprK of the mexA-mexB-oprK multidrug resistance operon. Antimicrob. Agents Chemother. 39, 2567–2569. doi: 10.1128/AAC.39.11.2567

Hancock, R. E. (1998). Resistance mechanisms in Pseudomonas aeruginosa and other nonfermentative gram-negative bacteria. Clin. Infect. Dis. 27(Suppl. 1), S93–S99. doi: 10.1086/514909

Hocquet, D., Vogne, C., El Garch, F., Vejux, A., Gotoh, N., Lee, A., et al. (2003). MexXY-OprM efflux pump is necessary for adaptive resistance of Pseudomonas aeruginosa to aminoglycosides. Antimicrob. Agents Chemother. 47, 1371–1375. doi: 10.1128/AAC.47.4.1371-1375.2003

Hopkins, C. W., Le Grand, S., Walker, R. C., and Roitberg, A. E. (2015). Long-time-step molecular dynamics through hydrogen mass repartitioning. J. Chem. Theory Comput. 11, 1864–1874. doi: 10.1021/ct5010406

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual molecular dynamics. J. Mol. Graph. 14, 33–38. doi: 10.1016/0263-7855(96)00018-5

Imai, T., Miyashita, N., Sugita, Y., Kovalenko, A., Hirata, F., and Kidera, A. (2011). Functionality mapping on internal surfaces of multidrug transporter AcrB based on molecular theory of solvation: implications for drug efflux pathway. J. Phys. Chem. B 115, 8288–8295. doi: 10.1021/jp2015758

Iyer, R., Ferrari, A., Rijnbrand, R., and Erwin, A. L. (2015). A fluorescent microplate assay quantifies bacterial efflux and demonstrates two distinct compound binding sites in AcrB. Antimicrob. Agents Chemother. 59, 2388–2397. doi: 10.1128/AAC.05112-14

Jo, S., Kim, T., Iyer, V. G., and Im, W. (2008). CHARMM-GUI: a web-based graphical user interface for CHARMM. J. Comput. Chem. 29, 1859–1865. doi: 10.1002/jcc.20945

Kinana, A. D., Vargiu, A. V., and Nikaido, H. (2016). Effect of site-directed mutations in multidrug efflux pump AcrB examined by quantitative efflux assays. Biochem. Biophys. Res. Commun. 480, 552–557. doi: 10.1016/j.bbrc.2016.10.083

Kobayashi, N., Tamura, N., van Veen, H. W., Yamaguchi, A., and Murakami, S. (2014). β-Lactam selectivity of multidrug transporters AcrB and AcrD resides in the proximal binding pocket. J. Biol. Chem. 289, 10680–10690. doi: 10.1074/jbc.M114.547794

Köhler, T., Kok, M., Michea-Hamzehpour, M., Plesiat, P., Gotoh, N., Nishino, T., et al. (1996). Multidrug efflux in intrinsic resistance to trimethoprim and sulfamethoxazole in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 40, 2288–2290.

Kozakov, D., Grove, L. E., Hall, D. R., Bohnuud, T., Mottarella, S. E., Luo, L., et al. (2015). The FTMap family of web servers for determining and characterizing ligand-binding hot spots of proteins. Nat. Protoc. 10, 733–755. doi: 10.1038/nprot.2015.043

Krahn, T., Gilmour, C., Tilak, J., Fraud, S., Kerr, N., Lau, C. H., et al. (2012). Determinants of intrinsic aminoglycoside resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 56, 5591–5602. doi: 10.1128/AAC.01446-12

Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton, J. M. (1993). PROCHECK: a program to check the stereochemical quality of protein structures. J. Appl. Crystallogr. 26, 283–291. doi: 10.1107/S0021889892009944

Lau, C. H., Hughes, D., and Poole, K. (2014). MexY-promoted aminoglycoside resistance in Pseudomonas aeruginosa: involvement of a putative proximal binding pocket in aminoglycoside recognition. mBio 5:e01068. doi: 10.1128/mBio.01068-14

Lee, A., Mao, W., Warren, M. S., Mistry, A., Hoshino, K., Okumura, R., et al. (2000). Interplay between efflux pumps may provide either additive or multiplicative effects on drug resistance. J. Bacteriol. 182, 3142–3150. doi: 10.1128/JB.182.11.3142-3150.2000

Levy, Y., Onuchic, J. N., and Wolynes, P. G. (2007). Fly-casting in protein-DNA binding: frustration between protein folding and electrostatics facilitates target recognition. J. Am. Chem. Soc. 129, 738–739. doi: 10.1021/ja065531n

Li, X.-Z., Nikaido, H., and Poole, K. (1995). Role of mexA-mexB-oprM in antibiotic efflux in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 39, 1948–1953. doi: 10.1128/AAC.39.9.1948

Li, X.-Z., Plésiat, P., and Nikaido, H. (2015). The challenge of efflux-mediated antibiotic resistance in Gram-negative bacteria. Clin. Microbiol. Rev. 28, 337–418. doi: 10.1128/CMR.00117-14

Lister, P. D., Wolter, D. J., and Hanson, N. D. (2009). Antibacterial-resistant Pseudomonas aeruginosa: clinical impact and complex regulation of chromosomally encoded resistance mechanisms. Clin. Microbiol. Rev. 22, 582–610. doi: 10.1128/CMR.00040-09

Llanes, C., Hocquet, D., Vogne, C., Benali-Baitich, D., Neuwirth, C., and Plésiat, P. (2004). Clinical strains of Pseudomonas aeruginosa overproducing MexAB-OprM and MexXY efflux pumps simultaneously. Antimicrob. Agents Chemother. 48, 1797–1802. doi: 10.1128/AAC.48.5.1797-1802.2004

Lomize, M. A., Pogozheva, I. D., Joo, H., Mosberg, H. I., and Lomize, A. L. (2012). OPM database and PPM web server: resources for positioning of proteins in membranes. Nucleic Acids Res. 40, D370–D376. doi: 10.1093/nar/gkr703

Madden, T. (2013). “The BLAST sequence analysis tool,” in The NCBI Handbook, 2 Edn, eds M. Jo and O. Jim (Bethesda, MD: National Center for Biotechnology Information).

Maier, J. A., Martinez, C., Kasavajhala, K., Wickstrom, L., Hauser, K. E., and Simmerling, C. (2015). ff14SB: improving the accuracy of protein side chain and backbone parameters from ff99SB. J. Chem. Theory Comput. 11, 3696–3713. doi: 10.1021/acs.jctc.5b00255

Malloci, G., Vargiu, A. V., Serra, G., Bosin, A., Ruggerone, P., and Ceccarelli, M. (2015). A database of force-field parameters, dynamics, and properties of antimicrobial compounds. Molecules 20, 13997–14021. doi: 10.3390/molecules200813997

Marsh, L. (2015). Strong ligand-protein interactions derived from diffuse ligand interactions with loose binding sites. Biomed Res. Int. 2015:746980. doi: 10.1155/2015/746980

Masuda, N., Sakagawa, E., Ohya, S., Gotoh, N., Tsujimoto, H., and Nishino, T. (2000a). Contribution of the MexX-MexY-OprM efflux system to intrinsic resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 44, 2242–2246. doi: 10.1128/AAC.44.9.2242-2246.2000

Masuda, N., Sakagawa, E., Ohya, S., Gotoh, N., Tsujimoto, H., and Nishino, T. (2000b). Substrate specificities of MexAB-OprM, MexCD-OprJ, and MexXY-oprM efflux pumps in Pseudomonas aeruginosa. . Antimicrob. Agents Chemother. 44, 3322–3327. doi: 10.1128/AAC.44.12.3322-3327.2000

Matsunaga, Y., Yamane, T., Terada, T., Moritsugu, K., Fujisaki, H., Murakami, S., et al. (2018). Energetics and conformational pathways of functional rotation in the multidrug transporter AcrB. Elife 7:e31715. doi: 10.7554/eLife.31715

Mesaros, N., Nordmann, P., Plésiat, P., Roussel-Delvallez, M., Van Eldere, J., Glupczynski, Y., et al. (2007). Pseudomonas aeruginosa: resistance and therapeutic options at the turn of the new millennium. Clin. Microbiol. Infect. 13, 560–578. doi: 10.1111/j.1469-0691.2007.01681.x

Middlemiss, J. K., and Poole, K. (2004). Differential impact of MexB mutations on substrate selectivity of the MexAB-OprM multidrug efflux pump of Pseudomonas aeruginosa. J. Bacteriol. 186, 1258–1269. doi: 10.1128/JB.186.5.1258-1269.2004

Mine, T., Morita, Y., Kataoka, A., Mizushima, T., and Tsuchiya, T. (1999). Expression in Escherichia coli of a new multidrug efflux pump, MexXY, from Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 43, 415–417.

Morley, S. D., and Afshar, M. (2004). Validation of an empirical RNA-ligand scoring function for fast flexible docking using RiboDock®. J. Comput. Aided Mol. Des. 18, 189–208. doi: 10.1023/B:JCAM.0000035199.48747.1e

Murakami, S., Nakashima, R., Yamashita, E., Matsumoto, T., and Yamaguchi, A. (2006). Crystal structures of a multidrug transporter reveal a functionally rotating mechanism. Nature 443, 173–179. doi: 10.1038/nature05076

Murata, T., Kuwagaki, M., Shin, T., Gotoh, N., and Nishino, T. (2002). The substrate specificity of tripartite efflux systems of Pseudomonas aeruginosa is determined by the RND component. Biochem. Biophys. Res. Commun. 299, 247–251. doi: 10.1016/S0006-291X(02)02626-8

Nakashima, R., Sakurai, K., Yamasaki, S., Hayashi, K., Nagata, C., Hoshino, K., et al. (2013). Structural basis for the inhibition of bacterial multidrug exporters. Nature 500, 102–106. doi: 10.1038/nature12300

Nakashima, R., Sakurai, K., Yamasaki, S., Nishino, K., and Yamaguchi, A. (2011). Structures of the multidrug exporter AcrB reveal a proximal multisite drug-binding pocket. Nature 480, 565–569. doi: 10.1038/nature10641

Nikaido, H., and Takatsuka, Y. (2009). Mechanisms of RND multidrug efflux pumps. Biochim. Biophys. Acta 1794, 769–781. doi: 10.1016/j.bbapap.2008.10.004

Oberhauser, N., Nurisso, A., and Carrupt, P.-A. (2014). MLP Tools: a PyMOL plugin for using the molecular lipophilicity potential in computer-aided drug design. J. Comput. Aided Mol. Des. 28, 587–596. doi: 10.1007/s10822-014-9744-0

Okamoto, K., Gotoh, N., and Nishino, T. (2001). Pseudomonas aeruginosa reveals high intrinsic resistance to penem antibiotics: penem resistance mechanisms and their interplay. Antimicrob. Agents Chemother. 45, 1964–1971. doi: 10.1128/AAC.45.7.1964-1971.2001

Opperman, T. J., and Nguyen, S. T. (2015). Recent advances toward a molecular mechanism of efflux pump inhibition. Front. Microbiol. 6:421. doi: 10.3389/fmicb.2015.00421

Poole, K. (2001). Multidrug efflux pumps and antimicrobial resistance in Pseudomonas aeruginosa and related organisms. J. Mol. Microbiol. Biotechnol. 3, 255–264.

Poole, K. (2005). Efflux-mediated antimicrobial resistance. J. Antimicrob. Chemother. 56, 20–51. doi: 10.1093/jac/dki171

Poole, K. (2011). Pseudomonas aeruginosa: resistance to the Max. Front. Microbiol. 2:65. doi: 10.3389/fmicb.2011.00065

Poole, K., Krebes, K., McNally, C., and Neshat, S. (1993). Multiple antibiotic resistance in Pseudomonas aeruginosa: evidence for involvement of an efflux operon. J. Bacteriol. 175, 7363–7372. doi: 10.1128/jb.175.22.7363-7372.1993

Poole, K., and Srikumar, R. (2001). Multidrug efflux in Pseudomonas aeruginosa components, mechanisms and clinical significance. Curr. Top. Med. Chem. 1, 59–71. doi: 10.2174/1568026013395605

Pos, K. M. (2009). Drug transport mechanism of the AcrB efflux pump. Biochim. Biophys. Acta 1794, 782–793. doi: 10.1016/j.bbapap.2008.12.015

Ramaswamy, V. K., Cacciotto, P., Malloci, G., Ruggerone, P., and Vargiu, A. V. (2016). “Multidrug efflux pumps and their inhibitors characterized by computational modeling,” in Efflux-Mediated Antimicrobial Resistance in Bacteria: Mechanisms, Regulation and Clinical Implications, eds X.-Z. Li, C. A. Elkins, and H. I. Zgurskaya (Cham: Springer), 797–831. doi: 10.1007/978-3-319-39658-3_30

Ramaswamy, V. K., Cacciotto, P., Malloci, G., Vargiu, A. V., and Ruggerone, P. (2017a). Computational modelling of efflux pumps and their inhibitors. Essays Biochem. 61, 141–156. doi: 10.1042/EBC20160065

Ramaswamy, V. K., Vargiu, A. V., Malloci, G., Dreier, J., and Ruggerone, P. (2017b). Molecular rationale behind the differential substrate specificity of bacterial RND multi-drug transporters. Sci. Rep. 7:8075. doi: 10.1038/s41598-017-08747-8

Ruggerone, P., Murakami, S., Pos, K. M., and Vargiu, A. V. (2013). RND efflux pumps: structural information translated into function and inhibition mechanisms. Curr. Top. Med. Chem. 13, 3079–3100. doi: 10.2174/15680266113136660220

Ruiz-Carmona, S., Alvarez-Garcia, D., Foloppe, N., Garmendia-Doval, A. B., Juhos, S., Schmidtke, P., et al. (2014). rDock: a fast, versatile and open source program for docking ligands to proteins and nucleic acids. PLoS Comput. Biol. 10:e1003571. doi: 10.1371/journal.pcbi.1003571

Šali, A., and Blundell, T. L. (1993). Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol. 234, 779–815. doi: 10.1006/jmbi.1993.1626

 Schrödinger (2015). The PyMOL Molecular Graphics System, Version 1.5 LLC. New York, NY: Schrödinger.

Schulz, R., Vargiu, A. V., Collu, F., Kleinekathöfer, U., and Ruggerone, P. (2010). Functional rotation of the transporter AcrB: insights into drug extrusion from simulations. PLoS Comput. Biol. 6:e1000806. doi: 10.1371/journal.pcbi.1000806

Schulz, R., Vargiu, A. V., Ruggerone, P., and Kleinekathöfer, U. (2015). Computational study of correlated domain motions in the AcrB efflux transporter. Biomed Res. Int. 2015:487298. doi: 10.1155/2015/487298

Schulz, R., Vargiu, A. V., Ruggerone, P., and Kleinekathöfer, U. (2011). Role of water during the extrusion of substrates by the efflux transporter AcrB. J. Phys. Chem. B 115, 8278–8287. doi: 10.1021/jp200996x

Schuster, S., Vavra, M., and Kern, W. V. (2016). Evidence of a substrate discriminating entrance channel in the lower porter domain of the multidrug resistance efflux pump AcrB. Antimicrob. Agents Chemother. 60, 4315–4323. doi: 10.1128/AAC.00314-16

Seeger, M. A., Schiefner, A., Eicher, T., Verrey, F., Diederichs, K., and Pos, K. M. (2006). Structural asymmetry of AcrB trimer suggests a peristaltic pump mechanism. Science 313, 1295–1298. doi: 10.1126/science.1131542

Selzer, T., Albeck, S., and Schreiber, G. (2000). Rational design of faster associating and tighter binding protein complexes. Nat. Struct. Mol. Biol. 7, 537–541. doi: 10.1038/76744

Sennhauser, G., Amstutz, P., Briand, C., Storchenegger, O., and Grutter, M. (2007). Drug export pathway of multidrug exporter AcrB revealed by DARPin inhibitors. PLoS Biol. 5:e7. doi: 10.1371/journal.pbio.0050007

Sennhauser, G., Bukowska, M. A., Briand, C., and Grütter, M. G. (2009). Crystal structure of the multidrug exporter MexB from Pseudomonas aeruginosa. J. Mol. Biol. 389, 134–145. doi: 10.1016/j.jmb.2009.04.001

Shen, M.-Y., and Sali, A. (2006). Statistical potential for assessment and prediction of protein structures. Protein Sci. 15, 2507–2524. doi: 10.1110/ps.062416606

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011). Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.2011.75

Sjuts, H., Vargiu, A. V., Kwasny, S. M., Nguyen, S. T., Kim, H.-S., Ding, X., et al. (2016). Molecular basis for inhibition of AcrB multidrug efflux pump by novel and powerful pyranopyridine derivatives. Proc. Natl. Acad. Sci. U.S.A. 113, 3509–3514. doi: 10.1073/pnas.1602472113

Srikumar, R., Li, X.-Z., and Poole, K. (1997). Inner membrane efflux components are responsible for beta-lactam specificity of multidrug efflux pumps in Pseudomonas aeruginosa. J. Bacteriol. 179, 7875–7881. doi: 10.1128/jb.179.24.7875-7881.1997

Sun, J., Deng, Z., and Yan, A. (2014). Bacterial multidrug efflux pumps: mechanisms, physiology and pharmacological exploitations. Biochem. Biophys. Res. Commun. 453, 254–267. doi: 10.1016/j.bbrc.2014.05.090

Symmons, M. F., Marshall, R. L., and Bavro, V. N. (2015). Architecture and roles of periplasmic adaptor proteins in tripartite efflux assemblies. Front. Microbiol. 6:513. doi: 10.3389/fmicb.2015.00513

 The UniProt Consortium (2015). UniProt: a hub for protein information. Nucleic Acids Res. 43, D204–D212. doi: 10.1093/nar/gku989

Tikhonova, E. B., Wang, Q., and Zgurskaya, H. I. (2002). Chimeric analysis of the multicomponent multidrug efflux transporters from gram-negative bacteria. J. Bacteriol. 184, 6499–6507. doi: 10.1128/JB.184.23.6499-6507.2002

Vargiu, A. V., Collu, F., Schulz, R., Pos, K. M., Zacharias, M., Kleinekathöfer, U., et al. (2011). Effect of the F610A mutation on substrate extrusion in the AcrB transporter: explanation and rationale by molecular dynamics simulations. J. Am. Chem. Soc. 133, 10704–10707. doi: 10.1021/ja202666x

Vargiu, A. V., and Nikaido, H. (2012). Multidrug binding properties of the AcrB efflux pump characterized by molecular dynamics simulations. Proc. Natl. Acad. Sci. U.S.A. 109, 20637–20642. doi: 10.1073/pnas.1218348109

Vargiu, A. V., Ramaswamy, V. K., Malvacio, I., Malloci, G., Kleinekathöfer, U., and Ruggerone, P. (2018). Water-mediated interactions enable smooth substrate transport in a bacterial efflux pump. Biochim. Biophys. Acta 1862, 836–845. doi: 10.1016/j.bbagen.2018.01.010

Vargiu, A. V., Ruggerone, P., Opperman, T. J., Nguyen, S. T., and Nikaido, H. (2014). Molecular mechanism of MBX2319 inhibition of Escherichia coli AcrB multidrug efflux pump and comparison with other inhibitors. Antimicrob. Agents Chemother. 58, 6224–6234. doi: 10.1128/AAC.03283-14

Wang, Z., Fan, G., Hryc, C. F., Blaza, J. N., Serysheva, I. I., Schmid, M. F., et al. (2017). An allosteric transport mechanism for the AcrAB-TolC multidrug efflux pump. eLife 6:e24905. doi: 10.7554/eLife.24905

Webber, M., and Piddock, L. (2003). The importance of efflux pumps in bacterial antibiotic resistance. J. Antimicrob. Chemother. 51, 9–11. doi: 10.1093/jac/dkg050

Wehmeier, C., Schuster, S., Fähnrich, E., Kern, W. V., and Bohnert, J. A. (2009). Site-directed mutagenesis reveals amino acid residues in the Escherichia coli RND efflux pump AcrB that confer macrolide resistance. Antimicrob. Agents Chemother. 53, 329–330. doi: 10.1128/AAC.00921-08

Westbrock-Wadman, S., Sherman, D. R., Hickey, M. J., Coulter, S. N., Zhu, Y. Q., Warrener, P., et al. (1999). Characterization of a Pseudomonas aeruginosa efflux pump contributing to aminoglycoside impermeability. Antimicrob. Agents Chemother. 43, 2975–2983.

Wiederstein, M., and Sippl, M. J. (2007). ProSA-web: interactive web service for the recognition of errors in three-dimensional structures of proteins. Nucleic Acids Res. 35(Suppl. 2), W407–W410. doi: 10.1093/nar/gkm290

Yamaguchi, A., Nakashima, R., and Sakurai, K. (2015). Structural basis of RND-type multidrug exporters. Front. Microbiol. 6:327. doi: 10.3389/fmicb.2015.00327

Yao, X.-Q., Kimura, N., Murakami, S., and Takada, S. (2013). Drug uptake pathways of multidrug transporter AcrB studied by molecular simulations and site-directed mutagenesis experiments. J. Am. Chem. Soc. 135, 7474–7485. doi: 10.1021/ja310548h

Zechini, B., and Versace, I. (2009). Inhibitors of multidrug resistant efflux systems in bacteria. Recent Pat. AntiInfect. Drug Discov. 4, 37–50. doi: 10.2174/157489109787236256

Zhao, Q., Li, X.-Z., Mistry, A., Srikumar, R., Zhang, L., Lomovskaya, O., et al. (1998). Influence of the TonB energy-coupling protein on efflux-mediated multidrug resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 42, 2225–2231.

Ziha-Zarifi, I., Llanes, C., Köhler, T., Pechere, J.-C., and Plesiat, P. (1999). In vivo emergence of multidrug-resistant mutants of Pseudomonas aeruginosa overexpressing the active efflux system MexA-MexB-OprM. Antimicrob. Agents Chemother. 43, 287–291.

Zuo, Z., Wang, B., Weng, J., and Wang, W. (2015). Stepwise substrate translocation mechanism revealed by free energy calculations of doxorubicin in the multidrug transporter AcrB. Sci. Rep. 5:13905. doi: 10.1038/srep13905

Zuo, Z., Weng, J., and Wang, W. (2016). Insights into the inhibitory mechanism of D13-9001 to the multidrug transporter AcrB through molecular dynamics simulations. J. Phys. Chem. B 120, 2145–2154. doi: 10.1021/acs.jpcb.5b11942

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Ramaswamy, Vargiu, Malloci, Dreier and Ruggerone. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-09-01144-e003.jpg





OPS/images/fmicb-09-01144-g006.jpg
A B
&@Volume =—Cluster pop
5000 o o e e e 60%
Pre-MD
9
4000 50% q
- 40% €
< 3000 2
o ©
£ 30% 2
MexB 5., 2
S 20% &
1000 - I
0 0% A
1 2 3 4 5 6 7 8 9 10
Cluster No.
C D
==\/olume -—Cluster pop
5000 60% )
4000 Pre-MD 50%
o 40% €
°< 3000 2
o ©
£ 30% 3
Mexy 2 2000 g- J
S 20% &
1000 0% ‘
0 0%

1 2 3 4 5 6 7 8 9 10
Cluster No.






OPS/images/fmicb-09-01144-e002.jpg
LI = M 100
T EMLPT + | EMLP—





OPS/images/fmicb-09-01144-g007.jpg
Most populated cluster structure

MexY






OPS/images/fmicb-09-01144-e001.jpg
{2l

MLPc= " Fif (di)





OPS/images/fmicb-09-01144-g008.jpg
0.30
0.25
0.20

So1s
0.10
0.05

0.00

DP

0.30
0.25
0.20
So1s
0.10

0.05

HP-trap

0.00






OPS/images/fmicb-09-01144-g009.jpg
MexB

MexY






OPS/images/fmicb-09-01144-g002.jpg
5000 E@Volume =—Cluster pop 60%
0,
4000 50%
Pre-MD
T e e e e ———————— e e e o - 40% &
T 3000 0
Q (1°}
£ 30% =—
MexB £ 2
S 2000 o
S 20% O
1000 0%
0 00%
1 2 3 4 5 6 7 8 9 10
Cluster No.
C D
5000 m\/olume =—Cluster pop 60%
o)
4000 50%
3 40% €
< 3000 S
Q
MexY ¢ 30% 3
=)
= 2000 o
> 20% G-
1000 10%
0 0%

Cluster No.





OPS/images/fmicb-09-01144-g003.jpg
MexB

PC2 PC1

G-loop

Pre-MD
(Bottom-loop ‘up’)

Most populated
Conformation
(Bottom-loop ‘up’)

Porter domain

MexY

Most populated
Conformation
(Bottom-loop

Pre-MD & MexBy_,,
‘intermediate’)

(Bottom-loop ‘up’)

AcrBy
(Bottom-loop ‘down’)





OPS/images/fmicb-09-01144-g004.jpg
Most populated cluster structure

MexB \ - MexY






OPS/images/fmicb-09-01144-g005.jpg
A 030

0.25-
0.20¢ o

=

So15¢
0.10f

0.05

Distance (A)





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Microbiology

Molecular Determinants of the
Promiscuity of MexB and MexY
Multidrug Transporters of
Pseudomonas aeruginosa





OPS/images/fmicb-09-01144-t001.jpg
Transporter(s)  MexB MexY MexB and MexY

Substrates Most beta-lactams (except imipenem), Aminoglycosides (gentamicin, tobramycin, amikacin), Macrolides (erythromycin, spiramycin),
novobiocin, trimethoprim and triclosan Penicillns (except carbenicillin and sulbenicilin), Fluoroquinolones, chloramphenicol,
Gephems (except cefsulodin and ceftazidime) Tetracyclines
Substratetype  Hydrophobic Hydrophilic Amphiphiic

Classes of compounds are indicated, with examples of specific compounds within parentheses (2D chemical structures of these compounds are shown in Supplementary
Figure 2). General physicochemical property of antibiotic substrates of MexB and MexY are also specified.





OPS/images/fmicb-09-01144-t002.jpg
System Volume (A3)

Pre-MD MD clusters
AP
MexB 3350 1120 + 290
MexY 1600 1590 + 350
DPr
MexB 5120 2310 £+ 200
MexY 3840 2400 £+ 210

For MexB, the pre-MD structure corresponds to the crystal structure identified by
PDB code 3W9I while for MexY it is the final optimized model used as starting
configuration for MD simulations.





OPS/images/logo.jpg
' frontiers
in Microbiology





OPS/images/fmicb-09-01144-g001.jpg
>

- Periplasm

k\
a0 (3 ‘J

Cytoplasm}:, ,

DpP

5272(Q273) Q .5273(0274) DP
© G275(5276)
A179(5180) o O F276(1277)
6178(G179) O V607 5 O D615(R620)
wi177(F178) 5 (V612) 7 F610(F615)
T1761V177) @, ys0s

PN1
PC2
546(Q46)
ssgre9)D O
¥127(R128)
O
E129(T130)
D133(K134)
O
PC2 PN1
A713(N718) Q820(E825)
) © Kk79(579)
M711(R716) O T90(T91)
D676(D681) ©
e @ © D133(k134)

L669(L674) O S134(N135)

1612(F617
e175a176)0  (FE10 P27
F623
" 1138(v139) O (F628) O M570(F573)
O v326(v327,
1135(F136) O (a2 PC1
PN2
"‘\
AP PC1
A
PN2 5619(5624) O .M574(0577)
' O
/ T657(M662)
1612(F617) O © M572(0575)
O
‘ Y659(F664)
MS570(F573) O
O M661(F666)
K291(k292) O SE63(P665) O © Ne2(A6e?)






OPS/images/fmicb-09-01144-t003.jpg
System Lipophilic Index

Pre-MD MD clusters
AP,
MexB 2.7 2.7+0.9
MexY 4.2 45+ 1.2
DPr
MexB 20.1 41 +23
MexY 15.9 89+22

See Table 2 for further details.





