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ABSTRACT Transporters of the resistance-nodulation-cell division (RND) superfamily
of proteins are the dominant multidrug efflux power of Gram-negative bacteria. The
major RND efflux pump of Pseudomonas aeruginosa is MexAB-OprM, in which the
inner membrane transporter MexB is responsible for the recognition and binding of
compounds. The high importance of this pump in clinical antibiotic resistance made it a
subject of intense investigations and a promising target for the discovery of efflux pump
inhibitors. This study is focused on a series of peptidomimetic compounds developed
as effective inhibitors of MexAB-OprM. We performed multi-copy molecular dynamics
simulations, machine-learning (ML) analyses, and site-directed mutagenesis of MexB
to investigate interactions of MexB with representatives of efflux avoiders, substrates,
and inhibitors. The analysis of both direct and water-mediated protein-ligand interac-
tions revealed characteristic patterns for each class, highlighting significant differences
between them. We found that efflux avoiders poorly interact with the access bind-
ing site of MexB, and inhibition engages amino acid residues that are not directly
involved in binding and transport of substrates. In agreement, machine-learning models
selected different residues predictive of MexB substrates and inhibitors. The differences
in interactions were further validated by site-directed mutagenesis. We conclude that the
substrate translocation and inhibition pathways of MexB split at the interface (between
the main putative binding sites) and at the deep binding pocket and that interactions
outside of the hydrophobic patch contribute to the inhibition of MexB. This molecular-
level information could help in the rational design of new inhibitors and antibiotics less
susceptible to the efflux mechanism.
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mechanisms, among which the action of efflux pumps represents one of the major
contributors (4-7). The tripartite efflux system MexAB-OprM of P. aeruginosa plays
the leading role in translocating a plethora of different antimicrobial compounds outside
the cell (8-10). The homotrimeric protein MexB is a resistance-nodulation-cell division
(RND) transporter responsible for the binding and extrusion of ligands (11, 12) through
the so-called functional rotation mechanism (5, 13, 14). In this mechanism, the proto-
mers can assume cyclically three different and subsequent states, namely, Loose (L),
Tight (T), and Open (O). The substrate-transport process is energetically driven by the
electrochemical potential of protons, i.e., the proton motive force (PMF). The pump
expels compounds with very different physico-chemical properties, a feature known as
poly-specificity (10, 15), which is shared by many RND transporters from Gram-negative
species including AcrB from Escherichia coli (16) or AdeB from Acinetobacter bauman-
nii (17), both homologous to MexB. Based on the available structural data of these
transporters, two main binding pockets named Access Pocket (AP|) and Distal Pocket
(DP1) have been identified in the L and T states, respectively (11, 18-20). These two
pockets are separated by the interface, which includes the switch (gate) loop (Fig. S1).
The composition and the size of the loop are thought to contribute to the substrate
specificity of RND transporters (21). Significant efforts have been made to enhance
the efficacy of antibacterial strategies against P. aeruginosa and other Gram-negative
bacteria (9, 22-24), but the insufficient progress indicates that innovative approaches are
urgently needed.

The most desirable feature of new antimicrobial compounds is the ability to avoid
efflux. Therefore, to design effective drugs, it is of great importance to identify good and
poor efflux substrates (22, 23, 25, 26), and the molecular determinants guiding avoidance
(27). In addition, a promising strategy is represented by the development of molecules
able to inhibit RND transporters, leading to an effective accumulation of antibiotics
inside the cell (28). Several efflux pump inhibitors (EPIs) have been identified (29) such as
ABI-PP (18) and the peptidomimetics PafN (29) for MexB, as well as the MBX series (30),
4-substituted 2-naphthamide derivatives (31), and natural compounds (32, 33) for AcrB.
Peptidomimetics raised great interest thanks to their promising broad-spectrum activity
(27). Two mechanisms of inhibition have been reported: allosteric and competitive. In
the former, as seen for AcrB, the inhibitor binds at the transmembrane domain of the
L protomer, which would prevent either the transition from L to T states or the use of
PMF for substrate efflux (34). Competitive inhibitors bind at the same sites of substrates,
hindering their capture and subsequent translocation (35, 36). According to experimen-
tal and structural data, some EPIs bind within a peculiar region inside the DPt, known as
a hydrophobic trap (5, 18), preventing the binding of substrates. On the other hand, most
of the identified EPIs are also substrates of efflux pumps.

Although the use of EPIs has shown several advantages (37), none of the reported
EPIs has been approved for clinical use so far, mainly because of the low in vivo effi-
cacy, poor pharmacokinetic properties, and/or toxicity problems. Further understanding
of molecular mechanisms associated with MexB recognition, inhibition, and possibly
avoidance could facilitate the development of EPIs suitable for clinical applications.

In a previous work (27), ~260 peptidomimetics developed by Rempex Pharma-
ceuticals (Rempex compounds) were characterized through growth-dependent and
growth-independent structure-activity relationship analyses and classified into four
functional groups: substrates (SUBs, 136 molecules), inhibitors (EPIs, 24 molecules),
mixed substrates-inhibitors (EPI-Ss, 31 molecules), and avoiders (AVDs, 66 molecules).
This series of compounds is the most advanced among various EPIs and contains
compounds with good pre-clinical profiles (38). The AVDs were defined as molecules
that are not translocated by MexB, and unlike the inhibitors, they do not even bind the
transporter. The mixed EPI-Ss can inhibit the efflux of substrates, but at the same time,
they can be transported by MexB as well. Physico-chemical properties of compounds
and their interactions with MexB using molecular docking were computed. These
descriptors were used to generate machine-learning (ML) models that are predictive
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of the propensity of compounds to avoid or inhibit efflux by MexB. Several descriptors of
interactions with MexB were among the top predictors of whether a compound would
be recognized by MexB as a ligand or it will avoid the transporter. In particular, the
strong affinity to AP_ and the higher number of contacts with L674 and P668 residues
in this pocket as well as with T130, F136, and S276 in DPy correlated positively with the
activities of EPIs. However, the generality of the model predictions was not always clear,
prompting for a more mechanistically focused analysis.

In this study, to gain a mechanistic understanding of differences between substrates
and EPIs in their interactions with MexB, we performed improved ML analysis of
MexB residues located in ligand-binding pockets, multi-copy molecular dynamics (MD)
simulations of four Rempex compounds that are representative of the four functional
classes, and site-directed mutagenesis of specific MexB residues implicated in interac-
tions with ligands. The ML analysis and the MD simulations showed that MexB interac-
tions predictive of substrates span multiple binding sites in AP, DP, and the interface
between the two pockets, whereas MexB residues/regions important for inhibition are
localized specifically to DP. However, interactions with the hydrophobic trap alone are
not sufficient for inhibition and amino acid residues from other regions of DP contribute
to inhibition. In agreement with previous studies (5, 39, 40), we found that solvent water
molecules play an important role in binding and inhibition. Site-directed mutagenesis
of the identified MexB residues confirmed their functional importance and specificity in
inhibition and translocation. The identified MexB residues selective for substrates and
inhibitors will improve predictions of these properties in structurally diverse compound
libraries.

RESULTS

Machine-learning analysis of interaction counts to MexB residues located in
ligand-binding pockets

To quantify the interactions of Rempex compounds with MexB at a molecular level, we
first carried out ensemble docking calculations as described in previous works (27, 41).
An extended description of the docking results is reported in the Supporting Informa-
tion. Briefly, we generated 600 poses per ligand in each of the two major putative
binding pockets of MexB (i.e., AP_ and DPy), which were further subdivided into the
Outer and Inner AP; the Interface (IF), which includes the switch loop (residues 613-623);
and the DP Groove and DP Cave regions (Fig. 1A). Residues lining the five different
regions of MexB (Outer AP, Inner AP, Interface, DP Groove, and DP Cave) are listed in Table
ST.

Hierarchical clustering analysis of all 206 Rempex compounds and their contacts with
MexB showed that the MexB residues form three clusters (Fig. 1B). The cluster 1 com-
prised all the residues of the Outer and Inner AP and a few residues from the IF and the
DP Cave, whereas the clusters 2 and 3 were broadly dispersed and included residues
from the DP Groove, the DP Cave, and the IF. Thus, clusters are not tightly associated with
specific regions of MexB structure although there is a clear separation between the
interaction in the AP and DP. The principal component decomposition (42) showed that
the first and second principal components (PComp1 and PComp2) account for 96.6% and
1.6% of the total variance, respectively (Fig. 1B). Notably, most of the variance in the data
set was explained by PComp1, which included almost equal (varied within a factor of 2.4)
contributions from all compounds. Thus, most of the variation among the compounds is
associated with their overall propensity for interaction with the residues of MexB.
Interestingly, the PComp1 clearly separates cluster 1 (hence, the AP) from the rest of the
MexB interactions.

We next applied a further ML analysis to identify MexB residues predictive of sub-
strates and inhibitors. To generate a model for MexB substrates, we used the previously
reported efflux ratios of compound concentrations inhibiting 50% of bacterial growth
(IC59) measured in efflux-proficient P. aeruginosa PAO1(Pore) and efflux-deficient
PA6(Pore) cells (27). The MexB substrates were defined as compounds with efflux ratios
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FIG1 Machine-learning analysis of MexB interaction with substrates and inhibitors. (A) Architecture of the substrate binding site of MexB with its five main areas

highlighted as follows: Outer AP, red; Inner AP, green; Interface, blue; DP Groove, gold; DP Cave, cyan. (B) Principal component analysis of residue interaction

counts. Symbols denote the three clusters predicted by hierarchical clustering, and colors mark the location of the residues in the binding sites of MexB. The top

six residues predicted by the random forest analysis are labeled in red for inhibition and blue for efflux efficiency. (C) Representation of the relative importance of

the five main MexB regions among top residue interaction counts that were ranked using a random forest analysis and then grouped according to their location

within MexB. (D) The top six residues implicated in ranking substrates (blue) and inhibitors (red) within the Deep Pocket (PDBID: 2V50, chain B).

>4. The EPI activities were determined using the inhibition of efflux of a fluorescent
probe Hoechst 33342 (Hoechst) in non-growing bacterial cells. The ratio of Hoechst
accumulation rates at 16 and 0 uM concentrations of a compound was used as a proxy
for its efficiency as an inhibitor. The two ratios were modeled as a random forest
ensemble of regression trees using the docking-generated residue interaction counts as
descriptors. The generated models were used as a basis for ranking the descriptors
according to their importance for the classification of compounds.

The highest-ranked amino acid residues of MexB lie in the DP Cave and DP Groove
sections followed by the IF region (Fig. 1C). Notably, the overall ranking profiles were very
similar for efflux substrates and inhibitors. This lends further support to the accepted
notion that the site for MexB inhibition is orthosteric with its normal efflux site. However,
different residues were found at the top of the lists of the two classes of molecules.
The top six residues most important for the inhibition were all aromatic or hydrophobic
(F136, V139, F178, F610, Y327, and F628), whereas the efficiency of efflux was defined
by interactions with primarily polar residues (Q46, K134, Q176, V177, V612, and R620)
(Fig. 1B). Thus, both DP Cave and DP Groove appear important to discriminate between
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different classes of ligands, i.e., substrates vs avoiders and inhibitors vs non-inhibitors.
However, the propensity to inhibition is largely defined by interactions with aromatic and
hydrophobic residues.

Molecular docking suggests common binding modes for efflux substrates,
inhibitors, and avoiders

We next performed a detailed structural analysis of the top docking poses found in
each binding pocket for representative compounds of the four Rempex classes: SUB58,
EPI18, mixed EPI-S32, and AVD108 (Fig. 2; Table S2). SUB58 and EPI-S32 have only weak
antibacterial activities with MICs values =100 and 25 uM against PA2859(Pore) producing
MexB WT and carrying an empty vector, respectively. The MIC values of AVYD108 and
EPI18 were 6. 25 and 12.5 uM, respectively, against both MexB WT and null cells (Table
S2). We hypothesize that EPI18 is an EPI because it is not pumped out by MexAB-OprM
according to ICsq values and it potentiates the activities of antibiotics and inhibits efflux
of Hoechst in non-growing cells (see below).

Overall, the analysis of the docking poses reveals similar binding modes for the
representative Rempex compounds in the putative binding sites of MexB. The differen-
ces between substrates, inhibitors, and avoiders are subtle and appear at the level of
specific residues involved in the binding. In particular, docking poses at the AP (Fig.
S2; Fig. 3) reveal a common binding mode, i.e., the hydrophobic rings of compounds
point toward the Inner AP and IF, containing apolar residues such as L564, P669, V671,
L674, and L861; the terminal amines are associated with the Outer AP. This region is
responsible for most of the interactions between MexB and the Rempex compounds
although the residues involved vary to some extent. Docking poses at the DPy (Fig. S3;
Fig. 4) share the same orientation, with the polar tails facing the IF, and the aromatic
rings directed toward the DP Cave. All ligands participate also in polar interactions with
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FIG2 Chemical structures of the representative compounds of the four Rempex classes: SUB58, EPI118, EPI-S32, and AVD108.
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FIG 3 MD cluster representatives at the AP.. (A) SUB58 is colored in blue (cluster population = 30%), (B) EP118 is in orange (cluster population = 29%), (C) EPI-532
is in gray (cluster population = 33%), and (D) AVD108 is in yellow (cluster population = 41%). Protein-ligand interactions are highlighted as dotted lines and

colored in black for hydrogen bonds and salt bridges and in red for water H-bridges. In panel (C), water molecule is represented in balls and sticks. MexB amino

acid residues replaced by site-directed mutagenesis are shown as colored spheres: cyan, no change in function; green, loss of function; red, gain of function. The

Outer AP and the Inner AP are highlighted in red and green surfaces, respectively.

different residues through their positively charged amines, while EPI18 is involved in -t
stacking interactions with phenylalanine residues of the DP Groove.

Thus, taken together, docking results (Fig. 3 and 4) and ML analyses (Fig. 1) show that
interactions of Rempex compounds with the AP residues are distinct from those in the IF
and DP. Compounds interact with the AP by facing their aromatic rings toward the inner
part of the pocket, in a region delimited by hydrophobic residues (i.e., L564, P669, V671,
L674, and L861), while the polycationic moieties face the periplasm and are exposed to
the solvent.

Substrates and inhibitors engage more MexB residues than efflux avoiders

To further assess docking findings and investigate the impact of solvent molecules in
protein-ligand interactions, we performed all-atom MD simulations starting from the
binding modes predicted at both AP| and DPt. For each ligand-protein complex selected
from docking (Fig. S2 and S3), we performed 10 MD replicas of 100 ns (1 ps total
sampling for each pose) by considering a phospholipid double-membrane-embedded

A B

FIG4 MD cluster representatives at the DPt. (A) SUB58 is colored in blue (cluster population = 20%). (B) EPI18 is in orange (cluster population = 41%). (C) EPI-S32
is in gray (cluster population = 30%). Protein-ligand interactions are highlighted as dotted lines and colored in black for hydrogen bonds and salt bridges and

in red for water H-bridges. In panel B,water molecules are represented in balls and sticks. MexB amino acid residues replaced by site-directed mutagenesis are

shown as colored spheres: cyan, no change in function; green, loss of function; red, gain of function. Top predictors from ML analysis are highlighted as magenta

cones.
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model of MexB in water solution (see Materials and Methods for further details). Our
primary aim was to assess the binding modes predicted by docking for the representa-
tive compounds (i.e., SUB58, EPI18, EPI-S32, and AVD108) and infer any potential term of
diversification between the four Rempex classes. Note that, consistently with its nature,
the avoider AVD108 was simulated only in the AP.

We first focused on the overall stability of the MD trajectories. In general, all
compounds were stable in all simulations with some minor differences between them
(Table 1; Fig. S4).

In the AP, the lowest and highest average RMSD values were found for the SUB58
and EPI-S32, respectively (1.9 + 0.8 and 2.5 + 0.9 A). Conversely, SUB58 showed the
highest RMSD values and EPI-532 the lowest in the DP (2.9 + 1.4 and 2.2 + 0.9 A,
respectively). These higher RMSD values at the DPt in the SUB58 simulations are
consistent with the multisite-drug-oscillation (or diffusive binding) hypothesis (15, 43).

We then investigated the persistence of direct interactions of each compound with
MexB residues, by monitoring the contacts along the MD trajectories (cutoff distance
3.0 A, see Materials and Methods) (Table 52). Overall, we found that SUB58 interacted
with the largest number of protein residues (especially at the Outer and Inner AP) as
compared to the other compounds (Fig. 3). Conversely, as expected, AVD108 showed the
lowest values of persistence. Some of the residues appear to interact with all compounds
(although to a different extent). For example, all compounds interact with D566 of
the Outer AP with 100%, 46%, 83%, and 47% for SUB58, EPI18, EPI-S32, and AVD108,
respectively (Fig. 3; Table S3). Noteworthy, the interaction between D566 and SUB58 is
constantly maintained for all the trajectories. The representative complexes extracted
from MD simulations (Fig. 3) reveal that interactions with the AP residues are mainly
mediated by the amino-terminal tails and the amide moieties, which is consistent with
previously reported findings (44).

Surprisingly, at the DPy, none of the compounds interacted with the Groove or Cave
residues and all compounds primarily interacted with the residues located in the inner
AP and the IF (Fig. 4). All compounds established interactions with E81 (IF), D681 (Inner
AP), and E825 (Inner AP), while unique interactions were found for SUB58 with T91
(IF) and L682 (Inner AP) and for EPI-S32 with N616 (IF) (Fig. 3). Thus, MD simulations
identify interactions important for individual compounds that are markers of high-affin-
ity binding and are involved in the translocation of all ligands. The rare contacts in the
DP Groove that are important for distinguishing inhibitors from non-inhibitors can be
captured by ML modeling fed with interaction descriptors computed on a larger series of
compounds.

Water-mediated hydrogen bonding contributes remarkably to the interac-
tion with MexB

To assess differences in hydration profiles of compounds, we analyzed the water shells
around the Rempex representatives both in complex with MexB and alone in water
solution as a reference term (see Materials and Methods and Fig. S5). Figure 5A reports
the average number of water molecules of the first and second hydration shells in
the MD trajectories performed at the AP and DPr, and for the sake of comparison,
the same numbers were obtained for the compounds inserted in a water box (27). As

TABLE 1 Average root-mean-square displacements (RMSD, expressed in A) and associated standard
deviations of the 10 MD replicas performed for each representative Rempex compound at the AP_and DPt

AP (A) DPr (A)
SUB58 1.9+0.8 29+14
EPI18 22+0.8 26+ 1.1
EPI-S32 25+09 22109
AVD108 24+09 -

9—, not computed
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FIG 5 Compound hydration and water-mediated hydrogen bonding. (A) Comparison between the
average number of water molecules in the first and second hydration shell registered in the MD
trajectories of the Rempex compounds in complex with MexB at the AP and DPt and alone in water
solution. (B) Mean values (%) of the persistence of hydrogen bond bridges mediated by water molecules
during the MD trajectories, between Rempex compounds and MexB residues, at the AP.. (C) Mean
persistence of interaction (%) and corresponding standard deviation between MexB residues and the
Rempex compounds were recorded in the DPt. We report only residues for which greater than 12% were
registered for at least one compound.

expected, within the AP, the compounds are surrounded by a higher number of water
molecules as compared to the DPy. The only exception is represented by EPI18, which
maintains similar hydration in both pockets. Interestingly, EPI18 shows the highest ratios
as compared to the other compounds, and EPI-S32 showed a hydration profile like that of
EP118 (SUB58) at the AP (DP7), which is consistent with its mixed nature.
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The above results suggest a prominent role of water molecules in the interaction
between MexB and the representative Rempex compounds. Therefore, to further
quantify the role of the solvent and pinpoint specific protein residues interacting
indirectly with compounds, we computed the persistence of hydrogen bond bridges
mediated by water molecules during the MD runs. H-bridges mediated by water
molecules appear to contribute remarkably to the interaction with MexB (Fig. 5B and
C; Table S4). Furthermore, indirect water-mediated contacts involve residues lining the
DP Cave of MexB, as seen for EPI18 and the Q46 and T89 residues. Overall, at the
AP;, AVD108 is engaged in the lowest number of water bridges (17 H-bridges/ns,
compared to 24, 22, and 27 of SUB58, EPI18, and EPI-S32, respectively). While at the DPr,
EPI18 shows a marked tendency to interact with the water molecules (32 H-bridges/ns)
compared to the other compounds (19 H-bridges/ns for both SUB58 and EPI-S32).

Thus, combining the results from the analysis of contacts (Fig. 3 and 4) and water-
mediated H-bridges (Fig. 5), we found that the four classes of Rempex compounds
engage MexB residues from different regions both directly and indirectly. For instance, at
the AP, the residue L564 of the Outer AP was directly interacting with SUB58 and EPI18
(Fig. 3), but it was also indirectly interacting with EPI-S32 by a water H-bridge (Fig. 5B).
At the DPr, residues Q46 (DP Cave), N616 (IF), and N718 (Inner AP) are found to interact
indirectly only with EPI18 (Fig. 5C).

Mutations in key MexB residues differentially affect substrate recognition

To gain insights into functional interactions of SUB58, EPI18, and EPI-S32 within the
known binding pockets of MexB, and to further define properties that distinguish the
translocation and inhibition pathways, we performed a site-directed mutational analysis.
We considered a subset of key residues selected from the results of ML analysis and MD
simulations described above (Table 1; Fig. 1 and 3 to 5), as well as residues previously
implicated by structural studies in the substrate- and EPI recognition by MexB and its
close homolog AcrB (Fig. 6) (5, 45, 46). Among the selected residues, F666, L674, N718,
and E825 are in the Inner AP; E81, K134, N616, and F617 are from the IF with the last two
in the switch loop; Q46, T130, V139, V177, and Y327 are from the DP Cave; and finally,
S276, A279, and F610 are from the DP Groove (Fig. 1A). Ten of the selected residues
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were replaced with cysteine (MexB-Cys), six with alanine, and A279 was substituted with
valine.

We first measured MICs of six antibiotics cefotaxime (CEF), levofloxacin, ciprofloxacin
(CIP), novobiocin (NOV), chloramphenicol (CHL), and trimethoprim (TMP), the known
substrates of MexB (Table 2). All mutated MexB variants were expressed in P. aerugi-
nosa PA2859 (AmexB AmexCD AmexYX) and its hyperporinated PA2859(Pore) derivative
lacking the outer membrane barrier at comparable levels (Fig. S6). However, the protein
expression of the F610C (DP Groove) and F617C (IF) variants was ~70% and 40% lower
than the expression of MexB WT, respectively (Fig. S6).

MexB was the most efficient in the protection against NOV and TMP (Table 2), with
32- to 64-fold increase in MICs independent of the outer membrane hyperporination.
The pump was the least efficient against CIP producing a 16- and 4-fold change in MICs
in PA2859 and PA2859(Pore), respectively. All constructed mutants were functional at
least partially as judged from the complementation of the drug-susceptible phenotype
of PA2859 and its hyperporinated PA2859(Pore) derivative (Table 2).

Among the mutants, substitutions in the Inner AP residues F666 and N718 negatively
affected the activity of MexB albeit to a different extent. Cells producing MexB F666C
were hypersusceptible to all antibiotics, suggesting a non-specific effect. In contrast,
MexB N718C was less effective only against chloramphenicol (CHL) (Table 2). Neither
F666 nor N718 was among the top predictors, but N718 interacted indirectly with EPI18
in the MD simulations (Fig. 5).

The substitutions in the IF residues K134C and F617C demonstrated a similar trend,
with substitution in the aromatic F617C functionally defective likely due to non-specific
changes and the loss of a positive charge in K134C selectively impaired against CEF. K134
is a top predictor for MexB substrates, and in the MD simulations, this residue formed
water-mediated contacts with SUB58 and EPI-S32 but not EPI18 (Fig. 5). F617 interacts
directly with all three compounds, but these interactions are not predictive for substrates
and inhibitors.

The DP Cave substitutions T130C, V139C, and Y327C also had specific and non-spe-
cific effects. The T130C substitution reduced the MICs of CEF, LFX, CIP, NOV, and CHL by
fourfold; the Y327C substitution reduced the MIC of only NOV, whereas V139C showed
a reduced activity against all tested antibiotics (Table 2). The V139C and Y327C residues
are the top two predictors for MexB EPIs. These residues did not interact with the SUB58,
EPI-S32, and EPI18 in MD simulations. However, the compounds interacted with the
surrounding residues. For instance, T130 is located near V133, which interacts indirectly
with EPI-S32 (13% of H-bridges persistence) (Fig. 5).

Finally, the substitutions in DP Groove A279V and F610C followed the same trend
in that A279V specifically reduced the MICs of NOV, whereas the replacement of the
aromatic ring in F610C variant led to non-specific defects against all antibiotics. Neither
one of these two residues contacted directly or indirectly the compounds in MD
simulations. In addition, the lower expression of F610C variant could contribute to the
compromised function.

The effect of all other substitutions was within the twofold change in MICs, which is
not significant for the twofold dilution method used in this study. Thus, interactions of
substrates within the Inner AP, the IF, and the DP Cave and Groove of MexB are important
for their recognition and transport. The specificity of interactions is apparently defined
by non-hydrophobic amino acid side chains. The five top predictors of MexB substrates
(K134 and V612) and inhibitors (V139, F178 and Y327) are functionally important.

Both substrates and inhibitors potentiate activities of other antibiotics, albeit
in ligand- and antibiotic-specific manner

The EPI activities can be assessed using two assays: (1) the bacterial growth-dependent
assay that measures the ability of compounds to reduce the MIC of an antibiotic by
at least fourfold (minimal potentiating concentration, MPC,4) and (2) the inhibition of
efflux of a fluorescent probe Hoechst 33342 (Hoechst) in non-growing bacterial cells.
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TABLE 2 MICs of antibiotics in PA2859 and PA2859(Pore) strains carrying an empty vector, plasmid-borne MexB, and mutational variants®

Plasmid MexB region CEF LFX CIP NOV CHL TMP
Pore Nopore Pore Nopore Pore No pore Pore Nopore Pore Nopore Pore No pore
puUCP22 NA 0.078 1.25 0.008 0.0625 0.004 0.008 2 32 0.25 1 1.56 3.125
MexBWT  NA 0.625 20 0.125 1 0.016 0.125 128 1,024 2 32 100 400
Q46A Cave 0.625 >10 0.125 1 0.016 0.125 128 1,024 2 16 100 200
T130C Cave 0.625 5-10 0.063 0.25-0.5 0.016 0.03 64 256-512 1 8 50 >200
V139C Cave 0.313 2.5 0.063 0.25 0.016 0.03 64 128 2 4 50 100
V177A Cave 0.313 10 0.063 0.5-1 0.016 0.0625 64 1,024 2 32 50 >200
Y327C Cave 0.313 10 0.125 0.5 0.016 0.063 64 128 2 16 100 200
S276C Groove 0.625 >10 0.125 1 0.031 0.063-0.125 128 1,024 2 16-32 100 >200
A279V Groove 0313 10-20 0.125 0.5 0.031 0.0625 128  128-256 2 32 100 200
F610C Groove 0.625 2.5 0.031 0.125  0.004 0.016 16 128 1 2 3.125 25
E81C IF 0.313 >10 0.063 0.5-1 0.008 0.063 64 512 1 16-32 50 >200
K134C IF 0.156 5 0.125 1 0.016 0.125 64 512 2 32 50 200
F617C IF 0.078 2.5 0.016 0.25 0.004 0.031 16 256 0.5 2 6.25 50
N616A IF 0.625 >10 0.063 1 0.016 0.063-0.125 128 512-1,024 2 16 50 >200
F666C Inner 0.078 1.25 0.016  0.063  0.004 0.016 16 128 0.25 1 6.25 25
V671A Inner 0.313 20 0.063 1 0.016 0.125 64 1,024 1 16 50 200
L674A Inner 0.625 >10 0.125 1 0.016 0.125 128 1,024 2 16 50 >200
N718C Inner 0.313 10 0.063 0.5 0.016 0.063 64 1,024 1 8 50 100
E825A Inner 0.625 >10 0.125 1 0.016 0.125 128 1,024 2 16 100 >200

°CEF, ceftaxime; LFX, levofloxacin; CIP, ciprofloxacin; NOV, novobiocin; CHL, chloramphenicol; TMP, trimethoprim; Pore, PA2859(Pore); No pore, PA2859. MIC values that are
lower than those in cells with MexB WT by more than twofold are shown in bold.

SUBS58, EPI-S32, and EPI18 have only weak antibacterial activities (Table S2). We next
determined MPCy4 values for these three compounds in the presence of the best MexB
substrates NOV and TMP. The experiments were carried out in PA2859(Pore) cells to
reduce the contribution of the outer membrane barrier. Comparison of the MPCy4 values
determined for the three compounds showed that their activities are both antibiotic-
and MexB variant-specific (Table 3). However, mutations in MexB could potentially affect
either the translocation route of an EPI and/or an antibiotic or the inhibition route of an
EPI. A comparison with changes in MICs could lead to distinguishing between these two
possibilities.

SUB58 potentiated the antibacterial activity of NOV but not the activity of TMP. The
comparison of MPC,4 of SUB58 and MICs of NOV showed that the MexB F610C and F617C
variants that are the least effective against NOV are also the most susceptible to the
potentiating activity of SUB58 (Table 3). Thus, the substrates NOV and SUB58, but not
TMP, apparently compete for the same sites in MexB, and the observed potentiation of
NOV is due to competitive inhibition.

In contrast, EPI18 potentiated the activities of both NOV and TMP (Table 3). The
potentiation of NOV was not sensitive to substitutions in MexB, suggesting that none
of these substitutions is critical for the potentiating activity of EPI18. Interestingly, in
the combination with TMP, higher concentrations of EPI18 were needed to reduce the
MIC of TMP in cells producing MexB, S276C, A279V, F610C (all in DP Groove), Y327C (DP
Cave), F617C (IF), and F666C (Inner AP) variants, suggesting that these MexB variants
were resistant to the inhibitory activity of EPI18 but only toward TMP not NOV.

Finally, like EP118, EPI-S32 potentiated activities of both antibiotics, but the effect of
MexB substitutions was unique for this ligand. In the potentiation of the NOV activity,
the MPC4 values of EPI-S32 were reduced in cells producing MexB with substitutions in
all binding regions except the outer AP (Table 3), suggesting that all these variants are
more sensitive to inhibitory activity of EPI-S32. Since V139C, F610C, and F617C variants
were less active against all substrates, their sensitivity to EPI-S32 could be non-specific.
Surprisingly, E81C (IF) and V671A (Inner AP) became more resistant to this compound as
seen from the MPCy4 values and in the checkerboard assay (Fig. S7). The profile of EPI-532
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and TMP combination was different. Substitutions Q46A, T130C, and V139C in DP Cave,
A279C in DP Groove, and N718C and E825C in Inner AP made MexB more sensitive to the
potentiation of TMP by EPI-S32 (Table 3).

We also analyzed the activities of SUB58, EPI-S32, and EPI18 in the Hoechst efflux
inhibition assay (Fig. 7). In this assay, PA2859(Pore) cells producing MexB variants
were pre-treated with increasing concentrations of the Rempex compounds, and the
intracellular accumulation of Hoechst was analyzed by following dye fluorescence
in real time. We found that in cells producing MexB WT, EPI18 efficiently inhibited
efflux of Hoechst, as seen from increasing Hoechst fluorescence in cells treated with
increasing concentrations of the compound (Fig. 7A). In contrast, neither SUB58 nor
EPI-S32 was able to inhibit efflux of Hoechst (Fig. 7B and C). Hence, the mechanisms
responsible for the potentiation of antibiotic activities and Hoechst efflux vary for the
three compounds. In agreement, unlike with MPC4 measurement, cells producing the
functionally compromised F610C, F617C, and F666C variants as well as A279V, V671A,
and N718C were more sensitive to the EPI18 inhibition, as seen from the higher rates
of Hoechst accumulation in these cells. In contrast, S276C (DP Groove) was resistant to
EPI18 (Fig. 7D).

Taken together, these results agree with the computational results and ML analyses
that the substrates and inhibitors of MexB prefer different binding sites in MexB. Only in
the case of EPI18, substitutions in the DP Groove and DP Cave of MexB lead to resistance
against inhibition, whereas substitutions in the IF and Inner AP enable resistance against
both EPI18 and EPI-S32. Several MexB substitutions in the Inner AP, IF, and DP Cave that
reduce MICs of antibiotic substrates also reduce MPC,4 of Rempex compounds, whereas
the substitutions in the DP Groove are associated only with efflux inhibitory activities of
EPI-S32 and EPI18.

DISCUSSION

The increasing spread of antibiotic resistance in clinics demands new antimicrobial
compounds. One of the most attractive and desirable features of antimicrobial
compounds is the ability to avoid efflux. At the same time, identifying molecular

TABLE 3 MPC,4 of SUB58, EPI118, and EPI-S32 for novobiocin and trimethoprim?®

Plasmid MexB region SUB58: NOV EPI-S32 EPI18
NOV TMP NOV TMP

Vector NA 25 6.25 25 3.1 6.3
MexB NA 12.5 0.8 0.8 0.8 0.4
Q46A Cave 12.5-25 0.4-0.8 0.2 0.8 0.8
T130C Cave 12.5 0.4 0.2-0.4 0.8 0.8
V139C Cave 12.5 0.2-0.4 0.2 0.8 0.8
V177A Cave 12.5 0.8 0.4 0.8 0.8
Y327C Cave 12.5-25 0.2-0.4 0.4 0.8 0.8-1.6
S276C Groove 12.5-25 0.8-1.6 0.4 0.8-1.6 0.8-1.6
A279V Groove 12.5-25 0.4 0.2 1.6 0.8-1.6
F610C Groove 3.1 0.2 0.8 0.8-1.6 1.6
E81C IF 25 3.13 0.4-0.8 1.6 0.8
K134C IF 6.25-12.5 0.1-0.2 0.4-0.8 0.8 0.4
F617C IF 3.1 0.2 0.8 0.8 0.8-1.6
N616A IF 12.5 0.4-0.8 0.4 0.4-0.8 0.8
F666C Inner 6.25-12.5 0.4 0.8-1.6 0.8-1.6 1.6
V671A Inner 25 3.13 0.4-0.8 1.6 0.8
L674A Inner 12.5 0.4-0.8 0.4-0.8 0.8 0.8
N718C Inner 6.25 0.2-0.4 0.2 0.8 0.4
E825A Inner 25 0.8 0.2-0.4 0.8 0.8

9All measurements were done in PA2859(Pore) cells. Values in bold are with the decreased MPC4 values, and those
underlined are with the increased MPCy4 values.
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determinants enabling the conversion of substrates to efflux inhibitors or avoiders is
of paramount importance. Starting from the properties of Rempex compounds, the
previously developed ML model was able to predict these properties in compounds that
are structurally different from the originating ones, and the calculated affinities to the
MexB main binding sites as well as contacts with specific residues in these sites were
among the top predictors (27). To gain further mechanistic and functional significance of
the top predictive MexB residues discriminating between efflux substrates, avoiders, and
inhibitors, in this work, we combined ML analyses of docking results, MD simulations,
and site-directed mutagenesis experiments. We focused on a series of 206 Rempex
compounds representing the entire spectrum of ligand interactions with MexB starting
from poor substrates/avoiders and all the way to excellent substrates or inhibitors.

The ensemble docking calculations indicate that this class of compounds binds
preferentially in proximity to the channel 2 entrance (CH2), which is accessible from
the periplasm and believed to be used by large antibiotics such as erythromycin and
rifampicin (Fig. 6) (47). In AcrB crystal structure, erythromycin was bound in the Inner
AP, whereas rifampicin contacts residues in both the Inner and the Outer AP. The PC
analysis of MexB contacts with the Rempex compounds derived from docking showed
that the Outer AP region occupies a very tight space on the PCA plot, and in this
respect, it is different from other ligand-binding regions, and the residues of which are
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FIG 7 Inhibition of MexB-dependent efflux of Hoechst. PA2859(Pore) cells producing MexB WT were pre-incubated with increasing concentrations EPI18
(A), EPI-S32 (B), or SUB58 (C) for 15 min, and then, Hoechst was added to the final concentration 4 uM. The fluorescence was recorded in real time. Error bars, SD
(n = 3). (D) The same as panel A but PA2859(Pore) cells producing the indicated MexB variants were pre-incubated without and with 8 uM of EPI18, and then,
Hoechst was added to the final concentration 4 uM. The kinetics of fluorescence change was analyzed in real time. Kinetic curves were fitted to extract initial
rates (ki) of Hoechst uptake. The ratios of initial rates in the presence (ki + inh) and absence (ki) of 8 uM EPI18 are shown. The red line shows the level of MexB WT.
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broadly spread on the plot and form intermixed clusters (Fig. 1). Further inspection of
the persistence of direct interactions of compounds calculated from MD simulations
(Table S3) revealed a high number of contacts with the patch of negatively charged
residues of the Outer AP of MexB that attracts the positively charged amino groups of
Rempex compounds. This initial affinity to the Outer AP might be important for the high
efficiency of efflux for good substrates and high efficiency of inhibition for EPIs because
AVD108 was found to have the lowest number of contacts with this region (Fig. 5). In
addition, the detailed analysis of water-mediated interactions suggests a prominent role
of the solvent in all compounds except AVD108.

Some negatively charged residues of the Outer AP appear to interact with all
representative compounds, whereas others are compound-specific. For instance, D566
in the Outer AP interacts with all four compounds, while the interaction with D568 seems
to be unique for SUB58. Among the AP site residues that were mutated in this study,
F666 appears to directly contact large antibiotics (Fig. 6) and the substitution to cysteine
likely changes the geometry of these interactions as seen from the drop in the MICs
of all antibiotics in cells producing MexB F666C and an increase in MPC4 of EPI18 in
combination with TMP (Tables 2 and 3). The N718C substitution, on the other hand, is
closer to the IF and leads to compound-specific changes in MIC and MPCy4 values as well
as the Hoechst efflux assay.

The persistence and the number of contacts with other binding regions in MexB
appear to be compound-specific so that even small chemical modifications can give
rise to different interaction patterns. This compound-specific behavior is seen from the
dispersion of the IF and DP residues on the PCA plot (Fig. 1B). Nevertheless, certain
interactions are specifically associated with the substrate translocation and the inhibition
routes, respectively. Among the top ML predictors of MexB substrates, Q46, K134, and
R620 are located at or near the IF that separates the AP from the DP and likely reflect the
importance of the IF interactions in the translocation of substrates in addition to those
in the DP Groove and Cave. Importantly, all top side chain predictors of MexB substrates
are non-aromatic and predominantly (five out of six) are either charged or polar. On
the contrary, the residues in the DP Cave and Groove of MexB predictive of EPIs are all
aromatic and hydrophobic in agreement with structural findings of the importance of
aromatic residues for the inhibition of MexB and related pumps (18, 40). Furthermore, the
mutagenesis data provided a strong support for the functional distinction between the
aromatic and polar residues in the DP of MexB (Table 2). The substitutions in the aromatic
residues, as perhaps binding of EPIs to these residues, lead to broad non-specific changes
in the activity or even inactivation of MexB, whereas substitutions in polar and charged
residues affect specific ligands.

MD simulations showed that all Rempex compounds expose their molecular portions
containing aromatic rings toward the interior of the AP and are attracted toward the
Inner AP and the IF by hydrophobic forces. All three ligands SUB58, EPI-S32, and EPI18
interact with multiple residues in the IF region that are also engaged by other ligands
(Fig. 6). To get access into the DP, all compounds must squeeze through the switch loop
(residues 613-623), which seems to impose the restriction on the size of ligands (48).
MD simulations suggested that N616 is important for the interaction with EPI18 but not
with SUB58 (Fig. 4). The N616A substitution, however, had no effect on antibacterial
activities of antibiotics and inhibitory properties of EP118. The substitution F617C in this
loop, on the other hand, reduced efflux efficiency against all tested antibiotics as judged
from the low MIC values of antibiotics (Table 2). Hence, in agreement with previous
studies, the conformation of the loop and its interactions with substrates are important
for ligand translocation (49, 50). Surprisingly, the same F617C substitution makes MexB
more resistant to the action of EPI18 in combination with TMP but not with NOV (Table
3). Mutations in MexB could potentially affect either the translocation route of an EPI
and/or an antibiotic or the inhibition route of an EPI. Since TMP is one of the smallest and
most hydrophilic ligands of MexB (Fig. 2), the substitutions in the switch loop are unlikely
to hinder the TMP translocation and the observed resistance is likely due to problems
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with the translocation of EPI18 by MexB F617C variant. In contrast, the potentiating
effect in the inhibition of efflux of Hoechst by EPI18 or the lower MPC,4 of EPI-S32
and SUB58 in combination with NOV is likely due to the structural role of F617 in the
translocation of all these ligands. Accordingly, MD simulations showed a network of both
direct and indirect interactions between EPI-S32 and EPI18 and F617 (14% and 18% of
persistence of direct interactions for EPI-S32 and EPI18, respectively, and 14% of indirect
interactions in EPI18).

Similarly, in the DP, all ligands interact directly or indirectly with multiple residues;
some of which are the top side chain predictors of substrates and EPIs. In agreement,
several mutations in the Cave and the Groove region impacted both the translocation
and the inhibition routes (Table 2 and 3; Fig. 7). For example, the Y327C mutation in
MexB makes cells more susceptible to antibacterial activity of NOV and to the inhibitory
activity of EPI-S32 in combination with NOV. On the other hand, the same substitution
makes cells more resistant to the EPI18 inhibition in the combination with TMP, likely
by affecting the inhibition route. The importance of this residue was also demonstrated
for some MexB homologs, and as we found for MexB, the effect of substitutions was
ligand specific [reviewed in Kobylka et al. (16)]. For example, E. coli AcrB with the
Y327A substitution was reported to be more susceptible to minocycline, rhodamine-6G,
tetraphenylphosphonium, LVX, and CHL (17), while in A. baumannii, AdeB with the same
mutation increased the resistance toward LVX and CHL, suggesting more efficient efflux
(17).

Taken together, our findings suggest that steric and conformational changes
associated with mutations in the Groove and Cave of the DP of MexB and other RND
pumps affect differently the interaction network driving substrate translocation and
inhibition of the pump. The ML and molecular-level description of the interaction
between the Rempex compounds and MexB show that the translocation and the
inhibition routes are common in the AP and split in the IF and DP with some com-
pounds engaging the right combination of residues in the IF and the DP Cave to be
effectively expelled into the exit funnel, whereas others engage aromatic residues in the
DP Groove and DP Cave that slow down or hinder the next step in the transporter cycle.
These findings suggest that all MexB ligands fit into this substrate-inhibitor spectrum
depending on their physico-chemical structures and properties. The ML models and MD
simulations identify different aspects of ligand-transporter interactions, with the former
picking sometimes rare interactions that are important for distinguishing between
inhibitor vs non-inhibitor or substrate vs avoider. In contrast, MD simulations capture
residues important for recognition of all ligands and their subsequent translocation. Our
results do not exclude the possibility that inhibition of efflux is achieved when the AP (or
IF) and DP are both occupied with high-affinity ligands in the same or the two adjacent
Loose and Tight protomers of MexB. The identified residues and pathways can be further
used for the rational design of new EPIs and effective efflux avoiders by enhancing
interactions that were found associated with EPIs and discouraging those important for
substrate translocation, respectively.

MATERIALS AND METHODS
Ensemble docking to MexB

Molecular docking calculations were performed with the software AutoDock VINA (51),
implementing a stochastic global optimization approach. The program was used with
default settings but for the exhaustiveness (giving a measure of the exhaustiveness of
the local search) which was set to 1,024 (default 8). Protein and ligand input files were
prepared with AutoDock tools (52). Flexibility of both docking partners was considered
indirectly by using ensembles of conformations. For each compound, we used 10
different cluster representatives extracted from MD simulations in explicit water solution,
while for MexB, we considered six conformations including available X-ray structures
(PDB IDs: 2V50 [19], 3W9J, 3W9l [18]) and MD snapshots (15). For each docking run, we
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retained the top 10 docking poses. We performed two sets of guided docking runs into
AP and DPr. In each case, the search of poses was performed within a cubic volume of
40 x 40 x 40 A,

Machine learning

Machine-learning analysis was performed using the statistics and machine-learning
toolbox of Matlab. In lieu of descriptors, we used the per-residue interaction counts
generated for each compound in the previous study (27). To reduce the overfitting
during classification, the interaction counts were binned on a common scale into a total
of 16 bins 20 counts each. The experimental efflux or inhibition ratios were transformed
to a logarithmic scale and imputed by approximating all ratios smaller than 1 with 1.
The experimental data were then balanced by the introduction of statistical weights
that were inversely related to the bin counts of the compounds after the logarithms of
the ratios were binned into 10 equal intervals. A “random forest” ensemble of 100,000
regression trees was then assembled using bootstrap aggregation and the curvature test
for descriptor selection (53). The descriptors were then ranked in the descending order
according to their associated misclassification cost.

Molecular dynamics

The initial coordinates of the MexB/Rempex complexes were embedded in a pre-equi-
librated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) bilayer patch.
The embedding of the complex into the POPE bilayer was performed as detailed
previously (15). Each system was then immersed in a box containing TIP3P water
molecules and an adequate number of K* counterions to neutralize the negative net
charge of the system. An osmolarity value of 0.15 M was reached by adding an
appropriate number of K*/CI". The ff14SB versions of the Amber force field and lipid14
were adopted for MexB and the POPE bilayer, respectively. The GAFF2 (54) parameters
adopted for the ligands were derived as reported previously (55). The systems were
minimized with a combination of the steepest descent and conjugate gradient methods
gradually releasing positional restraints applied. The systems were heated from 0 to 310
Kin two steps: a 1 ns heating from 0 to 100 K in a canonical ensemble (NVT) followed by
a 5 ns heating to reach 310 K in an isothermal-isobaric ensemble (NPT) while applying
positional restraints along the Z axis on the phosphorous heads of lipids molecules,
allowing the merging of the membrane. Multiple equilibration steps of 500 ps each until
the stabilization of the box dimensions were performed in the NPT ensemble. A Langevin
thermostat using a collision frequency of 1 ps™ and a Berendsen isotropic barostat
maintained a constant temperature and an average pressure of 1 Atm, respectively.
A time step of 2 fs was used during the equilibration protocol. The MD simulations
were carried out using the PMEMD module of Amber14 with a time step of 4 fs in the
NVT ensemble after applying the hydrogen mass repartitioning. Coordinates were saved
every 100 ps. Long-range electrostatic interactions were calculated using the particle
mesh Ewald method with a cut-off of 9 A.

MD analyses

The CPPTRAJ (56) module of AmberTools14 was used to (i) cluster the trajectories
according to the RMSDs of ligands, using a hierarchical algorithm (2, 57); (ii) compute
the MexB-ligands contacts during the simulations; and (iii) identify the water-mediated
H-bridges. In details, for the points (ii) and (iii), both the ligands and the side chains
residues of MexB were divided into pharmacophoric groups, and the distances/inter-
actions were computed between compatible pharmacophoric types (e.g. distance
between H-bond donor and acceptor, positively and negatively charged groups, m-m
between aromatic rings) (see Figure S9).
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Site-directed mutagenesis

The gene encoding MexB was PCR amplified from P. aeruginosa PAO1 strain and cloned
into pUCP22 vector using standard protocols. Site-directed mutagenesis was carried
out using the Quick-Change protocol. All substitutions were verified by DNA sequenc-
ing (Oklahoma Medical Research Foundation DNA sequencing facility). For expression
and functional analyses, plasmids producing MexB variants were transformed into
the parental strain PA2859 (AmexB AmexCD AmexXY) strain and its hyperporinated
derivative PA2859(Pore). The hyperporinated PA2859(Pore) strain was constructed as
described previously (58).

Antibiotic sensitivity/susceptibility assay

MIC of selected antibiotics against MexB mutants was measured using a twofold serial
dilution broth assay as described previously (27). Briefly, overnight grown cells were
sub-cultured 1:100 into fresh LB media until ODgpg ~0.2 followed by induction with
0.1 mM IPTG for 3 h. MIC plate was set up with twofold dilution of compound concentra-
tion in 100 pL of LB broth per well. A positive and negative control well with cells only
and media only was included in each plate, respectively. Cells 10* x 10* were added to
each well except negative control wells. Plates were incubated at 37°C for 18-24 h, ODgqg
was measured using a Spark 10M microplate reader (Tecan, M@nnedorf, Switzerland), and
the data were analyzed and expressed as MIC.

Hoechst efflux inhibition assay

Substrate (Hoechst) efflux assay was performed in a temperature-controlled microplate
reader (Tecan Spark 10M) in fluorescence mode as described before (27). Briefly,
overnight grown cells were sub-cultured into a fresh LB medium and grown at 37°C
to an optical density at 600 nm (ODgqq) of ~0.2 followed by induction with 0.1 mM IPTG
for another ~3 h. The cells in the exponential phase were collected by centrifugation
at 4,000 rpm for 10 min at room temperature (RT). The cells were washed using HMG
buffer (50 mM HEPES-KOH buffer pH 7.0, T mM magnesium sulfate, and 0.4 mM glucose)
and resuspended in HMG buffer to an ODggq of ~1.0 at RT. Increasing concentrations of
ligands were added to the cells, and after 10 min incubation at RT, Hoechst was added to
the final concentration 4 pM. Fluorescence of Hoechst was monitored in real time at Agy =
350 nm and Aep =450 nm.

Growth-dependent inhibition/potentiation assays

The potentiation activity was measured for an EPI18, EPI-S32, and SUB58 as described
previously (27). MPCy is defined as the concentration of the EPl/compound that reduces
the MIC of antibiotic by fourfold. The MPCy4 values for each compound were determined
for each mutant/control based on non-visible growth of cells at that specific concentra-
tion of the compound.
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