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Abstract

The putative mechanism by which bacterial RND-type multidrug efflux pumps
recognize and transport their substrates is a complex and fascinating enigma of
structural biology. How a single protein can recognize a huge number of unrelated
compounds and transport them through one or just a few mechanisms is an amazing
feature not yet completely unveiled. The appearance of cooperativity further
complicates the understanding of structure-dynamics-activity relationships in these
complex machineries. Experimental techniques may have limited access to the
molecular determinants and to the energetics of key processes regulating the activity
of these pumps. Computer simulations are a complementary approach that can help
unveil these features and inspire new experiments. Here we review recent
computational studies that addressed the various molecular processes regulating the

activity of RND efflux pumps.



25 Keywords: Antibiotic resistance; RND efflux pumps; AcrAB-TolC; Molecular

26  dynamics; Molecular docking; Free energy calculations



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

1. Introduction

Efflux systems of the resistance-nodulation-cell division (RND) superfamily are
a unique family of membrane transport proteins playing a major role in multidrug
resistance (MDR) in Gram-negative bacteria [1-5]. They are among the most
complex biological machineries ever discovered, connecting the inner and outer
membranes through the entire periplasm [1, 6-9], and they crucially contribute to
eluding the action of most (in some instances, all) antibiotics [10-13] by shuttling
them out of the cell interior [1-4, 14, 5]. Polyspecificity and partial overlap among the
substrate specificities of different pumps are striking properties of these proteins [15,
16], making them a key survival tool for bacteria.

The AcrAB-TolC efflux system of Escherichia coli is the paradigm model and
the most studied RND efflux pump, and the main one in Enterobacteriaceae and
Salmonella Typhimurium [17, 1]. The overall structure of AcrAB-TolC in E. coli has
been recently resolved [18-20], revealing that the outer membrane trimeric channel
TolC is connected to the inner membrane trimer AcrB by a funnel composed of six
inner-membrane-anchored AcrA adaptor proteins. A fourth small transmembrane
(TM) protein, named AcrZ [21], was recently shown to interact with AcrB in E. coli
[19], although its biological function is still poorly understood. The second most
studied system is represented by the MexAB-OprM complex of the pathogen
Pseudomonas aeruginosa [22, 1].

The structural features of RND pumps and of their components, as well as
their putative function mechanisms, are discussed elsewhere in this special Issue. In
this review, we focus our attention only on computational studies performed on RND

transporters, referring the interested reader to the available literature on partner
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proteins (see e.g. [23-28] and on t he simulations of the full tripartite AcrABZ-TolC
system [29]).

As concerns the scope of the review, we briefly recall that RND drug/H”
antiporters are fueled by the proton gradient across the inner membrane, and are
involved in the recognition and translocation of a broad range of compounds [30].
Experimental data revealed that the putative active state of AcrB is an asymmetric
homotrimer in which monomers assume different conformations, named Loose (L),
Tight (T), and Open (O) [or, alternatively, Access (A), Binding (B), Extrusion (C)] [31-
33] (Fig. 1). A “functional rotation” mechanism was proposed, explaining substrate
export in terms of peristaltic motions induced within the internal channels of the
transporter. In the simplest hypothesis (Fig. 2; see, e.g. [34-36] for a more complex
picture), recognition of substrates should start at an affinity site, the access pocket
(AP), in the L monomer (Fig. 1A-B) [34, 37]. Triggered by substrate binding, a
conformational transition from L to T would then occur, accompanied by tight binding
of the substrate within a deeper site, the so-called deep or distal pocket (DP) [31-33].
Successively, a second conformational change from T to O (presumed to be the
energy-requiring step [38]) should drive displacement of the substrate toward the
upper (Funnel) domain through a putative exit gate (hereafter, simply Gate [33])
(Figs. 1, 2). After substrate release, the O conformation would relax back to L
(coupled to proton freeing in the cytosol), restarting the cycle. Note that different
mechanisms of recognition were proposed for high vs. low molecular mass
compounds, involving binding to the AP of monomer L and to the DP of monomer T,
respectively [34].

Given the complexity of this process, assessment of the molecular

determinants of the mechanism by which RND efflux pumps recognize and export
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their substrates has proven to be very challenging for experiments. Therefore, it is
not surprising that, in the last few years, an increasing number of computational
groups began working on these systems. In this review, we address specific features
of RND pumps that have been highlighted by computational modeling; therefore, we
will not cover all of the computational studies performed on these proteins. Namely,
we will recapitulate the major outcomes from selected computational studies (most
performed on the AcrB protein of E. coli) addressing the mechanisms of remote
allosteric coupling, substrate recognition and transport, impact of mutations, and
cooperativity [39-57, 36, 58, 59]. Computational studies on inhibitors of the pumps
have been recently reviewed by several authors [60-64, 30, 65, 66]; hence, they will

not be discussed here.

2.Remote coupling between TM and periplasmic domains of AcrB

The requirement for concerted proton-driven conformational changes in
monomers of AcrB was demonstrated by several experiments [67, 68]. On the other
hand, there is no agreement on the exact number (1 or 2 per monomer) of protons
needed to achieve a full conformational cycle of the pump [36, 6]. In particular, the
protonation state of the O monomer is still under debate [36, 69, 70].

The first computational study addressing the relationship between alteration of
protonation states in the TM region of AcrB, and conformational rearrangements of
the periplasmic region of the protein, was published by Yamane et al. [70]. The
authors performed a series of 100 ns long all-atom simulations using all the possible
combinations of protonation states of TM aspartates D407 and D408 in monomer O
of AcrB. Their simulations demonstrated that alternating the above protonation states
induces structural changes in the periplasmic domain of the transporter. Specifically,

the authors’ findings indicated that the combination D407/D408" was most
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compatible with the structure of the O state. In contrast, de-protonation of the latter
aspartate induced a significant structural transition in the TM region of the protein,
suggesting that proton translocation stoichiometry may be one proton per step
along the full functional rotation cycle. It must be noted that, due to the relatively
short time scale of the simulations (particularly in view of the large size of the
system), the observed structural movements involved in an entire functional cycle
might be absent/overlooked.

In the same year, Fischer and Kandt [58] performed a series of 100 ns long
all-atom MD simulations of AcrB using different protonation states for the L, T and O
monomers. Their study highlighted the oscillatory behavior of the APinLand T
conformations and of the Gate in the O structure. They also found that the DP partly
collapses in all AcrB monomers in the absence of substrates (although no evidence
was obtained supporting the LLL resting state in the absence of substrates), pointing
to the possibility of unresolved substrates in some of the asymmetric X-ray
structures. Finally, the authors pinpointed the key role of the T676 loop (cyan loop in
Fig. 1C), which regulates access to the porter domain, thus playing a crucial role in
substrate transport.

Very recently, Jewel et al. used hybrid all-atom/coarse-grained simulations
extended to 1 ps to study allosteric effects due to changes in the protonation states
within the TM region [69]. Their results confirmed that de-protonation of only D408
(and not D407) induces opening of the entrance cleft between domains PC1 and
PC2 (Cleft in Fig. 1C) and closing of the Gate lined by residues Q124 and Y758
(see Table 1). According to these findings, de-protonation of D408 appears to be the
main driving force for the transition from the O to L state. Furthermore, the authors’

findings also support the symmetric state of AcrB when unbound to substrates.
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Eicher et al. used X-ray crystallography and computer simulations on wild type
and inactive variants of AcrB to investigate its transport mechanism [36]. Intriguingly,
a different protonation state than that reported in [70, 69] was indicated as most likely
for the O state, whereby D407 and D408 are both protonated. The authors
demonstrated that the functional rotation mechanism involves two remote alternating-
access conformational cycles within each monomer, one for protons in the TM region
and one for substrates in the periplasmic domain. By analyzing the distribution of
water molecules in each monomer of AcrB during all-atom MD simulations started
from the asymmetric structure of the protein, the authors showed the existence of
conformation-dependent water channels within the TM domain. In particular, it was
shown that access to the proton relay site lined by D407, D408 and K940 happens
from the cytoplasm in the L and O states, as opposed to the T state, where a water
wire extends to the periplasm (Fig. 3). A similar conclusion was earlier drawn by
Fischer and Kandt [59], who identified three possible routes of proton transfer
connecting a continuously hydrated region within the TM to bulk water by one
cytoplasmic, and up to three periplasmic, water channels in monomers L and T.
Furthermore, they also postulated a proton release event during transition from O to
L, and proton uptake in L and/or T or during an intermediate conformation in between
T and O.

Clearly, the interaction with the partner protein AcrA ,as well as with several
components of a real membrane, not taken into account in any of the aforementioned
studies, could significantly alter the conformational distribution of subdomain
orientations on the surface of AcrB. In addition, the relatively short timescale of most
MD simulations performed thus far can lead to overlooked results. For instance, no

significant oscillations were seen in the behavior of the AP and DP in a recent series
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of us long unbiased all-atom MD simulations of AcrB and AcrD (the second major
transporter in Enterobacteriaceae and Salmonella [17, 1]) [39]. In the absence of
substrates, both pockets partly collapsed with respect to the conformation seen in the
X-ray crystal (AcrB) and in the homology modeling-derived (AcrD) structures. Further
studies including the effects from ancillary factors (partner proteins and membrane
composition) are therefore needed to better understand remote coupling and general
conformational dynamics related to the functioning of RND transporters.
3.Molecular determinants of polyspecificity

The first computational study reporting on the binding of several compounds to
AcrB (including substrates, inhibitors and non-substrates) [71] employed the docking
software Autodock VINA [72]. The authors found that many compounds bind within a
narrow groove at one end of the DP of monomer T (groove binders), while some
prefer to bind to a wide cave at the other end of the pocket (cave binders), and a third
group of compounds were found docked in between the groove and the cave (mixed
binders). The distinction between groove and cave binders was supported by
labeling and competition experiments, although it became somewhat blurred in a
subsequent study combining docking, all-atom MD simulations and free energy
calculations [46]. The latter study also confirmed the presence of a very wide pocket
of exceptional promiscuity exploiting virtually all interaction types to stabilize binding
of different and unrelated compounds. In particular, residues F136, Q176, F178,
1277, V612, F615, R620 and F628 were shown to contribute most to the stabilization
of substrates (Fig. 4), in good agreement with transport studies performed in intact-
cell experiments [73].

The presence of two “multifunctional-sites” (MFSs — able to bind aromatic,

hydrophobic, and polar groups) on the two ends of the DP was earlier demonstrated
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by Imai et al. [74], who also showed that binding sites are different in each AcrB
monomer, implying that a drug avoids being trapped in one location through site-
specific interactions during pump cycling. Imai and coauthors also showed that AcrB
substrates are stabilized by a complicated free-energy balance originating from
weakly polar and weakly hydrophobic surroundings, a finding compatible with [46]
and with the multisite drug oscillation hypothesis proposed to explain polyspecificity
of RND transporters [6]. Interestingly, this hypothesis is consistent with a recent
computational study employing Markov chain Monte Carlo methods to show how
diffuse binding of solvents, acriflavine, and minocycline to AcrB contributes
significantly to their total affinity [75].

In 2012, Ruggerone and co-workers [47] performed the first computational
study providing a molecular rationale for the experimental evidence indicating two
relatively similar antibiotics, meropenem and imipenem, respectively, as good and
poor substrates of MexB of P. aeruginosa. By means of docking calculations, two
affinity sites were identified and characterized in the periplasmic domain, sharing
strong similarities (in terms of sequence and structure) with the AP and DP of AcrB.
Free energy estimates performed over the all-atom MD simulation trajectories of the
top-ranked docking poses indicated that meropenem has a higher affinity to the DP
than imipenem, while both compounds are weakly bound to the AP. Moreover, it was
shown that the hydration properties of the non-pharmacophore moiety of the two
compounds (imipenem being more hydrated than meropenem) are mainly
responsible for their different interaction with MexB.

Very recently, the same group investigated the molecular determinants behind the
different substrate specificities of RND transporters AcrB and AcrD of Escherichia

coli [39]. A wide comparative analysis of physico-chemical and topographical
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properties of the two main binding pockets (AP and DP within L and T conformations,
respectively) revealed major differences between the two proteins, rationalizing their
different substrate specificities. In particular, a higher number of MFSs was identified
within the DP and at the interface between the two pockets in AcrB than in AcrD, in
line with the higher polyspecificity of the first protein (Fig. 5). The distal pocket of
AcrD is mainly lined by hydrogen-bond donors/acceptors, while the percentage of
hydrophobic fragments is relatively low. The MFSs identified within the DP of AcrB
are in good agreement with the data reported in [74], while some of the MFSs
identified in AcrD are close to the residues recognized as crucial for the recognition

of anionic beta-lactams [76].

4.Mechanisms of substrate transport

While the previous studies employed docking and mostly standard MD
techniques, addressing coupling between conformational changes of RND proteins
and transport of compounds often required the use of more advanced computational
methodologies. Several studies have been performed to unveil the molecular details
of uptake and transport of substrates by RND transporters. The first computational
studies supporting the functional rotation hypothesis were published in 2010 [50, 57].
In [57], an ad hoc coarse-grained model of the AcrB pore domain and of minocycline
was employed to directly observe extrusion of the substrate during the T to O
transition. The study also indicated that protonation of the drug-bound monomer
drives functional rotation.

In [50], biased MD simulations were performed on a full all-atom model of
AcrB in complex with doxorubicin bound within the DP of monomer T, so as to mimic
the displacement of the substrate along the T to O step of the functional rotation.

Although full extrusion was expectedly not captured within the relatively short
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timescale of these simulations (a few tens of ns at most), a translocation of about 10
A was observed towards the Gate. A zipper-like squeezing of this site induced
displacement of doxorubicin from the DP, concomitant with the opening of the
channel between this pocket and the Gate, which was also necessary in order to
displace the ligand.

In a subsequent study [49] the same authors performed further biased MD
simulations to demonstrate the presence of a flux of water molecules from the DP
toward the Gate during the T to O step of functional rotation, thus highlighting a
lubricant action of water, which smooths the interactions between the substrate and
AcrB. Such a flux facilitates substrate diffusion along the extrusion pathway, and
could symbolize a very general mechanism for polyspecific transport.

Feng and coauthors also investigated the interaction of AcrB with its
substrates, namely erythromycin, rifampicin and minocycline [55]. They described
unidirectional peristaltic movements of rifampicin and erythromycin from the AP to
the DP in monomer L, and of minocycline from the DP towards the Gate in monomer
T. Due to the use of relatively short unbiased simulations, the movements of the
compounds were, however, shorter than those seen in [49, 50].

An effort at simulating the translocation of compounds from the DP to the
funnel region of AcrB was recently made by Zuo and Weng [51], who performed
targeted MD simulations [77] of the T to O conformational change in the protein,
followed by steered MD simulations [78, 79] to induce displacement of doxorubicin
and of the AcrB inhibitor D13-9001 [80]. The authors found that, with respect to
doxorubicin, the interaction of D13-9001 with the phenylalanine-rich cage within the
DP (aka hydrophobic trap [81]) resulted in delayed dissociation from the pocket. The

same group also performed adaptive bias force [82] MD simulations to investigate
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translocation of doxorubicin from the vestibule to the DP of monomer T (Fig. 1) [52].
The authors calculated the free energy profile associated with translocation of the
substrate across this pathway, which reveals that doxorubicin has comparable
affinities for AP and DP and overcomes a 3 kcal/mol free energy barrier to transit
between them. In addition, fairly stable binding was possible also at the vestibule of
monomer T. The results of Zuo and coworkers detailed a stepwise substrate binding
and translocation process that fits well into the framework of the functional rotation
mechanism, and indicated that low molecular mass compounds such as doxorubicin
could bind the DP of monomer T without prior binding to the AP, as suggested earlier
[34].

Concerning the uptake of substrates by RND transporters, this process was
first investigated in 2013 by Yao and collaborators, who used coarse-grained MD
simulations (coupled with mutagenesis experiments) to map the drug entry pathways
in AcrB [56]. Interestingly, three main uptake pathways were identified, one starting
from the external cleft between subdomains PC1 and PC2 and two starting from the
vestibule (Fig. 6). Importantly, one of the vestibule pathways was not deducible from
the X-ray structure, and only became accessible by direct simulations of drug uptake.
Moreover, site-directed mutagenesis confirmed that mutations of residues located
along this new pathway affected the efflux efficiency of AcrB in E. coli, supporting its
relevance in vivo. The pathway preferences of model drugs were found to be
significantly different depending on their properties, namely on their mass,
hydrophobicity and lipophilicity. In particular, drugs that are small and/or both strongly
hydrophobic and lipophilic were preferentially taken in via the vestibule paths, while
bulkier drugs and/or drugs with a large hydrophilic surface favored the Cleft path (Fig.

6B).
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5.Effect of mutations on recognition and transport

RND transporters, in particular AcrB of E. coli, have been the subject of many
mutagenesis studies by several labs worldwide (see e.g. [83-88] to cite a few), which
aimed to validate hypotheses on binding and transport by these proteins. A number
of computational works were performed in order to rationalize the huge amount of
findings revealed by these studies. In 2011, docking calculations combined with
standard and biased all-atom MD simulations were performed to study the effect of
the F610A substitution in AcrB [48]. This substitution was known to increase in vitro
the susceptibility of E. coli to almost all antibiotics [84] due to delayed efflux [83].
According to results in [48], the removal of the bulky phenylalanine at the bottom of
the DP allowed sliding of doxorubicin by ~5 A within the hydrophobic trap lined by
F136, F178, F615 and F628 (Table 1). This resulted in better packing of the antibiotic
within the trap, thereby increasing its affinity to the DP (Fig. 7), which led to the
proposal that the inhibitory effect associated with the F610A mutation was due to the
increased dwelling time of the substrate within the AcrB variant. Consistent with this
hypothesis, no significant movement of doxorubicin towards the Gate was observed
upon induction of the T to O conformational change in the AcrB variant. The authors
concluded that the F610A mutation might impair AcrB functioning by either hindering
conformational changes in the protein or interfering with the extrusion of substrates
due to their improved binding to the hydrophobic trap. These findings were later
confirmed for minocycline [30], the only other antibiotic experimentally found to bind
to the DP of monomer T at that time.

Another key region related to transport of substrates in AcrB is the so-called
Phe617- or G- or switch-loop [46, 34, 37] (Fig. 1C), which acts as a gate between the

AP and the DP and was shown to impair functioning of AcrB if rigidified by site-
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directed mutagenesis [34, 37]. Feng et al. performed MD simulations confirming that
the mutations of G616P and G619P could indeed prevent movement of the F617-
loop compared to the wild type protein [55]. Miiller et al. [89] proved that the single
or combined mutations of G614P and G616P affected transport of several
substrates, while G619P or G621P mutants were able to preserve an intermediate
efflux activity. These results suggest that only a defined structural asymmetry within
the G-loop seems to have a relevant effect on the transport of substrates between
the AP and DP. The restricted switch loop movement observed in [55] can therefore
be mainly attributed to the G616P mutation.

A third mutation, G288D, was reported to decrease the susceptibility of
Salmonella strains to ciprofloxacin by increased efflux, while increasing susceptibility
to other drugs (including doxorubicin) by decreased efflux [43]. Computer simulations
helped rationalize these findings by showing how the mutation heavily affects the
structure, dynamics and hydration properties of the DP of AcrB, crucially altering its
specificity for antibacterial drugs [43]. In particular, it was found that ciprofloxacin
binds to a region of the DP that is relatively far away from the mutation site [46, 43],
while doxorubicin binds exactly to the same region observed in X-ray structures [31,

37].

6.Molecular determinants of cooperativity

Nikaido and co-workers performed the first evaluation of efflux kinetics in
AcrB, demonstrating strong positive cooperativity for transport of many
cephalosporins [90]. That study was followed by a similar one on penicillins [91], by
another investigating the effect of additional ligands on the AcrB substrates [45], and
by another investigating the kinetics of the inhibitor PABN and its aminoacyl $3-

naphthylamides homologues [41]. In the latter two studies, computer simulations
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were also performed to support the experimental findings.

In [45], docking and MD simulations were performed to show how the
simultaneous presence of substrates such as chloramphenicol, benzene,
cyclohexane, or Arg B-naphthylamide enhanced the efflux of cephalosporins in AcrB,
and even more in its V139F variant. Benzene and nitrocefin were found to bind
simultaneously to the DP in both wild type and mutant AcrB, and nitrocefin was
shown to be significantly displaced toward the Gate by the binding of benzene. On
the basis of these findings, it was proposed that the efflux of cephalosporins, which
presumably bind to a different subsite within the large DP, can become facilitated by
the rapid pumping out of solvent or chloramphenicol molecules and/or the binding of
solvents even to the cephalosporin-free monomer, which could accelerate AcrB
conformational changes necessary for substrate extrusion.

In [41], it was suggested that the positive cooperativity and sigmoidal kinetics
characterizing the efflux of some compounds by AcrB are due to their loose binding
to the transporter. If a substrate of AcrB, like aminoacyl B-naphthylamides and some
B-lactams, binds loosely to the DP, then the entry of a second compound into the AP
of L or T monomers could lead to a situation of simultaneous binding that could
promote positive cooperativity. In contrast, substrates such as nitrocefin, which binds
tightly to the DP (but out of the hydrophobic trap), may not need additional binding to
activate the transporter. In addition, in [41] the modulation of efflux of nitrocefin (a
groove binder [71, 46]) by aminoacyl 3-naphthylamides was rationalized in terms of
their mode of binding to AcrB. Specifically, L-alanyl-B-naphthylamide (Ala-Naph),
which acts as a stimulator of efflux, likely exploits a mechanism similar to that
proposed for solvents such as benzene [45]. Arg-Naph, also behaving as a

stimulator, binds out of the groove and only peripherally to the hydrophobic trap;
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thus, it is unlikely to interfere with the binding of nitrocefin. Furthermore, the effect of
the double-positive charge of Arg-Naph on the binding of negatively charged

nitrocefin may also contribute to stimulation of its efflux. Phe-Naph, which acts as an
inhibitor of nitrocefin efflux, instead significantly binds to the hydrophobic trap, and its

phenylalanine extends into the groove, likely hindering binding of nitrocefin.

7.Concluding remarks and future directions

Since the publication of the first computational study on RND transporters less
than a decade ago [50], an increasing number of research labs have been getting
involved in studies on these huge, complex and fascinating machineries. Thanks
also to these studies, many details regulating export of substrates by RND
transporters were unveiled and/or rationalized. Clearly, several aspects including
those discussed here (in addition to better understanding of inhibition routes) need
further clarification. Among these, the presence of possible alternative uptake routes
of substrates, as well as a deeper understanding of the link between route
preferences and physico-chemical features of different compounds, need further
elucidation. While this problem has been addressed by means of a simplified
description of the main players involved [56], drug design efforts would greatly benefit
from a more detailed (that is, atomistic) description of the process. Concerning the
molecular determinants behind the functional rotation mechanism, no study has yet
fully addressed how the conformational changes induced in AcrB facilitate diffusion of
substrates towards the funnel domain. Thus, the feasibility of the proposed functional
rotation mechanism remains to be established; henceforth, the development of
computational protocols to address this challenge is highly necessary. Finally, none
of the studies reported here were carried out on whole efflux pumps. Although

challenging, a better understanding of the impact upon and role of partner proteins in
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376 the whole efflux process is definitively worth considering.
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Figure legends

Fig. 1. Structural features of AcrB. A-B) Side (A) and top (B) view of the structure of
the AcrB asymmetric homotrimer. Monomers are shown as ribbons colored solid
cyan (L), solid yellow (T) and transparent red (O). The structures of antibiotics and
inhibitors co-crystallized at three different binding positions (AP on L monomer [34,
37], DP on T monomer [36, 37, 81, 34, 31, 18] and TM1-2 pocket [35]) are also
shown with sticks of different colors. C) Subdomains and key elements putatively
related to function are shown as colored ribbons in the T monomer (L and O
monomers are shown as transparent surfaces). Transparent spheres indicate the
approximate positions of TM1-2 pocket (blue), AP (green) and DP (red) as deduced
from experimental structures. Residues D407, D408 and K940 lining the proton relay
pathway within the TM region are shown as sticks colored according to their type (red

and cyan for D and K residues respectively).
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Fig. 2 Proposed functional rotation mechanism and substrate extrusion path in RND
transporters (adapted from [39]). (A) Top view of the different conformations
assumed by AP, DP and Gate during cycles of the functional rotation mechanism.
The substrate extrusion path is indicated by short black arrows and the substrate is
represented by orange van der Waals spheres. (B) The putative substrate transport
pathway from AP to the Gate going through DP, as seen from the periplasmic front,
is shown as a thick tube. The parts colored in steel blue and magenta indicate,
respectively, the stages of the transport cycle associated with L-Tand T-O
conformational changes. The substrate is represented by sticks colored green, red or
ice blue when interacting with the AP, DP and Gate (also colored green, red or ice

blue), respectively. The F617-loop is also shown for reference in yellow.
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Fig. 3. Water channels identified in all-atom simulations within the TM domain of
different monomeric conformational states in AcrB (adapted from [36]). The water
channels (solid black lines) are represented by average density maps and depicted
as an iso-density surface (gray). The narrow dashed black line seen in monomer T
represents the blocked water channel connecting the proton-binding site to the
cytoplasm and traversed by the positively charged R971. TM helices are represented
as cartoons colored differently according to their topological helical repeats, and
helices TM7, TM9 and TM12 are omitted for clarity. The locations of Ca atoms of

D407, D408, K940, R971, E346 and D924 are marked with green spheres.
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Fig. 4. Multifunctional character of the DP of AcrB (adapted from [46]). A) Residues
interacting favorably with substrates of the AcrB transporter in [46]. Residues are
shown with sticks whose width is proportional to the frequency of binding contacts
with the ligands. The DP, AP, Cleft and AP/DP interface are shown in red, green,
orange and yellow transparent surfaces, respectively. The tip of the Phe617-loop is
also shown in yellow cartoon. Bold labels refer to residues contributing to stabilizing
binding of at least three substrates (inhibitors or not) of AcrB. The dark red line
highlights the contour of the DP according to this analysis. B) Frequency of
contribution to binding free energy of substrates by hydrophobic (black bars), polar
(green) and charged (red) residues. The sum over all frequencies is reported above

each histogram.
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Fig. 5. MFSs identified within the putative binding pockets (AP and DP) of AcrB and
AcrD (adapted from [39]). The binding modes of the different probes are shown as
lines for hydrogen-bond donor (cyan), hydrogen-bond acceptor (violet) and aliphatic
(yellow), and as CPK for aromatic (ochre) ligands. The AP and DP are marked in
green and red cartoon representations, respectively, and the Phe617-loop in yellow.
The sites not labelled as MFS are all consensus sites (i.e. clusters of the same
probe type). The location-based grouping of MFSs is arbitrary due to indistinct

boundaries between the pockets.
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Fig. 6. Ligand-dependent drug uptake pathways in AcrB (adapted from [56]). (A) The
three principal drug uptake pathways identified in AcrB. The Vestibule pathways are
shown in blue and the Cleft pathway is shown in orange. The residues lining the
Vestibule and Cleft are shown as beads colored in blue and orange, respectively.
The Phe617-loop is also shown for reference in yellow. (B) The difference in the
activation-free energy of drug uptake in monomer T, AAE,, = AE,"**"™" — AE,*" on
two-dimensional (2D) hydrophobicity (cp) and lipophilicity (cy) space of the drug. The
activation-free energy AE,"**"™" and AE,™" represents the barrier from the

membrane to the AP through the Vestibule and Cleft pathways, respectively.
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Fig 7. Effect of the F610A mutation on binding of doxorubicin [48]. A) The substrate
is shown in sticks colored accordingly to the atom type. Side chains of
phenylalanines lining the hydrophobic trap are shown with light purple sticks. Two
yellow lines schematically enclose the transport channel, with the arrow indicating the
direction of efflux. The blue line delimits the hydrophobic trap. A) Doxorubicin bound
to the DP of AcrB (from X-ray structure 4DX7 [37]). Phenylalanines within 3.5 A of
the ligand are shown with thicker sticks. B) Doxorubicin sliding within the hydrophobic
trap in the F610A AcrB variant [48]. The position of the drug in the WT protein is
shown with thin gray sticks to highlight the reorientation and embedding of the

antibiotic within the hydrophobic trap.



Tables
Region Lining residues
DP S46 Q89 S128 E130 S134 F136 Q176 L177 F178 S180 E273 N274 D276 1277 G290
Y327 M573 F610 V612 F615 F617 R620 F628
AP S79 T91 S134 S135 K292 M573 M575 Q577 F617 T624 M662 F664 F666 N667 L668
P669 V672 L674 T676 D681 R717 N719 E826
TM1-2 127 K334 1337 H338 V341
Cleft D566 F664 F666 L668 P669 V672 E673 T676 R717 L828
Vestibule 5836 E842 L868 Q872
Gate Q124 Q125 Y758

Table 1. Residues identifying key regions of AcrB involved in substrate uptake and
extrusion (as deduced from experimental structures of the asymmetric transporter in
complex with substrates and inhibitors [73, 92, 31, 34, 35, 18, 37]). Residues shared
by the Cleft and the AP are italicized, while those shared between the AP and DP are
underlined. Residues identified as part of the extrusion path of AcrB substrates are

bolded.
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