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ABSTRACT: The tripartite efflux pump AcrAB-TolC is
responsible for the intrinsic and acquired multidrug resis-
tance in Escherichia coli. Its active part, the homotrimeric
transporter AcrB, is in charge of the selective binding of
substrates and energy transduction. The mutation F610A
has been shown to significantly reduce the minimum
inhibitory concentration of doxorubicin and many other
substrates, although F610 does not appear to interact
strongly with them. Biochemical study of transport kinetics
in AcrB is not yet possible, except for some f-lactams, and
other techniques should supply this important information.
Therefore, in this work, we assess the impact of the F610A
mutation on the functionality of AcrB by means of compu-
tational techniques, using doxorubicin as substrate. We
found that the compound slides deeply inside the binding
pocket after mutation, increasing the strength of the inter-
action. During subsequent conformational alterations of the
transporter, doxorubicin was either not extruded from the
binding site or displaced along a direction other than the one
associated with extrusion. Our study indicates how subtle
interactions determine the functionality of multidrug trans-
porters, since decreased transport might not be simplisti-
cally correlated to decreased substrate binding affinity.

ultidrug resistance (MDR) mechanisms in bacteria render
Ma large spectrum of chemically unrelated antibiotics in-
effective and represent one of the most serious impediments to
improved healthcare today.'® The spread of MDR and the re-
emerging of pathogens occur at a moment when no truly novel
antibacterial compound is undergoing clinical trials, which means
no new drugs will become available in the next six to eight
years.” "> One of the main mechanisms of MDR is the active
transport of drugs out of the cell through specific protein
complexes called efflux pumps.*>*"3 =17
MDR is of particular concern for Gram-negative bacteria
comprising many human pathogens that are very difficult to
treat.> 11810 Major efflux systems in these organisms consist of

a tripartite assembly®*°** of (a) an active transporter of the
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resistance-nodulation-division (RND) family, partially embedded in
the inner membrane, which works as a drug-proton antiporter
fueled by the transmembrane electrochemical gradient and is
responsible for the drug specificity;**>*® (b) a channel-like
outer-membrane factor protruding into the periplasm;*’ >
and (c) an oligomer of a membrane-fusion protein, which links
the two former components.***'

AcrB of Escherichia coli is one of the best characterized RND
transporters.”** Its structure has been solved as an asymmetric
homotrimer® > in which each monomer adopts a different
conformation (hereafter Loose (Access), Tight (Binding), and
Open (Extrusion), or L, T, and O, respectively, following
ref 34). Furthermore, Murakami et al.>* solved the structures
of AcrB with a doxorubicin or a minocyclin molecule located in
a particular binding pocket in the porter domain of the T
monomer. On the basis of this structural information and other
biochemical data,'>*%%~3% a functional rotation mechanism has
been proposed®®**** where each monomer neatly assumes the
conformations L, T, or O. The L and/or T monomer allow the
entrance of the substrate, which is accommodated in the
binding pocket when the monomer is in the T conformation.
Subsequently, the transition from T to O should pump the
substrate from the binding pocket toward the TolC-docking
domain.

Recent experimental®” and computational*®*' work investi-
gated the putative path for substrates through the periplasmic
porter domain and identified connections between the confor-
mational transitions of the monomers and substrate displace-
ment from the binding pocket.

In ref 40, a full atomistic model of AcrB in complex with
doxorubicin was used in conjunction with targeted molecular
dynamics (TMD) simulations** to mimic the conformational
changes occurring on the protein along the T — O step of the
functional rotation.

Using a similar approach and additional docking tools, we
investigate here the effect of the in silico substitution F610A on
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Figure 1. AcrB residues examined in this work in relation to the
interaction with doxorubicin. The Tight (T) monomer of the protein
is shown in cartoon representation in transparent gray with domains
PC1 and PC2 in green and yellow, respectively. Doxorubicin (initial
position in MUTANT) is depicted using sticks and colored accordingly
to atom types (gray, red, and blue for carbon, oxygen, and nitrogen,
respectively). The selections of the residues belonging to the putative
extrusion pathway are colored according to ref 39, ie, the orange,
magenta, cyan, and violet beads refer to the Cleft, Cleft;, the extended
binding pocket, and the Gate, respectively. In addition, residues of the
binding pocket interacting with doxorubicin as described in ref 33 are
also shown as cyan spheres with a larger radius.

substrate binding and transport. This substitution in the binding
pocket reduces the MIC of doxorubicin and many other AcrB
substrates.*’ Interestingly, residue F610 interacts weakly with
doxorubicin®*** and is not directly taking part in the zipper-like
squeezing of the binding pocket described before.* In contrast,
the substitution of other residues of the binding pocket (namely,
F136, F178, F615, F617, F628) which are in direct contact with
substrates and involved in drug displacement, has remarkably less
impact on the efficiency of the efflux system.*” To shed light on
the molecular reasons behind the effects of the F610A substitu-
tion, we compare the binding pose and the displacement of
doxorubicin along (several TMD simulations of) the T — O
transition in the AcrB F610A variant with previous data on the
wild-type protein.*

Hereafter, we refer to the wild-type and F610A variant of AcrB
in complex with doxorubicin as WT and MUTANT, respectively.
For the sake of clarity, we mainly discuss here two representative
TMD trajectories that highlight different outcomes of the
simulations, the remaining ones showing very similar trends
(see Supporting Information for more details and for a critical
discussion of the validity of our approach). The comparison will
be done in terms of displacements from the binding pocket and
interactions with it and with the gate leading toward the central
funnel (residues Q124, Q125 and T758, hereafter Gate),* as
well as the hydration of doxorubicin. In addition, we evaluated
the interaction of the drug with the following residues:*® F664,
F666, L668, R717, and L828 (Cleft); D566, E673, and T676
(bottom of the Cleft, hereafter denoted as Cleft,); S134, F136,
Q176,F178,B273,N274,D276,1277,Y327,and F617 (extended
binding pocket); Q124 and T758 (reduced Gate). These regions
have been recently proposed to be part of the drug uptake and
extrusion pathways.>> All of those selections are indicated in
Figure 1.
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Figure 2. (A) Configurations of the drug within the binding pocket in
WT and MUTANT after S ns MD equilibration. The ligand (colored
cyan and magenta in MUTANT and WT, respectively) and residues of
the binding pocket (colored blue and red in MUTANT and WT,
respectively) are shown in sticks, while the T monomer is shown in
the background in gray cartoon representation. Thicker sticks highlight
the residue 610 in both systems. (B) Superimposition of doxorubicin
molecules at the positions found at the end of the MD equilibration
(blue sticks) or via docking calculations (green). The phenylalanine
residues of the binding pocket are shown, as well as A610.

The first remarkable difference is found in the stable position
of the drug within the binding pockets of WT and MUTANT. In
MUTANT, doxorubicin slid down by ~4.5 A in the binding
pocket between subdomains PC1 and PN2 (Figure 2), getting
closer to the Cleft than in WT. Docking calculations using the
ATTRACT™ package, which includes ligand and receptor flex-
ibility, have further validated these findings (see Supporting
Information for details). As shown in Figure 3, a similar pose
(rmsd of 2.4 A with respect to the aforementioned one) resulted
from the docking procedure. In addition, this position also yields
the highest score in terms of binding energy and cluster popula-
tion (data not shown). The interaction energy of the drug with
residues of the binding pocket in MUTANT is larger by ~10
kcal/mol as compared to WT (—23 vs —13 kcal/mol), and is
essentially due to van der Waals interaction. This indicates a
closer packing of the drug within the binding pocket of
MUTANT with respect to WT, which is also consistent with
the smaller number of water molecules within 3.5 A of the drug
(22 vs 30).

Figure 3A collects the displacements of the drug along T — O
step in MUTANT (representative of one group of trajectories)
and WT, relative to the binding pocket and to the Gate. In
MUTANT, the ligand moves in a direction almost perpendicular
to the one found in WT and does not approach the Gate but
slightly retrogrades toward the Cleft (Figure 3B). Doxorubicin
was located 3—4 A closer to these regions than in WT already in
the initial structures, and the difference increases up to ~10 A at
the end of the simulation. This behavior was reproduced in
additional simulations (see Figure S1). In a second group of
simulations, the displacement of the drug was less pronounced
(Figure S1). Thus, different events are possible during the T — O
transition, but importantly, we never observed doxorubicin mov-
ing toward the Gate in MUTANT: either the ligand does not
experience a large displacement or it moves in a direction almost
perpendicular to the one detected in WT. Obviously, this does
not exclude that doxorubicin could indeed move toward the gate,
but the probability of such an event should be drastically reduced
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Figure 3. (A) The position of doxorubicin and the residues of the binding pocket for WT and MUTANT at the end of the T — O simulated functional
rotation step. The color code is the same as in Figure 2A. The colored transparent beads represent the positions of the center of mass of the ligand from
the beginning (blue) to the end (red) of the simulation. (B) Plot of the distances between the centers of mass of the ligand and the relevant selections of

the protein vs simulation time.

according to our findings. The analysis of the interaction energies
confirms that in MUTANT the drug maintains quite strong
interactions with the binding pocket along the whole trajectory,
but not with the Gate (Figures S2 and S3). This is in contrast to
what is found in WT, where the interactions with the binding
pocket residues are progressively lost, while those with the Gate
increase with time (Figures S2 and S3). Finally, while no clear
differences were observed between the WT and MUTANT
concerning the interaction of the drug with the extended binding
pocket (which has been defined considering the interaction of
many different substrates with residues of the transporter,” while
that defined in ref 33 is relative to doxorubicin and as such is
more representative here), only in MUTANT the ligand inter-
acts with the Cleft, which contains residues lining the entrance of
a channel leading to the binding pocket.

A molecular mechanism can be proposed from our results for
the observed stagnation of doxorubicin transport in the F610A
variant. The long dwelling period of the substrate in the binding
pocket of MUTANT, due to an enhanced interaction with its
residues, could either block the binding of a second molecule
during the next cycles of the functional rotation (see also
Figure 4) or it could hinder crucial conformational changes of
the protein. Consistent with this hypothesis is the persistence of
doxorubicin at the binding pocket in S of the 7 simulations
carried out for the T — O transition (Figure S1). Even in the case
of a successful detachment from the binding pocket, doxorubicin
moves in a direction almost perpendicular to that toward the
Gate (Figure 3A). Furthermore, the ligand, which stays between
the Cleft and the binding pocket, could interfere with the uptake
of additional substrates by the L monomer (Figure 4).

Summarizing, we investigated the molecular mechanism be-
hind the occurrence of reduced functionality due to the F610A
substitution in the AcrB multidrug transporter, using a doxor-
ubicin molecule as a probe. Our docking and MD simulations of
the AcrB F610A variant in the LTO state show the presence of a
slightly different binding pose of the ligand as compared to the
wild-type protein. Site-directed mutation of residues proposed to
be within the binding pocket is a popular method to confirm that
a particular residue is indeed in the pocket and plays a function-
ally significant role. It is often assumed that the positive results,
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Figure 4. Displacement of doxorubicin compared to the morphology of
the channels that are present in the three states (L, T, or O) of the
doxorubicin-bound monomer. The upper and lower images (enclosed
by blue and red boxes, respectively) represent conformations of
MUTANT and WT, respectively, with panels from the left to the right
referring to the conformations T, O, and L of the monomer. Protein and
ligand are represented as in Figure 1, and channels determined with the
CHUNNEL package*® are shown by transparent surfaces (azure, red,
and green refer to T, O, and L conformations, respectively). The
calculation with CHUNNEL has been performed on the structures of
the protein without ligand. In the initial conformation (left column), the
ligand is located aside of a channel ending at the periplasmic entrance
cleft. During the transition T — O in WT, doxorubicin reaches the upper
part of the channel leading through the gate to the TolC-docking
domain. In contrast, the ligand is found close to the Cleft leading to the
periplasm in MUTANT (central column). In this position, it will most
likely interfere with the uptake of additional substrates when the
monomer will assume the L conformation along the functional rotation

cycle (right column).

that is, the loss of activity in variants, is due to impaired binding of
the substrate to the pocket. However, this is not always the case:
we found a stronger interaction of the ligand with the binding
pocket in the mutated protein, resulting in significant differ-
ences in the dynamics of the substrate along the T — O step
of the functional rotation. The analysis of these differences

dx.doi.org/10.1021/ja202666x |J. Am. Chem. Soc. 2011, 133, 10704-10707



Journal of the American Chemical Society

COMMUNICATION

suggests a molecular-level picture of the mechanism of impaired
drug export, which does not contrast with the data available
in the literature and adds a piece of information about the
functioning of AcrB transporter. A similar finding has been
reported for the UapA purine transporter.*® In terms of
perspective, we note that our results on the F610A substitution
suggest a general mechanism of AcrB inactivation, as the
substitution has shown to affect a large number of substrates
of AcrB. Preliminary results (data not shown) support our
picture indicating that the F610A substitution largely affects
even the binding pose of minocycline, while other substitution
(e.g., F136A) do not induce a tight fit of doxorubicin within the
pocket. Further TMD simulations with doxorubicin and min-
ocycline in complex with the AcrB variants reported in ref 43 are
being set up and will be reported elsewhere.

In conclusion, findings presented here could be a useful
starting point to investigate the interaction of wild-type or
mutant transporters at a molecular level with additional com-
pounds belonging to different classes. Hopefully, it would be
possible soon to pinpoint possible general hot spots and deter-
minants affecting the functioning of the transporter.
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