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ABSTRACT: By measuring quantitatively the active efflux of
cephalosporins by the RND (resistance-nodulation-division) family
efflux pump AcrB in intact cells of Escherichia coli, we found that the
simultaneous presence of another substrate, such as chloramphenicol,
benzene, cyclohexane, or Arg A-naphthilamide, significantly
enhanced the extrusion of cephalosporins. The stimulation occurred
also in a strain expressing the covalently linked trimer of AcrB, and
thus cannot be ascribed to the enhanced assembly of the trimer from
AcrB monomers. When Val139 of AcrB was changed into Phe, the
stimulation by benzene was found to occur at much lower
concentration of the solvent. A plausible explanation of these
observations is that the AcrB pump is constructed to pump out very
rapidly the solvent or chloramphenicol molecules, and thus the efflux
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of cephalosporins, which presumably bind to a different subsite within the large binding pocket of AcrB, can become facilitated.
Computer simulations of ligand binding to AcrB, both by docking and by molecular dynamics simulations, produced results
supporting and extending this hypothesis. Benzene and the cephalosporin nitrocefin can bind simultaneously to the distal binding
pocket of AcrB, both in the wild type and in the V139F variant. Interestingly, while the binding position and strength of benzene
are almost unaffected by the presence of nitrocefin, this latter substrate is significantly displaced toward the exit gate in both wild
type and mutant transporter in the presence of benzene. Additionally, the cephalosporin efflux may be enhanced by the binding
of solvents (sometimes to the cephalosporin-free protomer), which could accelerate AcrB conformational changes necessary for

substrate extrusion.

he RND (resistance-nodulation-division) family of trans-

porters,' such as AcrB of Escherichia coli, pump out drug
molecules mostly from the periplasm of Gram-negative bacteria
directly into the external medium, through collaboration with
an outer membrane channel (TolC in the case of AcrB) and a
periplasmic accessory protein (AcrA in the case of AcrB).”
Some of these transporters, including AcrB, handle a very wide
range of ligands, including antibiotics, biocides, dyes,
detergents,” and even simple solvents.*> In our previous
attempt to predict the binding of these ligands to the deep
binding pocket of the AcrB protein,® we used the computer
prediction algorithm of Autodock Vina and found that some
ligands, including nitrocefin, bind to the narrow “groove” of the
pocket, whereas others, including chloramphenicol and
benzene, bound to a much wider “cave” area of this large
pocket. We examined whether the simultaneous presence of
two ligands results in competition. As we can measure the efflux
of nitrocefin in a quantitative, real-time assay,7 this was followed
in the presence of minocycline, a groove-binder, and of
chloramphenicol, a cave-binder. The results showed that
minocycline strongly inhibited the efflux of nitrocefin
presumably by interfering with the binding of the latter to
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the groove, whereas there was no evidence of inhibition when
chloramphenicol was added.®

Examination of chloramphenicol data suggested in addition
that the drug, especially at higher concentrations, actually may
enhance, rather than inhibit, the efflux of nitrocefin. Because
such mutual stimulation between ligands, if true, may shed light
into the mechanism of eftlux transport, we began by confirming
the reproducibility of these data. We then found that other
ligands, especially solvents such as benzene and cyclohexane,
which are substrates of the AcrB pump,4’5 strongly accelerated
the efflux of nitrocefin and another cephalosporin, cefamandole.
We examined the binding of both nitrocefin and benzene to
AcrB both by computer docking and by molecular dynamics
simulation and discuss possible mechanisms of this stimulation
phenomenon.

B EXPERIMENTAL PROCEDURES

Bacterial Strains. For the measurement of cephalosporin
efflux, E. coli K12 strains HN1157 and HN1160 were used for
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nitrocefin and cefamandole, respectively. In both of these
strains, the expression of the AcrAB efflux pump was increased
by the deletion of the acrR repressor gene. HN1157 also
contained a mutated porin gene producing a larger pore
channel, so that the influx of nitrocefin across the outer
membrane was facilitated. In HN1160, the endogenous AmpC
P-lactamase, with low Ky, values for cephalosporins, was
replaced by the TEM f-lactamase with much higher Ky values.

Culture of Strains and Nitrocefin Efflux Assay in the
Presence and Absence of Other Substrates. Strains were
grown in M63 medium ((NH,),SO, 15 mM; MgSO, 1 mM;
FeSO, 1.3 uM; 0.1 M K-phosphate buffer at pH 7.0; 0.2%
glucose) at 30 °C with shaking until the cell culture reached an
ODgqp of 0.65. For the growth of HN1160, arginine (20 ug/
mL) and thiamine (1 pg/mL) were added to this medium.
Cells were harvested by centrifugation, washed twice, and
resuspended in 50 mM potassium phosphate buffer, pH 7.0
containing S mM MgCl, to a final ODgy, of 0.8. Samples were
split into two sets of cuvettes. In one set, a stimulator substrate
was added to a specified final concentration. In the other set, no
substrate was added. Samples were preincubated at room
temperature for S—10 min. Nitrocefin or cefamandole was then
added, and efflux assays were performed as described
previously.”

Construction of an acrB Mutant and Gene Replace-
ment in E. coli Genome. First, the wild type sequence of acrB
from HN1157" was amplified by PCR and cloned into
pSPORT1 vector between BamHI and Smal restriction sites.
The mutation V139F was introduced by site-directed muta-
genesis using QuickChange II Site-Directed Mutagenesis Kit
(Agilent) as directed by the manufacturer. The mutant gene
was then subcloned into pKO3 vector® between BamHI and
Smal restriction sites, giving pKO3/acrB_V139F plasmid. This
plasmid was electroporated into HN1157, the chromosomal
integrates were selected at 42C, and the strains that lost the
vector sequence was selected with 5% sucrose,® resulting in the
strains in which the acrB gene was replaced with the mutant
gene coding for the V139F sequence. Gene replacement was
confirmed by PCR using a forward primer annealing on acrA
and a reverse primer annealing on acrB, followed by DNA
sequencing. The oligonucleotide primers used for PCR
amplification and site-directed mutagenesis are shown in
Table 1 of the Supporting Information.

Determination of Minimal Inhibitory Concentration
(MIC). MIC of nitrocefin was determined in the presence and
absence of 32 pg/mL Arg P-naphthylamine, by streaking a
culture of HN1157 on an LB plate containing a linear gradient
of nitrocefin (0—25 ug/mL) and by incubating the plate
overnight at 37 °C.

Docking and MD simulations. In the bimolecular
complexes the starting position of each substrate within the
distal pocket of the binding protomer (for MD simulation) was
taken either from our previous study’ or from dockin
calculations performed with the AUTODOCK VINA package'
using as a target the crystal structure of AcrB'' (wt protein) and
that resulting from structural relaxation of mutant AcrB free of
substrates (V139F variant). The latter model was constructed
by introducing the V139F mutation in the binding protomer of
the AcrB model 2J8S"" through the mutator plugin of VMD,"
following the procedure described earlier.'® After preliminary
energy minimization by this program, the structure was
optimized by MD simulation.
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In the trimolecular complexes, the second ligand was docked
on the two top conformations extracted from the MD
simulation of bimolecular complexes, by a cluster analysis
performed on the equilibrium trajectories. Further details are
described in Supporting Information.

The setup for the MD simulations of bi- and trimolecular
complexes was identical to that reported previously.” A reduced
model of the protein was used, only including the periplasmic
loops responsible for the substrate specificity of AcrB.'* Further
details and calculation of binding energy through MM/GBSA
approach and metadynamics are described in Supporting
Information.

B RESULTS

Nitrocefin Efflux Is Stimulated by Chloramphenicol. In
our previous study comparing the effects of minocycline and
chloramphenicol on the efflux of nitrocefin,® we noted that the
former acted as a powerful inhibitor, whereas the latter showed
no visible inhibition. A careful examination of these data
showed that there was a slight stimulation of nitrocefin efflux in
the presence of chloramphenicol; however, at that time only
efflux rates at different external concentrations of nitrocefin
were compared. To confirm that the stimulation was real, a
more thorough analysis was performed in which we examined
the precise kinetics of efflux, by plotting the efflux rates at
different nitrocefin concentrations in the periplasm, where its
capture takes place.” Such an analysis (Figure 1) showed that
the stimulation was slight but real, mainly resulting from
approximately 20% increase in V,,,, and possibly also from a
decrease in Ky, (less than 10%).
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Figure 1. Chloramphenicol stimulates the efflux of nitrocefin. The
efflux rate (V,) of nitrocefin is plotted against its periplasmic
concentration (Cp). Measurement was carried out in the absence

(O) and presence (M) of 0.1 mM chloramphenicol. This experiment
was repeated and gave essentially identical results.

10

Nitrocefin Efflux Is Stimulated by Solvents. We tried to
find other AcrB substrates that stimulated the efflux of
nitrocefin more strongly, so that further analysis would become
facilitated. High concentrations (30 mM) of both benzene and
cyclohexane produced strong stimulation of nitrocefin efflux
(Figure 2A and B). Similarly, 25 mM cyclohexanone produced
a remarkable activation of nitrocefin flux (Figure 2C). We
examined the possibility that the solvents might be directly
interfering with the hydrolysis of nitrocefin catalyzed by the
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Figure 2. Stimulation of nitrocefin efflux by high concentrations (30
mM) of benzene (A) and cyclohexane (B) and 25 mM cyclohexanone
(C). Benzene and cyclohexane were added as a 1:1 (v:v) mixture with
ethanol, and the same volume of 50% aqueous ethanol was added to
the control. Cyclohexanone was similarly added as a 1:1 mixture with
dimethylsulfoxide. As in Figure 1, the efflux rates of nitrocefin (V,) are
plotted against its periplasmic concentrations (Cp)' Measurement was
carried out in the absence (O) and presence (M) of solvents. These
experiments were repeated several times for each solvent, and
reproducible results were obtained.

AmpC f-lactamase. However, the solvents had no effect on
nitrocefin hydrolysis by the sonicated cell extracts. At these high
concentrations, solvents caused increases in the V. values and
often decreased the values of K,; for example, in two
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V,

experiments with benzene, V., was increased about 2-fold,
and Ky; was also decreased 2-fold (not shown).

Although these results were encouraging, solvents were used
at concentrations much higher than that of the measured efflux
substrate, nitrocefin. At such concentrations we cannot exclude
the possibility that solvent effect was caused by their strong
partition into the bilayer, which may affect the function of the
transporter. (However, this mechanism is unlikely in the V139F
mutant AcrB described below.) At concentrations comparable
to the nitrocefin concentration, i.e., around 0.1 mM, the effect
was more modest, although a clear indication of stimulation was
seen (see below). We have tested a number of other potential
substrates of the AcrB pump at 0.1 mM concentration. We
could not find any evidence of stimulation of nitrocefin efflux in
the presence of the following substrates: deoxycholate,
taurocholate, novobiocin, erythromycin, azithromycin, and
nalidixic acid (results not shown).

Nitrocefin Efflux Is Stimulated by Arg f-Naphthyla-
mide. The well-known AcrB inhibitor (and substrate'®) Phe-
Arg f-naphthylamide inhibited nitrocefin efflux when used at a
low concentration (20 M), but at a higher concentration (0.1
mM) it often produced stimulation (results not shown).
Although this compound was recently reported to increase the
nonspecific permeability of the outer membrane,'®"” such an
effect at high concentrations was known already at the time of
its discovery,'® and its activity as an efflux inhibitor is supported
by a large number of studies.'® Because Phe-Arg f-
naphthylamide is hydrolyzed by intact E. coli cells first into
Phe and Arg f-naphthylamide by peptidase N (T. May and H.
Nikaido, unpublished), Arg f-naphthylamide was tested and
indeed found to be a powerful stimulant of nitrocefin efflux
(Figure 3). A large decrease in the values of Ky (81 + 6.3%
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Figure 3. Stimulation of nitrocefin efflux by 0.1 mM Arg-p-
naphthylamide. As in Figure 1, V, of nitrocefin is plotted against its
C,. Measurement was carried out in the absence (O) and presence
(M) of Arg-f-naphthylamide. This experiment was repeated several
times, and reproducible data were obtained (see text).

decrease in four experiments) played a major part here,
although there was also a modest increase in V, in all
experiments. Neither Phe nor the further hydrolysis product of
Arg f-naphthylamide, Arg and p-naphthylamine, produced
significant stimulation (or inhibition).

dx.doi.org/10.1021/bi401303v | Biochemistry 2013, 52, 8342—8351
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When nitrocefin MIC was determined by using the gradient
plate method in the presence of 32 ug/mL (0.107 mM) Arg f-
naphthylamide, there was a slight but reproducible increase in
MIC, from 11.1 to 13.1 ug/mL, consistent with the stimulation
of nitrocefin efflux (Supplementary Figure S1). Although the
increase was smaller than expected, this could be due to the
instability of the stimulator, Arg A-naphthylamide, which is
hydrolyzed by peptidase N.

Efflux of Cefamandole Is Also Stimulated by Solvents
and Chloramphenicol. Nitrocefin binds very tightly to the
distal binding pocket of AcrB,” and its transport Ky is by far the
lowest among the cephalosporins tested.” In order to show that
the stimulation phenomenon is not solely limited to this tight-
binding substrate, we used cefamandole, which is expected to
bind less tightly than nitrocefin to the binding site, with the
calculated binding energy (in docking with Autodock Vina) of
—9.2 kcal/mol in contrast to that of —10.2 kcal/mol for
nitrocefin. Indeed, cefamandole is pumped out by AcrB with a
much higher K 5 value of around 20 M compared with the Ky
of nitrocefin (around S uM).” Cefamandole efflux was indeed
stimulated by 0.1 mM and 30 mM benzene (Figure 4A and B)
reproducibly. Chloramphenicol (0.1 mM) also produced a
significant stimulation of cefamandole efflux (Figure 4C). The
efflux kinetics of cefamandole shows a strong cooperativity,”
and thus its analysis becomes more complicated. However, the
stimulation again seems to be caused mainly by increases in
Vinax and decreases in K 5. Interestingly, in all experiments there
appeared to be a significant decrease in apparent cooperativity,
the calculated Hill coefficients decreasing to 63%, 81%, 81%,
and 91% of the no-solvent control value (average 2.69) in the
four experiments with 30 mM benzene.

Stimulation of Nitrocefin Efflux Is Not Caused by the
Accelerated Assembly of AcrB Trimer. According to the
functionally rotating trimer concept of AcrB function, AcrB
cannot perform its efflux function unless it is assembled into a
homotrimer. Thus it is possible that solvents stimulate the
efflux by somehow facilitating the assembly of the AcrB trimer.
This was tested by using the covalently linked, giant AcrB
trimer produced from the modified gene coding for such a
complex.'” The stimulatory effect of benzene was indeed
confirmed in the linked trimer (Figure S).

Studies with the V139F Mutant AcrB. The results
presented above suggested that the effect of stimulants (such as
solvents) is likely to involve the interaction (either direct or
allosteric) of these ligands and cephalosporins in an AcrB
trimer. In an effort to understand how this interaction could
occur within the large (distal) binding pocket of AcrB, docking
prediction was made with Autodock Vina. The calculated
binding energy of benzene to the AcrB binding pocket was
quite small (—5.1 kcal/mol), and it appeared to bind to the
lower (i.e., closer to the membrane surface) part of the binding
pocket, earlier called “cave” ® at a location closest to the Val139
residue (with the closest distance of 3.2 A) (Figure 6). We thus
tried to strengthen the binding of benzene to this region of the
binding pocket by mutating Vall39 to a Phe residue. This
mutation was constructed, and the wild type acrB gene was
replaced by this mutant gene as described in Experimental
Procedures.

When nitrocefin efflux was measured in this mutant, a much
stronger stimulation by 0.1 mM benzene was observed (Figure
7B), in comparison with the cells producing the wild type AcrB
(Figure 7A). In the mutant, stimulation was apparently caused
by an increase (about 60%) in V,,,, and a strong decrease (by
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Figure 4. Stimulation of cefamandole efflux by 30 mM (A) and 0.1
mM (B) benzene, as well as 0.1 mM chloramphenicol (C).
Measurement was carried out in the absence (M) and presence (@)
of stimulants. Each of these experiments was repeated several times,
and reproducible results were obtained.

about 60%) in Ky. It was stimulated less strongly by the
presence of 0.1 mM cyclohexane, however (Table 1).
Docking Studies. In an effort to understand the
mechanism of stimulation of nitrocefin and cephamandole
efflux by various ligands, we examined the binding of the
substrates and stimulators to the distal binding pocket of the
binding protomer of AcrB with Autodock Vina. Initially, we
focused on benzene and nitrocefin, which were predicted to
bind to two distinct subareas of the binding pocket. Benzene
was predicted to bind to the lower part of the pocket,
previously named “cave”,® with a low affinity (=5.1 kcal).
Nitrocefin, which is predicted to bind very tightly to the pocket
of the free AcrB (with the calculated energy of —10.2 kcal), was
found to bind less tightly to AcrB with a prebound benzene
(—9.4 kcal) as the thiophene ring of nitrocefin clashes with the
benzene and was thus displaced by this molecule. As for
cefamandole, it is predicted to bind somewhat less tightly (—9.2
keal) than nitrocefin, exclusively to the upper, “groove” region

dx.doi.org/10.1021/bi401303v | Biochemistry 2013, 52, 8342—8351
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Figure S. Stimulation of nitrocefin efflux occurs also in a covalently
linked AcrB trimer. This figure shows a representative experiment in
which nitrocefin efflux was measured in the absence (O) and presence
(M) of 30 mM benzene.

Figure 6. Docked position of benzene in the binding protomer of
AcrB. F136 and V139 are shown in orange and green stick models.
This image was produced by using the program PyMol.

of the pocket® and thus will be less affected by the binding of
benzene to the lower region of the pocket. However, Autodock
Vina predicts that Arg S-naphthylamide binds tightly (—9.9
keal) to the subdomain that is also occupied by nitrocefin, and
the effort to dock nitrocefin to AcrB with the prebound Arg -
naphthylamide ended up with the prediction that nitrocefin will
preferentially bind to sites that are completely outside of the
pocket.

Similar docking studies were carried out with an MD-
simulation-optimized model of V139F mutant AcrB. Compared
with the wild type AcrB, benzene was indeed found to bind
with a higher affinity (—8.5 kcal), and nitrocefin with a lower
affinity (—8.6 kcal).

MD Simulation Studies. Because docking cannot take into
account the effect of water molecules and the substrate-induced
changes in the conformation of the binding site, we examined
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Figure 7. Stimulation of nitrocefin efflux by a low concentration (0.1
mM) of benzene. (A) Cells producing the wild type AcrB. (B) Cells
producing the V139F mutant AcrB. These experiments were repeated
several times, and similar results were obtained (see Table 1).

some of these interactions by MD simulations, concentrating
on nitrocefin and benzene (Supplementary Table S1).

1. Benzene Alone. We started from the most stable docked
structures of the benzene-(wild type)AcrB complex (Figure
8A). In one simulation, benzene kept hopping between two
different positions in the binding site (Figure 8B,C and
Supplementary Figures S2 and S3). Calculated binding free
energies were similar at these two positions (Table 2). In
another simulation, starting from a different but energy-
equivalent binding pose, benzene remained essentially in the
same, lower part of the binding pocket (Figures 8D). In all
poses, benzene tended to be loosely surrounded by several
hydrophobic residues, including the aromatic F136, F178,
Y327, V571, F610, and F628 (Supplementary Table S2).

In the VI39F AcrB, the initial docked position showed
benzene indeed interacting more tightly (see above) with the
phenyl group of the newly created F139 with a loose stacking
interaction at the distance of about 4 A (Figure 8E). At the end
of MD simulations, the binding site has undergone significant
changes of conformation, and in two independent MD
simulations the benzene molecule became sandwiched between
the F139 and F628 (Figure 8F,G), although its binding position
did not change dramatically with respect to that in wild type
AcrB  (Supplementary Figure S3). Also the key residues
stabilizing benzene within the pocket were well-conserved

dx.doi.org/10.1021/bi401303v | Biochemistry 2013, 52, 8342—8351
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Table 1. Ky; and V,,, of Nitrocefin Efflux

without additive

with additive

strains used Ky Vinax
wild type 103 + 1.9 (9) 36.1 + 9.8 (9)
V139F 102 + 2.8 (10) 437 + 14.6 (10)
Ky and

additive Ky Vinax
0.1 mM benzene 64 + 0.1 (3) 41 + 12 (3)
0.1 mM cyclohexane 7.0; 9.6 36; 26
0.1 mM cyclohexanone 104 + 2.6 (4) 47 + 5 (4)
0.1 mM benzene 41 + 1.8 (3) 46 + 15 (3)
0.1 mM cyclohexane 6.7 + 26 (5) 48 + 12 (5)
0.1 mM cyclohexanone S5.1; 164 49; 72

Vimax Values shown are average + SD, except in those cases where only two experiments were carried out, and in units of #M and pmol/s/mg

(dry weight) cells, respectively. The numbers in parentheses show the number of independent experiments.
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Figure 8. Binding of benzene to the distal pocket of wt (A—D) and V139F variant (E—G) of AcrB. Side chains of residues belonging to regions
defined earlier” and within 3.5 A from benzene are shown with solid sticks, with the following color code: distal pocket, red; cleft, orange; proximal
pocket, green; distal/proximal pocket interface, blue; G-loop, yellow. V/F139 are shown with thicker sticks. Benzene is shown with cyan sticks, and
the G-loop is highlighted in yellow for each pose. Docking conformations of benzene and of the G-loop are shown in gray in B—D and F-G.
Residues not belonging to any relevant region are shown with transparent sticks. (A) Docking position in wt AcrB. (B, C) Representative
conformations, BNZy1 (1,) and BNZyyy (1,), sampled in simulation BNZy1 (1). (D) Representative conformation from BNZ (2). (E) Docking
position of BNZ in V139F AcrB. (F, G) Representative conformations sampled in simulations BNZy;30r (1) and BNZy;30r (2).

compared to the complex with the unaltered AcrB (Supple-
mentary Table S2).

In the MD simulations, benzene seemed to bind more stably
to the V139F variant of AcrB (Supplementary Figure S3A), yet
the MM/GBSA approach was unable to reflect this feature in
the values of the binding free energy (see Table 2), possibly
because the entropy term was not included.” We therefore used
a more powerful approach, metadynamics®® **(see Exper-
imental Procedure in Supporting Information) in order to
evaluate the free energy cost associated with the displacement
of benzene from the Phe-rich cage. This quantity can be related
to the residence time of benzene in the binding pocket, which
in turn might be inversely related to the rate at which AcrB
conformational changes occur along the functional rotation
cycles (see Discussion). We chose a simple and intuitive
collective variable (CV) to be biased, i.e., the distance between
the centers of mass of benzene and of residues surrounding it
(see Supporting Information). The affinity of benzene was
indeed higher for the mutated than for the wild type protein.
Namely, the packing of the solvent by residues F136 and F139
increases by ~3 kcal/mol the free energy barrier associated to
unbinding from the most stable position in the pocket
(Supplementary Figure S4). In addition to the well-tempered
metadynamics simulations, we performed an additional set of
standard metadynamics simulations, without any wall on the
distance between benzene and the center of mass of the pocket.
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Interestingly, in three different simulations performed for each
system, benzene exited the protein from the external cleft in the
wild type complex and reached the exit gate in the mutated
protein (data not shown). This surprising finding, however, is
consistent with a larger stimulation, by benzene, of nitrocefin
efflux in the V139F variant (Figure 7B).

2. Nitrocefin Alone. We extended to 165 ns the simulation
of the nitrocefin-(wild type)AcrB reported earlier” (Supple-
mentary Table S1), but there were no significant changes in the
binding position and affinity (Figure 9A,B and Table 2). When
docking of nitrocefin was carried out with AcrBy,)3op, the
binding was weaker than with the wild type AcrB, as described
above. One of the few prominent interaction was the loose (~4
A) sandwiching of the thiophene ring of nitrocefin between
F139 and F628 (Figure 9C). In the subsequent MD simulation
nitrocefin contacts with the protein and water were optimized,
and the thiophene ring lost contacts with F139 (Figure 9D).

3. Nitrocefin Binding to Benzene-AcrB Complex. We
investigated how nitrocefin binding is affected by the presence
of a benzene molecule in AcrB. When docking of nitrocefin was
carried out using representative benzene-AcrB(wild type)
conformations optimized by MD simulations, we found that
it bound less tightly to the transporter: the binding energy
calculated by Vina (obtained by empirical methods and cannot
be compared to the free energies in Table 2) were in the range
of —8.0 to —9.1 kcal/mol, weaker than the —10.2 kcal/mol

dx.doi.org/10.1021/bi401303v | Biochemistry 2013, 52, 8342—8351
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Table 2. Free Energies and Surface Matching Coeflicients

Surface
% of AGy Matching
Proximal DP/PP

Compound” Ath Distal Pocket® Pocket G-loop Interface External Cleft ~ BNZ/NCF SMTotd SMLd
BNZyr (1,) -11.6 + 1.3 —3.3 (28/59) —04 (3/8) 1.00 1.00
BNZyr (1,) -11.0 + 1.3 —1.8 (28/59) —-0.2 (1/3) —0.2 (2/5) —04 (3/9) —-0.7 (6/17) 0.96 0.98
BNZyr (2) -119 + 1.3 —3.3 (27/58) —0.3 (2/6) 1.00 1.00
BNZy,50r (1) -123 + 1.5 —3.4 (27/56) 1.00 1.00
BNZy;30r (2) —12.5 + 12 —3.2 (24/55) 0.87 0.93
NCFyr —389 + 3.8 —17.4 (44/68) —12 (3/4) —-1.0 (2/3) 0.62 0.78
NCFy39r —42.0 + 3.8 —14.1 (33/54) 0.49 0.63

NCF-BNZ (1, NCF) —342+37  —112 (32/53) -2.8 (8/13) —-0.6 (2) nc® nc

NCE-BNZ (1, BNZ) 122+ 1§ —2.6 (21/45) -0.3 (2/5) —0.3 (2/5) -04 (3) nc nc

NCE-BNZ (2, NCF) —329 + 4.4 —15.7 (47/65) nc nc

NCE-BNZy (2, BNZ) —13.0 + 1.6 —2.3 (18/48) —0.5 (3/9) —0.4 (3/8) —0.4 (3/8) nc nc

NCF-BNZy, 505 (1, NCF) —412 + 34 —182 (44/58) -23(5/7) nc nc

NCE-BNZy, 50 (1, BNZ) —11.1 + 1.8 —3.2 (28/60) —0.5 (4/9) nc nc

NCE-BNZy,30: (2, NCF) —41.1 + 2.8 —18.0 (42/64) nc nc

NCF-BNZy, 35 (2, BNZ) —124 + 12 —3.3 (26/56) —0.2 (1/3) nc nc

“The contribution of the configurational entropy of the solute has not been included (see Supporting Information). Concerning the contributions of
different regions to AGy, only those larger than 2% are listed. ®Numbers 1 and 2 in parentheses refer to the simulation number thereon, with BNZy
(1,) and BNZyyr (1,) indicating the two clusters of conformations found in the simulation of BNZyy (1). The calculations for all compounds refer
to the drugs bound to the distal pocket of the binding protomer. BNZ and NCF refer to benzene and nitrocefin, respectively. “Residues within the
various regions are listed in Figure 1 of ref 9. The numbers in parentheses before and after the slash indicate respectively the percentage with respect
to the binding free energy and to the sum of the contributions from all residues. 9Calculated on the conformation of the complex with the lower
RMSD from the average extracted from the unbiased MD simulations. SMr,, and SM, refer to the total and lipophilic surface matching coefficients.

See Supporting Information for further details. © nc: not calculated.
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Figure 9. Binding of nitrocefin to the distal pocket of wt (A, B) and
V139F variant (C, D) of AcrB. (A) Docking position in wt AcrB. (B)
Representative conformations sampled in NCFyy. (C) Docking
position in the VI39F AcrB. (D) Representative conformations
sampled in NCFy,30r (1).

energy obtained for wild type AcrB free of benzene. Two
opposite orientations of nitrocefin were found to be compatible
with prebound benzene in the distal pocket (data not shown).
The difference in affinity compared to the bimolecular complex
was retained in the binding free energy calculated over the two
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MD trajectories (one per orientation of nitrocefin) of the
trimolecular system nitrocefin-benzene-AcrB (Table 2).

Interestingly, compared with the bimolecular complexes, in
one of the MD simulations benzene moved by a few A toward
the upper part of the distal pocket (Figure 10A), and the
pattern of stabilizing contacts was only partly conserved
(Supplementary Table S2). In both wild type and mutant
trimolecular complexes, nitrocefin moved more significantly in
the direction of the Exit Gate toward the TolC docking
domain,"" with the carboxyl group facing residues Q124 and
Y758 (compare the stick models of nitrocefin in green and lime
with those in red and mauve in Figure 10B). This movement of
the substrate was also seen in the second MD simulation
started from a different conformation of the benzene-AcrB
complex (where nitrocefin assumed a flipped orientation with
respect to the first simulation, see Supplementary Figures SSA
and SSC), although its magnitude was somewhat less
(Supplementary Table S1). In this case the axis of nitrocefin
was not fully aligned to the Binding Pocket-Gate direction.
Several key interactions with residues of the binding pocket
were retained despite this displacement (Supplementary Table
S3), although the overall interaction strength was reduced
(Table 2). MD simulations thus showed that the two substrates
can bind simultaneously to the distal pocket, benzene in the
bottom and nitrocefin (in two opposite orientations) in the
upper part, closer to the Exit Gate.

B DISCUSSION

We detected some hints earlier® that the presence of one ligand,
chloramphenicol, may enhance the efflux of another ligand,
nitrocefin, added at the same time. The differences were small,
yet this conclusion could be confirmed in the present study
(Figure 1). We further showed in this study that, when tested at
high concentrations (around 30 mM), simple solvents such as
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Figure 10. Binding positions of benzene (A) and nitrocefin (B) in the
bi- and trimolecular complexes with AcrB. Thinner and thicker sticks
represents the ligands in the bimolecular and trimolecular adducts,
respectively. Red and magenta indicate the wt complexes, while green
and lime indicate the mutated ones. The protein is shown in cartoons
and is colored according to the secondary structure. Residues Q124
and Y758 lining the gate to the central funnel are shown with ice blue
beads.

benzene, cyclohexane, and cyclohexanone stimulated much
more strongly the efflux of nitrocefin, partly by increasing its
Vinax for transport (Figure 2). Other than the solvents, Arg f5-
naphthylamide stimulated nitrocefin efflux strongly (Figure 3).
In a mutant AcrB (V139F), benzene could produce a strong
stimulation of nitrocefin efflux even at a low concentration of
0.1 mM (Figure 7B). Finally, benzene and chloramphenicol
produced a modest but reproducible stimulation of the efflux of
cefamandole (Figure 4), another cephalosporin.

Stimulation, by one substrate, of the efflux of another
substrate is not unknown in the behavior of multidrug
transporters. It is well-known that the transport of Hoechst
33342 dye by the P-glycoprotein is stimulated by the
simultaneous presence of another substrate, rhodamine
123,%%2* an observation that led to the assumption that there
are two distinct substrate binding sites (H-site and R-site for
the Hoechst dye and rhodamine, respectively) that are
separated by a measurable distance.”® Similar stimulation
phenomena were also found in the relatives of P—glzycoprotein,
multidrug resistance-associated proteins or MRPs.”’ Since P-
glycoprotein functions as a monomer, such stimulation
phenomena likely involve allosteric conformational changes
introduced by the binding of one of the substrates.”® In
contrast, AcrB operates as a trimer, and the binding and export
of substrates presumably involves tight interaction between the
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11,29,30 . .
2939 thus the mechanism of stim-

neighboring protomers;
ulation may be more complex.

One trivial mechanism involves the accelerated assembly of
AcrB trimer by the stimulator substrate, but we were able to
show that this mechanism cannot explain our observations,
because even covalently linked trimeric AcrB was stimulated by
benzene (Figure S). (However, at present we cannot rule out
the possibility that the assembly of the AcrB-AcrA-TolC
tripartite complex might be affected.) In the next step, we
considered the interaction between the substrates within a
single AcrB protomer, by examining the binding of substrates to
the distal binding pocket of AcrB, which plays a critical role in
the export process.””*' Computational docking suggested that
the initial binding of benzene to the “lower” part of this pocket
weakens the subsequent binding of nitrocefin, mainly to the
“upper” part of the pocket, a conclusion supported by the MD
simulation, showing 5—6 kcal/mol decrease in the absolute
value of the binding energy of nitrocefin when benzene was
simultaneously present in the pocket (Table 2). Since nitrocefin
appears to bind to the pocket of AcrB exceptionally tightly, as
judged by its very low transport Ky value’ and its large
calculated binding energy (see Table 2 of our previous paper”),
it seemed possible, a priori, that a weakened binding of this
substrate may explain its increased efflux by the minimization of
the energy trough of binding. However, there are several lines
of evidence against this hypothesis. First, the efflux of
cefamandole, which appears to bind to the pocket much
more loosely than nitrocefin on the basis of its higher transport
Ky (actually Kys)” and the smaller binding energy than
nitrocefin (see Results), is nevertheless stimulated by the
presence of benzene (Figure 4). Second, in the strain
expressing the V139F mutant AcrB, benzene causes hardly a
decrease in the binding energy of nitrocefin (Table 2), although
benzene strongly stimulates nitrocefin efflux (Figure 7). Third,
it is difficult to explain, by this hypothesis, the strong
stimulation of nitrocefin efflux caused by Arg f-naphthylamide,
because both substrates are expected to bind to a similar area of
the pocket.

In fact, MD simulations gave us some hints that may at least
partially explain the efflux stimulation data. When nitrocefin
was present together with benzene in the binding site, the
former was eventually pushed for about 7 A toward the exit gate
(Figure 10B), suggesting that the presence of benzene could
favor the accelerated efflux of nitrocefin. In addition, more than
one molecule of small substrates, such as benzene, may bind to
the same binding pocket at the same time, and this could
produce stimulation of efflux.

An important factor we have not considered may be the
binding of substrates in successive binding pockets in the same
AcrB protomer or in different protomers within the trimeric
assembly. Thus the existence of a more proximal binding
pockets, earlier identified in the symmetric AcrB crystals® >
and by Cys mutagenesis studies,”" was now confirmed to be
present in the Access protomer by crystallography involving
asymmetric crystals.*®*’ The extrusion of a drug molecule
bound in the binding protomer thus would either require, or be
at least stimulated by, the binding of the next drug molecule to
the proximal binding site of the neighboring Access protomer.
It seems likely that the “stimulating” substrate, such as solvents
or Arg f-naphthylamide, could affect the efflux of the measured
substrate, such as nitrocefin or cefamandole bound in the
Binding protomer, in this manner. The stimulation by Arg -
naphthylamide, a large compound that is predicted to bind to
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the same area in the distal binding pocket as nitrocefin, seems
to require such a mechanism. Such interaction between the
neighboring protomers was indeed the mechanism proposed to
explain the positive cooperativity in the efflux of various
cephalosporins’ and penicillins.*® If this is the case, the efflux of
cefamandole is limited by the rate at which the neighboring
Access protomer would bind the next cefamandole molecule
when it is the only substrate present. Since solvent molecules
are predicted to enter (and exit) the AcrB binding pockets
rapidly, as discussed below, the cefamandole efflux is likely
accelerated by the rapid entry of solvents (and other substrates
that are pumped out rapidly) into the neighboring Access
protomer, when these substrates are also present. We indeed
found that benzene decreased the Hill coefficient for the efflux
of cefamandole, an observation that supports our hypothesis.
Cefamandole and solvent molecules could also bind to the
same protomer and could be extruded simultaneously.

It is well-known that AcrB pumps out solvents.” Importantly
this efflux seems to occur with very high turnover numbers.
Although the kinetic constants of benzene efflux through AcrB
are not known, we can make a rough estimate as follows. The
permeability coeflicient of benzene in a conventional
phospholipid bilayer was estimated as 9.9 cm/s by MD
simulations. Assuming that the outer membrane bilayer has
permeability about 3 orders of magnitude lower than that of the
conventional bilayer,** we can estimate the permeability
coefficient of benzene here as 0.01 cm/s. Thus if AcrB
decreases the periplasmic benzene concentration by 10% when
the cells are exposed to 100 uM benzene, creating a 10 uM
concentration gradient across the outer membrane, benzene
will diffuse into the periplasm at a rate of 13.2 nmol/mg cells/s.
To counteract this influx, AcrB must pump out the solvent at
about this rate. This can be compared with the low V. values
for the efflux of nitrocefin and cefamandole (0.02 and 0.4
nmol/mg cells/s, respectively).” Similarly, although the efflux
rate of chloramphenicol is not known, we can assume that it is
rapid, as it must penetrate across the outer membrane, mainly
through the porin channels, rapidly as it is relatively small and
uncharged.*' These considerations suggest that the stimulators
of cephalosporin efflux in AcrB are likely to be compounds that
are very rapidly pumped out as substrates.

In general, it is difficult to know the rate-limiting steps in a
secondary transporter. However, in one case that has been
studied extensively, LacY of E. colj, it appears to be the rate of
conformational alteration generating the outward-open con-
former, rather than the rate of substrate binding.*” Perhaps in
AcrB also, it seems possible that various substrates facilitate, to
a different degree, the large conformational change from the
Binding to Extrusion conformation' "% necessary for the
drug export. Finally it is also possible that stimulator substrates
enter rapidly into the deep binding pocket without being
trapped in the proximal binding pocket,*” thereby producing an
accelerated functional cycle through which the efflux of other
larger substrates becomes accelerated.

B ASSOCIATED CONTENT
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Details of experimental procedures and additional figures. This
material is available free of charge via the Internet at http://
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