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Reversal of the Drug Binding Pocket Defects of the AcrB Multidrug
Efflux Pump Protein of Escherichia coli

Ketaki Soparkar,®® Alfred D. Kinana,® Jon W. Weeks,® Keith D. Morrison,® Hiroshi Nikaido,® Rajeev Misra?

School of Life Sciences, Arizona State University, Tempe, Arizona, USA®; CoValence Laboratories, Chandler, Arizona, USA®; Department of Chemistry and Biochemistry,
University of Oklahoma, Norman, Oklahoma, USAS; Department of Molecular and Cell Biology, University of California, Berkeley, California, USAY; School of Earth & Space
Exploration, Arizona State University, Tempe, Arizona, USA®

ABSTRACT

The AcrB protein of Escherichia coli, together with TolC and AcrA, forms a contiguous envelope conduit for the capture and ex-
trusion of diverse antibiotics and cellular metabolites. In this study, we sought to expand our knowledge of AcrB by conducting
genetic and functional analyses. We began with an AcrB mutant bearing an F610A substitution in the drug binding pocket and
obtained second-site substitutions that overcame the antibiotic hypersusceptibility phenotype conferred by the F610A mutation.
Five of the seven unique single amino acid substitutions—Y49S, V127A, V127G, D153E, and G288C—mapped in the periplasmic
porter domain of AcrB, with the D153E and G288C mutations mapping near and at the distal drug binding pocket, respectively.
The other two substitutions—F453C and L486W—were mapped to transmembrane (TM) helices 5 and 6, respectively. The ni-
trocefin efflux kinetics data suggested that all periplasmic suppressors significantly restored nitrocefin binding affinity impaired
by the F610A mutation. Surprisingly, despite increasing MICs of tested antibiotics and the efflux of N-phenyl-1-naphthylamine,
the TM suppressors did not improve the nitrocefin efflux kinetics. These data suggest that the periplasmic substitutions act by
influencing drug binding affinities for the distal binding pocket, whereas the TM substitutions may indirectly affect the confor-
mational dynamics of the drug binding domain.

IMPORTANCE

The AcrB protein and its homologues confer multidrug resistance in many important human bacterial pathogens. A greater un-
derstanding of how these efflux pump proteins function will lead to the development of effective inhibitors against them. The
research presented in this paper investigates drug binding pocket mutants of AcrB through the isolation and characterization of
intragenic suppressor mutations that overcome the drug susceptibility phenotype of mutations affecting the drug binding
pocket. The data reveal a remarkable structure-function plasticity of the AcrB protein pertaining to its drug efflux activity.

fflux of antibiotics from the cell is one of the major mecha-

nisms by which bacteria acquire multidrug resistance (1).
Gram-negative bacteria, such as Escherichia coli, possess at least
five different families of antibiotic efflux pumps (2). The AcrA,
AcrB, and TolC proteins of E. coli organize a transenvelope, tri-
partite multidrug efflux system, in which AcrB, the pump protein
of the resistance-nodulation-division (RND) family, functions as
the proton-drug antiport in the inner membrane (3). TolC is an
outer membrane channel protein that has been proposed to inter-
act with AcrB directly (4-8) and/or via the inner membrane-an-
chored periplasmic protein AcrA (9-15). The predicted 3:6:3 stoi-
chiometry of TolC:AcrA:AcrB (16) was recently supported by
electron microscopy imaging data (14, 15). Although high-reso-
lution three-dimensional structures of all three proteins have been
obtained (17-21), the AcrB protein, with over 40 Protein Data
Bank (PDB) entries, has drawn the most attention due to the pro-
tein’s ability to bind and translocate a remarkably diverse assort-
ment of drugs, dyes, and inhibitors (3).

AcrB folds into two major domains: a transmembrane (TM)
domain containing 12 a-helices and a periplasmic domain
formed by two large periplasmic loops extending from TM1 to
TM2 and from TM7 to TMS8 (4). The TM domain contains five
highly conserved residues—D407, D408, K940, R971, and
T978 — of the proton relay network that are critical for AcrB func-
tion (19, 22-25). Based on different functional implications, the
periplasmic domain has been divided into a membrane-proximal
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porter domain and a membrane-distal docking domain (4). The
drug-binding porter domain further folds into PN1, PN2, PCl,
and PC2 subdomains.

A breakthrough in the understanding of the mechanism by
which AcrB binds and translocates diverse compounds came from
the resolution of structures in which the three AcrB protomers
assumed asymmetrical conformations, representing three func-
tionally distinct sequentially rotating states: access (loose), bind-
ing (tight), and extrusion (open) (19, 20). In the access protomer,
an intraprotomer lateral conduit called channel/tunnel 2 is
formed at the interface of the PC1 and PC2 subdomains and is
located considerably above the membrane plane (20). Another
channel (channel/tunnel 1) is formed at the membrane interface
and right above the TM8 and TM9 helices (19). Both channels
merge near the hydrophobic drug binding pocket, which is lined
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mostly by phenylalanine residues (F136 and F178 of PN2 and
F610, F615, F671, and F628 of PC1). This binding pocket is not
accessible from the two merged channels when the protomer is in
the access state, but it becomes accessible when the access
protomer transitions to the binding protomer conformation.
During transition to the extrusion state, which is coupled to pro-
tonation/deprotonation events in the TM domain, the extrusion
protomer undergoes significant conformational changes that
cause closing of the lateral channel entrances, collapse of the drug
binding pocket, and formation of a new channel emanating from
the collapsed binding pocket and extending to the funnel-like
structure facing TolC.

Recently, additional drug-bound AcrB structures and struc-
ture-inspired mutagenesis studies revealed that there are actually
two drug binding pockets, a proximal and a distal pocket, which
are separated by the F617 loop (26) or the switch loop (27). Ap-
parently, large antibiotics, such as erythromycin and rifampin,
can bind to the proximal pocket of the access protomer but are
prevented from proceeding to the distal binding pocket due to
steric hindrances from the F617 loop and the 3-sheets of the PN2/
PC1 subdomains (26, 27). Movements in the F617 loop and the
PN2/PC1 subdomains in the binding protomer make room for
these large antibiotics to then proceed to the distal binding pocket
(26, 27). Although small antibiotics, such as doxorubicin and mi-
nocycline, are thought to bind directly to the distal binding pocket
(26), a dimer of doxorubicin has been shown to bind to the prox-
imal pocket of the access protomer, and it is proposed that this
binding may represent a preliminary stage of doxorubicin binding
prior to its binding to the distal binding pocket of the binding
protomer (27).

The drug binding and translocation pathway, as well as con-
formational transitions of AcrB protomers linked to these events,
has been scrutinized extensively by mutagenesis (26, 28), cysteine
cross-linking (29), and covalent modification of engineered cys-
teine residues by fluorescein maleimide (30, 31). When mutants
were tested for antibiotic susceptibility by alanine mutagenesis,
only the F610A substitution conferred a pronounced drug hyper-
susceptibility phenotype (28), yet detailed structural analyses of
AcrB free of or bound to substrates have not revealed a role for
F6101in AcrB activity (19, 20, 26, 27). Interestingly, F178 and F615,
whose replacement by alanine produces a weak phenotype (28),
have been shown to make direct contacts with the portion of
bound doxorubicin and minocycline (19, 27).

In this work, we focused on F610 due to its enigmatic role in
AcrB function despite causing a strong drug susceptibility pheno-
type when changed to alanine. We took genetic and functional
approaches in an attempt to decipher the role of F610. A positive,
gain-of-function mutant isolation strategy was devised to isolate
suppressor mutations within acrB that overcome the drug hyper-
susceptibility phenotype of the F610A mutant. Nitrocefin efflux
kinetics data from these revertants and the parental strain sug-
gested that the F610A mutation severely interfered with the drug
binding ability of AcrB and that this defect was partially reversed
by suppressor alterations mapping to the drug binding porter do-
main but not by those mapping to the TM domain of AcrB. The
most effective suppressor alteration, G288C, mapped within the
distal drug binding pocket of AcrB, suggesting a role of F610 in
the formation or stabilization of the distal drug binding pocket.
The identification of additional novel alterations at sites within
the porter domain not in the immediate vicinity of the drug bind-
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ing pocket and within the TM domain is poised to expand our
understanding of the mechanism of drug binding and transloca-
tion through AcrB.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. The bacterial strains
used in the study were derived from RAM2370 (MC4100 Aara AacrAB:
scar) (9, 32). Luria broth (LB) was prepared from LB Broth EZMix pow-
der (Lennox). LB agar (LBA) contained LB plus 1.5% agar (Becton, Dick-
inson). M63 minimal medium was prepared as described previously (33).
When required, novobiocin (5 pg/ml), erythromycin (5 pg/ml), and
chloramphenicol (12.5 or 35 pg/ml) were added to the LBA. All cultures
were grown at 37°C unless specified. CCCP (carbonyl cyanide m-chloro-
phenylhydrazone) and NPN (N-phenyl-1-naphthylamine) were pur-
chased from Sigma-Aldrich. All other chemicals were of analytical grade.

DNA methods. The acrAB genes were expressed from the low-copy-
number plasmid pACYC184 (34) under the control of their natural pro-
moter (35). Plasmids were purified using a QIAprep Spin miniprep kit
from Qiagen. When required, the entire acrAB genes from the purified
plasmid were sequenced using the Arizona State University School of Life
Sciences core DNA facility. F610A, F615A, A610F, and G288D substitu-
tions were made by site-directed mutagenesis, using a QuikChange Light-
ning site-directed mutagenesis kit from Agilent Technologies. Primer se-
quences used for DNA sequencing and mutagenesis are available upon
request.

Protein methods. Whole-cell envelopes were isolated from overnight
cultures by the French press lysis method as described previously (36).
Proteins were analyzed by mini-SDS-11% PAGE and transferred to Im-
mobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore).
Membranes were blocked overnight in 5% (wt/vol) nondairy cream. After
blocking, membranes were incubated with primary antibodies for 1.5 h.
Primary antibodies against AcrB-MBP (1:10,000 dilution) were raised in
rabbits. After incubation with primary antibodies, membranes were
washed twice for 15 min and then incubated for 1 h with the secondary
antibody (horseradish peroxidase [HRP]-conjugated goat anti-rabbit
IgG). Detection of HRP-conjugated secondary antibodies was performed
using ImmunoStar HRP substrate (Pierce). Protein bands were visualized
by use of a Bio-Rad ChemiDoc XRS molecular imager system.

Antibiotic susceptibility assays. MICs of ciprofloxacin, erythromy-
cin, minocycline, nalidixic acid, novobiocin, and SDS were determined by
the 2-fold serial dilution method, using 96-well microtiter plates. Approx-
imately 10 cells were used in each well; each well contained 200 .l of LB
supplemented with chloramphenicol to maintain the plasmid. Plates were
incubated for 18 h at 37°C on a gently rocking platform. The optical
density at 600 nm (ODy,) was measured using a VersaMax ELISA micro-
plate reader from Molecular Devices. MICs were determined in duplicate
for at least three independent cultures. The MIC value was determined as
the lowest concentration of antibiotic/inhibitor at which the bacterial cul-
ture failed to reach an ODy, of 0.1.

NPN efflux assays. Efflux of NPN in live bacterial cells was carried out
essentially as described by Lomovskaya et al. (37), with some modifica-
tions (32). Briefly, overnight cultures were centrifuged, and pellets were
washed with potassium phosphate buffer (20 mM KPO,, pH 7.0) contain-
ing 1 mM MgCl, and then centrifuged again. Washed cell pellets were
resuspended in KPO,-MgCl, buffer. The cell suspension, at 4 X 10° cells/
ml, was treated with 100 uM CCCP for 15 min at room temperature, after
which cells were pelleted and washed twice with KPO,-MgCl, buffer and
then resuspended in the same buffer. NPN was added to a final concen-
tration of 10 wM, and cells were incubated at room temperature for 15
min, transferred to a quartz cuvette, and placed in a Varian Cary Eclipse
fluorescence spectrophotometer. The NPN fluorescence intensity was
measured every 1 s, using excitation and emission wavelengths of 340 nm
and 410 nm, respectively, with excitation and emission slit widths set at 5
nm. At the 100-s time point, efflux of NPN was initiated by adding 50 mM
(final concentration) glucose, and changes in fluorescence intensity were
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FIG 1 Western blot of purified envelopes. Envelopes were purified from over-
night cultures of a AacrAB strain containing either the empty vector plasmid
PACYC184 (first lane) or plasmid clones expressing various AcrB proteins, as
indicated. Detergent-solubilized envelope samples were analyzed by SDS-
PAGE and electrotransferred to PVDF membranes. Membranes were blotted
with primary antibodies against AcrB-MBP. LC, nonspecific band used as a gel
loading control. AcrB levels were determined relative to those of LC and then
normalized to the wild-type value of 1.

measured for 100 s. Slopes [m = (y, — y,)/(x, — x,)] resulting from the
decrease in NPN fluorescence were calculated, with values expressed in
fluorescence intensities per second (FI/s). Using AacrAB cells, which allow
maximal accumulation of NPN inside the cell, it was determined that an
NPN concentration as high as 20 wM does not lead to self-quenching of
fluorescence (32).

Nitrocefin efflux assays. The plasmid pACYC184-acrAB, containing
the wild-type sequence of acrAB or having different combinations of mu-
tations within acrB (F610A alone, F610A plus G288C, F610A plus Y49S,
etc.), was electroporated into E. coli RAM121 AacrAB::spc, a derivative of
E. coli K-12 expressing a large mutant OmpC channel porin (38). The
transformants were selected on plates containing 35 p.g/ml chloramphen-
icol. Bacterial strains were then cultured at 30°C in M63 medium contain-
ing 35 wg/ml chloramphenicol and 0.1% Casamino Acids, with shaking,
until the culture reached an OD, of 0.5. Cells were harvested by centrif-
ugation, washed twice in 50 mM potassium phosphate buffer (pH 7.0)
containing 5 mM MgCl,, and resuspended in the same buffer to a final
0Dy, 0f0.8. One milliliter of the cell suspension was added to each quartz
cuvette. The nitrocefin efflux assay was carried out as previously described
(39). Plots of efflux velocity (V,) versus periplasmic concentration (C,)
were analyzed by using the curve-fitting software CurveExpert. For anal-
ysis using the Hill equation, which involves three unknown coefficients, it
was necessary to decrease the tolerance to 10~ ? in order to obtain repro-
ducible estimates of coefficients.

RESULTS

The rationale behind reversion analysis. The F610 residue of the
drug binding pocket of AcrB plays an important but undefined
role in the drug extrusion process. Although the F610A substitu-
tion confers a strong drug susceptibility phenotype (28; this
study), the available drug-AcrB cocrystallization data have not
supported a direct role of F610 in drug interaction (19, 27). Inter-
estingly, molecular dynamic (MD) simulations with the F610A
mutant and doxorubicin revealed that the mutant protein poses a
slightly different conformation during a transition from the bind-
ing to the extrusion state, resulting in stronger binding of doxo-
rubicin to the distal binding pocket and altering doxorubicin’s
orientation with respect to the channel leading to the AcrB exit
gate (40).

To better understand the role of F610 in drug extrusion, we
exploited the drug susceptibility phenotype of the F610A mutant.
We rationalized that if the F610A mutation indeed changes the
conformation of the AcrB drug binding pocket to make it less
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suitable for drug extrusion, second-site alterations within AcrB
can be obtained that reverse these conformational defects and
restore drug extrusion. The identification of these second-site
suppressor alterations is expected to reveal additional functionally
relevant AcrB residues and to provide a better view of the overall
drug extrusion pathway. Conversely, if F610 is absolutely required
for the normal activity of AcrB, reversion mutations will most
likely attempt to restore F610. However, since the F610A substi-
tution was created by changing all three nucleotides of the F610
codon (UUC to GCG), there is only a remote possibility that a true
reversion mutation will be obtained.

The genetic approach. In our genetic setup, the chromo-
somally deleted acrAB genes are complemented by acrAB ex-
pressed under the control of the native promoter from the
low-copy-number plasmid pACYC184 (35, 41). The plasmid-
complemented strain confers a drug phenotype indistinguishable
from that of a strain expressing chromosomally encoded acrAB
(data not shown). We introduced an F610A alteration into AcrB
by site-directed mutagenesis. Two additional drug binding pocket
mutants, the F136A and F615A mutants, were constructed for
comparison. Western blot analysis from purified envelopes re-
vealed that whereas AcrB-F136A and AcrB-F610 were present at
levels close to the wild-type levels, AcrB-F615A was present at
somewhat reduced levels (Fig. 1). The strain expressing AcrB-
F610A grew poorly, i.e., formed a weak lawn, when spread on
plates containing erythromycin or novobiocin (5 pg/ml). How-
ever, when the two antibiotics were combined at 5 pg/ml each, the
mutant failed to grow, except for spontaneous drug-resistant re-
vertants. Consequently, plates used for selecting revertants con-
tained erythromycin and novobiocin.

We sought revertants simultaneously resistant to both eryth-
romycin and novobiocin from several independent cultures.
About one-third of drug-resistant revertants (46 of 170 rever-
tants) survived subsequent purification on a medium supple-
mented with erythromycin and novobiocin. In 12 revertants,
obtained from independent cultures, the antibiotic resistance
phenotype moved with the plasmid, indicating that in these cases,
the possible site of the reversion mutation was acrA or acrB. DNA
sequence analysis of the entire acrAB genes from 11 revertants
revealed a single nucleotide alteration within the acrB gene (Table
1). One plasmid carried an unusual duplicated DNA and was not
used further. Importantly, in all cases, the original mutant codon
resulting in the F610A substitution was retained. Overall, six dif-
ferent residues of AcrB were altered, with the G288C substitution
occurring five independent times, while V127 was replaced by an
A or G residue (Table 1). None of the seven alterations described
here were reported previously, thus reflecting the novel nature of
these substitutions. It is worth noting, however, that two different

TABLE 1 Second-site suppressor alterations in the AcrB-F610A protein

Codon change AcrB

(no. of isolates) substitution Affected AcrB domain/region
TAC — TCC (1) Y49S PN1, near exit gate
GTG — GCG (1) V127A PN1

GTG — GGG (1) V127G PN1

GAT — GAA (1) DI153E PN2

GGT — TGT (5) G288C PN2, distal drug binding pocket
TTC — TGC (1) F453C TM5

TTG — TGG (1) L486W TM6
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FIG 2 X-ray structure of AcrB (PDB entry 2GIF). Only the AcrB binding state
protomer is shown. The positions of F610, F615, residues affected by suppres-
sor alterations, and functionally important sites in AcrB are shown.

alterations at G288, G288S and G288D, with apparently slightly
different properties, were reported recently (42, 43).

AcrB second-site substitutions and drug phenotype. Figure 2
shows the locations of the six affected residues, as well as F610,
F615, and residues involved in the proton relay network, in an
AcrB protomer in the binding state. Based on their locations, the
substitution at G288 most likely directly influences events at the
drug binding pocket. The V127A/G and D153E substitutions ap-
pear to influence events at the periphery or the hypothetical ex-
tended drug binding pocket, while the Y49S substitution may af-
fect steps leading to the drug exit path. Curiously, two alterations
mapped to the transmembrane helices 5 and 6 (TM5 and TM6),
which are in the proximity of TM4, which houses the D407 and
D408 residues that are critical for the proton relay network and
thus the pump’s drug translocation activity in the periplasmic
domain (25). Despite affecting two different domains of AcrB, all
seven alterations were found in the first half of the protein, delin-
eated by TM1 to TM6 and the periplasmic domain protruding
from TM1 and TM2.

We determined the revertant MICs of erythromycin and no-
vobiocin, which were used during the mutant selection, and three
additional AcrB substrates, minocycline, nalidixic acid, and SDS,
that were not used in the selection (Table 2). As expected, the
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strain expressing AcrB-F610A had MICs closer to those displayed
by the null strain. All seven revertants had elevated MICs against
all four antibiotics tested, in particular against erythromycin, for
which the MIC increased 4- to 16-fold. Interestingly, no signifi-
cant change in the MIC of SDS was observed for strains expressing
AcrB-F610A with or without the suppressor alterations (Table 2).
The MIC values for the revertant expressing AcrB-G288C most
closely resembled those of the wild-type strain (Table 2); inci-
dentally, this substitution was also obtained most frequently
(Table 1).

Effects of second-site AcrB substitutions in wild-type and
F615A backgrounds. It is conceivable that the suppressor altera-
tions we obtained against the F610A mutant specifically acted to
alter and improve the activity of this mutant protein. To test this,
we introduced them into the wild-type and F615A backgrounds
and determined the MICs of the resulting strains against the four
antibiotics mentioned above. We did not test the F136A back-
ground, because it did not significantly affect AcrB activity, an
observation consistent with a previous report (28).

In the wild-type background, introduction of the suppressor
alterations did not significantly alter the MICs, although there
were some exceptions (Table 3). The two most notable ones were
the V127A and F453C mutations, which reduced the MICs of
erythromycin and novobiocin (V127A) and nalidixic acid
(F453C) 4-fold. Less noticeable were the effects of the Y49S,
D153E, and G288C substitutions against erythromycin and the
L486W substitution against nalidixic acid (Table 3). These data
indicated that the second-site alterations indeed introduced subtle
conformational changes in the AcrB protein that, while beneficial
in the F610A background, had a somewhat negative effect in an
otherwise wild-type AcrB background.

Unlike F610, the drug-AcrB cocrystallization data had shown a
direct interaction of F615 with minocycline and doxorubicin (19).
Thus, a drug susceptibility phenotype of the F615A mutant may
stem in part from weakened drug-AcrB interactions in the distal
drug binding pocket. All seven alterations in the F615A back-
ground significantly elevated the MICs of the four antibiotics
tested (Table 3). Interestingly, in all instances, MICs of minocy-
cline and nalidixic acid became either equal to or greater than
those of the wild-type strain (Table 3). The G288C mutant, one of
the strongest suppressors of the F610A mutation (Table 2), ele-
vated the MIC of erythromycin 16-fold but that of novobiocin
only 4-fold (Table 3). These data suggested that both the F610A

TABLE 2 MICs of selected inhibitors
MIC (pg/ml)*

AcrB protein or

substitution(s) Ery Nov Min Nal SDS
AAcrAB 2 2 0.125 1 25

AcrB-WT 128 128 1 4 800
F610A 4 16 0.25 1-2 400
F610A, Y49S 16-32 32 0.5 2 400
F610A, V127A 16 32 0.5 2 400
F610A, V127G 32 32 0.5 2 400
F610A, D153E 16 64 0.5 2 400
F610A, G288C 64 64 0.5-1 4 800
F610A, F453C 32-64 64 0.5 2 400
F610A, L486W 32 64 0.5 2 400

@ Ery, erythromycin; Nov, novobiocin; Min, minocycline; Nal, nalidixic acid; SDS,
sodium dodecyl sulfate.
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TABLE 4 Effects of G288D mutation in the wild-type and F610A
backgrounds on MICs of inhibitors

b
AcrB protein or MIC (pg/ml) AcrB protein or MIC (pg/ml)
substitution(s) ~ Erythromycin Novobiocin Minocycline Nalidixic acid ~ substitution(s)* Ery Nov Min Nal Cip SDS
WT 128 128 1 4 AcrB-WT 128 128 1 4 0.032 800
Y49S 64 128 1 4 F610A 4 16 0.25 1-2 0.008 400
V127A 32 32 1 4 G288D 64 64 0.5 4 0.032 400
V127G 128 128 1 4 F610A, G288D 64 64 1 4 0.032 800
DI53E 32-64 128 1 4 “ The G288D substitution involved changing the GGT codon to GAT.
G288C 32-64 64 1 4 b Ery, erythromycin; Nov, novobiocin; Min, minocycline; Nal, nalidixic acid; Cip,
F453C 128 128 1 1 ciprofloxacin; SDS, sodium dodecyl sulfate.
L486W 128 128 1 2
F615A 2 2 0.25 1
F615A,Y49S 64 32 1 4 into cells in which AcrB was transiently inactivated by treatment
F615A, VI27A 16 16 1 8 with the protonophore CCCP. NPN efflux was then initiated by
F615A, DIS3E 64 32 2 4 the addition of glucose, and decreases in NPN fluorescence were
F615A, G288C 32 8 1 8 . e sl

recorded every second, using excitation and emission wavelengths
F615A, F453C 32 64 2 8 . .
F615A. LA86W 32 3 5 g of 340 nm and 410 nm, respectively (Fig. 3).

and F615A mutants share some common conformational defects
that are partly corrected by the same second-site alterations. On
the other hand, small but reproducible MIC differences observed
in the two backgrounds likely reflect subtle but important confor-
mational differences between the two mutant proteins.

Effects of G288D mutation in wild-type and F610A AcrB
backgrounds. Two recent studies reported the isolation of substi-
tutions affecting the G288 residue of AcrB; one of these, G288S,
was isolated by random mutagenesis of acrB in E. coli (42), while
the other, G288D, was obtained from a clinical isolate of Salmo-
nella enterica (43). As noted above, in our suppressor analysis,
G288S and G288D mutants were not obtained, yet the G288C
mutant was isolated five independent times (Table 1), suggesting
either a bias against G288S and G288D mutations or that our
spontaneous mutagenesis assay was not saturated. We were par-
ticularly interested in the G288D substitution because in an oth-
erwise wild-type AcrB background, it was reported to have dras-
tically elevated MICs for several antibiotics, including those used
in this study and ciprofloxacin, one of the antibiotics used to treat
the patient from which the Salmonella isolate was obtained (43—
45). We introduced the G288D mutation by site-directed mu-
tagenesis into acrB encoding either wild-type AcrB or AcrB-
F610A. In an otherwise wild-type background, the presence of the
G288D mutation either did not change the MICs (nalidixic acid
and ciprofloxacin) or reduced them 2-fold (erythromycin, mino-
cycline, novobiocin, and SDS) (Table 4). However, in the AcrB-
F610A background, like the G288C mutant and the other suppres-
sors described above (Table 2), it elevated the MICs of all
inhibitors tested (Table 4). Therefore, in our E. coli genetic back-
ground, the G288D substitution produced effects similar to those
of the suppressors obtained in this study.

NPN efflux assays. We carried out real-time efflux assays to
support the premise that improved MIC values of AcrB variants
(Table 2) carrying second-site suppressor alterations are due to
their improved efflux activities. For this, we first employed NPN, a
small fluorescent compound that is a substrate of AcrB (37, 46).
NPN fluoresces strongly when partitioned in the lipophilic envi-
ronment of the membrane but only weakly when present in the
aqueous environment of the medium (32, 47). NPN was loaded
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As expected, rapid NPN efflux was observed for cells express-
ing wild-type AcrAB, as indicated by a large drop in NPN fluores-
cence immediately after the addition of glucose (Fig. 3). In con-
trast, there was no appreciable drop in NPN fluorescence in
AacrAB cells, confirming that the TolC-AcrAB pump is the main
source of NPN efflux in E. coli. Cells expressing the mutant
AcrAB-F610A protein exhibited only partial NPN efflux activity.
On the other hand, all seven AcrB variants displayed significantly
improved NPN efflux activities compared to that of the parental
strain expressing AcrB-F610A. Table 5 shows slope values (m =
Afluorescence intensity/second) and the average times it took to
reduce NPN fluorescence by half (#.,xs500)> calculated from Fig.
3. As shown by the quantitative data (Table 5), NPN efflux activ-
ities were generally in good agreement with the MIC data (Table
2), thus substantiating the argument that increased MICs of vari-
ous antibiotics are likely due to improved efflux activities of the
AcrB variants carrying second-site suppressor alterations.

Nitrocefin efflux assays. Further kinetic assessments of AcrB
efflux activities were carried out by conducting nitrocefin efflux
assays (39). When nitrocefin, the best substrate for the quantita-
tive assay of AcrB-mediated efflux, was added to the cells, the
mutant AcrB-F610A protein showed sigmoidal kinetics (Fig. 4).
(Because the nitrocefin efflux assay involves complex manipula-
tions, its day-to-day reproducibility in terms of raw data is rather
poor. The usual representation with error bars therefore cannot be
used. However, the F610A experiment was repeated four times,
and a clear indication of sigmoidicity was obtained in each case
[not shown].) This is in striking contrast to the wild-type AcrB
protein, which pumps out nitrocefin with a nonsigmoidal Mi-
chaelis-Menten kinetics, as shown earlier (39) and confirmed on
numerous occasions (48), including here (Fig. 4). Sigmoidal ki-
netics was seen earlier for cephalosporins other than nitrocefin
(39), as well as for all penicillins tested so far (49, 50), and was
interpreted to be caused by positive cooperativity of substrate
binding, presumably because the weak binding of relatively hy-
drophilic cephalosporins (other than nitrocefin) and penicillins to
the predominantly hydrophobic binding pocket of the AcrB bind-
ing protomer needs to be strengthened by the binding of the sec-
ond drug molecule to the neighboring access protomer. Indeed,
MD simulations suggested that cephalothin or oxacillin binds to
the binding pocket much less tightly than nitrocefin does (51), and
the K|, 5 values for various cephalosporins were much higher than
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FIG 3 NPN efflux assays. Efflux of NPN from cells preloaded with this dye was
initiated by adding 50 mM glucose. A rapid loss of fluorescence intensity in-
dicates AcrAB-mediated efflux of NPN. The excitation and emission wave-
lengths were set at 340 nm and 410 nm, respectively. For clarity, data for AcrB
suppressors mapping to the porter domain are shown in panel A, whereas
those for suppressors mapping to the TM domain are shown in panel B. Slopes
(m) and t,¢q,4500, values are shown in Table 5. a.u., arbitrary units.

the K, value for nitrocefin (39). Thus, the sigmoidal kinetics of the
F610A mutant AcrB protein suggests an impaired binding of ni-
trocefin to the altered binding site, and again, the K, 5 value for the
F610A mutant was orders of magnitude higher than the K,,, (3.6
puM) for wild-type AcrB (Fig. 4; Table 5), consistent with this
interpretation.

Remarkably, the sigmoidal kinetics was changed to the more
wild-type-like Michaelis-Menten kinetics in the presence of the
more effective suppressor mutations (Fig. 4; Table 5). The most
effective suppressor, the G288C mutant, produced a Michaelis-
Menten kinetics with the lowest K,,, value, 8.7 WM, which is not so
different from the K,, of wild-type AcrB (3.6 wM) (Table 5),
strongly suggesting that the binding of nitrocefin had become very
wild-type-like in this mutant. The F453C suppressor, which per-
formed relatively poorly in the NPN efflux assay (Fig. 3; Table 5),
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behaved like the unsuppressed F610A mutant, indicating a persis-
tent nitrocefin binding defect. The data from the nitrocefin efflux
assays thus reiterated possible changes in the drug binding abilities
of various AcrB proteins.

DISCUSSION

In this study, we employed a positive selection strategy for isolat-
ing AcrB variants from a functionally incompetent AcrB mutant
and identified residues within AcrB that play a role in the protein’s
drug binding and/or extrusion activities. Our work revealed seven
novel AcrB alterations affecting either the periplasmic domain,
involved in drug capture and extrusion, or the transmembrane
domain, involved in proton translocation that influences the con-
formation of the periplasmic domain. These seven single amino
acid alterations, affecting six different sites within AcrB, were ob-
tained in a mutant AcrB protein bearing the F610A substitution.
Cells expressing AcrB-F610A displayed reduced MICs for several
antibiotics, including erythromycin and novobiocin, which were
used to isolate drug-resistant revertants. Since the F610A substi-
tution involved changes in all three nucleotides of the F610 codon,
revertants carrying a true reversion mutation were not obtained.
Thus, all seven alterations suppressed the drug susceptibility phe-
notype caused by the F610A substitution.

The effects of suppressor alterations appeared to be somewhat
broad, since, in addition to elevating the MICs of the relatively
large antibiotics erythromycin and novobiocin, they also im-
proved the MICs of the smaller antibiotics minocycline and nali-
dixic acid, which were not used in the selection. The exception was
SDS, whose MIC dropped only 2-fold due to the F610A mutation
and remained low in the presence of all but the G288C suppressor.
NPN efflux assays further corroborated the MIC data, showing
that the NPN efflux defect of the AcrB-F610A mutants was also
reversed by the suppressor alterations, to various degrees. More-
over, all seven suppressor alterations significantly improved the
MIC:s for a different mutant AcrB protein bearing the F615A sub-
stitution, which also affects the distal drug binding pocket of AcrB
(Table 3). Interestingly, in the wild-type background, some sup-
pressor alterations lowered the MICs (Table 4), indicating that
subtle conformational changes imposed by these alterations are
particularly beneficial in AcrB backgrounds with defects in the
distal binding pocket. Nevertheless, the fact that suppressors in
the wild-type background conferred a weak but reproducible phe-
notype underlined their overall structural/functional importance.

Crystallographic and mutagenesis studies have indicated that
both large and small antibiotics follow the same translocation
pathway, even though they may initially bind to different sites in
AcrB (26). The broad antibiotic susceptibility phenotypes of the
AcrB-F610A and AcrB-F615A mutants would thus suggest a com-
mon defect presumably disrupting the translocation of all antibi-
otics, whereas reversal of this defect by suppressors would indicate
a restoration of the common translocation pathway. While the
MIC and NPN efflux data are consistent with this premise, they
revealed neither the precise defect of the starting mutant protein
nor the mechanism by which suppressors overcame this defect. A
better mechanistic insight was provided by the nitrocefin efflux
assay. This assay revealed that the mutant AcrB-F610A protein
had a K, 5 value (~1,000 uM) for nitrocefin that was orders of
magnitude higher than the K|, value for wild-type AcrB (~4 uM).
Therefore, a significant nitrocefin binding defect of AcrB-F610A
was suggested from these data. Strikingly, in the presence of sup-
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TABLE 5 Quantification of NPN and nitrocefin efflux
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NPN efflux” Nitrocefin efflux’
AcrB protein or substitution(s) Feffuxs00 (S) m (AFI/s) V,, (nmol/mg/s)* K, (WM) Ko.5 (kM)
AAcrAB >200 = 0.00 ND ND
WT 7.73 £ 2.15 —9.54 * 0.57 0.037 * 0.008 (3) 3.58 £ 1.41
F610A 27.30 = 0.99 —2.70 = 0.09 3.09 + 1.20 (4) 1,030 £ 400
F610A, Y49S 18.50 = 0.71 —4.05 * 0.55 0.060 = 0.020 (4) 22.29 + 8.64
F610A, V127A 11.00 = 0.00 —6.37 £ 0.32 0.061 * 0.041 (3) 27.15 = 2.54
F610A, V127G 14.90 = 0.57 —4.95 * 0.08 0.056 * 0.017 (3) 8.67 = 4.46
F610A, D153E 13.25 = 0.35 —5.23 = 0.36 0.076 = 0.058 (3) 20.72 + 6.41
F610A, G288C 7.45 £ 0.77 —8.17 £ 0.75 0.033 * 0.004 (3) 8.64 £ 2.71
F610A, F453C 14.45 = 0.07 —3.67 = 0.09 2.72 = 0.49 (4) 995 * 402
F610A, L486W 9.65 = 0.21 —5.02 = 0.06 14.8 + 12.9¢ (4) 8,700 * 8,060

“ Quantitative values were derived from the graphs shown in Fig. 3. See Materials and Methods for details. f.gq,4500, 1S the average time it takes to reduce the NPN fluorescence by
half; m is the slope, measured as the change in fluorescence intensity per second. ND, not determined.

b Quantitative values were derived from the graphs shown in Fig. 4, as well as similar ones.
¢ Numbers of repeated experiments are shown in parentheses.

4 Simulation using the Hill equation was difficult because our data covered only the low concentration range of the substrate, which was much lower than the K, 5. Thus, the kinetic

constants obtained have limited significance, as seen from the large standard error.

pressor alterations—Y49S, V127A, V127G, D153E, and G288C—
all of which map to the periplasmic domain of AcrB, the sigmoidal
kinetics exhibited by the mutant AcrB-F610A protein reverted to
the wild-type-like Michaelis-Menten kinetics, with a concomitant
improvement in the K,, values. These observations suggest that
suppressor mutations mapping to the periplasmic domain reverse

the defect of nitrocefin binding, and presumably binding of other
drugs, to the distal pocket of the binding protomer.

While our data from the nitrocefin efflux assay reveal a dimin-
ished nitrocefin binding affinity of the F610A mutant, MD simu-
lations of the F610A mutant with doxorubicin indicated an in-
creased binding affinity and distorted positioning of this drug in
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FIG 4 Nitrocefin efflux assays. Cell preparation and assays were carried out as described by Nagano and Nikaido (39) and are described in Materials and
Methods. R, Pearson correlation coefficient; h, Hill coefficient. R and h values are shown for strains displaying Michaelis-Menten kinetics and sigmoidal kinetics,

respectively.
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TABLE 6 Conservation of AcrB residues at mutant and suppressor sites

E. coli AcrB residue

% amino acid homology

AcrB homolog®/bacterium to E. coli AcrB Y49 V127 D153 G288 F453 L486 F610 F615
AcrB/S. Typhimurium 94.57 Y \% D G F L F F
MexB/P. aeruginosa 69.79 Y I D G F L F F
AcrD/E. coli 65.77 Y A% D G F M F S
MexD/P. aeruginosa 47.93 Y L T G F L F F
CusA/E. coli 20.45 Y L D G F I F K
DN30_1079/V. cholerae 20.52 Y \Y Y N F I T K

% UniProtKB entries are as follows: Q8ZRA7 (Q8ZRA7_SALTY), P52002 (MEXB_PSEAE), P24177 (ACRD_ECOLI),

AO0A085TBP3 (AOA08STBP3_VIBCL).

the mutant AcrB protein (40). This suggests that the effect of the
F610A mutation may differ depending on the nature of the sub-
strate. Among the five periplasmic suppressor alterations, the
(G288C mutation is located in the phenylalanine-rich distal drug
binding pocket, and the D153E mutation is located in the Na3
helix that is just above the binding pocket. However, other substi-
tutions (Y49S and V127A/G) occur far away from the binding
pocket, and it is unclear how they could affect interaction with the
binding site as seen in Fig. 4 and Table 5. Regardless of the exact
mechanism of suppression, the fact that these suppressors over-
come severe drug binding pocket defects reflects a remarkable
structure-function plasticity of the AcrB protein. Such plasticity
may challenge the development of AcrB inhibitors that block its
drug binding pocket (42).

The remaining two suppressor alterations—F453C and
L486W—affected the TM5 and TM6 helices of the TM domain.
They did not improve the nitrocefin efflux much, as noted by high
K, 5 values (Fig. 4; Table 5), yet they greatly increased the MICs
(Tables 2 and 3), and at least one of them, L486W, significantly
improved the NPN efflux activity (Fig. 2; Table 5). One explana-
tion for these differing data could be that the TM5 and TM6 alter-
ations either do not affect nitrocefin binding affinity or affect it
only marginally, such that their effects on the overall AcrB activity
may not be captured by the nitrocefin efflux assay. Instead, these
alterations could influence some other steps of AcrB activity per-
taining to entrance/exit of the substrate or conformational cycling
of the three AcrB protomers. A possible influence of the two TM
domain-mapping suppressors on AcrB conformation or assembly
is somewhat apparent from their effects on the MIC of nalidixic
acid in the wild-type background (Table 3).

The TM domain houses five residues—D407, D408, K940,
R971, and T978 —which are critical for proton translocation and
AcrB activity (19, 22-25). The movement of protons through
these residues is coupled to the conformational changes in the
periplasmic domain that are essential for drug binding and extru-
sion. Although F453 and L486 are not directly connected to the
proton relay network, it has been proposed that D408 transiently
interacts through the backbone of 1442 (TM5) and hydrogen
bonds with S481 (TM6) (25). Therefore, the F453C and L486W
substitutions could potentially influence these interactions or es-
tablish novel interactions within the TM region that indirectly,
albeit positively, influence events at the periplasmic domain, in-
cluding transitioning of the protomers to three distinct conforma-
tional states.

Since the positive selection strategy employed here demanded
isolation of functionally competent AcrB proteins, the resulting

3262 jb.asm.org

Journal of Bacteriology

o

51396 (Q51396_PSEAI), P38054 (CUSA_ECOLI), and

suppressor alterations exerted a dramatic impact in the mutant
AcrB background against which they were selected but imposed a
minimal functional effect in the wild-type AcrB background. Our
data differ somewhat from those of Blair et al. (43), who reported
that a G288D substitution in both AcrB from E. coli and Salmo-
nella enterica AcrB significantly changed the substrate specificities
of the mutant proteins with respect to ciprofloxacin, doxorubicin,
and minocycline. Based on MIC determinations, we could not
demonstrate increased resistance against any of the antibiotics
tested, including ciprofloxacin, in our E. coli strains expressing
AcrB-G288D or any other suppressors (Table 4). However, most
of them did show a small drop in MIC for several antibiotics,
indicating subtle structure/function changes in the protein. It is
curious that we did not obtain the G288D substitution in our
reversion analysis, even though it, like the G288C substitution,
efficiently suppressed the AcrB-F610A defect and required only a
single nucleotide change (Table 4). ClustalW2 analysis of AcrB
with six other RND pumps, from E. coli, Salmonella enterica sero-
var Typhimurium, Pseudomonas aeruginosa, and Vibrio cholerae,
with sequence homologies ranging from 20% to 95%, showed that
all six suppressor sites are extremely well conserved (Table 6). The
high conservation of the six AcrB residues with the functionally
unrelated CusA protein, a copper and silver exporter (52), sug-
gests that these residues most likely play a conserved structural
and/or mechanistic role without being involved directly in sub-
strate binding.

Our work here highlights the importance of genetic analysis in
identifying structurally or functionally important AcrB sites that
are not uncovered by high-resolution X-ray structures. One of the
most intriguing and novel aspects of this work is the identification
of changes in the TM domain that overcome defects stemming
from alterations in the periplasmic drug binding pocket of AcrB. It
is worth mentioning that suppressor analysis has been conducted
previously in the study of AcrB (41) and an AcrB homolog, MexB
(53). However, in both instances, the starting mutant was defec-
tive in either complex assembly (AcrB) or, presumably, trimer
stability (MexB). The secondary mutants that restored the func-
tions of defective AcrB and MexB bore secondary alterations map-
ping either to AcrA, the interacting partner of AcrB (41), or to the
region of MexB predicted to interact with OprM, a TolC homolog
(53). To our knowledge, the work shown here is the first report of
genetically linking the two functionally distinct domains of AcrB
involved in drug efflux by compensatory alterations. Further work
will be required to gain a deeper insight into the suppression
mechanism.
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