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The incidence of multidrug-resistant bacterial infections is in-
creasing globally and the need to understand the underlying
mechanisms is paramount to discover new therapeutics. The efflux
pumps of Gram-negative bacteria have a broad substrate range
and transport antibiotics out of the bacterium, conferring intrinsic
multidrug resistance (MDR). The genomes of pre- and posttherapy
MDR clinical isolates of Salmonella Typhimurium from a patient
that failed antibacterial therapy and died were sequenced. In the
posttherapy isolate we identified a novel G288D substitution in
AcrB, the resistance-nodulation division transporter in the AcrAB-
TolC tripartite MDR efflux pump system. Computational structural
analysis suggested that G288D in AcrB heavily affects the struc-
ture, dynamics, and hydration properties of the distal binding
pocket altering specificity for antibacterial drugs. Consistent with
this hypothesis, recreation of the mutation in standard Escherichia
coli and Salmonella strains showed that G288D AcrB altered sub-
strate specificity, conferring decreased susceptibility to the fluoro-
quinolone antibiotic ciprofloxacin by increased efflux. At the same
time, the substitution increased susceptibility to other drugs by
decreased efflux. Information about drug transport is vital for
the discovery of new antibacterials; the finding that one amino
acid change can cause resistance to some drugs, while conferring
increased susceptibility to others, could provide a basis for new
drug development and treatment strategies.
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The incidence of multidrug-resistant (MDR, also used herein
for “multidrug resistance”) bacterial infections is increasing,

and the 2013 World Economic Forum Global Risks report listed
antibiotic-resistant bacteria as one of the greatest threats to
human health (1). Resistance-nodulation division (RND) efflux
pumps of Gram-negative bacteria confer intrinsic and acquired
MDR in clinically relevant infections by exporting antibiotics out
of the bacterial cell, allowing bacteria to survive at increased
drug concentrations.
To date the best-characterized efflux pump is AcrAB-TolC of

Escherichia coli, composed of the inner membrane RND anti-
porter AcrB that functions in a tripartite assembly with a peri-
plasmic adaptor protein, AcrA, and the outer membrane channel,
TolC. The AcrB pump is an asymmetric homotrimer whose
monomers undergo a functional rotation through three states:
access, binding, and extrusion (labeled A, B, and E, respectively)
to pump substrates from the periplasm, or outer leaflet of the
inner membrane, to outside of the cell (2, 3). Drug binding within
AcrB is complex. The distal binding pocket has a phenylalanine-
rich region that binds low-molecular-weight drugs and a proximal
binding pocket and vestibule bind larger compounds such as
erythromycin (4, 5).
To date, MDR in clinically relevant infections mediated by RND

efflux pumps, including AcrB, has been documented to be due to
overexpression of the efflux pump and concomitant increased ef-
flux of antibiotics from the bacterial cell (6). Overproduction of

efflux pumps can occur via four mechanisms: (i) mutation of the
local repressor gene (7, 8), (ii) mutation in a global regulatory gene
(9, 10), (iii) mutation of the promoter region of the efflux pump
gene (11), or (iv) insertion elements upstream of the transporter
gene (12, 13).
This study focused on elucidating the mechanism of resistance

in a unique set of clinical isolates collected over the course of
a complex Salmonella infection (Fig. S1) (14, 15). The isolates were
obtained from a 52-y-old male patient admitted for repair of
a leaking abdominal aortic aneurysm graft. Salmonella Typhimurium
(L3) was isolated before ciprofloxacin treatment and was susceptible
to ampicillin, sulphonamide, trimethoprim, cefuroxime, chloram-
phenicol, gentamicin, and ciprofloxacin. Over the course of the in-
fection the patient received i.v. ciprofloxacin, oral ciprofloxacin, i.v.
ceftazidime, and i.v. aztreonam. Isolates were taken throughout in-
fection, and during treatment MDR strains were isolated. L18, the
last MDR strain to be isolated, was from wound drainage fluid when
the patient had received no antibiotics for 2 wks. The patient died
soon afterward with the infection unresolved. Compared with the
pretherapy isolate L3, the MDR posttherapy isolate, L18, was
less susceptible to numerous agents, including ciprofloxacin and
β-lactams, and accumulated less ciprofloxacin and Hoechst dye
(16). This set of isolates has provided a unique opportunity to
investigate in vivo evolution of MDR in response to clinically
validated courses of antimicrobial treatment.
Here, we report that whole genome sequencing revealed a new

mechanism of clinically significant MDR selected during therapy:

Significance

Genome sequencing of a multidrug-resistant clinical isolate of
Salmonella Typhimurium from a patient that failed cipro-
floxacin therapy revealed a mutation in the efflux pump gene,
acrB. Computational modelling revealed that the G288D sub-
stitution changed the binding of drugs to the distal binding
pocket of AcrB. The mutation was recreated in an unrelated
Salmonella strain and also in Escherichia coli; in both species
the efflux of ciprofloxacin was increased by the mutation,
explaining its resistant phenotype. This is the first time a sub-
stitution within an efflux pump protein has been shown to
cause drug resistance. Importantly, the finding that one amino
acid change can cause resistance to some drugs, but suscepti-
bility to others, informs those developing new antibiotics.
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substitution in a transporter protein, which altered the specificity
of the efflux pump for antibacterial drugs. The structural impact
of the substitution was investigated by molecular dynamics (MD)
simulations.

Results
The Genomes of Pre- and Posttherapy Isolates Differ by Five SNPs. To
identify mutations associated with the emergence of MDR,
Salmonella enterica serovar Typhimurium L3 (pretherapy) and
L18 (5 mo posttherapy) were sequenced by Illumina sequencing
and compared with the published genome sequence of Salmo-
nella enterica serovar Typhimurium LT2. Five SNPs relative to
LT2 were identified in L18 that were not present in L3, suggesting
that they arose during the time course of the infection (Table S1).
Targeted PCR and Sanger sequencing of specific genes confirmed
all mutations. One SNP occurred in an intergenic region, and the
remaining four caused changes in the protein sequence of affected
genes (nonsynonymous SNPs). These included a mutation at residue
464 of gyrB, which encodes a mutant B subunit of the topoisomerase
II enzyme; the effect of this mutation has been previously studied in
detail and confers quinolone resistance but not MDR (17). The
genome sequencing also revealed a novel substitution from a glycine
to an aspartic acid at residue 288 of AcrB.

The Appearance of the AcrB Substitution Coincides with MDR. Anti-
biotic resistance, particularly to ciprofloxacin [minimum inhibitory
concentration (MIC) ≥0.5 μg/mL], occurred and increased in the
isolates along the time course of infection (Table 1; susceptibility
data for other antibiotics have been previously published and are
shown in Table S2) (14, 15, 18). Previously, the MDR was attrib-
uted to increased expression of the acrB transcript (18). Indeed,
measurement of acrB expression using an acrAB promoter–GFP
fusion confirmed increased acrB expression in all strains isolated
after the onset of therapy but the expression level did not correlate
with the MDR phenotype. For example, acrB expression in L10 was
not significantly different from that of L18, but L18 was more re-
sistant. However, the level of MDR did correlate with which resi-
due was present at position 288 of AcrB; the isolates with the
highest level of MDR all carried the G288D substitution in AcrB.
Isolates with an aspartic acid at residue 288 were two- to fourfold
less susceptible to antibiotics compared with those with glycine at
the same residue (Table 1). The changes in susceptibility were
sufficient to confer clinically relevant resistance to the drugs used to
treat the patient.

The AcrB G288D Substitution Causes Ciprofloxacin Resistance. To
confirm the importance of AcrB to the phenotype, acrB was
inactivated in the MDR isolate, L18, to give strain L1299 and
susceptibility to known substrates of AcrB was determined. De-
creased MICs of ciprofloxacin, nalidixic acid, chloramphenicol,
and tetracycline, to within one dilution of those for the pre-
therapy isolate L3, were obtained (Table 2).
To further investigate the effect of the G288D substitution,

the wild-type and mutant acrB sequences were cloned into
pWKS30 and transformed into the multidrug-susceptible L1299
(L18 with acrB deleted; Table S3). Similar levels of wild-type
(L1351) and mutant (L1315) acrB/AcrB were expressed (as
shown by RT-PCR and Western blotting; Table S4 and Fig. S2).
Apart from ciprofloxacin, where only a modest decrease in sus-
ceptibility was seen (due to the mutation in gyrB) (19), L18
ΔacrB with wild-type AcrB (L1351) had susceptibility to anti-
biotics similar to the pretherapy isolate L3. However, L18 ΔacrB
with mutant G288D AcrB (L1315) was MDR and the MIC
values were within one dilution of those for L18 for cipro-
floxacin, nalidixic acid, chloramphenicol, and tetracycline. In-
terestingly, L1315 was more susceptible to minocycline and
doxorubicin than L1351, which had wild-type AcrB. This was not
seen in L18. This may be due to the level of AcrB being greater
in L18 or due to one of the SNPs in another gene confounding
the effect of the G288D substitution.

Computational Structural Biology Suggests That Drug Specificity Is
Altered by G288D. Drug binding within AcrB is complex (20, 21)
and is proposed to include several possible sites before extrusion
including a vestibule and proximal and distal binding pocket. It
has been suggested that low-molecular-mass compounds could
bind directly to the phenylalanine-rich distal binding pocket (5,
20, 22), bypassing the proximal binding pocket and vestibule,
which is (23) implicated in the recognition of larger compounds
such as erythromycin (4, 5).
Structural alignment of the S. Typhimurium AcrB with the

corresponding E. coli sequence shows high conservation of the
distal pocket residues, suggesting a conserved mechanism of drug
binding, and justifying the use of the E. coli structure as a guide for
rationalization of the effect of the G288D substitution in L18
AcrB (Fig. S3). Residue 288 is also highly conserved in AcrB of
other Enterobacteriaceae, suggesting an important structural role.
In the available crystal structures of AcrB in its apo- (PDB ID

code 2J8S) (24) and in doxorubicin- (PDB ID code 4DX7) and
minocycline-bound forms (PDB ID code 4DX5) (22), G288 is
located in the middle of a beta strand, with the neighboring side
chains pointing away from the pocket, suggesting that the substituted
side chain will protrude into the pocket cavity. Hence, this bulky and
charged aspartate residue will have a drastic impact on structure and

Table 1. Antimicrobial susceptibility of isolates and substitution
in AcrB

Strain
Weeks

posttherapy

MIC, μg/mL

AcrB residue 288Cip Nal Chl Tet Atm Caz

L3 0 0.015 2 2 1 0.06 0.12 G
L10 1 0.06 8 8 2 0.12 0.5 G
L11* 3 0.03 16 8 2 0.25 0.25 G
L12 3 0.5 64 32 8 0.5 1 D
L13* 3 0.5 64 16 8 0.5 0.5 D
L6 5 0.5 64 32 8 0.5 0.5 D
L16 17 0.5 64 32 8 0.5 1 D
L18† 19 0.5 64 32 8 0.5 2 D

Experiments were performed on at least three separate occasions. MIC
data presented are the mode values. MIC values shown in bold are two or
more dilutions higher than for the pretherapy isolate, L3. Isolates in bold are
those with G288D substitution. Atm, aztreonam; Caz, ceftazidime; Chl,
chloramphenicol; Cip, ciprofloxacin; Nal, nalidixic acid; Tet, tetracycline.
*Mutation in gyrA (19).
†Rare mutation at residue 464 in gyrB (17).

Table 2. The effect of acrB inactivation and the G288D mutation
on antimicrobial susceptibility

MIC, μg/mL

Strain Genotype Cip Nal Chl Tet Dxr Min

L3 Pretherapy isolate 0.008 2 1 0.5 16 1
L18 Posttherapy isolate 0.5 32 8 4 >256 4
L1299 L18 acrB::aph 0.015 1 1 0.5 4 0.5
L1351 L1299 + pacrB-WT 0.06 4 1 1 16 1
L1315 L1299 + pG288DacrB 0.25 16 4 2 4 0.25

Experiments were carried out on at least three separate occasions and the
mode value is presented. MIC values indicated in italic are two or more dilutions
lower than for L18. MIC values indicated in bold indicate a difference between
the MIC for L18 in which acrB has been inactivated and replaced with mutant
(G288D) AcrB or wild-type (WT) AcrB. Chl, chloramphenicol; Cip, ciprofloxacin;
Dxr, doxorubicin; Min, minocycline; Nal, nalidixic acid; Tet, tetracycline.
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dynamics of this primarily hydrophobic pocket, not only by changing
the electrostatic profile and polar environment of the cavity but also
by causing steric clashes with several key residues involved in the
hydrophobic stacking interactions with the substrate (Fig. 1). This in
turn could affect the affinity to various drugs such as doxorubicin and
minocycline whose binding positions have been identified by co-
crystallization experiments (22) (Fig. 1). Indeed, previous studies
have shown that several drug recognition determinants are deeply
perturbed by a single substitution in a key region of the transporter
(25, 26). To analyze possible changes in the distal binding pocket as
a result of the mutation we built homology models of wild-type and
G288D variant of S. Typhimurium AcrB using the crystal structure
of wild-type E. coli AcrB (PDB ID code 2J8S) as a template. Sub-
sequently, MD simulations in explicit solvent were carried out to
identify major differences in structure and dynamics of the distal
binding pocket. A tested, reduced model of the S. Typhimurium
AcrB containing only the periplasmic domains was used as in pre-
vious computational studies on E. coli AcrB (27–29).
Comparison of representative structures (i.e., the conformations

with the lowest rmsd from the averages) of the wild-type and mutant
proteins revealed that the introduction of the aspartate induces
local structural changes in the distal binding pocket (rmsd 3.1 Å). In
particular, residues F178 and Q176 assume alternative conforma-
tion to avoid steric clashes with the aspartate and F136 shows
a large displacement (Fig. 2). As a result, the radius of gyration
calculated for the residues lining the distal pocket increased by ∼1 Å
in the G288D variant (from ∼10.5 Å in wild type to ∼11.5 Å, Fig.
S4). The radius of gyration is indicative of the level of compaction in
the pocket and the measured variation indicates an increased size.
However, these changes have only limited effect on the secondary
structure of the distal binding pocket (Fig. S5A).
In addition to these local structural changes, the introduction

of the aspartate increases the polarity of the otherwise highly
hydrophobic distal binding pocket (Fig. 1) and hence may affect
its hydration. To test this, radial distribution function (RDF)
profiles, which show the probability of finding water molecules at
a certain distance from the G288/D288 residues, were calculated.
As anticipated in the mutant protein the D288 residue was found
to have a higher probability of being surrounded by water molecules
during the course of the simulation (Fig. 2, solid lines). The
sharp peak at around 2.5 Å from D288 is due to the presence of
the first hydration shell. To the contrary, water molecules are on

average absent in the close vicinity of G288, consistent with the
more hydrophobic environment in the wild-type protein (Fig. 2,
dashed lines). In addition, the mutant exhibits a notable change
in residence time for water molecules within the distal pocket
(Table S5).
We then analyzed the effect of the G288D substitution on

doxorubicin, minocycline, and ciprofloxacin efflux. Doxorubicin
and minocycline, although not clinically relevant, have been co-
crystallized with E. coli AcrB, making phenotypic and structural
data easier to correlate and interpret. We have compared these
cocrystal structures with the results from the MD runs of the
G288D variant. Consistent with MIC and drug accumulation data
below, and based on the assumption that the binding of tetra-ring
structures follows that in the cocrystal structures, the G288D
substitution would result in pronounced steric clashes with both
doxorubicin and minocycline, due also to displacement of amino
acid F178 discussed above. Although an experimental structure of
the ciprofloxacin–AcrB complex is lacking, a recent computational
study (27) suggested that it binds to the bottom of the distal
pocket, in a different position than doxorubicin (Fig. 3). In con-
trast to doxorubicin and minocycline, the G288D substitution
should not impair the binding of ciprofloxacin; instead, the addi-
tional hydroxyl groups present in this compound may form hy-
drogen bonds with the introduced aspartate and resident waters,
improving its recognition. In agreement with these hypotheses,
G288D in L1315 (L18 ΔacrB pG288DacrB) not only led to in-
creased susceptibility to doxorubicin and minocycline, likely due to
decreased efflux, but also conferred increased efflux of, and de-
creased susceptibility to, ciprofloxacin and other fluoroquinolones
(Table 2; MICs of more agents are shown in Table S6).
Although the differential effect of the mutation on the dif-

ferent classes of antibacterial drugs is not immediately obvious, it
is notable that the efflux of more hydrophobic substrates such as
doxorubicin and minocycline is correlated with the observed
changes in the hydrophobicity of the distal binding pocket. Ac-
cordingly, minocycline and tetracycline seem differentially af-
fected (Table 2), consistent with the former being 10-fold more
lipophilic than the latter (Table S7).

Salmonella and E. coli Standard Reference Strains with the G288D
AcrB Accumulate Less Ciprofloxacin and More Doxorubicin and
Minocycline. Given the above considerations about structure,
dynamics, and hydration of G288D AcrB, along with our ex-
perimental MIC data, we predicted that the susceptibility to

Fig. 1. Binding of doxorubicin to the AcrB monomer. (A) Overall view of the
AcrB monomer bound to doxorubicin (shown in space fill) as per PDB ID code
4DX7 (22). (B) A close-up view of the doxorubicin binding pocket in the PDB
ID code 4DX7, highlighting the principal residues involved in the drug
binding. (C) Close view of the binding site where important residues are
shown (blue, wild type; red, mutant). Owing to the presence of the side
chain of the aspartate residue in the G288D mutant, the side chain of F178
tilts away in the G288D mutant compared with its orientation in the wild-
type protein (denoted by the arrow and labeled as 1). In turn, the side chain
orientation of the residue Q176 is also altered in the mutated protein
(denoted by 2) with respect to the wild-type form. Finally, the side chain of
F136 also changes orientation (denoted by 3).

Fig. 2. RDF profiles indicating the distribution of water molecules near the
D288 residue in the mutant (solid lines) protein and near the G288 residue in
the wild-type protein (dashed lines). Differently colored lines (solid or dashed)
represent the RDF profiles calculated from two different simulations and for
each of the monomers of the AcrB protein. RDF profiles are calculated based
on the distance between the water oxygen to center of mass of G288/D288
residue’s side chain. (Inset) A representative snapshot of the presence of water
molecules in the binding pocket of the G288Dmutant protein. Water molecules
at the corresponding positions are absent in the wild-type protein.
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ciprofloxacin would be decreased in AcrB G288D strains owing
to an increase in its efflux efficiency.
Both L3 and L18 have a mutation in ramR (16) and L18 has

a mutation in gyrB (17); both of these are known to influence
susceptibility to fluoroquinolones. Because SL1344 ΔramR has
MICs of doxorubicin and minocycline similar to those for L18 for
these agents we hypothesize that the impact of the mutation
in ramR in L18 masked the impact of the G288D substitution
for these drugs. Therefore, to further investigate the effect of
G288D, the mutant AcrB protein was expressed in two well-
recognized standard antibiotic-susceptible reference strains,
S. Typhimurium SL1344 and E. coli MG1655. In this way, unlike
in L18, there were no other mutations that could affect anti-
bacterial drug susceptibility and drug efflux. This allowed study
of the G288D substitution in the absence of other mutations that
could confound the phenotype. To explore whether efflux activity
was altered due to the AcrB G288D substitution alone, the ac-
cumulation of ciprofloxacin, doxorubicin, and minocycline was
measured. In both Salmonella and E. coli the strain expressing
mutant AcrB (L1352 and I972, respectively) accumulated less
ciprofloxacin than the strain expressing wild-type AcrB (L1365
and I971, respectively), suggesting more efficient efflux of cipro-
floxacin by the mutated protein (Fig. 4). Conversely, strains of
both species expressing mutant AcrB accumulated more doxoru-
bicin and minocycline, indicating reduced efflux of these com-
pounds (Fig. 4 A and C). In addition, Salmonella and E. coli with
G288D AcrB extruded doxorubicin less than strains with wild-type
AcrB (Fig. 4 B and D). These data support the hypothesis that the
G288D mutation in AcrB improves efflux of ciprofloxacin and so
confers resistance to ciprofloxacin (and other fluoroquinolones)
while perturbing doxorubicin and minocycline binding and re-
ducing efflux, so increasing susceptibility to these agents. This
discrepancy in efflux of different drug classes is explained by our
computational and structural analysis of drug binding into the
distal pocket, which revealed distinct and nonoverlapping modes
of binding for these drug classes (Fig. 3). Other substitutions at
residue 288 were also constructed by site-directed mutagenesis.
These too affected susceptibility to and accumulation of cipro-
floxacin, further supporting the importance of this residue in the
transport function of AcrB (Fig. S6).

AcrB G288D Does Not Alter Fitness or Invasion in Vitro. Because we
have previously shown that AcrB is important in the virulence of
S. Typhimurium, we also examined whether the G288D substitution

affected any other Salmonella attributes that could have con-
tributed to the disseminated salmonellosis and the failure to
effectively treat the patient. The G288D mutation did not alter
fitness when grown in competition with a strain with wild-type
AcrB (Fig. S7A) and did not affect invasion in the tissue culture
model of infection (Fig. S7B).

Discussion
We have described a novel antimicrobial resistance mechanism
identified by whole genome sequencing: a single nucleotide change
causing MDR by alteration of the substrate specificity of an MDR
efflux pump. X-ray crystallography of RND transporter proteins
with substrates has proven very challenging, giving information only
for three antibiotics, erythromycin, minocycline, and rifampicin (2,
5, 22). Very recently, the structure of AcrB in the presence of an
efflux inhibitor has also been revealed (30). Thus, computational
modeling offers a powerful and feasible alternative and has been
used to predict the mechanism of efflux of numerous AcrB sub-
strates (e.g., ref. 23). In the absence of X-ray crystallography data
for AcrB cocrystallized with a fluoroquinolone antibiotic, we also
used computational structural analysis of AcrB with the G288D
substitution to predict any effect upon ciprofloxacin binding.
Our simulations were performed only on the apo form of the

transporter. Thus, in rationalizing experimental data, we implicitly
assumed that also in AcrB G288D variant the key interactions
with substrates occur in the same distal binding pocket identified
in the wild-type protein. Clearly, this must be proven; nonetheless,
the structural modeling that we carried out demonstrated that
G288D would substantially change the environment of the distal
binding pocket because a bulky and charged residue would perturb
the primarily hydrophobic region and in particular the conserved

Fig. 3. Predicted effects of the mutation on the binding of the doxorubicin
(DOXO) and ciprofloxacin (CIP) in the distal binding pocket. DOXO and CIP
are rendered with transparent and solid thick sticks, respectively, colored by
atom type. The Cα atom of G288 is rendered in green and the side chain of
D288 with yellow sticks. Side chains of other most relevant residues are
shown with thinner sticks, colored by residue type and red in wild type and
G288D, respectively. The orientation of CIP is derived from the MD simu-
lations (27), and that of DOXO is based on the experimental X-ray structure
as from PDB ID code 4DX7 (22).

Fig. 4. The effect of the G288D mutation on the accumulation of cipro-
floxacin (Cip), doxorubicin (Dxr), and minocycline (Min) and on the efflux of
doxorubicin in Salmonella (A and B) and E. coli (C and D). A and C show
accumulation of Cip, Dxr, and Min in Salmonella and E. coli, respectively.
Black bars show Cip accumulation, gray bars show Dxr accumulation, and
white bars show Min accumulation. Data presented are the mean of the
steady-state values for three biological replicates ± SD. Asterisk denotes values
that are significantly different from the corresponding wild-type parental
strain (SL1344 or MG1655). Lines denote values, for strains carrying the G288D
mutation, which are significantly different to the strain carrying the wild-type
AcrB. B and D show the efflux of Dxr by Salmonella SL1344 and MG1655, re-
spectively. In each case diamonds denote the wild type, squares denote ΔacrB,
triangles denote the acrB mutant complemented with wild-type acrB, and
crosses denote the acrB mutant complemented with G288D acrB.
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phenylalanine cluster of the pocket. Because this site has been
shown to be extremely adaptable to many substrates (27), it cannot
be ruled out that despite the large effect due to G288D sub-
stitution the pocket would still be able to accommodate most
compounds but with altered affinities. In agreement with such an
interpretation we observed that the G288D substitution caused an
increase in intracellular accumulation of doxorubicin and mino-
cycline, which have been reported to bind to the phenylalanine
cluster in the distal binding pocket (2), and concomitant increased
susceptibility. In contrast, we detected decreased intracellular ac-
cumulation of, and resistance to, ciprofloxacin and other more
hydrophilic drugs including tetracycline. In addition, we showed
that this phenotype could be recreated in well-characterized
standard strains of Salmonella and E. coli, confirming that the
G288D mutation, and not any of the other SNPs detected in the
clinical isolate, L18, was responsible for MDR. Thus, our mod-
eling provided a plausible mechanistic explanation for the effect of
the mutation G288D. A recent study using MD simulations has
highlighted an unexpectedly complex pathway of drug expulsion,
with several possible routes of export through AcrB (23). Full
investigation of the interaction between drugs and the mutated
protein clearly merits a systematic, stand-alone full MD simulation
(e.g., ref. 27) and/or a crystallographic solution (e.g., ref. 30).
MDR in clinically relevant infections has previously been as-

sociated with overexpression of RND efflux pumps owing to
mutations in regulatory genes (6). The same association was
previously made for L18 (18); indeed, increased expression of
acrB has been confirmed in this study. However, based upon our
recent data showing that the bacterial cell responds to lack of
efflux (irrespective of mechanism) (31), we now postulate that
increased transcription of acrB relative to L3 is in response to
altered efflux owing to the G288D substitution.
The literature contains many examples of engineered muta-

tions in RND efflux pumps but very few naturally occurring
mutations have been described, and before this study there was no
indication that substitutions in AcrB would confer antibiotic re-
sistance; the accepted dogma was that AcrB-mediated resistance
was caused by overproduction of the protein. In Salmonella from
cattle a Q733R substitution in AcrB was reported, but this had
little effect on antimicrobial resistance (32). In MexD, a homolog
of AcrB in Pseudomonas aeruginosa, SNPs in the large periplasmic
loops were detected after selection on carbenicillin in the labo-
ratory and the mutations broadened the resistance spectrum of
these bacteria to include β-lactam antibiotics (33). Substitutions
within AcrB have been detected following selection with various
solvents but, in contrast to this study, the changes tended to be
away from the drug-binding pocket and did not alter antimicrobial
resistance (34–37). Mutations at codon 288 of E. coli acrB that
were selected in vitro with the efflux pump inhibitor NMP altered
susceptibility to efflux pump inhibitors and to some antimicrobial
substrates (38). In contrast, in this study the G288D substitution
arose during the course of clinically appropriate antimicrobial
treatment and the impact was profound; the infecting organism
became resistant to agents with which the patient was treated,
therapy failed, and the patient died due to bacteraemia.
We have described a naturally occurring mutation in an RND

efflux system that alters substrate specificity and drug suscepti-
bility, which is a novel mechanism of antimicrobial resistance.
This study also underscores the importance of whole genome
sequencing in the analysis of clinically relevant antibiotic re-
sistance and without which this new mechanism would not have
been revealed. From the structural point of view, dynamics of the
mutated protein must be considered to carefully account for the
impact of the mutation on the functionality of the transporter.
Mutation subtly affects several possible determinants responsible
for the recognition and selectivity of the transporter, including
orientation of side chains, polarity, electrostatic potentials, and
steric properties. It is most probable that the simultaneous

occurrence of these altered factors determined the different
effects of the single mutation on different antibiotics. Un-
derstanding mechanisms of resistance at the genomic and
structural level will not only inform clinicians treating such
infections, but provide the basis for rational drug design, in-
cluding new agents that are either unaffected by G288D or be-
come more active when this substitution is present.

Materials and Methods
Strains. The clinical isolates were obtained over 5 mo (Fig. S1 and Table S3)
(15). S. enterica serovar Typhimurium SL1344 and E. coli MG1655 with cor-
responding isogenic mutants were used for comparison (39, 40). The wild-
type and G288D mutant acrB genes were expressed by cloning into pWKS30
as described previously (41). Further site-directed mutations at residue
288 were constructed using the Stratagene QuikChange Site Directed
Mutagenesis kit.

DNA Extraction, Whole Genome Sequencing, and Data Analysis. DNA was
extracted using the Invisorb Spin Cell Mini Kit according to manufacturer’s
instructions (Stratec). Library preparation and whole genome sequencing
was carried out by Gene Pool, Edinburgh using the Illumina GAIIx platform
to produce 50-bp paired-end reads. Reads were aligned against the pub-
lished S. Typhimurium LT2 genome sequence (accession no. AE006468) using
Bowtie2 (42). Read pileups were generated using Samtools mpileup, and
SNPs were identified using bcftools (43). The sets of SNPs identified in L18
relative to LT2 and in L3 relative to LT2 were compared with each other
using BEDtools (44) to find differences between L18 and L3. Putative
mutations identified were filtered to remove those with a phred-scaled
quality score of <100.

Determination of Antibiotic Resistance, Drug Accumulation, and Doxorubicin
Efflux. MIC values were determined using standard methods (45). Resistance
to ciprofloxacin was determined with reference to the European Committee
on Antimicrobial Susceptibility Testing and Clinical and Laboratory Standards
Institute recommended breakpoint concentrations. Measurement of the
accumulation of ciprofloxacin and other fluoroquinolones has been pre-
viously described and is based upon the original method for norfloxacin
described by Chapman and Georgopapadakou (46, 47). Doxorubicin efflux
was measured directly as described previously with the following mod-
ifications (48). Cells were incubated for 1 h with 10 μM doxorubicin and
40 μM carbonyl cyanide m-chlorophenylhydrazone. Cells were washed and
resuspended in 20 mM potassium phosphate buffer (pH 7.5) with 5 mM
MgSO4 and loaded into a 96-well plate. Fluorescence was measured using
a Fluostar OPTIMA with excitation at 450 nm and emission at 600 nm; 25 mM
glucose was injected after the first reading to energize the cells.

Measurement of acrB Expression with a Transcriptional acrAB–GFP Fusion. A
GFP transcriptional reporter fusion was created with the promoter region of
acrAB fused to GFP in the plasmid pMW82 as described previously (49). Ex-
pression of acrAB was measured after growth of strains to mid-logarithmic
phase (OD600 0.6) in MOPs minimal medium. Differences in expression were
determined using t tests with a Bonferroni correction.

Homology Modeling and MD Simulations of S. enterica AcrB Wild Type and
G288D Variant. To build the wild-type and the G288D AcrB structure for
S. enterica we used the program Modeler (50) and the crystal structures of
AcrB for E. coli (24) as reference. For each system we generated 20 different
models, which were then sorted by their discrete optimized protein energy
score (51). The best structures according to this criterion were selected for
further MD simulations. These latter were performed using the NAMD 2.9
simulation package (52) and the ff14SB force field (53). The reduced model
of AcrB (validated in ref. 27) was used for MD runs, and the protein was
embedded in a 0.1 M KCl water solution [∼41,000 water molecules were
used, modeled with the modified TIP3P parameters (54)]. After structural
optimization, the system was equilibrated by linearly increasing the tem-
perature from 0 to 310 K in 1 ns of NPT MD simulation and equilibrated
further for additional 5 ns. Then, multicopy simulations (three for each
system: one of 400 ns and two of 200 ns for the wild type and three of 400 ns
for the G288D system) in the NPT ensemble were performed both on the
wild-type and on the G288D systems. Structural representations have been
rendered using PyMol (PyMOL Molecular Graphics System; Schrödinger,
LLC.) and VMD (55), and structural alignment was performed using ESPript
2.2 (56) based on a T-coffee input file (57).
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Water residence times and average numbers of water molecules were
calculated as previously described (58, 59) with the following alterations.
First, we defined fast-, medium-, and long-time waters as those having
survival probabilities τ of less than 100 ps, between 100 ps and 1 ns, and
higher than 1 ns, respectively. Second, because we saved trajectory frames
every 10 ps, there was no need to use a stretched exponential to fit survival

probability profiles. Radii of gyration were calculated for residues lining the
distal pocket (27) using the cpptraj module of Amber 14 (60).
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