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Chlorhexidine is widely used as an antiseptic or disinfectant in
both hospital and community settings. A number of bacterial
species display resistance to this membrane-active biocide. We
examined the transcriptomic response of a representative noso-
comial human pathogen, Acinetobacter baumannii, to chlorhexi-
dine to identify the primary chlorhexidine resistance elements. The
most highly up-regulated genes encoded components of a major
multidrug efflux system, AdeAB. The next most highly overex-
pressed gene under chlorhexidine stress was annotated as encod-
ing a hypothetical protein, named here as AceI. Orthologs of the
aceI gene are conserved within the genomes of a broad range of
proteobacterial species. Expression of aceI or its orthologs from
several other γ- or β-proteobacterial species in Escherichia coli
resulted in significant increases in resistance to chlorhexidine. Ad-
ditionally, disruption of the aceI ortholog in Acinetobacter baylyi
rendered it more susceptible to chlorhexidine. The AceI protein
was localized to the membrane after overexpression in E. coli. This
protein was purified, and binding assays demonstrated direct and
specific interactions between AceI and chlorhexidine. Transport
assays using [14C]-chlorhexidine determined that AceI was able
to mediate the energy-dependent efflux of chlorhexidine. An
E15Q AceI mutant with a mutation in a conserved acidic residue,
although unable to mediate chlorhexidine resistance and trans-
port, was still able to bind chlorhexidine. Taken together, these
data are consistent with AceI being an active chlorhexidine efflux
protein and the founding member of a family of bacterial drug
efflux transporters.

drug resistance | membrane transport | opportunistic pathogen

Drug resistance determinants in bacterial pathogens are
generally held under some level of regulatory control, pre-

sumably expressed only when required to avoid superfluous expen-
diture of cellular resources. Therefore, changes in gene expression
can be exploited to identify the core drug resistance factors of
an organism. To this end, we applied genome-wide transcriptomic
analyses to identify the key chlorhexidine resistance determi-
nants in the representative Gram-negative nosocomial pathogen
Acinetobacter baumannii.
Chlorhexidine is a bisbiguanide antimicrobial agent that is

extensively used in a range of antiseptic products ranging from
skin washes, soaps, mouthwash, disinfectants, and preservatives
(1). Chlorhexidine is effective against both Gram-positive and
Gram-negative bacteria, with the primary modes of action in-
volving cytoplasmic membrane damage, as well as intracellular
protein precipitation upon prolonged exposure (2). Nonetheless,
a number of microbial pathogens, particularly those associated
with hospital-acquired infections, display high-level resistance to
chlorhexidine. For example, A. baumannii isolates from some
health care settings can survive chlorhexidine concentrations
of at least 1% (3). Given the importance of chlorhexidine in
controlling the spread of nosocomial pathogens, it is important

to understand the potential resistance mechanisms used by
these organisms.
Bacterial chlorhexidine resistance has been shown or suggested

to occur either through alterations of the outer membrane that
affect membrane permeability (4) or active efflux mediated by
integral membrane transport proteins (5). The majority of chlor-
hexidine efflux systems described to date are multidrug efflux
systems that confer resistance to a broad range of structurally
diverse antimicrobial compounds, e.g., in A. baumannii the re-
sistance/nodulation/division (RND) superfamily efflux systems
AdeABC (Acinetobacter drug efflux) and AdeIJK (6), the major
facilitator superfamily (MFS) AedF(Acinetobacter exporter of the
DHA2 family) transporter (7), and the small multidrug resistance
(SMR) family exporter AdeS (8) have been shown to confer
chlorhexidine resistance. This study aimed to identify the core
chlorhexidine resistance mechanisms operating in Gram-negative
bacteria using a whole-genome transcriptomic analysis of
A. baumannii as a representative Gram-negative pathogen and to
functionally characterize proteins involved in the resistance response.

Results and Discussion
The A. baumannii Transcriptional Response to Chlorhexidine Was Highly
Focused. A whole-genome microarray was used to compare RNA
transcript levels between cultures receiving a subinhibitory shock
treatment with chlorhexidine (4 μg/mL) and cultures receiving
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no shock treatment. Surprisingly, after this treatment, only 22
and 35 genes were up-regulated and down-regulated by more
than twofold, respectively, suggesting that the A. baumannii re-
sponse to chlorhexidine is highly focused (Fig. 1 and Tables S1
and S2). The microarray expression results were validated by
quantitative reverse-transcriptase PCR using a subset of differ-
entially expressed genes (Fig. S1).
The most prominently down-regulated genes under chlorhex-

idine stress were those encoding heat shock proteins (Fig. 1 and
Table S1), which are likely to function as chaperones. Simi-
larly, a number of these genes were down-regulated in response to
chlorhexidine exposure in Pseudomonas aeruginosa (9) (Table S1).
Genes encoding the AdeAB efflux system were the most highly

up-regulated under chlorhexidine stress; each was overexpressed
by 20- to 35-fold (Fig. 1 and Table S2). The AdeABC efflux
system has been shown to mediate resistance to chlorhexidine in
clinical A. baumannii isolates (6). Studies conducted in P. aeru-
ginosa and Burkholderia cenocepacia have shown that over-
expression of homologous RND efflux systems is a major part of
the transcriptional response to chlorhexidine stress (9, 10), in-
dicating that these proteins are primary chlorhexidine resistance
factors across a number of Gram-negative genera. Other known
chlorhexidine efflux system genes found in A. baumannii were
not induced by exposure to chlorhexidine, e.g., aedF encoding
a multidrug efflux system, as reported (7).

A Small Hypothetical Membrane Protein Was Overexpressed in
Response to Chlorhexidine. With the exception of the adeAB ef-
flux transporter genes, only one gene was overexpressed by more
than 10-fold in response to chlorhexidine exposure in A. bau-
mannii, A1S_2063, which was annotated as encoding a hypo-
thetical protein. Orthologs of A1S_2063 in P. aeruginosa and
B. cenocepacia were also among the most overexpressed genes in
response to chlorhexidine challenge (9, 10). Therefore, these
genes are a highly conserved component of a chlorhexidine-
responsive regulatory circuit in several proteobacterial genera. Se-
quence analyses (11) suggested that the A1S_2063 gene product
contains four predicted transmembrane α-helices (Fig. S2) and is
likely localized in the cytoplasmic membrane. Pfam database
searches showed that the protein contains two PF05232 (Bacterial
Transmembrane Pair family; BTP) domains, which are conserved
in a number of hypothetical proteins encoded primarily by pro-
teobacteria (12) (Fig. 2). To date, no functional roles for any
proteins from the BTP family have been determined.
Several bacterial strains encode more than one BTP family

protein. Indeed, A. baumannii ATCC 17978 itself encodes two of
these proteins, although expression of the second, A1S_1503,

was not affected by chlorhexidine challenge. P. aeruginosa and
B. cenocepacia also encode 2–3 BTP family proteins. Of the
genes encoding these proteins, those most closely related to
A1S_2063, within the “chlorhexidine responsive clade” (Fig. 2),
are transcriptionally responsive to chlorhexidine, whereas those
related to A1S_1503, within the “unresponsive to chlorhexidine
clade” (Fig. 2), are not transcriptionally responsive to chlo-
rhexidine (9, 10).

The A1S_2063 Product and Orthologous BTP Family Proteins Confer
Resistance to Chlorhexidine. Despite their conservation across
proteobacterial genera, BTP family proteins are absent from
sequenced Escherichia strains, except for Escherichia coli TW07793
and KTE84, which carry a homolog of A1S_2063 that is flanked
by transposase and phage genes, suggesting that it has been
laterally acquired in these strains (Fig. 2). Initial characterization
of A1S_2063 in chlorhexidine tolerance involved its expression
as a His-tag (RGSH6) fusion in E. coli BL21(DE3) using plasmid
pTTQ18 (13, 14). Western blot analyses determined that the
A1S_2063 protein was localized to the membrane fraction in
E. coli (Fig. S3 A and B). Minimum inhibitory concentration
(MIC) analyses determined that E. coli BL21(DE3) was signifi-
cantly more resistant to chlorhexidine when expressing A1S_2063,
than when carrying an empty vector (Table 1), indicating that
this gene is a previously uncharacterized chlorhexidine resistance
determinant. Importantly, the A1S_2063 protein conferred chlor-
hexidine resistance in a suite of E. coli deletion strains with
mutations to each of the 20 known E. coli drug efflux systems (15),
demonstrating that it is not reliant on any of these proteins for
function (Table S3).
To determine whether BTP family proteins from other pro-

teobacterial strains could similarly mediate chlorhexidine resistance,

Fig. 1. Global transcriptional response of A. baumannii ATCC 17978 to
chlorhexidine shock. Each dot represents a single ORF within the genome
numbered according to locus tag along the x axis, and its fold-change (Log2)
in expression in response to treatment with 4 μg/mL chlorhexidine for 30
min. Genes or gene clusters of particular interest are labeled.

Fig. 2. Phylogenetic tree generated by using MrBayes 3.2.1 (33) from a
ClustalX2 alignment of representative BTP proteins. Sequences were
obtained from the National Center for Biotechnology Information database.
The interior node values are the clade credibility values (posterior probabili-
ties) generated by MrBayes. Genes found to mediate chlorhexidine resistance
in this study by heterologous expression in E. coli (Table 1) or using gene
deletion strains (Fig. S4) are underlined. Genes found to be transcriptionally
responsive to chlorhexidine exposure in this study, or elsewhere (9, 10) are
marked with an asterisk (*).
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several representatives were also expressed in E. coli (Fig. S3C).
Genes orthologous to A1S_2063 from Acinetobacter baylyi ADP1
(ACIAD1978), P. aeruginosa PA14 (PA14_26850), Pseudomonas
protegens Pf-5 (PFL_4558), and B. cenocepacia HI2424
(Bcen2424_2356) were also able to mediate chlorhexidine re-
sistance in E. coli (Table 1 and Fig. 2). We were unable to
construct a gene deletion mutant of A1S_2063 in A. baumannii,
therefore, we generated a gene knockout mutant of the closely
related ACIAD1978 gene in A. baylyi ADP1. As stated above,
this gene confers chlorhexidine resistance in E. coli (Table 1).
Furthermore, ACIAD1978 is 67% identical in amino acid se-
quence to the A1S_2063 protein in A. baumannii (Fig. 2) and its
expression is inducible by chlorhexidine in a dose-dependent
manner. All these observations show that ACAID1978 from A.
baylyi is an excellent surrogate for investigation of this group of
BTP family proteins. A. baylyi ADP1 ΔACIAD1978 showed in-
creased chlorhexidine susceptibility compared with its isogenic
parent (Fig. S4). TheA. baumanniiBTP family gene that was not
transcriptionally responsive to chlorhexidine, A1S_1503, and its
P. protegens Pf-5 ortholog, PFL_4585 (Fig. 2), did not mediate
chlorhexidine resistance when expressed in E. coli (Table 1).
To explore additional resistance phenotypes that may be me-

diated by A1S_2063, the E. coli strain overexpressing this gene
was tested for resistance to a range of antimicrobial compounds
of different structures and valencies, including alexidine, benzalko-
nium, chloramphenicol, 4′,6-diamidino-2-phenylindole, ethidium,
SDS, and tetracycline (Table S4). The A1S_2063 overexpression
strain was no more resistant to these compounds than the parental
strain. To examine sensitivity of theA1S_2063 overexpression strain
to a broader panel of antimicrobials, as well as pH and osmolyte
stresses, the Biolog OmniLog Phenotype MicroArray (PM) system
was used with plates PM9-20 (16). Of the 240 different antimicro-
bial compounds included in the Biolog PM11-20 series, A1S_2063
was only able to mediate resistance to chlorhexidine (Fig. S5).
Additionally, A1S_2063 did not improve the fitness of E. coli in any
of the pH or osmolyte tests included in the Biolog PM9-10 plates.

An Intramembranous Glutamic Acid Residue Plays an Essential Role
in AceI Transport Function. The BTP family proteins examined in
this study each contain a glutamic acid residue centrally within

the first α-helical transmembrane segment (Fig. S6). To examine
the functional importance of this conserved residue in A1S_2063,
it was neutralized by site-directed mutagenesis, generating a
glutamine encoding derivative, E15Q. Although the E15Q AceI
mutant was expressed at a level similar to that of the wild-type
protein in E. coli cells (Fig. S3D), it conferred no chlorhexidine
resistance (Table 1). This mutant protein served as an important
control in subsequent studies (see below).

The A1S_2063 Protein Functions as an Efflux System for Chlorhexidine.
There are a number of ways in which an integral inner-membrane
protein may act to increase chlorhexidine resistance. For exam-
ple, it may alter membrane permeability, either via lipid trans-
port or enzymatic modification, it could act as a membrane-
bound sensor that induces expression of chlorhexidine resistance
mechanisms, or it could function as an active chlorhexidine efflux
system. Of these possibilities, several lines of evidence suggested
that the expressed gene product was a chlorhexidine efflux pro-
tein: (i) The protein is likely to function independently, i.e., it
was active in heterologous hosts that do not encode a homolo-
gous protein and are therefore unlikely to encode any essential
accessory proteins, which would not be expected if the protein
were functioning as a membrane bound sensor, and (ii) of the
240 different antimicrobial compounds included in the Biolog
PM series, the protein specifically conferred resistance to chlor-
hexidine, which would not be expected if the protein was acting
to modify the membrane permeability.
Transport assays using [14C]-chlorhexidine were used to test

directly the hypothesis that the A1S_2063 protein is a chlorhex-
idine efflux system. These assays were complicated by the am-
phiphilic nature and low solubility of chlorhexidine, which adsorbs
nonspecifically to filter and biological membranes (17, 18). The
undenatured AceI protein was reconstituted into proteolipo-
somes composed of E. coli total lipids for transport measure-
ments. Because of nonspecific filter adsorption, we separated
these proteoliposomes from nonassociated chlorhexidine by us-
ing miniultracentrifugation (400,000 × g/15 min). We carried out
a number of protocols to measure transport, including driving
transport with pH- and valinomycin/K+-generated electrochemical
gradients, substrate-substrate counterflow exchange at modest
substrate concentrations, and radiolabel overshoot counterflow
experiments using different substrate concentrations (low outside
and high inside). Unfortunately, a combination of the hydrophobic
nature and low solubility of chlorhexidine resulted in our failure
to obtain reliable transport data with the proteoliposome system.
Consequently, the assays were performed in whole E. coli cells,

which could be rapidly isolated from supernatant by centrifuga-
tion; similar methods have been applied previously in chlorhex-
idine transport experiments (18). These assays used E. coli BL21
(DE3) cells expressing the proteins: (i) A1S_2063; (ii) E15Q
A1S_2063; (iii) the A. baumannii multidrug transport protein,
AedF (7), which confers efflux-mediated chlorhexidine resis-
tance, as a positive control; and (iv) no additional protein, as a
negative control.
In accumulation assays, the addition of [14C]-chlorhexidine to

all samples resulted in an immediate spike in the level of ra-
dioactivity associated with the cells, due to the propensity of
chlorhexidine to associate rapidly and nonspecifically with bac-
terial cell membranes (18). Nonetheless, the amount of [14C]-
chlorhexidine associated with the negative control cells increased
steadily beyond this point over time, whereas the concentration
associated with cells expressing AedF or the A1S_2063 protein
remained relatively stable (Fig. 3A). To determine whether the
lack of accumulation of [14C]-chlorhexidine in cells expressing
these proteins was the result of an active, energy-requiring pro-
cess, the protonophore carbonyl cyanidem-chlorophenylhydrazone
(CCCP) was added to deenergize the cells. Upon deenergization,
[14C]-chlorhexidine was rapidly accumulated into both the

Table 1. Chlorhexidine resistance levels of cells overexpressing
BTP family proteins

Strain Chlorhexidine MIC*, μg/mL

Parental 0.16
A1S_2063 (aceI) 1.25
ACIAD1978 1.25
PA14_26850 0.63
PFL_4558 1.25
Bcen2424_2356 1.25
A1S_1503 0.16
PFL_4585 0.16
E15Q A1S_2063 (E15Q aceI) 0.16
A1S_2057 (aedF)† 2.5

The results shown were generated using the broth dilution method and
are from a minimum of seven replicates including at least two biological
replicates.
*Results are shown for E. coli strain BL21(DE3) carrying empty pTTQ18 (pa-
rental) or pTTQ18 with the gene indicated and have been rounded to two
decimal places. These studies were also conducted in E. coli AG100A, which
contains a mutation in the gene encoding a major E. coli multidrug efflux
protein AcrB (25). The fold changes in chlorhexidine resistance between cells
expressing the genes listed and the parental strain were identical between
BL21(DE3) and AG100A.
†aedF encodes a previously characterized multidrug efflux protein (7) used
as a control in this work.
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A1S_2063 and AedF expressing cells to a level similar to that
seen in the negative control cells (Fig. 3A). Addition of CCCP at
the start of the assay also allowed the rapid accumulation of
[14C]-chlorhexidine into A1S_2063 expressing cells, indicating
that the maintenance of stable chlorhexidine levels observed in
these cells is the result of an active energy requiring process,
consistent with efflux (Fig. 3B). The concentration of CCCP used
to deenergize the cells (∼4 μg/mL) did not alter the viability of
the cells and was below the MIC for this compound in the strains
tested (Table S4). In line with the lack of resistance, accumula-
tion of [14C]-chlorhexidine into cells expressing the E15Q mutant
A1S_2063 protein closely resembled that of the negative control
cells (Fig. 3A).
Efflux from cells preloaded with [14C]-chlorhexidine in the

presence of CCCP was also monitored after reenergization of the
cells (Fig. 3C). All cell types displayed equal viability (approxi-
mately 99%) after loading, as determined by using a fluorescent
vital stain. In the efflux assays, [14C]-chlorhexidine export from
cells expressing AedF or A1S_2063 was significantly more rapid
than from the negative control cells (Fig. 3C). These results are
consistent with A1S_2063 encoding an active chlorhexidine efflux
protein. Therefore, we have designated A1S_2063 as Acinetobacter
chlorhexidine efflux protein I (AceI). AceI represents the founding
member of a family of drug resistance efflux proteins that we have
named the Proteobacterial Chlorhexidine Efflux (PCE) protein
family (Fig. 2 and Fig. S6).

The Wild-Type and E15Q AceI Proteins Directly and Specifically Bind
Chlorhexidine. To observe direct interactions between the puri-
fied AceI protein and chlorhexidine, we used tryptophan (Trp)
fluorescence quenching experiments. The cloned AceI protein
contains three Trp residues, including two with predicted intra-
membranous localizations (Fig. S2). Significant Trp fluorescence
quenching was observed upon chlorhexidine titration (Fig. 4A).
Using 4.4 μM protein, we determined an apparent Kd value of
1.6 μM for the wild-type AceI–chlorhexidine interaction, in-
dicative of high affinity binding (Fig. 4A). This direct interaction
provides further support for an active chlorhexidine efflux
mechanism operating in AceI. Assays of AceI Trp fluorescence
conducted with 11 additional antimicrobial compounds did not
induce significant fluorescence changes (Fig. S7), suggesting that
these compounds are not substrates, in line with resistance data.
Trp fluorescence quenching was also used to determine whether
the transport negative E15Q mutant AceI protein maintained
affinity for chlorhexidine. This protein showed an apparent Kd

value of 4.4 μM, suggesting that the transport defect in this
protein is unrelated to chlorhexidine binding (Fig. 4A).
Binding of chlorhexidine to purified AceI protein was also

demonstrated by using near-UV synchrotron radiation circular

Fig. 3. Chlorhexidine transport mediated by A1S_2063 (AceI). (A) [14C]-chlorhexidine accumulation in E. coli BL21(DE3) cells carrying pTTQ18 (□; negative
control), pTTQ18-aedF (○; positive control), pTTQ18-A1S_2063 (aceI) (▲), or pTTQ18-E15Q A1S_2063 (●). Cells were incubated in the presence of 2 μM [14C]-
chlorhexidine and samples taken at the times indicated. After 60 min, cells were deenergized by using 10 μM CCCP at the point marked with an arrow. The
rate of [14C]-chlorhexidine accumulation in the negative control or cells expressing the E15Q mutant protein was more rapid than in the positive control or
cells expressing A1S_2063. Following deenergization with CCCP, all cell types contain similar [14C]-chlorhexidine levels. (B) [14C]-chlorhexidine accumulation in
E. coli BL21(DE3) cells carrying pTTQ18-A1S_2063 (aceI) with 10 μM CCCP added after the 3.5-min time point (△), or no added CCCP (▲). (C) [14C]-chlor-
hexidine efflux from E. coli BL21(DE3) cells carrying pTTQ18 (□), pTTQ18-aedF (●), or pTTQ18-A1S_2063 (aceI) (▲). Cells were loaded with 4 μM [14C]-
chlorhexidine in the presence of 10 μM CCCP and washed in assay buffer. Cells were r-energized and the assay initiated by using 0.4% glucose. Fractions of
supernatant were collected over time to monitor efflux. Assays were performed at least four times, and the error bars show the SEM.

Fig. 4. AceI–chlorhexidine binding interactions. (A) Trp-fluorescence quench-
ing of 4.4 μM wild-type AceI (■) and E15Q AceI (▲) protein upon chlor-
hexidine titration. Samples were excited at 295 nm, and the fluorescence
emission was measured at 330 nm. The apparent Kd for the wild-type and
E15Q AceI-chlorhexidine interactions determined via nonlinear regression
were 1.6 μM and 4.4 μM, respectively. (B) Average change in ellipticity (θ)
(mdeg) of 20 μM wild-type AceI protein across wavelengths 258–280 nm
during titration of chlorhexidine. The apparent Kd determined for the AceI–
chlorhexidine interaction in this experiment was 5.8 μM. Error bars show the
SEM ellipticity change from different wavelengths. (C and D) Thermal sta-
bility of 33 μM wild-type (C) and E15Q (D) AceI protein in the presence and
absence of chlorhexidine as determined by synchrotron radiation CD spec-
trophotometry. The ellipticity at 209 nm is shown for protein only (●),
protein plus 100 μM chlorhexidine (■; 1:3 molar ratio) and protein plus
500 μM chlorhexidine (▲; 1:15 molar ratio) at increasing temperature. Insets
show the characteristic α-helical protein far-UV spectrum of the respective
proteins at increasing temperature in the absence of chlorhexidine.
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dichroism (SRCD) spectroscopy. Using 20 μM protein, significant
saturable increases in the CD signal were observed across the
near-UV wavelengths with the average change across the whole
region (258–280 nm), giving an apparent Kd value of 5.8 μM (Fig.
4B and Fig. S8).
The secondary structure and thermal stability of purified wild-

type and E15Q AceI proteins were examined by using far-UV
SRCD spectroscopy. These experiments demonstrated that both
proteins were largely α-helical in line with their hydropathy pro-
files (Fig. 4 C and D and Fig. S2). The loss of α-helical structure at
increasing temperature was used to measure the thermal stability
of these proteins. The wild-type protein was stable at temperatures
below 60 °C (Fig. 4C). However, the E15Q AceI mutant displayed
a lower thermal stability, with denaturation apparent at 40 °C (Fig.
4D). Interestingly, chlorhexidine greatly increased the thermal
stability of the E15Q protein in a dose-dependent manner (Fig.
4D). This observation provides additional evidence that the E15Q
protein retains affinity for chlorhexidine.

Conclusions
The most highly up-regulated genes in A. baumannii ATCC
17978 in response to chlorhexidine exposure were those encod-
ing the RND efflux system AdeAB. A gene encoding a previously
uncharacterized membrane protein, AceI, was also highly ex-
pressed under chlorhexidine stress. The data presented indicate
that this protein functions as an active chlorhexidine efflux sys-
tem. There are two lines of evidence that AceI functions inde-
pendently to mediate chlorhexidine resistance: (i) AceI conferred
chlorhexidine resistance in E. coli, a heterologous host that does
not encode any aceI homologs (Table 1); and (ii) AceI-mediated
chlorhexidine resistance in E. coli is not reliant on any one of
the 20 known drug exporters encoded this organism (Table S3).
There are also two pieces of direct evidence for transport: (i) AceI
prevents accumulation of chlorhexidine in an energy-dependent
manner (Fig. 3 A and B); and (ii) AceI promotes active efflux of
chlorhexidine (Fig. 3C). Finally, direct AceI-chlorhexidine inter-
actions were demonstrated by using Trp-fluorescence quenching
(Fig. 4A) and near-UVCD (Fig. 4B), and were inferred from the
increased thermal stability of the E15Q derivative in the pres-
ence of chlorhexidine (Fig. 4D).
AceI is a prototype of the previously undescribed PCE family

of efflux systems. The discovery of this family of drug efflux sys-
tems through transcriptomic analysis of a drug shock treatment
demonstrates the significant value of genome-wide expression
studies in identifying novel drug resistance factors in bacteria.
The E15Q AceI mutant was inactive in conferring chlorhex-

idine resistance or transport but still retained binding affinity for
chlorhexidine, indicating that E15 could be involved in an aspect
of transport unrelated to substrate binding, possibly in an ion
coupling reaction. This suggestion is consistent with the fact that
this residue is also conserved in BTP family proteins that do not
confer chlorhexidine resistance (Fig. S6). The SMR family of
multidrug efflux transporters that display a similar size and sec-
ondary structure with the PCE family transporters (19) also have
an essential conserved glutamic acid located within the first
transmembrane segment, although the two families share no
detectable sequence homology (Fig. S6). In the SMR family
member EmrE, this acidic residue is functionally irreplaceable
because of its role in the binding of both protons and substrate at
different stages of the translocation cycle (20).
The primary features of the A. baumannii chlorhexidine re-

sistance response, i.e., up-regulation of genes encoding RND and
PCE family efflux systems, are conserved in other γ-proteobacteria
(9), as well as β-proteobacteria (10). Given the phylogenetic dis-
tance of these organisms, this similarity of regulatory responses
to a compound that has only been synthesized since the early
20th century is intriguing. RND efflux systems are well recognized
for their broad protective functions in Gram-negative bacteria

and it is not unusual for these systems to constitute part of a
general stress response and to mediate resistance to foreign
compounds, particularly amphipathic antimicrobials such as chlor-
hexidine. However, the involvement of the PCE family proteins
in seemingly specific resistance to chlorhexidine is unexpected. It is
likely that the physiological function(s) of this transporter family
were originally unrelated to chlorhexidine resistance and that
these proteins provide a fortuitous intrinsic resistance capacity.

Materials and Methods
Bacterial Strains, Reagents, and Growth Media. The bacterial strains used were
A. baumannii ATCC 17978 (21), A. baylyi ADP1 (22), E. coli BL21(DE3) (23),
AG100A (24), BL21KAMR (25), and mutant strains harboring disrupted drug
efflux system genes (15) from the Keio collection (26). Bacterial strains were
routinely cultured in Luria–Bertani broth unless otherwise stated. The plas-
mid used for protein expression was pTTQ18 (14) modified to include an
RGSH6 tag (27). E. coli cells carrying pTTQ18-based plasmids were cultured
in media containing 100μg/mL ampicillin. Ampicillin and isopropyl-β-D-
galactopyranoside (IPTG) were obtained from Amresco, [14C]-chlorhexidine
diacetate was obtained from American Radiolabeled Chemicals,and Mueller–
Hinton (MH) medium was obtained from Oxoid. All other chemicals were
obtained from Sigma.

Cell Treatments and RNA Isolation. A. baumannii ATCC 17978 cells were
grown in an INFORS HT shaking incubator at 37 °C with shaking (200 rpm) in
35-mL cultures in MH broth to OD600 = 0.75, at which time they were split
into 15-mL cultures. One 15-mL sample was treated with 4 μg/mL chlo-
rhexidine (0.5× MIC), whereas the other was not treated and used as a ref-
erence. Cultures were allowed to grow for an additional 30 min (to an
average final OD600 ∼ 1.35 for untreated cells and 1.25 for chlorhexidine-
treated samples), when cells were harvested by centrifugation and imme-
diately suspended in TRIzol reagent (Invitrogen). Total RNA was extracted as
described (28).

Microarray Processing. A custom-designed 8× 15,000 spot Agilent microarray
for A. baumannii ATCC 17978 described was used (28). cDNA synthesis, la-
beling, and hybridizations were conducted at the Ramaciotti Centre for
Gene Function Analysis, Australia, as described (28). Statistical analyses were
performed by using the SAM algorithms (29), and all results reported were
found to be significant by using a false discovery rate of 5%. The microarray
data were deposited into the GEO database under the accession no.
GSE51525. The microarray results were validated by qRT-PCR on a subset of
differentially regulated genes (Fig. S1) as described (28).

Gene Cloning, Mutagenesis, and Construction of Deletion Strains. Genes were
amplified by PCR with Pfx supermix (Invitrogen) and cloned into the pTTQ18-
RGSH6 vector as reported (7). Site-directed mutagenesis was conducted by
using the QuikChange method as described (30), but using KOD hot start
polymerase (Novagen). The ACIAD1978 gene was deleted from the A. baylyi
ADP1 genome by allelic exchange as described (31).

Antimicrobial Susceptibility Testing. MIC analyses were conducted in MH
media using the broth dilution method essentially as described (32). MICs of
E. coli strains carrying pTTQ18-based plasmids included 0.05 mM IPTG. Cell
growth was determined spectrophotometrically.

PM were used for high-throughput screening of resistance phenotypes
conferred by A1S_2063 (aceI). E. coli BL21(DE3) cells carrying either pTTQ18
or pTTQ18-A1S_2063 (aceI) were inoculated into plates PM09-PM20 according
to the manufacturer’s instructions, except for the addition of 0.05 mM IPTG.

[14C]-Chlorhexidine Accumulation Assays. E. coli BL21(DE3) cells carrying pTTQ18,
pTTQ18-aedF, pTTQ18-A1S_2063 (aceI), or pTTQ18-E15Q A1S_2063 (E15Q
aceI) were grown and induced as described for Western blot analyses. The
cells were washed three times in 20 mM Mops at pH 6.6, 140 mM NaCl, and
10 mM KCl, resuspended to a final density of OD600 = 1.0 in this buffer, and
equilibrated to 37 °C. Glycerol (20 mM) was added to provide an energy source,
and the assay was initiated by the addition of 2 μM [14C]-chlorhexidine.
Samples were taken at 3.5, 10, 20, 40, and 60 min, and cells pelleted by
centrifugation (15,000 × g for 20 s). After 60 min, the cells were deenergized
by the addition of 10μM CCCP and the assay was allowed to continue for
a further 20 min, when a final sample was collected. Radioactivity associated
with the cells was determined by liquid scintillation analysis. The assays were
repeated at least four times by using independent biological samples.
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[14C]-Chlorhexidine Efflux Assays. E. coli BL21(DE3) cells carrying pTTQ18,
pTTQ18-aedF or pTTQ18-A1S_2063 (aceI) were grown and induced as de-
scribed for Western blot analyses. Cells were washed three times in 20 mM
Mops at pH 7.0, 140 mM NaCl, and 10 mM KCl, and the cell density was
adjusted to OD600 = 1.0 in this buffer. CCCP was added to a final concen-
tration of 10μM and the cells were loaded with 4 μM [14C]-chlorhexidine for
1.5 h at 37 °C. Cells were washed three times and resuspended in one volume
of the above buffer. A time 0 sample was collected and transport was ini-
tiated by the addition of 0.4% (wt/vol) glucose. Samples (250 μL) were taken
at 30, 120, and 300 s, pelleted by brief centrifugation and 200 μL of super-
natant collected for liquid scintillation analysis. The results are from at least
four independent biological assays. To confirm the loading protocol did not
affect cell viability, loading was conducted by using unlabeled chlorhexidine,
and cells were stained with Live/Dead BacLight bacterial viability probe
(Molecular Probes) and visualized by fluorescence microscopy according to
the manufacturer’s instructions.

Fluorescence Measurements. Steady-state spectrophotofluorimetry was un-
dertaken on the purified proteins (SI Materials and Methods) by using the
Photon Technology International spectrofluorimeter. Purified A1S_2063
(AceI) protein or E15Q A1S_2063 (E15Q AceI) (4.4 μM in 10mM Tris·HCl at pH
7.5, 0.05% (wt/vol) n-dodecyl-β-D-maltoside (DDM), and 2.5% vol/vol glyc-
erol) were analyzed at 20 °C. Protein samples were excited at 295nm and
fluorescence emission was analyzed at 330 nm. Microliter additions of each
compound dissolved in water or 100% ethanol for valinomycin and cyto-
chalasin B were added from 0 to 10 μM and accounted for <3% of the final
volume. Samples were mixed for 1.5 min after each addition before the
fluorescence emission was monitored. Nonlinear regression analysis was com-
pleted by using GraphPad Prism 6.

Circular Dichroism Measurements. UV SRCD measurements were performed
on the purified proteins (SI Materials and Methods) by using a nitrogen-
flushed instrument on Beamline B23 at the Diamond Light Source. Samples
used in far-UV SRCD contained 33μM purified DDM-solubilized A1S_2063
(AceI) protein or E15Q A1S_2063 (E15Q AceI) in NaPi buffer (10 mM, pH 7.5)
with 0.05% (wt/vol) DDM in a cell with 0.02 cm pathlength (nominal volume
30 μL). Measurements were made with the sample held at a range of suc-
cessive temperatures from 5 to 90 °C in steps of 5 °C over the wavelength
range 180–260 nm by using an integration time of 1 s, increment of 0.5 nm,
and slit widths of 0.5 mm. Chlorhexidine was included at concentrations of
100 or 500 μM in the samples as appropriate. Near-UV SRCD measurements
were recorded using 20μM purified DDM-solubilized A1S_2063 (AceI) pro-
tein with increasing concentrations of chlorhexidine. Data are presented in
units of ellipticity (θ), and all measurements had PMT values that were less
than 600 V.
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