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Small Multidrug Resistance Protein EmrE Reduces Host pH and
Osmotic Tolerance to Metabolic Quaternary Cation Osmoprotectants

Denice C. Bay and Raymond J. Turner

Department of Biological Sciences, University of Calgary, Calgary, Alberta, Canada

The small multidrug resistance (SMR) transporter protein EmrE in Escherichia coli is known to confer resistance to toxic anti-
septics classified as quaternary cation compounds (QCCs). Naturally derived QCCs synthesized during metabolic activities often
act as osmoprotectants, such as betaine and choline, and participate in osmotic homoestasis. The goal of this study was to deter-
mine if EmrE proteins transport biological QCC-based osmoprotectants. Plasmid-encoded copies of E. coli emrE and the inac-
tive variant emrE-E14C (emrE with the E—C change at position 14) were expressed in various E. coli strains grown in either rich
or minimal media at various pHs (5 to 9) and under hypersaline (0.5 to 1.0 M NaCl and KCl) conditions to identify changes in
growth phenotypes induced by osmoprotectant transport. The results demonstrated that emrE expression reduced pH tolerance
of E. coli strains at or above neutral pH and when grown in hypersaline media at or above NaCl or KCl concentrations of 0.75 M.
Hypersaline growth conditions were used to screen QCC osmoprotectants betaine, choline, L-carnitine, L-lysine, L-proline, and
L-arginine. The study identified that betaine and choline are natural QCC substrates of EmrE.

uaternary ammonium compounds (QACs) and more gener-
Qally quaternary cation compounds (QCCs) describe a highly
diverse range of chemicals with the structure XR,™ where, X isa
permanently charged cation (typically cationic N or P) and each R
is any type of acyl chain or aromatic hydrocarbon. Anthropogenic
QCC:s serve a variety of purposes as medical antimicrobials (benz-
alkonium and cetylpyridnium), industrial surfactants (tetraphe-
nyl phosphonium), and lipophilic dyes or stains (ethidium and
acriflavin). Anthropogenically derived QCCs are often highly
toxic to organisms due to their membrane-disrupting activity. Bi-
ologically synthesized QCCs are also produced by both pro-
karyotes and eukaryotes and naturally accumulate under osmotic
stress and particular physiological conditions in the cell. Naturally
occurring QCCs, such as betaine, choline, and carnitine, and
amino acids, such as glycine, lysine, serine, and proline, play an
important role as osmoprotectants during cellular osmotic stress
(8,9, 18, 30, 32) and participate in bacterial intracellular pH reg-
ulation (as reviewed in reference 7).

Members of the small multidrug resistance (SMR) protein
family (26) confer resistance to a variety of lipophilic toxins, pri-
marily QCCs and DNA interchelating dyes, within Archaea and
Bacteria via proton motive force-energized efflux (16, 20, 34).
SMR protein members are distinct from other secondary active
multidrug resistance transporters based on their short length
(~100 to 140 amino acids), resulting in proteins composed of
only 4 transmembrane (TM) segments. These transporters are
present on a variety of mobile genetic elements, primarily in the 3’
conserved regions of class 1 to 3 integrons and multidrug resis-
tance plasmids, in addition to the host chromosome (as reviewed
in references 4 and 29). In general, members of the SMR family
form a 4-TM a-helix monomer (as reviewed in reference 4) within
the plasma membrane that functions as a homo-oligomer, where
the minimum oligomeric subunit is a homodimer (23). SMR
transport activity and ligand binding are known to involve a
highly conserved (98%) (5) active site Glu residue within the first
TM strand, and mutations to this residue eliminate host resistance
to QCCs (16, 24, 37). In Escherichia coli, EmrE (ethidium multi-
drug resistance protein E) (28) is considered to be the archetype of
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the SMR protein family. EmrE is the most-characterized SMR
protein member and has been shown to transport/interact with
the broadest range of QCC substrates in comparison to all other
subclass members (as reviewed in reference 4).

The involvement or influence of EmrE protein during bacterial
cellular activities unrelated to multidrug resistance is poorly un-
derstood and uncharacterized. There are many biological QCC
metabolites and intermediates that can potentially serve as the
“natural” QCC substrates for SMR proteins. SMR protein partic-
ipation in these activities has been speculated (5, 25) but has not
been experimentally confirmed.

The goal of this study was to determine if the SMR protein
EmrE participates in biological regulation of QCC-based osmo-
protectants. If SMR proteins transport naturally occurring QCCs,
such as betaine or choline, overaccumulation of these proteins at
increasing pH and/or osmotic stress should reduce host tolerance
to these conditions by exporting the QCC it needs to survive the
stress. To test this hypothesis, we examined the influence of E. coli
EmrE overaccumulation in various E. coli strains grown at increas-
ing pH and under osmotic conditions. The growth of E. coli K-12
transformed with plasmids encoding active or inactive copies of
emrE in media at various pH values (5-9) and at increasing salt
(NaCl or KCl) concentrations (0.25 M to 1.0 M) was examined to
identify growth conditions altered by SMR proteins. Based on the
outcome of these assays, a variety of QCC-based osmoprotectants,
including betaine, carnitine, choline, arginine, and lysine, were
selected for growth phenotype screening assays. The addition of
osmoprotectants to the culture media of the wild-type E. coli K-12
strain and those lacking QCC osmoprotectant biosynthesis genes,
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betA and betB, expressing active and inactive forms of emrE genes,
was used to identify osmoprotectant substrates of SMR transport-
ers. The results of this approach identified that betaine and choline
are substrates of EmrE and revealed that only EmrE proteins par-
ticipate in osmotic regulation. The implications of this study may
suggest that the inheritance and spread of this multidrug trans-
porter family within bacteria are influenced by other environmen-
tal factors in addition to anthropogenic drug exposure.

MATERIALS AND METHODS

Materials and strains used in this study. All E. coli strains used in this
study (BW25113,JW0531, JW5738,JW0303, and JW0304) were provided
by the single-gene-knockout Keio Collection constructed through a col-
laboration between the Institute of Advanced Bioscience at Keio Univer-
sity and the Nara Institute of Science and Technology in Japan (1) (see
Table S1 in the supplemental material). The nucleotide primers used for
PCR experiments were synthesized by Sigma (St. Louis, MO) and Inte-
grated DNA Technology (Coralville, TA). Growth medium compounds
and chemicals were supplied by Sigma, EMD, and BD Biosciences.

SMR gene cloning and mutagenesis. The E. coli SMR gene emrE was
cloned into the ampicillin-resistant expression vector pMSI119EH
(pEmrE) as described in reference 33. Plasmid DNA was isolated using a
Fermentas Gene Jet spin column kit (Fermentas Canada, Inc., Ontario,
Canada). Replacement of the active site glutamate codon E14C was gen-
erated using the QuikChange II site-directed mutagenesis kit (Stratagene,
CA) with the forward and reverse nucleotide primers for each SMR gene
provided in Table S1 in the supplemental material. All plasmid constructs
were confirmed by DNA sequencing from the Ptacl promoter of
pMSI119EH (Ptacl primer 5 CTG TTG ACA ATT AAT CAT CGG CTC
GTA TAA TG 3’) (see Table S2 in the supplemental material). Sequenced
SMR plasmids were transformed into the E. coli K-12 Keio collection
strains listed in Table S2 (1).

Reporter protein accumulation from “leaky” Ptacl promoter ex-
pression. In all experiments, cloned SMR gene expression was found to
occur at sufficient levels from “leaky” expression from the Ptacl promoter
of pMS119EH based on the accumulation quantities of a hexahistidyl-
tagged emrE reporter protein to generate a growth phenotype. Chemical
induction of SMR gene overexpression by isopropyl B-p-1-thiogalacto-
pyranoside (IPTG) at final concentrations ranging from 0.001 to 0.1 mM
was immediately toxic to the cultures and led to immediate reductions
and/or arrest of cell growth based on optical density (OD) measurements.

To determine the relative levels of gene expression and protein accu-
mulation from leaky Ptac] promoter expression, a C-terminal myc
epitope-hexahistidinyl (His,) fusion tag was added to cloned emrE in the
pMS119EH vector (pEmrE-my-His) in a two step PCR and with the same
restriction sites maintained. After DNA sequencing, the translated C-ter-
minal sequence of the myc-His, fusion tag (starting at residue H110 of
EmrE) corresponded to NH,-HLEFEAYVEQK LISEEDLNSAVDHHHH
HH-CO,H. Western dot blot analysis, as described by Chan et al. (10), was
used to determine EmrE-myc-His, protein accumulation in E. coli strains
grown in the different culture media, pHs, and hypersaline conditions
used in this work. His,-tagged EmrE-myc-His, protein accumulation lev-
els within all E. coli strains tested were colorimetrically detected using the
INDIA His probe-horseradish peroxidase (HRP)-conjugated antibody
(Pierce-Endogen, Thermo Fisher) and quantified using the Kodac gel
logic imaging system and Kodac 1D version 3.6.6 software. EmrE-myc-
His, protein quantities (j.g) were determined from the mean spot inten-
sity using a standard curve of 1/4 to 1/256 dilutions of His¢-tagged control
protein (0.825 mg/ml), and values from the growth experiments are pro-
vided in Table S3 in the supplemental material. Overall, the relative quan-
tities of tagged protein were similar (1.1- to 1.7-fold difference in calcu-
lated protein in pg) to the amounts of protein reported by de Boer et al.
for the same Ptacl promoter using E. coli galactokinase assays (12).

PH tolerance of SMR-transformed E. coli strains. E. coli K-12 strains
BW25113 (wild-type) and JW0531 (AemrE) transformed with each SMR
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vector (and empty vector control) were used for pH tolerance experi-
ments (see Table S1 in the supplemental material). Plasmid-transformed
strains were inoculated from frozen dimethyl sulfoxide stocks and grown
overnight (16 h) at 37°Cin Luria-Bertani (LB) medium (1% [wt/vol] yeast
extract, 0.5% [wt/vol] tryptone, 0.5% [wt/vol] NaCl, 0.01% [wt/vol] glu-
cose) containing 100 wg/ml ampicillin buffered to pH 7 using 50 mM
phosphate buffer. Overnight (16-h) cultures were diluted to 1.5 absor-
bance units at the optical density at 600 nm (ODg,,) and used as an
inoculant for pH tolerance experiments. Two types of media were used
in pH growth experiments: LB medium and M9 minimal salts medium
(1.3% [wt/vol] NaH,PO, - 7H,0, 0.3% [wt/vol] K,HPO,, 0.05% [wt/vol]
NaCl, 0.1% NH,Cl, 1.6 X10 °% [wt/vol] MgSO,, 9.0 X10 7%
[wt/vol] CaCl,, 0.00015% [wt/vol] thiamine) supplemented with 0.01%
(wt/vol) glucose as the primary carbon source. The media for E. coli strains
transformed with a vector also contained 100 pg/ml ampicillin to ensure
plasmid maintenance. All media were buffered to pH values of 4.3, 5.0,
6.0, 7.0, 8.0, and 9.0 using 50 mM phosphate buffer. All pH values were
confirmed immediately before culture inoculation using a Beckman &
720 pH meter with an Accumet 1.5-in. microelectrode (Thermo Fisher
Scientific) with an error of =0.15 pH unit and/or confirmed using What-
man type CF pH 0-to-14 indicator strips.

pH tolerance experiments were performed by dilution (10~ ?) of over-
night (16-h) cell cultures into 3.5 ml of M9 or LB medium at pH values of
4.3 to 10. Cell growth experiments were performed in plastic-stoppered
autoclaved glass cuvettes that provided sufficient headspace (1/2 the vol-
ume of the cuvette) to ensure aerobic growth. All cultures were incubated
at 37°Cin a shaking incubator (210 to 250 rpm). Cultures were monitored
at ODy, every hour up to 16 h and again at 24 h. OD values were mea-
sured directly in glass cuvettes using an Ocean Optics DH-2000-BAL UV-
Vis-NIR light source spectrophotometer and baseline corrected with each
medium type prior to measurement. The most acidic (pH 4.3) and basic
(pH 10.0) pH values failed to culture viable cells and were excluded from
the results of this study. (The cell viability experiments are described in the
next section.) A minimum of three independently inoculated pH growth
trials for each set of transformed E. coli strains were performed and used to
calculate average ODy, values. For this study, two-tailed ¢ tests with P
values of =0.05 were considered to be significantly different.

The pH of the culture medium used in pH growth experiments was
monitored during growth curve assays to determine if growth phenotypes
were attributed to pH fluctuations. pH growth curves performed at neu-
tral to alkaline values (pH 7 to 9) demonstrated relatively constant (+0.35
pH unit) pH values in rich LB medium and in M9 minimal medium
(£0.45 pH unit) until the late log phase (OD,, > 0.8 units) and/or
stationary phase was reached, where pH values gradually decreased over
time. The reduction in pH at stationary phase was attributed to the in-
crease in metabolites accumulating in the medium.

Osmotic hypersaline tolerance of SMR-transformed E. coli strains.
The E. coli strains (BW25113, and JW0531, and JW5738) transformed
with SMR plasmids used in pH tolerance growth experiments were exam-
ined for their ability to grow under hypersaline conditions (see Tables S1
and S2 in the supplemental material). The starting cultures were diluted/
concentrated from LB overnight cultures to a final ODg, of 1.5 U and
then diluted 10~ into sterile glass cuvettes containing 3.5 ml of pH 7.0 50
mM sodium phosphate-buffered LB or M9 medium supplemented with
20 mM glucose in the presence or absence of NaCl or KCl salts. Hyperos-
motic growth experiments involved the addition of NaCl or KCI salts to
LB or M9 medium at final concentrations of 0.25, 0.5, 0.75, and 1 M. Cell
cultures were incubated in a shaking incubator (210 to 250 rpm) at 37°C,
where growth curve OD,, measurements were monitored every hour up
to 16 h and at 24 h, as described for pH tolerance experiments. Average
0Dy, values for each transformed strain were calculated from a mini-
mum of three growth trials, and statistical analysis of growth differences
was determined as described for pH tolerance experiments.

Under certain conditions in which cell growth was arrested based on
0Dy, measurements, cell viability experiments were performed during
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growth curve experiments to determine if cells were capable of growth
(viable). Cells corresponding to ~0.1 ODg, unit were selected from
growth curve assay experiments and plated onto LB agar to determine the
number of CFU. Cells were deemed viable if CFU values were similar to
values determined for the control growth curve experiment based on the
number of CFU/ODy, unit. In general, plates with 10 colonies or less
were considered nonviable.

SMR overexpression screening experiments to identify QCC osmo-
protectant substrates. Based on the results of pH and hyperosmotic
growth experiments, hypersaline tolerance experiment conditions were
selected for further screening of various QCCs. SMR plasmid-trans-
formed E. coli strain BW25113 (wild type) cells were grown in either M9 or
LB medium buffered to pH 7.0 (50 mM phosphate buffer) in the presence
0f 0.75 and 1.0 M NaCl or KCIL. Osmoprotectants, betaine, choline, L-car-
nitine, L-proline, L-arginine, and L-lysine were filter sterilized (0.2-pm-
pore filter) in 0.5 M stock solutions and added to culture media at final
concentrations of 5 mM or 10 mM. Culture growth was monitored by
ODy, as described for pH tolerance and hypersaline experiments, and
averaged ODy, values were calculated from a minimum of three inde-
pendent trials. Statistical significance of growth differences was deter-
mined as described for pH tolerance experiments.

Since the outcome of the osmoprotectant screens identified that be-
taine and choline were potential substrates, SMR plasmids were also
transformed into E. coli K-12 strains JW0303 (AbetA) and JW0304
(AbetB) for further osmotic tolerance experiments (see Table S1 in the
supplemental material). Hyperosmotic growth curve experiments with
SMR plasmid-transformed E. coli strains JW0303 and JW0304 in the pres-
ence and absence of 10 mM betaine or choline in pH 7.0 buffered M9 and
LB media were performed. OD,,, measurements were determined as de-
scribed above for the osmotic tolerance experiments, and an average of at
minimum three independently inoculated growth trials were used in this
analysis. The outcomes of these experiments provided in the Results sec-
tion are reported as mean ODy, fold difference of each plasmid-trans-
formed E. coli strain. This value represents the fold change in ODg,
growth of a plasmid-transformed strain (based on mean ODy, values)
between two different growth conditions. In almost all cases, the mean
fold difference is the mean ODg, value of a plasmid-transformed strain
grown in a specific hypersaline medium (LB or M9) in the presence of 10
mM osmoprotectant divided by its mean OD, value in hypersaline me-
dium only at a single time point.

RESULTS

Only emrE gene expression decreases host strain pH tolerance at
neutral and alkaline ranges. The first objective of this study was
to determine if the E. coli SMR multidrug transporter emrE par-
ticipates in osmoregulation. Before beginning a screen to identify
biological QCC osmoprotectants of SMR transporters, it was es-
sential to determine if SMR-transformed E. coli strains, such as the
wild-type strain BW25113 or the SMR gene deletion strain
JWO0531 (AemrE), significantly altered its growth phenotype un-
der various osmotic medium alterations. Osmoregulatory metab-
olites, such as betaine, choline, and carnitine, are known to con-
tribute to pH maintenance and osmotic tolerance of E. coli cells
and are generally referred to as osmoprotectants (17, 32). Two
types of growth media were examined in this study: the LB rich
medium and the M9 selective minimal medium. Both media were
crucial for identification and selection of osmotic conditions to
screen QCCs in the second part of this study, since M9 medium is
completely defined and its osmolarity is 100-fold lower than that
of LB medium (M9 medium, 5 mosM [3]; LB medium, 500 mosM
[2]), it may identify phenotypes hidden in osmotically enriched
LB medium. The amounts of EmrE and EmrE-E14C (coded for by
emrE with the E—C change at position 14) protein accumulation
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FIG 1 pH susceptibility of E. coli BW25113 strains transformed with SMR
plasmids. ODg, values after 16 h of growth in either LB (A) or M9 (B) media
at pH values ranging from 5 to 9 are shown. The results for E. coli BW25113
transformed with pMS119EH (black), pEmrE (gray), and active site mutant
pEmrE-E14C (dark gray) after 16 h of growth in LB (A) or M9 (B) medium are
shown in a bar chart format. Asterisks indicate statistically significant differ-
ences (P < 0.01) compared to either the untransformed strain without plasmid
or the strain transformed with the empty control vector (pMS119EH). Panels
Cand D show pH susceptibility growth (ODy,) curve experiments with E. coli
BW25113 transformed with pMS119EH (circles), pEmrE (squares), and
pEmrE-E14C (triangles) grown at 37°C in either LB (C) or M9 (D) medium at
pH 7.0 over 24 h.

within E. coli BW25113 derived from leaky plasmid expression
were determined by using a C-terminal hexahistidinyl-myc
epitope-tagged EmrE construct in pMS119EH, as described in
Materials and Methods. Western dot blotting analysis determined
that the leaky Ptacl promoter expression of this reporter resulted
in consistent amounts of protein accumulation from cultures
grown under various osmotic conditions, where values ranged
from 0.011 to 0.037 pg per ODg, unit (see Table S3 in the sup-
plemental material).

The pH susceptibility of E. coli strain BW25113 and SMR gene
deletion strains transformed with plasmids encoding functional
copies of emrE or the inactive variant emrE-E14C was used to
screen growth phenotype changes. Empty vector transformants
were included in these experiments to act as a positive growth
control for gain- or loss-of-growth phenotypes that are caused by
SMR gene expression. Growth curve experiments were performed
for all transformed strains, and growth was measured at 37°C
(optimal temperature) over 24 h in LB or M9 medium buffered to
pH values of 5 to 9. The outcome of these experiments identified
that only wild-type emrE expression resulted in a significant
growth reduction in E. coli cells cultured in M9 medium at neutral
to basic pH ranges after 12 to 16 h of growth (Fig. 1). This growth
phenotype reduction at a pH of =7 caused by pEmrE expression
in E. coli disappeared after 24 h of growth, and cultures became
indistinguishable from the empty control vector or inactive
pEmrE-E14C-transformed strains (Fig. 1C and D). This indicates
that EmrE activity at neutral to high pH only delays E. coli growth,
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FIG 2 Hypersaline susceptibility of E. coli BW25113 transformed with SMR
plasmids. All panels show mean ODy, values from plasmid-transformed E.
coli BW25113 strains after 16 h of growth in either M9 (A and B) or LB (C and
D) medium at hypersaline concentrations of NaCl (A and C) or KCI (B and D)
ranging from 0.0 to 1.0 M salt. In each panel, the mean ODy, values for E. coli
BW25113 transformed with pMS119EH (black), pEmrE (gray), and pEmrE-
E14C (dark gray) are provided in a bar chart format. Asterisks indicate statis-
tically significant differences (P < 0.01) compared to either the untransformed
strain lacking a plasmid (data not shown) or the strain transformed with the
empty control vector (pMS119EH).

since all plasmid-transformed strains showed no significant dif-
ferences in cell viability (data not shown).

No significant differences were observed in the pH growth
curves determined for plasmid-transformed E. coli strains lacking
AemrE (JW0531) (see Fig. S1 in the supplemental material), indi-
cating that the deletion of emrE does not alter the growth pheno-
type from that of the wild-type strain.

EmrE protein accumulation decreases host osmotic toler-
ance to hypersaline conditions. Based on the outcome of the pH
growth assays, additional growth curve experiments were per-
formed in LB and M9 media (neutral pH 7.0) at increasingly hy-
persaline salt concentrations to determine if high osmotic condi-
tions also induce a growth phenotype in the presence of EmrE.
Two salts, NaCl and KCI, were selected to determine if the loss-of-
growth phenotype in the presence of overaccumulated EmrE is
influenced by a particular salt. If EmrE transport activity reduces
intracellular QCC-based osmoprotectants, a reduction or loss of
growth should be observed to a greater extent in low-osmolarity
M9 medium compared to the high-osmolarity LB medium. At
hypersaline concentrations of 0.25 M, 0.5 M, 0.75 M, and 1.0 M
for NaCl and KCl in LB medium, reduced growth was only ob-
served in pEmrE-transformed strains at salt concentrations above
0.75 M (Fig. 2; see Fig. S2 in the supplemental material). The
emrE-E14C inactive variant showed no significant growth differ-
ences from the empty vector control (Fig. 2; see Fig. S2). As would
be expected for cultures grown without osmoprotectants, the
growth of all plasmid-transformed E. coli cultures in either NaCl
or KCl hypersaline M9 medium was severely reduced, and the
viability of these cultures was eliminated after 6 h of growth at salt
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concentrations at or above 0.75 M (Fig. 2; see Fig. S2). Similar to
pH susceptibility experiments, hypersaline growth experiments
using E. coli emrE gene deletion strain JW0531 in LB and M9
media showed no differences from the wild-type strain BW25113
(see Fig. S3 in the supplemental material). This indicates that
elimination of emrE genes has no effect on host osmotic tolerance
under the growth conditions examined.

Screening of various osmoprotectants under hypersaline
growth conditions identified that emrE participates in betaine
and choline export. Based on the outcome of the hyperosmotic
EmrE susceptibility growth curves, hypersaline M9 medium pro-
vides an ideal environment to screen various QCC-based osmo-
protectants. The loss-of-growth phenotype in all transformed
strains grown in M9 medium at salt concentrations at or above
0.75 M provides an ideal screening background to determine if an
osmoprotectant compound is a substrate of EmrE. Previous stud-
ies have demonstrated that betaine and choline act as osmopro-
tectants at concentrations in excess of 5 mM when added to E. coli
medium and enhance E. coli growth under hyperosmotic condi-
tions (18). Other compounds, such as L-carnitine (32), and amino
acid compounds, such as L-proline (9) and L-lysine (30), can also
confer osmoprotection to E. coli based on previous studies. L-
Arginine was included as a natural QCC control compound that is
not directly involved in osmoprotection but has demonstrated an
ability to increase osmolarity as an osmolyte (30). Hence, 6 differ-
ent QCC-based osmoprotectants, betaine, choline, L-carnitine, L-
proline, L-lysine, and L-arginine, were screened (at 10 mM con-
centration) for their ability to enhance E. coli growth in
hypersaline M9 medium (1.0 M NaCl or KCl). Before screening,
all 6 osmoprotectant substrates examined in this study were ex-
pected to rescue cell growth of pMS119EH-transformed
BW25113 by a 2-fold minimum based on the outcome from pre-
vious experiments. As shown in Fig. 3A, all hypersaline M9-grown
pMSI119EH-transformed E. coli cultures grown in the presence of
each osmoprotectant demonstrated a =2-fold increase in growth
(ODygy), except in the presence of L-lysine. Increasing the concen-
tration of L-lysine in hypersaline M9 medium above 10 mM (to
100 mM) failed to significantly enhance hypersaline growth toler-
ance, and L-lysine was excluded from further screening. Betaine
conferred the highest fold increase in pMS119EH-transformed E.
coli growth (NaCl, 13-fold; KCl, 7-fold) under both hypersaline
M09 conditions, indicating that this compound provides the most
osmoprotection of all substrates screened.

Since the remaining 5 osmoprotectants conferred osmotic tol-
erance to E. coli transformed with the control vector, any osmo-
protectant that is a substrate of overaccumulated EmrE should be
transported out of E. coli, and the strain should demonstrate a
loss-of-growth phenotype in the presence of the osmoprotectant.
Hence, the fact that a pEmrE-transformed E. coli strain fails to
grow in the presence of the osmoprotectant shows that the osmo-
protectant is a substrate of EmrE. In contrast, the strain trans-
formed with the inactive variant of EmrE-E14C (pEmrE-E14C) or
empty vector (pMS119EH) should confirm the specificity for the
substrate by demonstrating cell growth under the same condi-
tions. As shown in Fig. 3B, hypersaline growth phenotype screen-
ing assays of E. coli BW25113 transformed with pEmrE and
pEmrE-E14C in the presence of 5 osmoprotectants indicated that
only betaine and choline appear to be substrates of EmrE, based
on fold change growth differences. Only betaine and choline ad-
dition to hypersaline M9 cultures of pEmrE-transformed E. coli
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FIG 3 Growth phenotype screens of plasmid-transformed E. coli BW25113 in
hypersaline M9 medium in the presence of various osmoprotectants. In all
panels, the fold change in ODy, (growth) after osmoprotectant addition was
determined after 16 h of growth at 37°C. The fold changes in ODy, after
osmoprotectant addition in panels A and B are shown for E. coli transformed
with plasmids pMS119EH (black), pEmrE (gray), and pEmrE-E14C (dark
gray). All panels represent the fold changes in the growth of the culture in M9
medium at 1.0 M salt (NaCl or KCI) with 10 mM osmoprotectant divided from
its mean ODyg, value in M9 medium at 1.0 M salt only, as indicated on the x
axis. Panel A demonstrates the osmoprotection conferred by the addition of 10
mM osmoprotectant (refer to x axis) based on the growth of pMS119EH-
transformed E. coli control strains in hypersaline (either 1.0 M NaCl or KCl)
M9 medium. The area below the dashed line on this chart indicates any osmo-
protectants that failed to exceed the 2.5-fold-cutoff value statistically deter-
mined to identify valid osmoprotectants for hypersaline EmrE osmoprotec-
tion screens shown in panel B. Panel B shows the results of hypersaline EmrE
osmoprotection screens as the fold change in growth (ODg,,) of E. coli
BW25113(pEmrE) (gray) and BW25113(pEmrE-E14C) (dark gray) caused by
the addition of 10 mM osmoprotectant (refer to x axis) to M9 medium con-
taining either 1.0 M NaCl or KCI.

cultures resulted in significant fold growth losses (=1) in compar-
ison to the growth of the inactive variant under the same condi-
tions. The hypersaline screen may also suggest that proline is a
potential substrate of EmrE. However, the fold growth change
values of pEmrE- and pEmrE-E14C-transformed E. coli were at
the threshold of significance, since a loss of growth was only ob-
served for pEmrE-transformed E. coli under hypersaline KCl con-
ditions (Fig. 3B). Repeating the KCI hypersaline EmrE osmopro-
tectant growth screens at higher concentrations of proline (20 and
30 mM) resulted in similar inconclusive growth phenotypes of
pEmrE-transformed E. coli. The remaining two osmoprotectants,
carnitine and arginine, showed no osmoprotection phenotype dif-
ferences since both of the fold growth changes between pEmrE-
and pEmrE-E14C-transformed E. coli strains were statistically
similar under both hypersaline condition (Fig. 3B).
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FIG 4 Mean fold change in growth (ODy,) of emrE plasmid-transformed E.
coli BW25113 in the presence of betaine and choline. The fold change in OD,
(growth) after osmoprotectant addition is shown on the y axis of both charts
and represents the fold change in growth of plasmid-transformed E. coli
BW25113 in hypersaline medium after the addition of 10 mM osmoprotectant
(refer to x axis) at 16 h of growth at 37°C. In both panels, the fold change in
growth after osmoprotectant addition is provided for E. coli BW25113 trans-
formed with pMS119EH (black), pEmrE (gray), or pEmrE-E14C (dark gray)
in hypersaline M9 medium at 0.5, 0.75, and 1.0 M NaCl or KCl in the presence
and absence of 10 mM betaine (A) or choline (B). Asterisks indicate statisti-
cally significant differences (P < 0.01) compared to either the untransformed
strain lacking a plasmid (data not shown) or the strain transformed with the
empty control vector (pMS119EH).

To ensure that betaine and choline were accurately identified
from this hypersaline EmrE osmoprotection screen, growth curve
experiments were repeated for the wild-type E. coli strain
(BW25113) transformed with pEmrE or pEmrE-E14C at lower
saline concentration ranges (0.5 to 1.0 M salt) in the presence of
the both osmoprotectants to ensure that the growth phenotype
was caused by the hyperosmotic condition and was not due to
specific osmoprotectant-induced transport (Fig. 4). Similar to the
results of the hypersaline susceptibility screening experiments
shown in Fig. 3, losses of the growth phenotype in the presence of
betaine were only observed at salt concentrations at or above 0.75
M by pEmrE-transformed E. coli cultures (Fig. 4A). Similar results
were obtained for the reduced hypersaline choline osmoprotec-
tion growth assay of pEmrE-transformed E. coli strains (Fig. 4B).
This indicates that hypersaline concentrations of 0.75 M are im-
portant to observe growth phenotype differences between the ac-
tive and inactive EmrE variants. It is important to note that in
some cases, the hypersaline growth of pEmrE-E14C-transformed
E. coli in the presence of betaine or choline only partially restored
the growth phenotypes in comparison to the control pMS119EH-
transformed E. coli values (1.0 M NaCl in Fig. 5A and 0.075 M
NaClin Fig. 5B). Since the fold growth changes presented in Fig. 5
(and growth curves in Fig. S3 in the supplemental material) rep-
resent mean ODy, differences between cultures grown in hyper-
saline medium with osmoprotectants and those grown without,
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FIG 5 Hypersaline tolerance of emrE plasmid-transformed E. coli JW0303 and
JW0304 strains grown in the presence of betaine and choline. On the y axis,
both panels show the fold change in ODg, (growth) after osmoprotectant
addition to the medium after 16 h of growth in either LB (A) medium or M9
(B) medium at a 1.0 M concentration of NaCl or KCl and 10 mM betaine or
choline osmoprotectants. E. coli strains JW0303 (AbetA) and JW0304 (AbetB)
transformed with pMS119EH (black), pEmrE (gray), and active site mutant
pEmrE-E14C (dark gray) are shown on the x axis. The three-letter abbrevia-
tions provided on the x axes of both panels A and B indicate the culture
medium compositions and are defined below. Panel A shows results for plas-
mid-transformed JW0303 and JW0304 after 16 h of growth in LB medium
containing NaCl with betaine (LSB) or choline (LSC) and LB medium con-
taining KCl with betaine (LKB) or choline (LKC). Panel B shows the fold
change in growth after osmoprotectant addition to plasmid-transformed
JW0303 and JW0304 after 16 h of growth in M9 medium containing NaCl with
betaine (MSB) or choline (MSC) and M9 medium containing KCl with betaine
(MKB) or choline (MKC). Asterisks indicate statistically significant differences
(P < 0.01) compared to either the untransformed strain without plasmid or
the strain transformed with the empty control vector (pMS119EH).

reduced growth of EmrE-E14C compared to pMS119EH transfor-
mants may reflect partial activity of EmrE-E14C. Partial QCC sub-
strate interactions between E. coli EmrE-E14 variants and QCC
substrates have been reported for QCC substrates such as acrifla-
vine and tetraphenylphosphonium in vitro transport experiments
(6, 24, 37) and in vivo E. coli QCC growth tolerance/resistance
assays (35).

Evaluation of EmrE growth phenotypes in choline and be-
taine biosynthetic null backgrounds. To confirm that betaine
and choline are EmrE substrates, an additional hypersaline growth
assay was performed in E. coli K-12 strains JW0303 and JW0304,
lacking betaine and choline biosynthetic genes that encode the
enzymes choline dehydrogenase (betA) and betaine-aldehyde de-
hydrogenase (betB), respectively. Previous studies involving the
osmotic tolerance of the E. coli AbetA and/or AbetB mutants iden-
tified that the elimination of betaine-aldehyde dehydrogenase ac-
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tivity and/or its gene enhanced cell growth in the presence and
absence of osmoprotectants under hyperosmotic conditions in
comparison to wild-type E. coli (14, 17, 18). Based on this study,
the osmoprotective growth phenotype conferred by betB is due to
increased accumulation of intracellular glycine betaine aldehyde
(17, 18). By extension, the elimination of choline dehydrogenase
(AbetA) is expected to increase the intracellular accumulation of
osmoprotective choline. To determine if increasing the intracel-
lular concentration of either osmoprotective compound during
the same hypersaline growth screens can rescue the emrE growth
phenotype, pEmrE and pEmrE-E14C were transformed into ei-
ther AbetA (JW0303) or AbetB (JW0304) gene deletion strains.
The expected outcome for this experiment was that exogenous
addition of betaine or choline to either E. coli AbetAB deletion
strain in the presence of pEmrE would rescue the EmrE-induced
osmotic hypersensitivity of the strain by the additional intracellu-
lar accumulation of osmoprotectants. In contrast to wild-type E.
coli strains transformed with pEmrE (Fig. 4), Fig. 5A shows a con-
sistent 1- to 1.4-fold increase in growth of all plasmid-trans-
formed E. coli JW0303 and JW0304 strains in hypersaline LB me-
dium in the presence or absence of betaine or choline. Since LB
medium has 100-fold greater osmolarity than M9 medium, this
result was not surprising for betA and betB deletion strains. Unex-
pectedly, only E. coli JW0303 or JW0304 strains transformed with
pEmrE grown in 0.75 or 1.0 M KCl containing M9 medium sup-
plemented with 10 mM betaine or choline reversed the loss-of-
growth phenotype observed for pEmrE-transformed wild-type E.
coli experiments (Fig. 5B). M9 medium hypersaline growth exper-
iments involving NaCl containing betaine or choline showed
lower fold growth changes of in either E. coli JW0303 or JW0304
transformed with pEmrE in comparison to KClI (Fig. 5B). The
difference between NaCl and KCl suggests that EmrE activity may
be reduced or inhibited in the presence of NaCl. Although the
results from hypersaline M9 medium osmoprotection growth as-
says suggest that KCl was preferential to NaCl, growth-rescuing
phenotypes were observed for E. coli AbetA and AbetB gene dele-
tion strains overexpressing emrE under hyperosmotic growth
conditions (LB medium). This outcome indicates that betaine and
choline are substrates of EmrE and when grown in an osmotically
limited growth medium (M9) for transport, either omsopro-
tectant is influenced by particular salts.

DISCUSSION

The results of this study strongly indicate that the expression of the
E. coli multidrug transporter emrE reduces the pH and osmotic
tolerance of its host by the transport of QCC-based osmopro-
tectants betaine and choline. Only functional emrE gene expres-
sion reduced the growth of E. coli in M9 medium at neutral (pH 7)
and alkaline (pH 8 to 9) pH (Fig. 1), and this effect does not
eliminate cell viability. Hyperosmotic growth assays of E. coli
pEmrE and pEmrE-E14C strains in hypersaline LB and M9 media
identified that both media resulted in a significant loss of growth
for cultures overexpressing functional emrE only (Fig. 2).

The loss-of-growth phenotype of E. coli overaccumulating
EmrE under defined hyperosmotic growth conditions supported
our hypothesis that QCC-based osmoprotectants are possible
substrates of SMR transporters. E. coli hypersaline growth assays
in the presence of various compounds identified that only betaine
and choline failed to rescue the loss-of-growth phenotype caused
by EmrE overaccumulation (Fig. 3 and 4). Other QCC-based os-
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moprotectants we examined using the hypersaline osmopro-
tectant screening method, such as carnitine, proline, and arginine,
failed to surpass the thresholds necessary to indicate statistically
significant transport (Fig. 3). One exception was hypersaline
screening experiments involving the osmoprotectant L-proline.
The addition of proline to M9 medium at high KCI concentrations
demonstrated a loss-of-growth phenotype in pEmrE-transformed
E. coli cultures only (Fig. 3B), suggesting that under particular
conditions, proline may be an additional substrate of EmrE. Stud-
ies of an unrelated QCC multidrug transporter from Lactobacillus
plantarum QacT have also demonstrated an affinity for the trans-
port of osmoprotectants glycine betaine and carnitine but low
affinities for proline (15). One explanation for the specific proline
affinity in our experiments may be due to the activities of alterna-
tive proline efflux mechanisms, such as mechanosensitive chan-
nels and its own dedicated transporter, ProP (as reviewed in ref-
erence 27). Furthermore, the uptake of betaine has been shown to
increase the growth rate of E. coli more than proline uptake and
results in intracellular (cytoplasmic) K™ depletion (9). Hence, the
intermediate-growth phenotypes of pEmrE-transformed E. coli
strain cultures observed in the presence of proline at high KCl
concentrations may be due to the activity of other osmotically
induced transport systems or due to a low EmrE affinity for pro-
line. It should be noted that the remaining QCC osmoprotectants,
L-carnitine and L-arginine, may still be potential substrates of
EmrE, but the conditions for their transport could be specifically
linked to an as-yet-undetermined conditional physiology or envi-
ronmental stress.

It is important to note that hypersaline overexpression exper-
iments performed with the same E. coli strain transformed with
plasmids expressing SugE, an SMR protein family member with a
limited transport profile in comparison to EmrE, did not alter
growth phenotypes in comparison to empty-vector controls (un-
published results). The differences between emrE and sugE pro-
vide additional evidence supporting functional differences and
evolutionary divergence within the SMR family and between mul-
tidrug transporters (5).

An important observation from the pH susceptibility growth
assays of plasmid-transformed BW25113(pEmrE) strains was the
significant lagin cell growth at neutral to alkaline pH ranges in M9
minimal medium (Fig. 1). The observable lag phase in growth was
not due to fluctuations in the measurable pH of the M9 medium
(which remained relatively constant) as determined at various
time points over the course of growth, indicating that the neutral
to alkaline pH influences EmrE activity. This suggests that acidic
environmental pH ranges may alter the transport function and
activity of EmrE in E. coli. Previous studies performed on the
Staphylococcus aureus SMR homologue QacC/Smr demonstrated
that SMR proteins were reliant on proton motive force to drive
QCC export, making SMR proteins secondary active transporters
(16, 20). pH-based alterations of EmrE substrate efflux have also
been demonstrated in studies involving purified EmrE protein
reconstituted into artificial membranes, which revealed changes
in QCC transport at acidic pH values (11, 22, 36, 38). Further
experimental exploration of pH-induced EmrE substrate trans-
port using this in vivo pH susceptibility screening method may
help resolve these issues.

Another important finding from this study was the apparent
difference in levels of E. coli host osmoprotection by betaine and
choline in the presence of EmrE at hypersaline NaCl and KCI in
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the presence of betaine or choline (Fig. 3, 4, and 5). The results
from this study indicate that hypersaline concentrations of NaCl
(>0.75 M) specifically inhibit the osmoprotective growth pheno-
type of osmotolerant E. coli strains (AbetA and AbetB) overex-
pressing emnrE in M9 medium in comparison to experiments in-
volving KCl in the presence of betaine or choline (Fig. 5). The
inhibition of osmotolerance caused by NaCl may be due to poi-
soning of the proton relay in pEmrE-transformed E. coli. In this
event, Na™ ions may inhibit the functional activity of EmrE by
competing with H* ions that are known to be coupled to EmrE
drug efflux activity. This may indicate that the K™ plays a role in
EmrE-meditated QCC/osmoprotectant transport activities, and
both salts should be examined in future EmrE transport studies.

The influence of pH and salinity on multidrug transporter ac-
tivity is not unprecedented. Another multidrug transporter in-
volved in QCC efflux, E. coli MdfA, alters host hypersaline toler-
ance to Na™ and K" ions and enhances host alkali tolerance (19).
Unlike MdfA overaccumulation, EmrE appears to enhance host
alkali susceptibility and decrease hypersaline tolerance, suggesting
that EmrE may participate in osmotic regulation by eliminating
the buildup of these compounds during or after significant os-
motic stress. SMR family protein involvement in host osmotic
susceptibility may also provide insight into why many multidrug
transporters have overlapping QCC substrates. In E. coli, a variety
of larger multidrug transporters (12 to 14 transmembrane
strands) transport similar QCC substrates recognized and trans-
ported by SMR proteins and include the YdhE (MdtK) multidrug
and toxic compound extrusion (MATE) transporter (21), the
AcrA and AcrB complex from the root nodulation and cell divi-
sion (RND) family (31), and the EmrA and EmrB transporter
complex of the major facilitator superfamily (MFS) (13). The
functional redundancy of QCC resistance conferred by diverse
transporter families may be select for a particular transporter to be
active under a particular physiological condition and for EmrE
may involve participation in an osmotic downshock. The presence
of multiple multidrug transporters with similar substrate recogni-
tions profiles often masks phenotypes derived solely from emrE
(29, 31) and may explain why single-gene deletions of emrE in E.
coli did not significantly alter hyperosmotic tolerance (see Fig. S1
and S2 in the supplemental material).

The hyperosmotic susceptibility screening method used for
this study indicates that betaine and choline are biologically
relevant QCC substrates of EmrE. Other substrates screened
herein, such as carnitine, proline, and arginine, were not iden-
tified as osmoprotectant substrates of EmrE under the condi-
tions examined in this study. In addition to their osmoprotec-
tive roles, the impact of betaine and choline transport by EmrE
may suggest that this particular SMR subclass (SMP) member
may regulate osmotic regulation by rapidly removing betaine
and choline osmoprotectants when E. coli cells no longer reside
under hyperosmotic growth conditions. In conclusion, this
screening method has identified that betaine and choline are
specific QCC osmoprotectant substrates of EmrE based on an
assay of various candidates. This method will provide a useful
nontoxic biologically relevant strategy to screen for other bio-
logical substrates of additional EmrE protein, other SMR ho-
mologues, or other unrelated multidrug transporters suspected
of cation efflux.
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