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Abstract
Multidrug transporters mediate the active extrusion of antibiotics and toxic ions from the

cell. This reaction is thought to be based on a switch of the transporter between two confor-

mational states, one in which the interior substrate binding cavity is available for substrate

binding at the inside of the cell, and another in which the cavity is exposed to the outside of

the cell to enable substrate release. Consistent with this model, cysteine cross-linking stud-

ies with the Major Facilitator Superfamily drug/proton antiporter LmrP from Lactococcus
lactis demonstrated binding of transported benzalkonium to LmrP in its inward-facing state.

The fluorescent dye Hoechst 33342 is a substrate for many multidrug transporters and is

extruded by efflux pumps in microbial and mammalian cells. Surprisingly, and in contrast to

other multidrug transporters, LmrP was found to actively accumulate, rather than extrude,

Hoechst 33342 in lactococcal cells. Consistent with this observation, LmrP expression was

associated with cellular sensitivity, rather than resistance to Hoechst 33342. Thus, we dis-

covered a hidden “Janus” amongst LmrP substrates that is translocated in reverse direction

across the membrane by binding to outward-facing LmrP followed by release from inward-

facing LmrP. These findings are in agreement with distance measurements by electron

paramagnetic resonance in which Hoechst 33342 binding was found to stabilize LmrP in its

outward-facing conformation. Our data have important implications for the use of multidrug

exporters in selective targeting of “Hoechst 33342-like” drugs to cells and tissues in which

these transporters are expressed.

Introduction
Drug transporters play a vital role in the intrinsic and acquired resistance of microorganisms
against antibiotics and cytotoxic agents [1–3]. Some of these drug transporters are rather spe-
cific for a drug or class of drugs, whereas others recognize a wide range of structurally diverse
substrates. Bacterial multidrug transporters fall into 5 protein families of which the Major
Facilitator Superfamily (MFS) is the largest [4]. The 408-amino-acid MFS member LmrP from
Lactococcus lactis functions as a drug-proton antiporter that utilizes both the membrane
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potential (interior negative) and the chemical proton gradient (interior alkaline) of the proton-
motive force to mediate the efflux of amphiphilic substrates from the cell [5–8]. Evidence for
the proton-motive force-dependent transport of drugs, independent of any other accessory
proteins, was provided in studies in proteoliposomes containing purified and functionally
reconstituted protein in which ion gradients were imposed artificially [9,10].

One typical LmrP substrate is the fluorescent dye Hoechst 33342. In aqueous solution,
Hoechst 33342 is essentially non-fluorescent, whereas its partitioning in the membrane and
binding to DNA are associated with a remarkable enhancement of the fluorescence intensity
[11]. LmrP-mediated Hoechst 33342 transport has mostly been studied in inside-out mem-
brane vesicles in which transport from the membrane to the aqueous buffer is associated with a
decrease in fluorescence [12]. The transport reaction in membrane vesicles is inhibited by
other LmrP substrates: competitively in the presence of quinine and verapamil, non-competi-
tively by nicardipin and vinblastin, and un-competitively by tetraphenylphosphonium ions
[12]. This finding suggested that LmrP has multiple drug binding sites, which would explain its
ability to transport drugs belonging to different classes of antibiotics including lincosamides,
macrolides, streptogramins, and tetracyclines [13]. LmrP is predicted to contain a large internal
substrate-binding cavity that contains catalytic carboxylates on its surface: D235 and E327 are
located in the apex, and D142 is located at a side [6]. All three carboxylates can function as pro-
ton binding sites, whereas D235 and E327 have also been implicated in the binding of the diva-
lent cationic substrates Ca2+ and propidium [7,9]. Residues Asp 128 and Asp 68, located in
cytosolic loops outside the internal cavity were also shown to be involved in the proton motive
force-mediated change of LmrP’s accessibility for substrates [14].

Using cysteine cross-linking techniques with a cysteine-less LmrP mutant containing I34C
in the N-terminal half and V240C in the C-terminal half, evidence was obtained that the pro-
tein can switch between at least two major conformational states that are interconverted by the
movement of both halves of the transporter, i.e., the inward-facing conformation in which
I34C and V240C are in close proximity and can interact with each other, and the outward-fac-
ing conformation in which these cysteines are too far apart for cross-linking [8]. Using this
method, it was found that the binding of the transport substrate benzalkonium to LmrP stabi-
lizes the protein in the inward-facing conformation in which the binding cavity is opened to
the inside of the cell. However, more recently, measurements of intramolecular distances in
LmrP by electron paramagnetic resonance (EPR) techniques suggested that the binding of
Hoechst 33342 to LmrP stabilizes the protein in the outward-facing conformation, and ques-
tioned the relevance of an inward-facing conformation for drug binding in the transport cycle
of LmrP [15].

The paradigm in these and related studies has always been that fluorescent dyes such as
ethidium, propidium and Hoechst 33342 are expelled from the cell by LmrP by active efflux.
Here, we studied Hoechst 33342 transport by LmrP in more detail, and conclude that the direc-
tion of transport is reversed in cells compared to that of other dyes. The active uptake of
Hoechst 33342 provides a connecting explanation for the recent hypotheses on LmrP’s trans-
port cycle.

Methods

Bacterial strains, plasmids, and growth conditions
Lactococcus lactis strain NZ9000 ΔlmrA ΔlmrCD [16] harboring the expression vector
pNZ8048 [17] without insert (control) or with the lmrP gene (pHLP5) [5] or lmrCD genes [18]
inserted downstream of the nisin A-inducible promoter [17] were grown at 30°C in M17 broth
(Oxoid Ltd., Basingstoke, UK) supplemented with 25 mM glucose and 5 μg/mL
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chloramphenicol. Cells grown in overnight (< 16 h) cultures were transferred into fresh
medium (1:25 v/v dilution) after which 10 pg/mL nisin A (0.1% v/v of the culture supernatant
of nisin A-producing L. lactis strain NZ9700 [17]) was added when the OD660 had reached
0.55 [8]. After 2 h of nisin-induced protein expression, cells were harvested by centrifugation at
3030 g for 10 min at 4°C.

Hoechst 33342 and ethidium transport in intact cells
For measurements of substrate accumulation in cells that generate metabolic energy (Figs 1A
and 2), cells were washed 3 times in ice-cold 50 mM KPi, 5 mMMgSO4 (pH 7.0) and re-sus-
pended in this buffer to an OD660 of 5.0, and kept on ice. In the transport experiments, the cell
suspensions were diluted in the KPi buffer at 30°C. Glucose (25 mM) was added 3 min before
the addition of 0.1 μMHoechst 33342 (trihydrochloride salt, fluoropure grade, Molecular
Probes, Thermofisher Scientific) or 2 μM ethidium (bromide salt, molecular grade, Promega).
Dye accumulation was monitored by fluorimetry in a Perkin Elmer LS-55B fluorescence spec-
trometer. Hoechst 33342 fluorescence was measured at excitation and emission wavelengths of
355 and 457 nm, respectively, with slit widths of 5 and 10 nm, respectively. For ethidium fluo-
rescence, the excitation and emission wavelengths were set to 500 and 580 nm, respectively,
with slit widths to 5 nm and 10 nm, respectively.

The fluorescence emission of Hoechst 33342 in cells is sensitive to environmental parame-
ters, such as intracellular pH, membrane potential, accessibility of chromosomal DNA and
plasma membrane to Hoechst 33342 binding, and many others. We therefore also measured
the concentration of free Hoechst 33342 in the culture supernatant using standardized condi-
tions. Cells were spun down 9 min after addition of Hoechst 33342 to measure the concentra-
tion of the free dye in the supernatant in a Hoechst 33342-to-DNA binding assay (Fig 1B). The

Fig 1. LmrP accumulates Hoechst 33342 in cells, whereas LmrCD disperses Hoechst 33342 in the extracellular buffer. (A) Lactococcal cells
expressing LmrP, LmrCD, or neither of these proteins (control) were first allowed to generate metabolic energy for 3 min through the addition of 25 mM
glucose before Hoechst 33342 was added at a final concentration of 0.1 μM. Hoechst 33342 transport over time was followed by fluorimetry. Fluorescence
traces represent data obtained in three independent experiments using different batches of cells. (B) The concentration of Hoechst 33342 in the supernatant
of the cell suspensions in (A) at 540 s was measured in triplicate after addition of 1 mg/mL calf thymus DNA, and is presented as mean ± SEM. (*, p < 0.05;
***; p < 0.001; ****, p < 0.0001).

doi:10.1371/journal.pone.0141991.g001
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supernatant was transferred into a sterile tube, to which calf thymus DNA (Trevigen Inc.) was
added to a final concentration of 1 mg/mL. Aliquots (in triplicate) were transferred into wells
of a sterile black 96-well plate. Fluorescence of the Hoechst 33342-DNA complex was mea-
sured in a Spectramax Gemini XS plate reader (with excitation and emission wavelengths of
355 and 457 nm, respectively) and compared with the fluorescence of Hoechst 33342 standards
in a calibration curve. For the calibration curve, calf thymus DNA was diluted in 50 mM KPi
(pH 7.0) supplemented with 5 mMMgSO4 and 25 mM glucose at 20°C. Hoechst 33342 was
added at a final concentration of 0, 0.025, 0.05, 0.075 and 0.1 μM. Aliquots of triplicates of
these dilutions were transferred to wells of a 96-well plate. Data were fitted by linear regression.

To measure dye efflux from preloaded cells (Figs 3A–3C and 4), cells were first ATP-
depleted by washing once with 50 mM KPi (pH 7.0) supplemented with 5 mMMgSO4, and
resuspending in the same KPi buffer containing 0.5 mM 2,4-dinitrophenol (DNP) [19]. Fol-
lowing incubation for 30 min at 30°C, cells were subsequently washed 3 times with ice-cold 50
mM KPi buffer (pH 7.0) containing 5 mMMgSO4, and re-suspended in this buffer to an
OD660 of 5.0 and kept on ice. Cells were pre-loaded at 30°C with 0.1 μMHoechst 33342 or
2 μM ethidium until the fluorescence emission reached a constant level. Glucose (25 mM) was
then added as a source of metabolic energy to assess active substrate efflux. After 15 min of
incubation in the presence of glucose, the cells were spun down in an Eppendorf 5415 D

Fig 2. LmrP expressing cells show reduced accumulation of ethidium compared to control cells. The substrate accumulation experiments described
in Fig 1A were performed with ethidium at a final concentration of 2 μM. Traces represent data obtained in three independent experiments using different
batches of cells.

doi:10.1371/journal.pone.0141991.g002
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centrifuge at 16,168g for 5 min to measure the free Hoechst 33342 concentration in the culture
supernatant (Fig 3D).

All Hoechst 33342 and ethidium transport experiments were performed in triplicate. Figs
1–4 contain representative traces of 3 or more independent experiments using separate batches
of cells. Fluorescence data are normalized to the fluorescence start level at t = 0 s to allow direct
comparisons between different strains. Hoechst 33342 concentrations in the supernatant were
measured in triplicate, and are presented as mean ± SEM. Significance was tested using Welch's
(unpaired) t-test.

Hoechst 33342 sensitivity of cells
Overnight cultures from glycerol stocks of L. lactis strain NZ9000 ΔlmrA ΔlmrCD harboring
the expression vector pNZ8048 without insert (control) and with the lmrP gene (pHLP5) were
grown in M17 containing 25 mM glucose and 5 μg/mL chloramphenicol. Cultures were grown
for about 16 h at 30°C, and then used to inoculate fresh medium for protein production

Fig 3. Active Hoechst 33342 efflux in cells is significant for LmrCD but weak for LmrP. (A-C) ATP-depleted cells with LmrCD (A), LmrP (B) or without
LmrCD or LmrP proteins (control) (C) were preloaded with Hoechst 33342 at a final concentration of 0.1 μM. At the arrow, 25 mM glucose was added to one
aliquot of the cells whereas in the other aliquot the cells remained de-energized. Traces are typical for data obtained in three independent experiments using
different batches of cells. (D) The concentration of Hoechst 33342 (mean ± SEM, n = 3) in the supernatant of the cell suspensions in (A-C) at 900 s was
measured after addition of 1 mg/mL calf thymus DNA. (*, p < 0.05; ***; p < 0.001).

doi:10.1371/journal.pone.0141991.g003
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through the addition of 10 pg/mL nisin at OD660 of 0.55. After 2 h of induction, the cells were
diluted ten-fold in fresh medium containing 10 pg/mL nisin A in the wells of a 96-well plate
after which Hoechst 33342 or ethidium was added as indicated in Fig 5. Growth was followed
over time at OD660 at 30°C in a Versamax microplate reader (Molecular Devices). For the
determination of the relative growth rates of the cultures in each of the wells, the exponential
phase of the growth curve was determined from the linear increase in a 10log(OD660) versus
time plot. The slope of this section was determined by simple linear regression. Heteroscedasti-
city-consistent standard errors of the corresponding slope coefficient were calculated. The
quality of the fit was significant in all cases (P< 0.05). Next, the relative growth rate was deter-
mined as the ratio of the growth rate in the presence of drug over the maximum growth rate in
the absence of drug. The drug concentration that caused a 50% reduction in the relative growth
rate (IC50) was then determined from a plot of the relative growth rate versus drug concentra-
tion (Fig 5).

Fig 4. LmrPmediates active efflux of ethidium. The efflux experiments described in Fig 3 were performed with ethidium at a final concentration of 2 μM.
Traces represent data obtained in three independent experiments using different batches of cells.

doi:10.1371/journal.pone.0141991.g004
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Results
Hoechst 33342 transport was measured in intact cells of L. lactis NZ9000 ΔlmrA ΔlmrCD
expressing LmrP or LmrCD via the NICE expression system [17], and in cells without expres-
sion of these multidrug transporters. Upon addition of Hoechst 33342 at a final concentration
of 0.1 μM to cells in which metabolic energy was generated from glucose catabolism, dye accu-
mulation in LmrCD expressing cells was low compared to control cells indicating active
LmrCD-mediated Hoechst 33342 efflux (Fig 1A). Due to its amphiphilic properties, Hoechst
33342 partitions easily into the cytoplasmic bilayer and from there over time to the inside of
the cell where it binds to DNA with a concomitant fluorescence intensity enhancement [11].
The modestly increasing fluorescence in control cells therefore served as the baseline for pas-
sive Hoechst 33342 influx in the cells. However, the much more rapid and overall higher accu-
mulation of Hoechst 33342 in LmrP expressing cells clearly indicated active LmrP-dependent
influx of the dye.

The fluorescence emission of Hoechst 33342 is greatly enhanced by the partitioning of the
dye in lipid membranes and by its binding to the minor groove in DNA. However, as these
interactions can be altered by protonation and/or deprotonation of the bis-benzimidazole
structure at 5 nitrogen atoms, the level of fluorescence emission by the dye in cells is a multifac-
torial parameter [20]. Therefore, the accumulation of Hoechst 33342 in cells was also evaluated
in a complementary assay based on the measurement under standardized conditions of the
remaining Hoechst 33342 concentration in the culture supernatant (Fig 1B). After 9 min of
incubation with 0.1 μMHoechst 33342, cells were spun down and aliquots of supernatant were
mixed with calf thymus DNA. Fluorescence of the Hoechst 33342-DNA complex was com-
pared with that of Hoechst 33342 standards. The measurements revealed significant differences
in the concentrations of free Hoechst 33342 in the cell suspensions. The concentration of
Hoechst 33342 was the highest in the supernatant of LmrCD expressing cells, which is consis-
tent with the efflux of Hoechst 33342 from these cells. A lower concentration was measured in
the supernatant of control cells, in line with the absence of LmrCD activity. Remarkably, a sig-
nificantly lower concentration than control was found in the supernatant of LmrP expressing

Fig 5. LmrPmediates cellular sensitivity to Hoechst 33342 but resistance to ethidium.Growth rate of LmrP-expressing lactococcal cells and cells
without LmrP expression (control) in the presence of up to 8.4 μMHoechst 33342 (A), or up to 24 μM ethidium (B) was determined relative to the maximum
growth rate in the absence of drug. The error bars for some of the data points were too small to be displayed, and are hidden behind the data point symbols.

doi:10.1371/journal.pone.0141991.g005
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cells, consistent with the enhanced accumulation of the dye in cells containing LmrP (Fig 1A).
Both the measurements of transport and extracellular Hoechst concentrations therefore sug-
gest active LmrP-mediated influx of Hoechst 33342 into lactococcal cells. The transport activity
of LmrP was also tested in the same cell suspensions in a robust ethidium transport assay that
is based on ethidium intercalation in intracellular nucleic acids (Fig 2). Upon addition of 2 μM
ethidium, dye accumulation remained low for LmrP expressing cells whereas control cells rap-
idly accumulated ethidium over time. Consistent with previous publications [6,7], these data
demonstrate LmrP’s ability to catalyze ethidium extrusion.

The ability of LmrP to mediate Hoechst 33342 efflux was tested in ATP-depleted cells in
which Hoechst 33342 was first allowed to accumulate until a steady-state level was reached.
Next, 25 mM glucose was added to the cells to allow the generation of metabolic energy to acti-
vate LmrP activity. The subsequent decrease in Hoechst 33342 fluorescence was most pro-
nounced for LmrCD expressing cells (Fig 3A) but was very weak for LmrP expressing cells (Fig
3B) compared to the control (Fig 3C). The free Hoechst 33342 concentration in the superna-
tant was quantified after a prolonged incubation of 15 min after glucose addition when no fur-
ther decrease in fluorescence could be observed. The same was done for cells without glucose
addition for exactly the same amount of time. A comparison of measured Hoechst 33342 con-
centrations in the supernatant suggested active Hoechst 33342 efflux from LmrP and LmrCD
expressing cells with a significantly greater efflux activity for the latter. The concentration of
Hoechst 33342 in the supernatant of control cells was indistinguishable in the presence or
absence of glucose (Fig 3D). The functionality of LmrP in the ATP-depleted cells was also
tested using ethidium as the substrate. The addition of glucose elicited a robust ethidium efflux
from the ethidium-loaded cells containing LmrP whereas control cells showed an increase in
ethidium fluorescence. The latter can be explained by the stimulation of the passive influx of
ethidium in these cells in response to the rise in the membrane potential (interior negative)
during glucose metabolism (Fig 4).

Finally, the active influx of Hoechst 33342 by LmrP in cells was also observed in growth
experiments in which LmrP expression was associated with a sensitivity for Hoechst 33342
compared to the control (Fig 5A). Here, LmrP expressing cells exhibited an IC50 value of
0.39 ± 0.04 μM as compared to 1.60 ± 0.02 μM for control cells. A similar experiment with
ethidium demonstrated the LmrP-mediated resistance against this dye (Fig 5B). In this case, an
IC50 value of 4.20 ± 0.11 μMwas determined for the control, whereas the IC50 value for LmrP
expressing cells exceeded 24 μM. These data show that LmrP expression confers Hoechst
33342 sensitivity on the lactococcal cells, rather than Hoechst 33342 resistance, whereas for
ethidium the usual resistance is observed.

Discussion
The MFS drug/proton antiporter LmrP confers resistance on lactococcal cells to 22 clinically
used antibiotics [13]. Many antibiotics are amphiphilic compounds that bind to the mem-
brane-water interface with exposure of their hydrophobic moieties to the phospholipid bilayer
and hydrophilic moieties to the aqueous environment [21]. Due to the close alignment of the
acyl chains of the phospholipids and the overall hydrophobicity of this region, the membrane
provides a barrier that limits the rate of passive influx of ions and antibiotics [22]. The cellular
uptake of drugs is facilitated by the presence of cationic moieties that enhance accumulation at
the inside surface of the membrane in response to the transmembrane potential (interior nega-
tive). Detailed studies have shown that LmrP mediates the transbilayer movement of the
amphiphilic cationic substrate TMA-DPH (1-(4-(trimethylamino)phenyl)-6-phenylhexa-
1,3,5-triene) from the inner leaflet of the cytoplasmic membrane to the external side of the cell
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[5], thus effectively facilitating the transbilayer efflux of substrate across a permeability barrier
at a rate that exceeds the rate of passive substrate influx.

Based on crystallographic data for secondary-active membrane transporters, including LacY
and LeuT, these transporters are thought to operate by an alternating mechanism involving at
least an inward-open and outward-open state [23,24] in which conformational transitions are
triggered by the binding and dissociation of substrate and coupling ion(s). This alternating
access mechanism is also likely to be relevant for LmrP, although the sequence of molecular
steps in proton and substrate binding and release, and their relation to the conformational
changes that underlie this mechanism, are not well resolved. For LmrP, two different models
have been proposed to explain drug efflux. Firstly, cysteine cross-linking studies with LmrP
C270S I34C V240C suggest that benzalkonium binding stabilizes a conformation that is
inward-facing (Model 1) [8]; a similar working model was also proposed for the E. coliMFS
multidrug transporter MdfA [25]. During proton-drug antiport, carboxylates in LmrP are pro-
tonated in the outward-facing conformation. This protonation facilitates a chemical proton
gradient-dependent conformational switch to the inward-facing conformation, which allows
(and might also require) substrate binding from the interior of the cell. Proton release at the
inside surface subsequently facilitates a second conformational switch in which dissociated car-
boxylates reorient back to outward-facing in a membrane potential (interior negative)-depen-
dent fashion. The cycle is completed by reprotonation of carboxylates at the external side of the
membrane with concomitant substrate release [8]. Secondly, a previous study on LmrP based
on distance measurements by EPR suggested that Hoechst 33342 binds from the cellular inte-
rior to the outward-facing state, rather than the inward-facing state, and proposed that subse-
quent proton binding coordinates substrate release from this state into the extracellular
environment (Model 2) [15]. Proton movement via acidic residues eventually leads to proton-
ation of Asp68 at the intracellular side of LmrP, which induces closure of LmrP on the extracel-
lular side with concomitant opening on the intracellular side. This opening is thought to lead
to (partial) exposure to the intracellular milieu, allowing for deprotonation of Asp68, at which
point LmrP is thought to re-set to the resting (occluded) state [15]. A new cycle of Hoechst
33342 binding to the outward-facing state can now be initiated.

These two models were developed using experimental procedures that differed methodolog-
ically in the choice of substrates. Whereas the studies leading to Model 1 used benzalkonium
and ethidium as substrates that are known to be effluxed by LmrP via substrate-proton antiport
[8], Model 2 was based on the interaction of LmrP with Hoechst 33342. Our study shows that,
in fact, the addition of Hoechst 33342 to the external side of LmrP-expressing cells results in
active influx of Hoechst 33342. The stabilization of an outward-facing state by Hoechst 33342
but inward-facing state by benzalkonium can now be explained in the light of LmrP’s opposite
direction of transport for these substrates. For each of these, the substrate initially binds to the
transporter at the side of the membrane from where transport is initiated. The uptake of
Hoechst 33342 by LmrP is unexpected, as LmrCD and other multidrug transporters mediate
the efflux of both substrates (see Fig 1). In our experiments, a weak LmrP-mediated efflux of
Hoechst 33342 was only observed after a substantial intracellular pool of the dye was generated
through preloading of the cells (Fig 3B). Our experiments on LmrP-mediated influx of Hoechst
33342 in cells have implications for earlier observations on LmrP-mediated Hoechst 33342
transport in lactococcal inside-out membrane vesicles [12,13], which might reflect transport of
Hoechst 33342 from the membrane to the external buffer rather than the lumen of these mem-
brane vesicles.

Substrate uptake by multidrug transporters is an interesting feature that might be exploited
therapeutically in the future to selectively target cells and tissues in which multidrug transport-
ers are upregulated. We previously studied drug uptake by ATP-binding cassette exporters in
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ATP-depleted cells [19,26]. Our finding of active LmrP-mediated Hoechst 33342 uptake in
cells now extends these observations to an MFS multidrug transporter in cells that generate
metabolic energy.

Acknowledgments
AN is a recipient of a Herchel-Smith Scholarship. Research in the Van Veen group is also sup-
ported by the Biotechnology and Biological Sciences Research Council (BBSRC), the Medical
Research Council (MRC), the Human Frontier Science Program (HFSP), the British Society for
Antimicrobial Chemotherapy (BSAC), and the Cambridge Commonwealth, European and
International Trust.

Author Contributions
Conceived and designed the experiments: HWvV AN. Performed the experiments: AN. Ana-
lyzed the data: AN HWvV. Contributed reagents/materials/analysis tools: HWvV. Wrote the
paper: HWvV AN.

References
1. Poole K. Efflux-mediated antimicrobial resistance. J Antimicrob Chemother 2005; 56: 20–51. PMID:

15914491

2. Putman M, van Veen HW, KoningsWN. Molecular properties of bacterial multidrug transporters. Micro-
biol Mol Biol Rev 2000; 64: 672–693. PMID: 11104814

3. Borges-Walmsley MI, McKeegan KS, Walmsley AR. Structure and function of efflux pumps that confer
resistance to drugs. Biochem J 2003; 376, 313–338. PMID: 13678421

4. Paulsen IT, Brown MH, Skurray R. Proton-dependent multidrug efflux systems. Microbiol Rev 1996;
60: 575–608. PMID: 8987357

5. Bolhuis H, van Veen HW, Brands JR, PutmanM, Poolman B, Driessen AJ, et al. Energetics and mech-
anism of drug transport mediated by the lactococcal multidrug transporter LmrP. J Biol Chem 1996;
271: 24123–24128. PMID: 8798651

6. Bapna A, Federici L, Venter H, Velamakanni S, Luisi B, Fan TP, et al. Two proton translocation path-
ways in a secondary active multidrug transporter. J Mol Microbiol Biotechnol 2007; 12: 197–209.
PMID: 17587868

7. Schaedler TA, van Veen HW. A flexible cation binding site in the multidrug major facilitator superfamily
transporter LmrP is associated with variable proton coupling. FASEB J 2010; 24: 3653–3661. doi: 10.
1096/fj.10-156927 PMID: 20472749

8. WangW, van Veen HW. Basic residues R260 and K357 affect the conformational dynamics of the
major facilitator superfamily multidrug transporter LmrP. PLoS One 2012; 7(6): e38715. doi: 10.1371/
journal.pone.0038715 PMID: 22761697

9. Schaedler TA, Tong Z, van Veen HW. The multidrug transporter LmrP protein mediates selective cal-
cium efflux. J Biol Chem 2012; 287: 27682–27690. doi: 10.1074/jbc.M112.372334 PMID: 22730320

10. Gbaguidi B, Hakizimana P, Vandenbussche G, Ruysschaert JM. Conformational changes in a bacterial
multidrug transporter are phosphatidylethanolamine-dependent. Cell Mol Life Sci 2007; 64: 1571–
1582. PMID: 17530171

11. Shapiro AB, Ling V. Extraction of Hoechst 33342 from the cytoplasmic leaflet of the plasmamembrane
by P-glycoprotein. Eur J Biochem 1997; 250: 122–129. PMID: 9431999

12. Putman M, Koole LA, van Veen HW, KoningsWN. The secondary multidrug transporter LmrP contains
multiple drug interaction sites. Biochemistry 1999; 38: 13900–13905. PMID: 10529235

13. Putman M, van Veen HW, Degener JE, KoningsWN. The lactococcal secondary multidrug transporter
LmrP confers resistance to lincosamides, macrolides, streptogramins and tetracyclines. Microbiology
2001; 147: 2873–2880. PMID: 11577166

14. Gbaguidi B, Mazurkiewicz P, KoningsWN, Driessen AJ, Ruysschaert JM, Vigano C. Proton motive
force mediates a reorientation of the cytosolic domains of the multidrug transporter LmrP. Cell Mol Life
Sci 2004; 61: 2646–2657. PMID: 15526169

Active Hoechst 33342 Uptake by LmrP

PLOSONE | DOI:10.1371/journal.pone.0141991 November 5, 2015 10 / 11

http://www.ncbi.nlm.nih.gov/pubmed/15914491
http://www.ncbi.nlm.nih.gov/pubmed/11104814
http://www.ncbi.nlm.nih.gov/pubmed/13678421
http://www.ncbi.nlm.nih.gov/pubmed/8987357
http://www.ncbi.nlm.nih.gov/pubmed/8798651
http://www.ncbi.nlm.nih.gov/pubmed/17587868
http://dx.doi.org/10.1096/fj.10-156927
http://dx.doi.org/10.1096/fj.10-156927
http://www.ncbi.nlm.nih.gov/pubmed/20472749
http://dx.doi.org/10.1371/journal.pone.0038715
http://dx.doi.org/10.1371/journal.pone.0038715
http://www.ncbi.nlm.nih.gov/pubmed/22761697
http://dx.doi.org/10.1074/jbc.M112.372334
http://www.ncbi.nlm.nih.gov/pubmed/22730320
http://www.ncbi.nlm.nih.gov/pubmed/17530171
http://www.ncbi.nlm.nih.gov/pubmed/9431999
http://www.ncbi.nlm.nih.gov/pubmed/10529235
http://www.ncbi.nlm.nih.gov/pubmed/11577166
http://www.ncbi.nlm.nih.gov/pubmed/15526169


15. Masureel M, Martens C, Stein RA, Mishra S, Ruysschaert JM, Mchaourab HS, et al. Protonation drives
the conformational switch in the multidrug transporter LmrP. Nat Chem Biol 2014; 10: 149–155. doi:
10.1038/nchembio.1408 PMID: 24316739

16. Venter H, Velamakanni S, Balakrishnan L, van Veen HW. On the energy-dependence of Hoechst
33342 transport by the ABC transporter LmrA. Biochem Pharmacol 2008; 75: 866–874. PMID:
18061142

17. de Ruyter PG, Kuipers OP, de VosWM. Controlled gene expression systems for Lactococcus lactis
with the food-grade inducer nisin. Appl Environ Microbiol 1996; 62: 3662–3667. PMID: 8837421

18. Barrera NP, Isaacson SC, Zhou M, Bavro VN, Welch A, Schaedler TA, et al. Mass spectrometry of
membrane transporters reveals subunit stoichiometry and interactions. Nat Methods 2009; 6: 585–
587. doi: 10.1038/nmeth.1347 PMID: 19578383

19. Balakrishnan L, Venter H, Shilling RA, van Veen HW. Reversible transport by the ATP-binding cassette
multidrug export pump LmrA: ATP synthesis at the expense of downhill ethidium uptake. J Biol Chem
2004; 279: 11273–11280. PMID: 14660649

20. Alemán C, Namba AM, Casanovas J. Acid-base and electronic structure-dependent properties of
Hoechst 33342. J Biomol Struct Dyn 2005; 23: 29–36. PMID: 15918674

21. Siarheyeva A, Lopez JJ, Glaubitz C. Localization of multidrug transporter substrates within model mem-
branes. Biochemistry 2006; 45: 6203–6211. PMID: 16681393

22. Walter A, Gutknecht J. Permeability of small nonelectrolytes through lipid bilayer membranes. J Membr
Biol 1986; 90: 207–217. PMID: 3735402

23. Kaback HR, Smirnova I, Kasho V, Nie Y, Zhou Y. The alternating access transport mechanism in LacY.
J Membr Biol 2011; 239: 85–93. doi: 10.1007/s00232-010-9327-5 PMID: 21161516

24. Penmatsa A, Gouaux E. How LeuT shapes our understanding of the mechanisms of sodium-coupled
neurotransmitter transporters. J Physiol 2014; 592: 863–869. doi: 10.1113/jphysiol.2013.259051
PMID: 23878376

25. Fluman N, Ryan CM, Whitelegge JP, Bibi E. Dissection of mechanistic principles of a secondary multi-
drug efflux protein. Mol Cell 2012; 47: 777–787. doi: 10.1016/j.molcel.2012.06.018 PMID: 22841484

26. Woebking B, Velamakanni S, Federici L, Seeger MA, Murakami S, van Veen HW. Functional role of
transmembrane helix 6 in drug binding and transport by the ABC transporter MsbA. Biochemistry 2008;
47: 10904–10814. doi: 10.1021/bi800778d PMID: 18803398

Active Hoechst 33342 Uptake by LmrP

PLOSONE | DOI:10.1371/journal.pone.0141991 November 5, 2015 11 / 11

http://dx.doi.org/10.1038/nchembio.1408
http://www.ncbi.nlm.nih.gov/pubmed/24316739
http://www.ncbi.nlm.nih.gov/pubmed/18061142
http://www.ncbi.nlm.nih.gov/pubmed/8837421
http://dx.doi.org/10.1038/nmeth.1347
http://www.ncbi.nlm.nih.gov/pubmed/19578383
http://www.ncbi.nlm.nih.gov/pubmed/14660649
http://www.ncbi.nlm.nih.gov/pubmed/15918674
http://www.ncbi.nlm.nih.gov/pubmed/16681393
http://www.ncbi.nlm.nih.gov/pubmed/3735402
http://dx.doi.org/10.1007/s00232-010-9327-5
http://www.ncbi.nlm.nih.gov/pubmed/21161516
http://dx.doi.org/10.1113/jphysiol.2013.259051
http://www.ncbi.nlm.nih.gov/pubmed/23878376
http://dx.doi.org/10.1016/j.molcel.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22841484
http://dx.doi.org/10.1021/bi800778d
http://www.ncbi.nlm.nih.gov/pubmed/18803398

