












transporter showing marked transport activity for all three dyes
(Fig. 3). EfrAB and especially EfrEF exhibited strong ethidium
transport and were also capable of Hoechst 33342 transport (Fig.
3). Interestingly, the other four transporters (EF0942/41, EF1592/
93, EF1733/32, and EF2593/92) failed to exhibit measurable trans-
port activity for these three typical multidrug efflux compounds
(Fig. S1 in the supplemental material).

Overexpression of EfrAB, EfrCD, and EfrEF in L. lactiscon-
fers multidrug resistance. Further, we investigated whether over-
expression of the transporters renders L. lactis NZ9000 �lmrA
�lmrCD more resistant to drugs and dyes. Overexpression of the
transporter EfrCD resulted in increased resistance to tetracycline,
rifampin, daunorubicin, doxorubicin, acriflavine, ethidium, and
Hoechst 33342 (Table 3). EfrAB and EfrEF exhibited drug efflux

FIG 3 Fluorescent dye transport mediated by EfrAB, EfrCD, and EfrEF. Fluorescence spectroscopy was used to measure the accumulation of ethidium (a),
Hoechst 33342 (b), and BCECF-AM (c) by L. lactis NZ9000 �lmrA �lmrCD cells expressing the respective wild-type or inactive E-to-Q mutant transporter.
Active efflux manifests in a slower increase of fluorescence.

TABLE 3 Increase in drug resistance upon overexpression of enterococcal transporters in L. lactis

Drug tested

Fold change in MICa with overexpression of:

EfrAB EfrCD EfrEF EF0942/41 EF1592/93 EF1733/32 EF2593/92

Ciprofloxacin 1 1 2 1 1 1 1
Norfloxacinb 1.5 1 2 1 1 1 1
Ofloxacin 2 1 2 1 1 1 1
Gentamicin 1 1 1 1 1 1 1
Kanamycin 1 1 1 1 1 1 1
Minocycline 1 1 1 1 1 1 1
Tetracyclineb 1.5 1.5 1 1 1 1.5 1
Rifampin 1 2 1 1 1 1 1
Daunorubicin 2 16 4 1 1 1 1
Doxorubicin 2 32 8 1 1 1 1
Acriflavine 2 2 4 1 1 1 1
Ethidium 4 4 4 1 1 1 1
Hoechst 33342b 1.5 4 2 1 1 1 1
a Calculated as the MIC for cells expressing the wild-type transporter divided by the MIC for cells expressing the inactive E-to-Q mutant. MICs were determined in GM17, 5 �g/ml
chloramphenicol, and 1:5,000 (vol/vol) nisin after 16 h at 30°C from a minimum of three independent experiments.
b MICs were determined using a narrow series of drug concentrations, which allowed the measurement of MIC differences of �2-fold.
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spectra similar to that of EfrCD but were also capable of exporting
the fluoroquinolones ciprofloxacin (a 2-fold MIC increase was
conferred by EfrEF), norfloxacin (a 1.5-fold MIC increase was
conferred by EfrAB and a 2-fold MIC increase by EfrEF), and
ofloxacin (2-fold MIC increases were conferred by EfrAB and
EfrEF). EfrCD exhibited the strongest phenotype for multidrug
transport, displaying 16-fold and 32-fold increases in the MICs of
daunorubicin and doxorubicin, respectively. This is in agreement
with the observations of the E. faecalis gene deletions and the
transport activity measurements with fluorescent dyes in L. lactis.
With the remaining four transporters, EF0942/41, EF1592/93,
EF1733/32, and EF2593/92, no major MIC changes (�2-fold)
were observed for any compound tested. Of note, the 1.5-fold-
increased MIC of tetracycline mediated by EF1733/32, although
reproducibly and accurately measured, was not considered strong
enough to justify the conclusion that this transporter is a drug
efflux pump.

Purification of the seven enterococcal ABC transporters. In-
sufficient overexpression or protein aggregation in L. lactis
NZ9000 �lmrA �lmrCD could explain why four out of seven
transporters did not exhibit drug transport activities. To explore
this possibility, the seven transporters were overexpressed in, and
purified from, L. lactis via a deca-His tag attached to the N termi-
nus of the first chain of the heterodimeric transporter complex. In
agreement with previous studies on LmrCD (43), PatAB (25), and
TM287/288 (20), the enterococcal transporters were purified as
heterodimers, as judged from SDS-PAGE (Fig. 4; see also Fig. S2 in
the supplemental material), indicating that a stable heterodimeric
complex was formed between the corresponding half-transport-
ers. The identities of the SDS-PAGE bands corresponding to EfrC

and EfrD (Fig. 4c) were confirmed by matrix-assisted laser de-
sorption ionization—time of flight (MALDI-TOF) analysis (not
shown). Size exclusion chromatography analysis of the Ni2	-
NTA-purified transporters revealed that they elute at a retention
volume of ca. 11 ml, which corresponds to the size of a typical
heterodimeric ABC exporter (44) (Fig. S2). Hence, without any
exception, the transporter complexes appeared to be well folded
and even withstood the protein purification procedure, including
extraction from the membrane by detergent. This provides strong
evidence that in the native context of the membrane, all transport-
ers are correctly assembled, precluding protein aggregation as a
cause for missing transport activity. For all transporters, an inac-
tive E-to-Q mutant was purified and served as a negative control
in the ATPase activity measurements for background subtraction.
The expression levels of the E-to-Q mutants were equal to those of
the wild-type transporters (not shown). A narrow fraction of the
SEC peak eluting at 11 ml was used for the determination of basal
ATPase activity. (Basal activity stands for the ATP turnover of an
ABC transporter in the absence of added substrates.) Except for
EF1592/93, all transporters exhibited basal ATPase activities when
measured in the presence of 1 mM ATP at 30°C. However, the
ATP hydrolysis rates observed differed markedly, ranging from
350 to 12,000 nmol Pi/min/mg of protein (Table 4).

Reconstitution of EfrAB, EfrCD, and EfrEF into proteolipo-
somes. To investigate drug-induced modulation of the ATPase
activity in a native environment, we reconstituted the four trans-
porters EfrAB, EfrCD, EfrEF, and EF0942/41 (for each wild type
and inactive E-to-Q mutant) into proteoliposomes. EF0942/41
was used as a control, because it can be well expressed and purified
and exhibits basal ATPase activity but does not show multidrug

FIG 4 Expression and purification of EfrCD. (a) L. lactis expression construct containing the deca-His tag and 3C protease cleavage site followed by the ORFs
encoding EfrC and EfrD. (b) Homology model of EfrCD based on the coordinates of TM287/288. EfrC is shown in aquamarine and EfrD in pink, and the
conserved Walker B glutamate (E512) of the consensus site is highlighted as blue sticks. The deca-His tag and 3C protease cleavage site are attached to the N
terminus of EfrC. (c) SDS-PAGE analysis of the different purification steps. Lanes: 1, Ni2	-NTA elution; 2, PD-10 elution; 3, after 3C protease cleavage; 4, after
Ni2	-NTA rebinding; 5, main peak fraction of size exclusion chromatography separation. (d) Size exclusion chromatogram of EfrCD using a Superdex 200
Increase 10/300 GL column. A280 is shown in black and A254 in gray. The main peak, eluting at ca. 11 ml, corresponds to an EfrCD heterodimer.
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efflux activity. Relative to those of detergent-purified proteins, the
basal ATPase activities of reconstituted proteins were decreased
for EfrAB, EfrCD, and EfrEF but were increased for EF0942/41
(Table 4). With the reconstituted transporters, drug-induced
modulation of ATPase activity was measured in the presence of
daunorubicin, ethidium, and Hoechst 33342 (Fig. 5). These drugs
and dyes were chosen because they are all transported by EfrAB,
EfrCD, and EfrEF. Multidrug ABC transporters respond in vari-
ous ways to drug addition. There are reports of ATPase activation
and inhibition (45, 46), as well as the occurrence of bell-shaped
curves (47–49). In the majority of our measurements, we observed
bell-shaped curves for the three multidrug transporters. ATPase
inhibition as a result of drug addition was occasionally observed as
well. Among the multidrug transporters, the magnitude of the
responses differed greatly. Importantly, there were only minor
modulations of ATPase activity for the control protein EF0942/41.

For daunorubicin, a strong response in the form of a bell-
shaped curve was seen for EfrCD, whereas the ATPase activities of
EfrAB and EfrEF declined markedly in the concentration range of
10 to 200 �M (Fig. 5a). The marked response for EfrCD correlates
well with its capacity to transport this drug efficiently; upon EfrCD
expression in L. lactis, the MIC of daunorubicin is increased 16-
fold, while expression of EfrAB and EfrEF leads to MIC increases
of 2- and 4-fold, respectively (Table 3). The control protein
EF0942/41 did not respond at all, indicating that there is no non-
specific effect on the ATPase activities of ABC transporters in the
daunorubicin concentration range sampled.

For ethidium, a bell-shaped curve with a large magnitude was
observed for EfrEF, and the ATPase activity of EfrAB was modestly
stimulated in the range of 10 to 100 �M (P, �0.05 for comparison
by t test to the EF0942/41 control for all measurement points in
this range) (Fig. 5b). In contrast, the ATPase activity of EfrCD was
inhibited in the range of 100 to 200 �M (P, �0.05 for comparison
to EF0942/41 by t test). The differences among the three multi-
drug transporters correlate well with the results of the transport
experiments monitored by ethidium fluorescence (Fig. 3a), in
which EfrEF exhibits the strongest and EfrCD the weakest
ethidium transport activity. However, according to MIC determi-
nations in L. lactis, the three multidrug transporters had equal
abilities to confer ethidium resistance (Table 3).

For Hoechst 33342, all three multidrug transporters exhibited
bell-shaped curves (Fig. 5c). In agreement with its pronounced
transport phenotype in L. lactis as monitored by fluorescence and
MIC determination, EfrCD exhibited distinct stimulation of its
ATPase activity by Hoechst 33342 in proteoliposomes. Maximal
stimulation of 165% for EfrAB was seen at a Hoechst 33342 con-

centration of 20 �M, while EfrEF had its maximum of 130% at 2.5
�M Hoechst 33342, indicating that EfrEF has a higher affinity for
Hoechst 33342 than EfrAB. This difference in affinity may explain
the slight differences observed between these transporters in the
Hoechst 33342 transport assay based on fluorescence as well as in

TABLE 4 Basal ATPase activities in detergent and proteoliposomes

Transporter

Basal activity (nmol Pi/min/mg of protein) in:

Detergent Proteoliposomes

EfrAB 3,689 � 61 939 � 76
EfrCD 2,329 � 130 549 � 66
EfrEF 805 � 11 146 � 14
EF0942/41 578 � 9 1,663 � 137
EF1592/93a �0.3 � 2.4 NDb

EF1733/32 348 � 4 ND
EF2593/92 12,146 � 536 ND
a This purified transporter had no measurable ATPase activity.
b ND, not determined.

FIG 5 Drug-modulated ATPase activities of reconstituted enterococcal ABC
exporters. The ATPase activities of EfrAB, EfrCD, EfrEF, and EF0942/41 were
measured in the presence of daunorubicin (a), ethidium (b), and Hoechst
33342 (c) at drug concentrations ranging from 0.1 �M to 200 �M. ATPase
activities were normalized to the basal activity of the respective transporter in
the absence of drugs (set at 100%). The error bars correspond to the standard
deviations for three technical replicates. The x axis has a logarithmic scale.
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the resistance assays based on MIC determinations; in both trans-
port assays, EfrEF transported Hoechst 33342 more efficiently
than EfrAB. The ATPase activity of the control transporter
EF0942/41 was not totally insensitive to the addition of Hoechst
33342. We observed a slight stimulation in the range of 20 to 50
�M and a distinct decrease in activity at 150 �M and 200 �M
Hoechst 33342. EF0942/41, therefore, may recognize and trans-
port Hoechst 33342 to some extent, but not sufficiently well to
generate an observable transport phenotype. Alternatively,
Hoechst 33342 may have intercalated into the lipid bilayer of the
proteoliposome and in this manner indirectly influenced the
properties of the transporter by changing the fluidity of the mem-
brane.

It should be noted that with detergent-purified transporters,
the ATPase activity was never seen to be stimulated, but was only
inhibited, in the presence of transporter substrates (not shown).
This indicates that drug modulation experiments need to be car-
ried out in the context of a native lipid bilayer.

DISCUSSION

Can multidrug transporters be identified on the basis of their se-
quences? In this study, we addressed this fundamental question by
characterizing seven heterodimeric ABC exporters of E. faecalis.
According to their entries in the National Center for Biotechnol-
ogy Information (NCBI) database, these enterococcal transport-
ers are all predicted to function as “ABC-type multidrug transport
systems.” One of them, EfrAB, was previously described as a mul-
tidrug efflux pump when overexpressed in E. coli (12).

We thoroughly investigated the transporters in three comple-
mentary experimental settings. First, gene deletions in E. faecalis
permitted us to study the transporters’ contributions to drug ef-
flux in the native context of this pathogenic bacterium. Second,
overexpression in L. lactis, a closely related cousin of E. faecalis,
permitted us to study the drug efflux capacities of the transporters
independently of gene regulation in the native host. Third, bio-
chemical experiments using purified and membrane-reconsti-
tuted transporters offered clues about the coupling between the
transport substrate binding and ATPase activities of the trans-
porters.

Our analysis revealed that only three of the seven predicted
ABC multidrug transporters transported dyes and drugs that are
recognized by typical drug efflux pumps. This finding, however,
does not exclude the possibility that the remaining four transport-
ers transport drugs that were not part of our screen. Under our
experimental conditions, we found that the product of the ef0789–
ef0790 genes was the major multidrug efflux pump in E. faecalis
among the set of ABC transporters investigated, and we named it
EfrCD. The strong efflux activity and broad substrate spectrum of
EfrCD were confirmed in L. lactis, and the ATPase activity of the
purified and reconstituted transporter is robustly modulated by
the drugs it transports. EfrCD is phylogenetically more closely
related to L. lactis LmrCD (58.6% identity) and S. pneumoniae
PatAB (57.4% identity) than to any of the other six enterococcal
ABC transporters investigated in this study (Fig. 1; also Table S1 in
the supplemental material). It is therefore not surprising that the
substrate spectrum of EfrCD closely resembles that of LmrCD,
which has been shown to confer strong resistance to daunorubicin
and exhibits robust transport of the fluorescent dyes ethidium,
Hoechst 33342, and BCECF-AM (30, 43). PatAB has been shown
to transport acriflavine and ethidium, but in contrast to EfrCD, it

also confers resistance to the fluoroquinolones ciprofloxacin and
norfloxacin (24, 50).

EfrAB was described previously as a drug efflux pump expel-
ling multiple dyes and drugs when overexpressed in E. coli (12).
Interestingly, we found that deletion of the efrAB genes in E. faeca-
lis had only minor consequences for the drug susceptibility profile,
affecting resistance to acriflavine and ethidium in the E. faecalis
strain 4205. In agreement with the findings of Lee et al. (12), EfrAB
transported a large set of drugs upon heterologous overexpres-
sion, including doxorubicin, daunorubicin, acriflavine, ethidium,
and norfloxacin. These observations suggest that EfrAB is poorly
expressed in its native host, E. faecalis, but has the capacity to
pump drugs when overexpressed from a plasmid. In analogy, the
expression of EfrEF must be low in E. faecalis under our experi-
mental conditions, because the corresponding gene deletion re-
sults only in 2-fold-decreased resistance to one of the drugs tested,
namely, acriflavine. When overexpressed in L. lactis, EfrEF exhib-
ited a drug efflux profile very similar to that of EfrAB, with which
it shares a sequence identity of 38.9%. EfrEF was the only trans-
porter exhibiting a drug efflux phenotype for ciprofloxacin, nor-
floxacin, and ofloxacin, and it potentially confers resistance to
these fluoroquinolones when derepressed in E. faecalis by muta-
tions.

The remaining four transporters—EF0942/41, EF1592/93,
EF1733/32, and EF2593/92—were unable to transport any of the
drugs included in this study, even when overexpressed in L. lactis
(an exception is a modest, but reproducibly measured, 1.5-fold-
increased MIC of tetracycline with EF1733/32). We showed that
all transporters can be purified as heterodimers in detergent after
overexpression in L. lactis. Therefore, low expression and/or pro-
tein aggregation can be excluded as reasons for lacking multidrug
transport activity. Moreover, except for EF1592/93, the purified
transporters exhibited basal ATPase activity, providing clear evi-
dence that they undergo the conformational cycling required for
transport. The missing ATPase activity of EF1592/93 may be ex-
plained by inactivation of the transporter in the presence of deter-
gent or the lack of ATPase activity in the absence of the transport
substrate. It is well known that the peptide transporter TAP1/2
strictly requires peptide binding to the TMDs to trigger ATP hy-
drolysis (51).

Our observations suggest that EF0942/41, EF1733/32, and
EF2593/92 (and probably also EF1592/93) likely do not operate as
multidrug efflux pumps, although that is their annotated func-
tion. In agreement with its lack of a drug efflux phenotype, the
ATPase activity of reconstituted EF0942/41 is not modulated by
daunorubicin, ethidium, or Hoechst 33342. In contrast, the
ATPase activities of the verified multidrug transporters EfrAB,
EfrCD, and EfrEF are modulated by their transport substrates
daunorubicin, ethidium, and Hoechst 33342, indicating specific
coupling between the drug binding site at the TMDs and ATP
hydrolysis at the NBDs. Drug-induced ATPase modulation pro-
files manifested mainly as bell-shaped curves. These curves have
been interpreted previously as arising from a sum of stimulating
and inhibiting effects of drug addition. At low drug concentra-
tions, ATPase activity is stimulated due to drug binding to its
high-affinity site. At higher drug concentrations, ATPase activity
decreases again due to the presence of a low-affinity drug release
site, which becomes occupied at elevated drug concentrations,
leading to inhibition of the transport cycle and ATPase activity
(47). We also observed purely inhibitory curves, as, for example,
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for EfrAB in the presence of daunorubicin. In light of their strong
correlation with transport, the ATPase activities of the reconsti-
tuted ABC transporters represent an excellent experimental read-
out for identification of further drug substrates of EfrAB, EfrCD,
and EfrEF.

In summary, our analysis revealed two novel ABC multidrug
transporters of E. faecalis, which—in analogy to the previously
identified transporter EfrAB—were called EfrCD and EfrEF.
Among these three transporters, EfrCD plays the most prominent
role in the native context of E. faecalis, presumably because its
protein production level is highest. On the basis of extensive bio-
chemical experiments, four of seven ABC transporters appear to
be unable to translocate the typical multidrug efflux transporter
drugs included in this study, although they are annotated accord-
ing to their protein sequences as “ABC-type multidrug transport
systems.” It is well documented that multidrug transporters also
recognize endogenous substrates and thereby fulfill physiological
functions in the cell (52). It is therefore likely that the seven trans-
porters recognize substrates other than dyes and drugs and that a
subset—EfrAB, EfrCD, and EfrEF—are, in addition, capable of
extruding drugs. Our analysis provides an excellent starting point
for the identification of critical differences between closely related
transporters, of which only a fraction appear to be capable of
multidrug transport. Molecular hallmarks of drug efflux pumps
are likely to be determined in future studies and will permit reli-
able prediction of drug efflux pumps based on their amino acid
sequences.
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