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The largest family of solute transporters (major facilitator superfamily [MFS]) includes proton-motive-
force-driven secondary transporters. Several characterized MFS transporters utilize essential acidic residues
that play a critical role in the energy-coupling mechanism during transport. Surprisingly, we show here that
no single acidic residue plays an irreplaceable role in the Escherichia coli secondary multidrug transporter
MdfA.

One mechanism of bacterial drug resistance involves the
extrusion of drugs from the cell by membrane transporters (13,
18, 19, 28, 31). Transporters, which handle a wide spectrum of
structurally dissimilar drugs, are called multidrug (Mdr) trans-
porters (18, 25). The substrate recognition profile of Mdr

transporters usually encompasses structurally unrelated cat-
ionic lipophilic compounds, although negatively charged,
neutral, or zwitterionic compounds are also substrates of
Mdr transporters (7, 9, 17, 31). The bacterial Mdr transport-
ers fall into one of five families, the largest of which is the
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FIG. 1. Neutralization of individual acidic residues in MdfA. (A) Acidic residues are marked on the secondary structure model of MdfA.
Circled residues were analyzed in this study. Squares indicate residues that were analyzed previously (2, 4, 6). (B) Membranes were prepared from
cells expressing the indicated His6-tagged mutants and analyzed by Western blotting. WT, wild type; vec, vector.
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major facilitator superfamily (MFS) of secondary transport-
ers (29). The MFS Mdr transporters are abundant in the
genomes of many bacterial strains and pose intriguing mech-
anistic (5) and evolutionarily related questions (12, 21).
Several of these questions are being investigated by utilizing
MdfA from Escherichia coli (5) as a model for secondary
MFS-related Mdr transporters.

MdfA (7), encoded by the cmr gene (22), is a 410-amino-
acid-residue-long membrane protein (Fig. 1A), with close ho-

mologues in several pathogenic bacteria: Shigella flexneri (10),
Salmonella enterica serovar Typhi (23), and Yersinia pestis (24).
Cells expressing MdfA from a multicopy plasmid exhibit mul-
tidrug resistance against a diverse group of structurally and
electrically dissimilar toxic compounds (4, 7). Transport exper-
iments have shown that MdfA is driven by proton electrochem-
ical potential and functions as a (multidrug) Na�,K�/proton
antiporter (7, 14, 16, 20). Clearly, therefore, proton transloca-
tion by MdfA is crucial for all of its known transport activities.

FIG. 2. Functional analyses of MdfA mutants. E. coli cells transformed with empty vector (vec) or plasmids encoding wild-type MdfA (WT)
or the indicated MdfA mutants were diluted as marked [Dilution (-log)] and spotted onto LB agar plates with or without the test drug, and plates
were visualized after �20 h at 37°C. LD50 measurements with chloramphenicol (CAM) and EtBr (4) are indicated (in micrograms/milliliter) on
the right. (B) Cells expressing the indicated mutants were loaded with EtBr and energized with glucose (left arrow), and the EtBr efflux was
monitored continuously in the fluorimeter. As expected, the addition of carbonyl cyanide m-chlorophenylhydrazone (CCCP) (right arrow)
abolished efflux. The experiments were repeated at least three times, and the results shown are representative. a.u., arbitrary units.
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Of all the open mechanistic questions regarding the function of
MFS Mdr transporters, the question of multidrug recognition
has been characterized in detail (15), whereas the mechanism
underlying active transport remained the least understood.
Specifically, although crucial for their drug/proton antiport
activity (14), very little is known about proton recognition and
translocation by MFS Mdr transporters. In this regard, studies
of several substrate-specific MFS transporters have been in-
strumental in providing clues for determining how protons may
be recognized. The best example is the lactose/proton sym-
porter LacY, where two carboxyl side chains play irreplaceable
roles in proton-coupled sugar translocation (11). Similarly,
negatively charged residues are mechanistically involved in
other secondary transporters (8, 26, 27).

Stimulated by the studies of other MFS transporters, we
have examined the role of acidic residues in MdfA by site-
directed mutagenesis. As predicted from theoretical and
experimental approaches (1, 2, 6, 7, 30), the putative 12
transmembrane (TM) helices of MdfA contain two membrane-

embedded acidic residues, E26 and D34, in TM1 (Fig. 1A).
Previously, we have shown that E26 constitutes an important
part of the drug recognition pocket in MdfA, although it is not
essential for transport activity (3, 4, 6). Additional, nonessen-
tial acidic residues had previously been identified in the C-
terminal region of the protein (2) (Fig. 1A). Therefore, the
remaining uncharacterized 17 acidic residues in MdfA were
replaced, one by one, with alanines. All the mutations were
constructed in a template harboring a His6 tag to enable clear
detection and comparison of expression and were confirmed by
DNA sequencing. In all the mutants, MdfA expression is reg-
ulated by the native, constitutive promoter (6), and Fig. 1B
shows a relatively lower expression level only in the case of the
E171A and E256A mutants.

The biological function of each MdfA mutant was examined
in E. coli UT mdfA::kan cells (R. Edgar and E. Bibi, unpub-
lished data) by growth inhibition experiments using two meth-
ods in parallel. One approach utilized LB agar plates supple-
mented with the indicated toxic compound at concentrations

FIG. 3. Characterization of MdfA mutants at positions D77 and D34. (A) Membranes were prepared from cells expressing the indicated
His6-tagged mutants and analyzed by Western blotting. (B) E. coli was transformed with empty vector (vec) or plasmids encoding wild-type MdfA
(WT) or the indicated MdfA mutants. Cells were diluted as marked [dilution (-log)] and spotted onto LB agar plates with or without the test drug,
and plates were visualized after �20 h at 37°C. (C) Uptake of [3H]chloramphenicol by cells expressing the indicated mutants was assayed by rapid
filtration (left panel). The experiment was repeated at least three times. The results shown are the average of triplicates. For the right panel, EtBr
efflux was assayed as described in the legend of Fig. 2. a.u., arbitrary units.
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significantly higher than those that prevent the growth of cells
harboring an empty vector. The ability of the transformed cells
to form single colonies after 20 h of incubation at 37°C served
as an indicator for drug resistance. The results show that all
the transformants, except for D34A and D77A, grew rela-
tively well on ethidium bromide (EtBr) and chlorampheni-
col (Fig. 2A). The second approach utilized growth in LB
broth and 50% lethal dose (LD50) measurements with chlor-
amphenicol and EtBr (4). As expected, cells expressing
MdfA mutants D34A and D77A grew as cells harboring
empty vector. In contrast, the LD50 of cells expressing all the
other mutants was substantially higher than that of cells
harboring empty vector (Fig. 2A).

In order to evaluate the resistance results further, the activ-
ity of the mutants was tested directly by EtBr transport assays
as described previously (30). Figure 2B shows a rapid efflux of
EtBr with cells expressing the wild-type transporter and most
of the mutants, except for MdfA E132A, which exhibited low
but significant EtBr efflux activity, and D34A and D77A, which
exhibited no transport activity whatsoever.

Taken together, the results showed that only mutants
D77A and D34A lost multidrug resistance and transport
activity, suggesting that these acidic residues may have im-
portant roles. Therefore, we constructed and analyzed ad-
ditional mutations at positions 34 and 77, and the expression
(Fig. 3A), drug resistance, and transport activity of the mu-
tants were tested as described above. The results with se-
lected active and inactive variants (Fig. 3B and C) demon-
strate that both MdfA mutants D34M and D77C support
growth of the transformed cells on chloramphenicol, and
cells expressing mutant D77C grew also on EtBr (Fig. 3B).
Next, we tested the function of the mutants by transport
experiments with radiolabeled chloramphenicol and EtBr as
described previously (30). Figure 3C (left panel) shows that
mutants D34M and D77C behave almost as cells harboring
wild-type MdfA, where very low chloramphenicol accumu-
lation was observed, due to active efflux of the antibiotic.
Unlike mutant D34M (not shown), mutant D77C was also
able to catalyze EtBr efflux (Fig. 3C, right panel).

In conclusion, the results demonstrate that there is no single
acidic residue whose mutation to a neutral residue abolished
MdfA function. Interestingly, in this regard, studies of the
putative membrane-embedded acidic residues of another MFS
Mdr transporter, LmrP from Lactococcus lactis, suggested that
none of them is irreplaceable. Therefore, we hypothesize that
MdfA and possibly other MFS Mdr transporters might utilize
different proton recognition strategies than those used by sub-
strate-specific ones.
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