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ABSTRACT: MdfA is an Escherichia colimultidrug transporter of the major facilitator superfamily (MFS)
of secondary transporters. Although several aspects of multidrug recognition by MdfA have been
characterized, better understanding the detailed mechanism of its function requires structural information.
Previous studies have modeled the 3D structures of MFS proteins, based on the X-ray structure of LacY
and GlpT. However, because of poor sequence homology, between LacY, GlpT, and MdfA additional
constraints were required for a reliable homology modeling. Using an algorithm that predicts the angular
orientation of each transmembrane helix (TM) (kPROT), we obtained a remarkably similar pattern for
the 12 TMs of MdfA and those of GlpT and LacY, suggesting that they all have similar helix packing.
Consequently, a 3D model was constructed for MdfA by structural alignment with LacY and GlpT, using
the kPROT results as an additional constraint. Further refinement and a preliminary evaluation of the
model were achieved by correlated mutation analysis and the available experimental data. Surprisingly,
in addition to the previously characterized membrane-embedded glutamate at position 26, the model suggests
that Asp34 and Arg112 are located within the membrane, on the same face of the cavity as Glu26.
Importantly, Arg112 is evolutionarily conserved in secondary drug transporters, and here we show that a
positive charge at this position is absolutely essential for multidrug transport by MdfA.

The simultaneous emergence of resistance in cells to many
chemically unrelated drugs is termed multidrug resistance
(Mdr).1 Multidrug transporters that expel drugs from their
intracellular targets represent a serious obstacle to successful
anticancer and antimicrobial treatments (1, 2). MdfA is an
Escherichia (E.) coliMdr transporter (3), which has served
as a model in our studies of secondary Mdr transport. MdfA
is a 410 amino acid residue long membrane protein of the
Major Facilitator Superfamily (MFS) of secondary transport-
ers (4), and it has close homologues in the pathogenic strains
Shigella flexneri(99% homology) (5), Salmonella enterica
serovar Typhi (90% homology) (6), andYersinia pestis(73%
homology) (7). Cells expressing MdfA from a multicopy

plasmid exhibit multidrug resistance to a diverse group of
lipophilic compounds, including monovalent cations, as well
as zwitterionic and uncharged compounds (3, 8, 9). Transport
experiments showed that MdfA is driven by the proton
electrochemical gradient and functions as a (multidrug)(Na+)-
(K+)/proton antiporter (3, 10-12).

Several challenging questions regarding the multi-specific
substrate recognition properties of MdfA and the bioener-
getics and mechanism of its function as an Mdr transporter
have been characterized to some extent using genetic and
biochemical tools. However, better understanding of the
mechanism requires 3D structural information. Limited
structural information is available through the secondary
structure model of MdfA, as constructed based on its
hydrophobicity profile (3), gene fusion analysis (13, 14), and
several cysteine accessibility experiments (15). According
to this model, MdfA is a typical MFS-related 12 transmem-
brane helix (TM) protein and it contains a single membrane-
embedded, charged amino acid residue, Glu26, in the middle
of the TMI (13, 14). This glutamate constitutes an important
part of the drug recognition pocket in MdfA (9, 13).
Additional determinants of multidrug recognition by MdfA,
which were identified by genetic screens and mutagenesis,
suggest the existence of a large and complex recognition
pocket (15-17).

Recently, two high-resolution X-ray structures (18, 19) and
another 3D structure (20) were obtained for MFS-related
solute-specific transporters. Despite their low sequence
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similarity, the three proteins have very similar structures.
These results, combined with several structural alignment
studies of different MFS members (21-25), strongly support
the hypothesis that all the MFS-transporters exhibit a similar
fold (26). Following this suggestion, we analyzed the possible
helix packing organization of MdfA using several prediction
tools. The results show that MdfA may indeed have a fold
similar to that of LacY and GlpT. Consequently, we
performed structural alignment studies of MdfA, based on
the known structures of LacY and GlpT. According to the
predicted model, a potentially important positive charge
(Arg112) is thought to be located within the membrane, at
the periplasmic edge of the putative multidrug recognition
pocket. This proposal was tested experimentally, and the
results confirmed that a positive charge at position 112 is
absolutely essential for MdfA function.

EXPERIMENTAL PROCEDURES

kPROT Analysis.Initially, we identified 200 homologues,
separately for MdfA, LacY, GlpT, and also for a 12 TM
transporter that does not belong to the MFS (NhaA) using
PSI-BLAST as provided by the NSBI server using default
parameters (BLASTP 2.2.6). These homologues were aligned
by the ClustalX program (27) to produce a multiple align-
ment presentation. TMs of MdfA were defined using the
PHD program (28) and refined based on the experimental
results (14, 15). Next, the kPROT algorithm (29) was
implemented to predict angular orientation of the TMs, based
on the multiple alignment. Variability vector was calculated
based on BLOSUM62 matrix (30). Average kPROT values
were calculated based on the value of each amino acid for
each of the aligned TMs.

Generating and Refining an Alignment for the Homology
Modeling.A PSI-BLAST search was done for each of the
proteins used for the homology modeling. Sequences with
identity ranging from 80% to 40% were selected for each of
the proteins, and then they were aligned using T-COFFEE
(31). The sequences of LacY, GlpT, and MdfA, aligned
according to this procedure (gap only sites were omitted),
were used to generate the initial models. An MdfA model
constructed by averaging the two resolved structures of LacY
and GlpT (a double model) will probably be closer to the
truth than a model constructed individually by each of the
two structures. However, for such a model to be generated,
the spatial location of homologous residues from LacY and
GlpT must be close. The alignment of GlpT and LacY from
the multiple sequence alignment was compared to their
structural alignment (sequence alignment of GlpT and LacY
according to spatial location). The two procedures yielded
very different alignments, implying that the current multiple
alignment cannot be used for double modeling, because it
would generate a poor model with many spatial paradoxes.
According to the phylogenetic tree derived from the multiple
sequence alignment, GlpT is the preferred template since it
is closer to MdfA than LacY. Therefore, GlpT was used as
the main template for constructing the MdfA model based
on their multiple sequence alignment, with LacY added based
on its structural alignment with GlpT (32). Finally, because
of the low sequence homology, an additional fine-tuning was
required based on the kPROT predicted angular orientation
of the TMs of MdfA. Regions that generated large diversions

from the Ramachandran plot were modeled according to one
template (LacY or GlpT), which generates a better model.

ComparatiVe Modeling.Comparative modeling was per-
formed with Modeler 6.2 software (33). Modeling was
performed with default “model” routine using LacY and
GlpT (PDB ID 1PV6 and 4PW4, respectively) as templates,
and the alignment of each of them with MdfA as an input.
The first five residues and residues 227 to 239 in the L6-7
region of GlpT are not resolved in the structure (19) and
were therefore replaced with gaps in the sequence and the
alignments. The models were analyzed using PyMol. A Swiss
pdb viewer was used to generate electrostatic potential
surface. Procheck analysis was done using an RCSB PDB
server.

Correlated Mutation Analysis.Initially, we identified
homologues of MdfA by PSI-BLAST, as provided by the
NSBI server with default parameters (BLASTP 2.2.10).
Eighteen homologues with a similarity over 90% of the
length of the protein were chosen, and ClustalX (27) was
used to produce a multiple alignment presentation. This
alignment was subjected to correlated mutation analysis (34),
using the BLOSUM62 (30) similarity matrix. Only correlated
mutations with a coefficient of 0.9-1.0 were selected.

Bacterial Strains and Plasmids. E. coliHB101 [hsdS20
(rB

- mB
-), recA13, ara-14, proA2, lacY1, galK2, rpsL20

(Smrr), xyl-5, mtl-1, supE44, λ-/F-] was used for the
propagation and preparation of various plasmid constructs.
E. coli UTmdfA::kanor its leaky version UTL2mdfA::kan
(Edgar and Bibi, unpublished data) were used in drug
resistance and transport experiments. Cells transformed with
plasmid pT7-5/mdfA-6Hiswere used in resistance, expres-
sion, and transport assays. Cells transformed with plasmid
pUC18/pARA/mdfA-6His were used for overexpression.
MdfAwas cloned with mutation in the 5′ 231-bp untranslated
region of the chromosomalmdfAgene, which enhances the
expression (15).

Site-Directed Mutagenesis.For genetic manipulations we
used plasmid pT7-5/mdfA-6Hisand oligonucleotide-directed,
site-specific mutagenesis by polymerase chain reaction
(PCR). Each mutation was combined with an additional silent
mutation that introduced a new restriction site. All the
constructs were sequenced along the PCR product and the
cloning joints, and by restriction analysis.

Drug Resistance Assays.Drug resistance was assayed on
solid media, as described by Yerushalmi and Schuldiner (35).
Briefly, E. coli UTmdfA::kan cells transformed with the
mutants (pT7-5/mdfA-6His configuration) were grown at 37
°C in LB broth supplemented with the antibiotics ampicillin
(200µg/mL) and kanamycin (30µg/mL) to 1.0 OD600 units.
A series of 10-fold dilutions (10-1-10-3) were prepared, and
a 4-µL aliquot of each dilution was spotted on plates
containing different concentrations of the test drug. For pH-
dependent resistance assays, the plates were also supple-
mented with 70 mM bis-tris-propane buffer at the desired
pH. The ability of cells to form single colonies was recorded
after 16-24 h incubation at 37°C.

Western Blotting.Overnight cultures ofE. coli UTL2mdfA::
kan or UTmdfA::kan cells harboring pT7-5 (plain vector),
or expressing 6His-tagged wild-type MdfA or the mutants
were diluted (to 0.05 OD600 unit) in LB broth supplemented
with ampicillin (200 µg/mL) and kanamycin (30µg/mL),
and grown to an OD600 of 1 unit. Bacteria were harvested,
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and membranes were prepared as described previously (36).
Membrane fractions (5-10 µg protein) were then subjected
to SDS-PAGE (12.5%), and proteins were electroblotted
to nitrocellulose membranes, which were incubated with
India HisProbe-HRP, and probed by enhanced chemilumi-
nescence.

Efflux of EtBr. EtBr efflux assays were conducted as
described by Edgar and Bibi (3), with modifications.
Overnight cultures ofE. coli UTmdfA::kan cells harboring
plasmid pT7-5 (vector alone) or the indicated pT7-5/mdfA-
6His plasmids were diluted to 0.04 OD600 unit and grown at
37 °C in LB supplemented with ampicillin (200µg/mL) and
kanamycin (30µg/mL) to 1.0-1.2 OD600 units. Aliquots of
cells (0.3 OD600 unit) were pelleted, resuspended in 2 mL
of KPi buffer (25 mM pH 7), and loaded with EtBr (5µM)
at 37 °C for 5 min in the presence of CCCP (100µM).
Loaded cells were then centrifuged, resuspended in the same
buffer containing EtBr (5µM) without CCCP, and then
measured for fluorescence. After about 1 min in the
fluorimeter, glucose was added (final concentration 0.4%).
The EtBr efflux was monitored continuously by measuring
the fluorescence, using excitation and emission wavelengths
of 480 and 620 nm, respectively. CCCP was then added (as
indicated) to abolish active transport.

Transport of Chloramphenicol.For chloramphenicol up-
take assays, overnight cultures ofE. coli UTmdfA::kancells
with different pT7-5/mdfA-6Hisconstructs were diluted to
0.05 OD600 unit and grown at 37°C in LB supplemented
with ampicillin (200µg/µL) and kanamycin (30µg/µL) to
0.6 OD600 unit. The cultures were harvested and washed once
with KPi buffer (50 mM pH 6.5). The cells were resuspended
in the same buffer to 10 OD420 units and divided (50µL
aliquots). Following 2 min recovery at 37°C in the presence
of 0.2% glucose, transport was initiated by the addition of
[3H]chloramphenicol (0.2µM). Transport was terminated by
rapid filtration as previously described (3).

Preparation of Membranes. E. coliUTL2mdfA::kancells
harboring plasmid pUC18/pARA/mdfA-6Hiswere grown at
37 °C in LB medium supplemented with ampicillin (100µg/
mL) and kanamycin (30µg/mL). Overnight cultures were
diluted to 0.07 OD600 unit, grown up to 1.0 OD600 unit, and
induced with 0.2% arabinose for 1 h. A typical 12 L culture
yielded 15 g (wet weight) of cells. Cell pellets were washed
once in 0.8 L of 50 mM KPi (pH 7.5) supplemented with 5
mM MgSO4, and pelleted by centrifugation (15 min, 5000g).
Next, the cells were resuspended in 60 mL of the same buffer
containing 1 mMâ-mercaptoethanol, 30µg/mL DNAse, and
0.5 mM pefablock, and passed three times through a French
Pressure cell (15 000 psi) for disruption. Cell debris was
removed by centrifugation (5 min, 8000g), and the mem-
branes were collected by ultracentrifugation (2 h, 250000g).
Finally, the pellets were resuspended and homogenized in
15 mL of buffer A (20 mM Tris-HCl, pH 8, 0.5 M NaCl, 5
mM imidazole, 10% glycerol). Aliquots of 1.8 mL containing
∼100 mg of membrane proteins were snap-frozen in liquid
nitrogen and stored at-80 °C.

Membrane Solubilization and Binding Assay.For solubi-
lization, one aliquot of membranes was thawed at room
temperature and DDM was added to 1.2%. The mixture was
agitated gently for 30 min at 4°C. Insoluble material was
discarded by ultracentrifugation (1 h, 250000g), and the
soluble fraction was mixed with Ni-NTA beads (10µL/point)

in a 15 mL tube. Next, the mixture was agitated gently for
30 min at 4°C. The unbound material (sup) was discarded
by pulse centrifugation in a tabletop centrifuge. The beads
were then resuspended in 2.4 mL of buffer B (20 mM Tris-
HCl, pH 7, 0.5 M NaCl, and 0.1% DDM), divided into 200
µL samples, and incubated (10 min, 4°C) with 2.5µM [3H]
TPP+ (2 Ci/mmol). An aliquot of 180µL of the resin-
protein-[3H] TPP+ mixture was then transferred to a
Promega Wizard minicolumn on top of a microfuge tube
(1.5 mL) and centrifuged at 10000g for 20 s. Unbound (flow-
through) material was discarded, and the MdfA-6-His-resin
was resuspended in 100µL of buffer B containing 350 mM
imidazole. The radioactivity of this suspension was measured
using liquid scintillation.

RESULTS

Angular Orientation of TMs.Previous studies (26) and
structural alignment analyses (21-25), using as templates
the X-ray structures of LacY (18) and GlpT (19), have
suggested that the general fold of 12 TM MFS-transporters
is conserved. However, the fact that sequence similarity is
often very poor among proteins in this superfamily prohibits
reliable structural alignment studies for many proteins,
including the Mdr transporter MdfA. To overcome this
problem, we have utilized the kPROT algorithm (29) as a
powerful and potentially universal tool for membrane protein
modeling. Initially, kPROT was used to predict the angular
orientation of each TM of MdfA by determining which
residues are exposed to the lipid phase and which ones are
buried in the interior of a TM bundle(s). This is done by
estimating the orientation propensities of amino acids, as
derived from single-span versus multi-span membrane
proteins. It is assumed that residues with a tendency to face
the lipid milieu are more frequent in single-span proteins.
The kPROT value for each residue is defined as a logarithm
of the ratio of its proportions in TMs of single-span versus
multi-span membrane proteins. We used a TM segment from
a multiple alignment of 200 MdfA homologues for the input
for each of the 12 TMs of MdfA (see Experimental
Procedures). Figure 1 shows the predicted helical moments
for all 12 TMs of MdfA. Most TMs of MdfA exhibit an
angular orientation similar to that of the homologous ones,
although several are highly scattered, usually reflecting
poorly conserved sequences. However, there are several
potentially interesting anecdotal exceptions that require
further studies. The angular orientation of TMIIX and its
homologues is conserved, despite sequence divergence. In
contrast, although TMIII is relatively highly conserved in
sequence, it shows a scattered angular orientation. A possible
explanation for these differences would be that, unlike TMIII,
TMIIX might play an important structural role in these
transporters. Importantly, as suggested from the findings in
Figure 1, residues of importance for multidrug recognition
by MdfA are usually found in protein-protein interacting
surfaces. Interestingly, for 9 of the TMs, where a relatively
narrow set of orientations is predicted for most of their TM
homologues, the variability helical moments (indicating the
direction of most variable residues) are clearly oriented
toward their predicted membrane-exposed aspects.

We further conjectured that the extent to which an entire
TM is either buried or lipid-exposed might be predicted by
the average kPROT values of the involved residues. Figure
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2 shows the average kPROT value for each TM family, and
according to these results, TMs III, VI, IX, and XII are the
most membrane-exposed TMs in MdfA. Interestingly, a
similar pattern of membrane-exposed TMs is found in the
3D structures of GlpT and LacY, suggesting that MdfA may
indeed have a similar membrane organization. To test the
precision by which kPROT predicts angular orientations and
evaluate the notion that MdfA has a similar pattern of
membrane-exposed TMs as GlpT and LacY, we also
performed kPROT calculations for LacY and GlpT (Sup-
porting Information). Importantly, kPROT performs very
accurately for GlpT, since the mean moment deviates only
slightly from that observed experimentally (mean deviation
22° ( 16°). For LacY, high scattering was observed with

several TMs, although the mean moment fits the experi-
mental data quite well (mean deviation 56° ( 41°, with the
large deviations observed for external helices). Figure 2
shows also the average kPROT values of the TMs in GlpT
and LacY. Remarkably, as with MdfA, TMs III, VI, IX, and
XII, of LacY and GlpT, are also the most membrane-exposed
TMs. Although the exact pattern of average kPROT values
for TMs in the three transporters is not identical, a significant
correlation exists (a correlation coefficient of 0.66 for LacY-
GlpT; 0.77 for MdfA-GlpT; and 0.67 for MdfA-LacY).
These results are in accordance with phylogenetic terms since
GlpT is closer to MdfA than LacY (data not shown).
Collectively, these results strongly support the suggestion
that MdfA, LacY, and GlpT have similar helix packing.

FIGURE 1: Prediction of the angular orientations of TMs in MdfA. TMs are represented as helical wheel viewed from the cytoplasm.
Helical moments were calculated by kPROT (29) for MdfA (magenta), for 50 of its closest homologues (green), for the other 149 homologues
(yellow), for the mean of all 200 homologues (red), and for a variability vector (blue). Residues of known functional importance are circled
in red, except for Arg112, which is circled in magenta. In most cases, the important residues are predicted to be in protein-protein interaction
faces.
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Finally, similar analysis with the MFS-unrelated 12 TM
protein NhaA revealed an insignificant correlation of its
average kPROT values with those of LacY, GlpT or MdfA
(correlation coefficients of 0.02-0.3) (data not shown).
Indeed, the 3D structure of NhaA shows that it has a
membrane fold that differs from that of the MFS transporters
(37).

Structural Alignment of MdfA.We performed 3D homol-
ogy modeling studies of MdfA using the resolved X-ray
structures of GlpT and LacY as templates (Figure 3A,B).
Because of the low similarities at the level of amino acid
sequence, the preliminary multiple sequence alignments of
these proteins were manually improved using the kPROT-
predicted membrane-facing vectors for all TMs. Ramachan-
dran plot analysis performed by PROCHECK revealed that
96.9% of the non-glycine and non-proline residues are in
the core and allowed regions, 1.7% in generously allowed
regions, and only 1.4% in disallowed regions located mostly
in loop regions, which are not expected to be perfectly
predicted for membrane proteins by structural alignment. All
main-chain parameters are within the bandwidth of a typical
value. The overallG-factor is-0.1.

According to the 3D model of MdfA, it consists of N-
and C-terminal domains, sharing a pseudo-2-fold symmetry.
In agreement with the kPROT prediction, TMs I, II, IV, V,
VII, IIX, X, and XI form a central cavity in the transporter;
they are surrounded by helices III, VI, IX, and XII, which
are facing the membrane. The membrane topology of MdfA
and the charge distribution (see Figure 3C,D) in the peri-
plasmic (negative) and cytoplasmic (positive) loops is
generally consistent with previously constructed secondary
structure models (3, 14). However, an important difference
is clearly apparent: in general, the TMs in the 3D model
are longer than those predicted previously. The most
significant differences are found in TMI and TMIV, where

charged residues previously predicted to be periplasmic are
located within the membrane. Specifically, according to the
3D model of MdfA, Glu26 (TMI), Asp34 (TMI), and Arg112
(TMIV) are all found within the membrane-embedded
domain of the protein (Figure 4A). Consequently, unlike in
previous predictions, Glu26 is located in the cytoplasmic half
of TMI. As will be shown later, these findings may have
important functional implications.

According to the 3D model of MdfA, its internal cavity
is surrounded by TMs of the 2 halves of the protein.
Interestingly, this cavity is negatively decorated by the acidic
residues Glu26 and Asp34 in TMI, with a possible contribu-
tion of the cytoplasmic acidic residue Glu132, located in the
loop between TMIV and V. This negatively charged cavity
forms a distinct “hole” in the generally basic cytoplasmic
face of the protein (Figure 3C,D). Previous genetic and
biochemical studies have already revealed the importance
of Glu26 as a substrate recognition determinant (9, 13, 15).
Moreover, a role for Asp34 and Glu132 in substrate
recognition has also been recently identified (17). We
therefore suggest that the observed cavity represents the
putative multidrug recognition pocket of MdfA.

Correlated Mutation Analysis.Correlated mutation analy-
sis usually identifies structurally interacting residues (34).
The key assumption here is that when two residues interact
with each other, mutations in one residue will be comple-
mented by compensatory mutations in the other residue, and
as a result, this pair of residues will exhibit correlated
mutational behavior. First, the exchange matrix for each
position is defined by quantifying the similarity of residues
observed at this position in the multiple alignment. Next,
the correlation coefficient of the exchange matrices at any
two positions is calculated. Correlated positions with a
coefficient above a certain threshold (see methods) are
selected. As input to the algorithm, we used a multiple
alignment of 18 proteins, which show homology to MdfA
over 90% of their sequences. The results of this analysis
revealed important general information about the functional
domains of MdfA (Figure 5). First, the distribution of
intradomain pairs is surprising. Although as much as 78
correlations were identified between residues in the N-
terminal half of MdfA, only 23 were found in the C-terminal
half of MdfA. These results suggest that the structure of the
C-terminal half and the inter TM interactions in this region
are much less stringent than those in the N-terminal half of
MdfA. Functionally, as also confirmed by genetic and
biochemical studies, multidrug recognition is predominantly
mediated by the N-terminal half of MdfA (15). Moreover,
according to the correlated mutation analysis, the loop
connecting TMX with TMXI has strong interactions with
TMs that form the multidrug recognition pocket, which is
also in agreement with genetic and biochemical studies (16)
(see below). Importantly, these conclusions could not be
predicted based solely on the 3D model of MdfA.

Comparison of the Experimental Results with the 3D
Model of MdfA.Interestingly, genetic studies have shown
that a negative charge at position 335 of MdfA (Val335Glu)
functionally complements charge neutralization at position
26 (Glu26Thr) (16). Cross-linking experiments suggested a
distance of approximately 10 Å between these two residues
(Glu26 and Val335). These results are remarkably consistent
with the predicted 3D model of MdfA. In this model, Glu26

FIGURE 2: The average kPROT value of TMs in MdfA, LacY, and
GlpT. The average kPROT value was calculated considering all
the amino acids in all of the 200 homologues of each protein for
the indicated TM. Gaps were excluded from the calculation. More
negative value indicates TMs that are more buried in the protein
interior. Correlation coefficients are 0.66 for LacY-GlpT; 0.77 for
MdfA-GlpT; 0.67 for MdfA-LacY.
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and Val335 are located at opposite sides of the cavity,
pointing toward the interior (the proposed multidrug recogni-
tion pocket), and the calculated distance between them is
approximately 13 Å (see Figure 4B).

Additional genetic screens with MdfA revealed several
second site mutations that restored the function of inactive
Glu26 mutants (15). These sites are thought to be involved
directly or indirectly in multidrug recognition. To test this
proposal, we marked the positions of these amino acid
residues on the 3D model of MdfA. As shown in Figure

FIGURE 3: 3D model of MdfA. (A) The overall structure in ribbon representation viewed parallel to the membrane. (B) Ribbon representation
of MdfA viewed along the plane of the membrane from the cytoplasmic side. In both (A) and (B) the color code used for TMs: I, red; II,
green; III, blue; IV, yellow; V, magenta; VI, cyan; VII, salmon; IIX, lime; IX, pink; X, slate; XI, violet; XII, orange. For clarity the loop
regions are omitted. CR of the residues predicted by kPROT to point to the protein interior in each TM is also colored as indicated. (C, D)
The surface model and the hydrostatic potential were calculated with the Swiss pdb-viewer. The polar surfaces are colored blue (positively
charged) and red (negatively charged). (C) The negative groove formed by TMI, viewed parallel to the membrane. Slab of 20 Å is used for
clarity. (D) The negative decoration of the cavity as viewed along the membrane normal from the cytoplasmic side.

FIGURE 4: The 3D model of MdfA as viewed parallel to the
membrane. (A) Glu26 and the two newly identified membrane-
embedded charged residues are indicated and shown in the space-
filled representation. Helices I, IV, VII, and X are presented for
clarity. The surface model is calculated with the PyMol program.
(B) Second-site mutations that restored the function of inactive
Glu26 mutants (15, 16) are shown in space-filled representation.
Residues inaccessible from the putative substrate binding pocket
are shown in magenta.

FIGURE 5: Correlated mutation map of MdfA. 18 homologues with
a similarity over 90% of the protein length were used to produce
a multiple alignment presentation. This alignment was subjected
to correlated mutation prediction as developed by A. Valencia (34).
Correlated mutations with coefficient of 0.9-1.0 were selected. The
loop X-XI is highlighted in gray, and N- and C-terminal domains
are highlighted in light gray. The number of intradomain correlated
mutations in the C-terminal and N-terminal domains of MdfA is
indicated.
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4B, most of these mutations point into the interior of the
putative multidrug recognition pocket of MdfA. Three
residues, Gly39, Val54, and Thr56, form a cluster in the
periplasmic part of TMI and II, at the closed end of the
cavity, whereas others (residues Cys21, Val23, Val125,
Tyr127, Ala128, Ser133, Met146, Ala147, Ala150, Val231,
and Leu268) are scattered throughout the cavity, mostly in
its cytoplasmic portion. However, there are also several
exceptions, specifically regarding residues Gly187 and
Ala191 in TMVI, which are found behind TMI. These
residues may have indirect conformational effects on sub-
strate recognition via interactions with TMI.

Cysteine accessibility to hydrophilic reagents usually
serves as a tool for identifying residues that are not buried
in the membrane. Single cysteine mutants in MdfA, which
were constructed based on the results of the second-site
mutation screens, were tested in the accessibility assay (15).
According to the 3D model of MdfA, moderately and highly
accessible mutants are indeed found within the hydrophilic
loops (residues Ser204 and Ser133), at the edges of TMs
(residues Val54, Tyr127, Ala128, Ala191, Val335) or point-
ing toward the interior of the cavity (residue 147). Also in
accordance with the model, the inaccessible mutants Val23,
Glu26, Val 231, and Leu268 are located in the middle of
the TMs. Finally, despite their location at the edges of TMs,
several residues are not reactive (Gly39, Cys21, Val125, and
Gly187). As shown in Figure 4B, these residues are
putatively buried within the protein and thus might not be
accessible for the chemical modification.

Studying the Role of Arg112.As noted, the 3D model of
MdfA revealed yet another previously unpredicted membrane-
embedded charge, Arg112 inside TMIV. This arginine is the
most evolutionarily conserved residue in MdfA, and a similar
membrane-embedded site (near the periplasm) was predicted
for analogous arginines in the MFS transporters TetA and
rVMAT2 (21). Consequently, as a working hypothesis, we
postulated that Arg112 might have an important functional
role in MdfA. Preliminary studies with Arg112 replaced by
a cysteine supported this suggestion (data not shown).
Therefore, further studies have been carried on in order to
examine the possibility that Arg112 is indeed functionally
important. To this end, in addition to the original Arg112Cys
mutation, other substitutions were constructed. At the same
time, the following issues were addressed: (i) the importance
of the positive charge, and (ii) the importance of the size of
the amino acid residue at position 112. Accordingly, the
following mutations were constructed by PCR mutagenesis:
Arg112Met, Arg112Gln, and Arg112Glu (mainly testing the
charge issue); Arg112Lys and Arg112His (testing the size);
Arg112Met or Arg112Gln also introduced hydrophobic or
hydrophilic residues, respectively. The mutants were ex-
pressed at levels comparable to that of the wild-type MdfA,
except for Arg112Glu, which was poorly expressed (Figure
6A). The effects of the various Arg112 mutations on the
biological function of MdfA were tested by growth inhibition
experiments. Figure 6B shows that mutants Arg112Cys,
Arg112Met, Arg112Gln, and Arg112Glu did not grow on
any of the test drugs. In contrast, the conservative mutant
Arg112Lys did confer some resistance to thiamphenicol and
benzalkonium, and to a lesser extent also against chloram-
phenicol, EtBr, ciprofloxacin, and TPP+. Surprisingly,
however, the most active mutant was Arg112His, which

exhibited high activity against many of the test compounds
(except for erythromycin and tetracycline). The observation
that only the MdfA mutants Arg112Lys and Arg112His were
functional thus suggested that a positive charge at position
112 is required for transport activity.

Drug resistance assays provided indirect information about
the activity of the R112 mutants of MdfA. To evaluate these
observations further, we tested the activity of the mutants
directly by drug transport assays. As shown in Figure 7A,
cells expressing mutants Arg112Cys, Arg112Met, Arg112Gln,
and Arg112Glu were unable to expel EtBr better than control
cells with plain vector. However, cells expressing Arg112Lys
showed a low but significant EtBr efflux activity, and cells
expressing Arg112His showed efficient EtBr efflux that was
only slightly lower than that mediated by wild-type MdfA.

FIGURE 6: Characterization of R112 mutants. (A) Expression of
the Arg112X mutants of MdfA. Membranes were prepared from
cells expressing the indicated 6-His tagged mutants and analyzed
by Western blotting. (B) Multidrug resistance phenotype of MdfA
and mutants.E. coli was transformed with plain vector (vector), or
plasmids encoding wild-type MdfA (WT), or Arg112 mutants. Cells
were diluted (as indicated) and spotted on LB agar plates with or
without the indicated drug. Plates were visualized after∼20 h at
37 °C.
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Similar results were obtained in chloramphenicol transport
(Figure 7B): Arg112Met mutant is totally inactive, while
Arg112His mutant has wild-type activity. Taken together,
the transport and drug resistance results support the notion
that a positive charge at position 112 is required for MdfA
function.

The observation that mutant Arg112His exhibits substantial
Mdr transport activity provided us with the opportunity to
further evaluate the importance of a positive charge at
position 112. The pKa of histidine in proteins in various
hydrophilic environments is between 5.6 and 7.0 (38). Since,
according to the 3D model of MdfA, residue 112 resides on
the periplasmic edge of the membrane (TMIV), it might be
possible to change the protonation state of a histidine in
mutant Arg112His by changing the external pH. Unfortu-
nately, although most appropriate, our direct Ni-NTA based
TPP+ binding assay (see Experimental Procedures) requires
basic pH conditions, under which all the R112X mutants
lost TPP+ binding activity (data not shown). Alternatively,
we tested the pH effect in vivo. Recent studies have shown
that the MdfA-catalyzed transport of neutral substrates (e.g.
chloramphenicol) is electrogenic (driven by both∆pH and
∆ψ), whereas transport of cationic substrates (e.g. EtBr) is
electroneutral (driven solely by∆pH) (11). Therefore,
decreasing∆pH (at external basic pH values) has little or
no effect on the transport of chloramphenicol by wild-type
MdfA. Using a similar approach, we investigated the effects
of external pH on the MdfA(Arg112His)-mediated chloram-
phenicol resistance. The pH-dependent Mdr activity of the
wild type and all Arg112 mutants of MdfA is shown in
Figure 8. In the absence of chloramphenicol, cells harboring
plasmid pT7-5/mdfA/6His, each of the mutants, or plain
vector grew similarly under all pH conditions. When
chloramphenicol was added to the medium, cells expressing
the wild-type MdfA were not affected by external pH
changes, whereas cells expressing mutants with neutral or
negatively charged residues at position 112 (Arg112Cys,

Arg112Met, Arg112Gln, and Arg112Glu) were unable to
grow under all pH conditions. Remarkably, however, the
effect of pH was clearly observed regarding chloramphenicol
resistance of cells expressing mutants with positively charged
residues at position 112 (Arg112Lys or Arg112His). Al-
though mutant Arg112Lys maintained some chloramphenicol
resistance capability only at very acidic pHs, the effect of
pH on the function of mutant Arg112His was much stronger.
For example, at pH 5.8, the Arg112His mutant grew almost
as well as wild-type MdfA. As the pH increased, the growth
was less efficient, and at alkaline pH, this mutant completely
lost its ability to confer chloramphenicol resistance. These
results strongly support the notion that a positive charge at
position 112 is essential.

DISCUSSION

MdfA serves as a model for MFS-related secondary Mdr
transporters. Several challenging questions regarding its
multispecific substrate recognition properties and the bioen-
ergetics of its Mdr transport activity have been resolved to
some extent using genetic and biochemical tools. However,
better understanding the mechanism underlying Mdr transport
by MdfA requires 3D structural information. Here we
described the construction of a 3D model for MdfA, its
implications, and the consequent identification and charac-
terization of an essential membrane-embedded positive
charge.

High-resolution structures of two MFS transporters became
recently available: the lactose permease (LacY) (18) and
the glycerol-3-phosphate transporter (GlpT) (19) from Es-
cherichia coli. The sequence identity between GlpT and
LacY is only∼18%, and their mechanism of action appears
to be different, since the former utilizes the downhill gradient
of phosphate for an obligatory exchange with Glycerol-Pi
(antiporter) while the latter cotransportsâ-galactosides with

FIGURE 7: Transport activity of the Arg112 mutants of MdfA. (A)
Cells expressing the indicated mutants were loaded with EtBr,
energized with glucose (0.4%), and the EtBr efflux was monitored
continuously in the fluorimeter. (B) [3H]Chloramphenicol transport
was assayed by rapid filtration withE. coli expressing wild-type
MdfA (WT) (9), Arg112Met (2), or Arg112His (b) mutants, or
plain vector (vec) ([). The experiments were performed in triplicate.

FIGURE 8: Chloramphenicol resistance assays under different pH
conditions.E. coli was transformed with plain vector (vector), or
plasmids encoding wild-type MdfA (WT), or Arg112 mutants. Cells
were diluted (as indicated) and spotted on LB agar plates containing
bis-tris propane at the indicated pH. Upper panel: plates without
any drug. Lower panel: plates with chloramphenicol (3.5µg/mL).
Plates were visualized after∼20 h at 37°C.
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protons (simporter). Despite these differences and the low
sequence similarity, both structures show a highly similar
fold, which is, in general, similar to the overall structure of
another MFS transporter OxlT, based on EM images (20).
CR-RMSD between the structurally conserved regions of the
two proteins is only 3.7 Å. These findings suggest the
intriguing possibility that the fold of these transporters
constitutes a scaffold for all MFS transporters with 12 helices.
While the fold is conserved, the specific function is obtained
by varying sets of amino acids at the substrate binding and
translocation domains. In this regard, since MdfA and other
MFS Mdr transporters differ substantially from solute-
specific transporters, the possibility that they all have a
similar fold in the membrane is even more surprising.

Homology modeling is not a good predictive tool at low
levels of sequence similarity. Therefore we introduced here
an additional tool (kPROT) (29) to predict the angular
orientation of the 12 TMs in the membrane. According to
the results, kPROT performs well for the two MFS transport-
ers of known 3D structure, namely, LacY and GlpT, thus
further justifying the usefulness of this approach. Notably,
the performance of kPROT is better with GlpT than with
LacY, possibly because more intramembrane kinks and twists
are present in LacY, and the kPROT analysis disregards such
structural irregularities and therefore seems to perform better
for perpendicular unbroken helices. Nevertheless, the results
confirmed the conjecture that analogous TMs in the two
proteins and in MdfA have similar membrane exposure
properties. This was concluded from the calculated average
kPROT values for each TM in all three proteins. Based on
these results, we proposed that the helix packing in MdfA
might be similar to that of LacY or GlpT, and we used the
kPROT-predicted angular orientation of the TMs, as an
important constraint while the 3D model was refined. A
similar strategy can be very useful for homology modeling
of other membrane proteins, provided that the X-ray struc-
tures of representative homologues have been resolved.

The 3D model suggests interesting structural and also
functional features in MdfA, several of which have previ-
ously been predicted by genetic and biochemical studies.
First, a large cavity is observed in the 3D model. This cavity
is exposed to the cytoplasmic side of the protein; this is
probably the putative multidrug recognition pocket of MdfA
(15). The cavity formed is very similar in size and shape to
that of GlpT (19) and somewhat smaller than that of LacY
(18). This is surprising, because previous results demon-
strated that MdfA can bind two substrate molecules simul-
taneously (39). Therefore, we propose that the multidrug
recognition pocket of MdfA is very flexible, and this proposal
must be evaluated further by X-ray crystallography of the
substrate-bound transporter. Interestingly, the cavity in the
3D model of MdfA is negatively decorated by three acidic
residues: Glu26, D34, and Asp132, all of them known to
play a role in multidrug recognition (9, 13, 17). The presence
of a negatively charged pathway might be required for
electrostatic interactions with cationic substrates, which
probably represent the majority of MdfA substrates. Notably
a similar involvement of acidic residues was identified in
the X-ray structures of soluble multidrug binding proteins
(40, 41). However, MdfA also has other noncharged sub-
strates, which tolerate dramatic charge substitutions in the
pocket (13). Therefore, we propose that the negatively

charged cavity does not reflect structural constraints. Also
in support of the proposal that the observed cavity represents
the multidrug recognition pocket of MdfA is the fact that
many other recognition-related residues point into this region.
Among these residues that were identified as second site
suppressors of inactive Glu26 mutants, Gly39, Thr56, and
Val54 form a cluster in the periplasmic narrow edge of the
cavity. This cluster was implicated in substrate release (15).
Others, for example, residues Val23, Tyr127, Ala128,
Met146, Ala147, Ala150, Val231, and Leu268, are scattered
throughout the cavity, mainly on TMs I, IV, V, and some of
them were implicated in substrate attraction and binding (15).
Interestingly, cross-linking studies, which suggested that the
cytolasmic loop connecting TMX and TMXI is located at
the cytoplasmic opening of the cavity (16), are in a good
agreement with the 3D model of MdfA. Specifically, the
model supports the biochemically measured distance between
Glu26 and Val335. Furthermore, the correlated mutation
results are also highly consistent with these findings, since
the same loop (TMX-TMXI) and its flanking TMs show
many correlated mutations with the cavity-forming N-
terminal domains of MdfA.

As noted earlier, the 3D model also suggests new structural
and functional features that have not been predicted by
genetic and biochemical studies. Significantly, the model
predicts that many of the TMs are longer than previously
thought (3, 14). This new feature has dramatic functional
implications, mainly regarding the location of charged
residues inside TMs. In addition to the previously predicted
membrane-embedded residue Glu26, by lengthening the
TMs, specifically TMI and TMIV, two more charged
residues are now located within the membrane. In addition,
the position of Glu26 has been moved from the periplasmic
side of TMI toward its cytoplasmic side. These changes thus
created the previously discussed negatively charged, putative
multidrug recognition pocket of MdfA. Moreover, the
introduction of the remarkably conserved positively charged
residue into TMIV and the fact that a similarly positioned
arginine is important for function of the tetracycline trans-
porter TetA (42) prompted a detailed analysis of the
importance of Arg112 in Mdr transport by MdfA. Theoreti-
cally, two possible implications can be considered, both
related to the proposed proximal position of Asp34 and
Arg112. First, a structurally important charged pair could
be formed between these residues. Second, Arg112 could
function in proton recognition by MdfA similarly to Arg302
in LacY (43). The first possibility has been ruled out by
neutralizing Asp34 (17), and by additional mutagenesis
studies where Asp34 and Arg112 were replaced by each other
(mutant Asp34Arg/Arg112Asp). The double mutant is not
functional (data not shown). The second possibility, which
was also approached experimentally, revealed that a positive
charge at position 112 is essential for Mdr transport by MdfA
although its involvement in the mechanism differs from that
of R302 of LacY.

Initially, several mutations at position 112 revealed that
only conservative replacements do not completely abolish
multidrug resistance and transport activity. Among the
conserved mutations, the Arg112His mutant was substantially
more active than Arg112Lys. Since the protonation (and thus
the charge) of a histidine residue can sometimes be affected
by the external pH, the function of MdfA Arg112His was
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analyzed by drug resistance assays under various pH condi-
tions. As described, although this mutant functions efficiently
in an acidic or neutral environment, basic pH conditions
abolish its chloramphenicol resistance activity. Therefore,
we concluded that a positive charge is indeed required at
position 112. However, the proposal that Arg112 is a
functional analogue of Arg302 in LacY could not be
confirmed by substrate binding assays. Unlike neutral Arg302
mutants of LacY, which maintain substrate binding activity
(43), neutralized MdfA Arg112 mutants are completely
defective in TPP+ binding, albeit under alkaline pH condi-
tions (data not shown). These experiments should be repeated
once we have a pH-independent binding assay. In any case,
because of the above-described results and the high conser-
vation of this residue in the drug-proton antiporter family,
it is possible that Arg112 participates in the mechanism of
proton recognition by MdfA. Since there are no other charged
residues in the putative C-terminal membrane lobe of MdfA,
it is possible that the substrate and the proton binding sites
overlap to some degree as shown for the small multidrug
transporter EmrE (44). In the future, this issue will be
examined quantitatively, using new tools for substrate
binding experiments that could be useful in a wide range of
pH conditions.

In summary, the results of the kPROT analysis and the
successful construction of a 3D model for MdfA strongly
support the prediction that MFS transporters generally have
a similar fold in the membrane (21-25). The 3D model of
MdfA, as presented here, further substantiates important
previous predictions regarding the mechanism underlying
Mdr transport. (i) MdfA has a complex multidrug recognition
pocket with exceptional capabilities for interacting with
neutral and positively charged compounds. (ii) In addition
to TMs I, II, IV, and V, which form the cytoplasmically
accessible cavity (the proposed multidrug recognition pocket
of MdfA), the loop connecting TMs X and XI has also been
identified as a putative substrate recognition determinant.
However, in addition to supporting previous conclusions, the
3D model introduced several new research directions regard-
ing the multidrug recognition capacity and the mechanism
of proton recognition and translocation by MdfA. The main
new features identified in the model are (i) longer TMs
compared with previous predictions, and (ii) the two newly
identified membrane-embedded charged residues (Asp34 and
Arg112). Better understanding of the role of the charged
residues inside TMs of MdfA is expected to shed light on
the Mdr transport mechanism, as well as on the function of
MdfA in alkaline pH homeostasis through its proposed Na+-
(K+)/H+ antiport activity (12, 45).
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