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within 30 My (30) of Earth’s formation. Our
results support the view that continental crust
was at least a component of the enriched coun-
terpart that formed at ~4.5 Ga, but this original
crust was largely recycled back into the mantle
by the onset of the Archean (<4 Ga).
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X-ray Structure of the EmrE
Multidrug Transporter in Complex

with a Substrate
Owen Pornillos, Yen-Ju Chen, Andy P. Chen, Geoffrey Chang™*

EmrE is a prototype of the Small Multidrug Resistance family of efflux trans-
porters and actively expels positively charged hydrophobic drugs across the inner
membrane of Escherichia coli. Here, we report the x-ray crystal structure, at 3.7
angstrom resolution, of one conformational state of the EmrE transporter in
complex with a translocation substrate, tetraphenylphosphonium. Two EmrE
polypeptides form a homodimeric transporter that binds substrate at the di-
merization interface. The two subunits have opposite orientations in the mem-
brane and adopt slightly different folds, forming an asymmetric antiparallel
dimer. This unusual architecture likely confers unidirectionality to transport by
creating an asymmetric substrate translocation pathway. On the basis of
available structural data, we propose a model for the proton-dependent drug

efflux mechanism of EmrE.

A major obstacle to effective treatment of bac-
terial infections is the emergence of strains that
are resistant to available antibiotics. Of partic-
ular concern are multidrug-resistant strains that
cause common diseases such as tuberculosis,
gonorrhea, and hospital-acquired staphylococ-
cal infections (/). Multidrug resistance arises,
in part, through the action of integral mem-
brane proteins called multidrug transporters
(1, 2). Each of these transporters can actively
expel a wide variety of drugs and toxic com-
pounds from the cell. There are two broad
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classes of transporters: ATP-binding cassette
(ABC) proteins directly couple drug efflux to
adenosine 5'-triphosphate (ATP) hydrolysis,
whereas secondary transporters use the energy
derived from proton or cation electrochemical
gradients across the lipid bilayer.

EmtE is a proton-dependent secondary trans-
porter from Escherichia coli and is a prototype of
the Small Multidrug Resistance (SMR) family
(3, 4). SMRs represent the smallest transporters
in nature; each polypeptide has only 105 to
120 amino acid residues and four transmem-
brane helices, and forms homo- or hetero-
oligomers (3). EmrE is well documented to
function as a homooligomer (5-9) and confers
resistance to positively charged hydrophobic
antibiotics, such as tetracycline, ethidium, and
tetraphenylphosphonium (TPP) (3, 4). EmrE
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exchanges two or more protons per drug mol-
ecule through a “hydrophobic” translocation
pathway (10, 11).

The general model for multidrug efflux by
EmrE and other secondary transporters is the
alternating access mechanism (72, 73). In this
model, the EmrE transporter has at least two
conformations, inward-facing and outward-
facing, with the drug-binding site accessible to
the cytoplasm or periplasm, respectively. Inter-
conversion between the two conformations is
promoted by drug and/or proton binding. Here,
we describe the x-ray crystal structure of one
conformation of the EmrE transporter in
complex with the drug TPP. The structure
was determined to 3.7 A resolution by anoma-
lous dispersion methods, using the arsonium
analog of TPP and selenomethionine (SeMet)—
substituted proteins (Fig. 1A) (14).

SeMet-labeled proteins used for this
study were produced in a cell-free system,
because SeMet-EmrE did not express well in
vivo. Briefly, EmrE was expressed by use of
the T7 promoter in E. coli lysates supple-
mented with nucleotide triphosphates, T7
polymerase, and appropriate amino acids
(14). Experimental maps derived from Se and
As data are very well correlated, indicating
that in vitro— and in vivo—expressed EmrE
proteins adopt a similar structure. Our work
shows that cell-free methods are a viable
alternative to traditional large-scale protein ex-
pression systems.

Consistent with biochemical studies show-
ing that EmrE is primarily a dimer in detergent
and binds drugs with a 2:1 protein/drug ratio
(9, 15), the asymmetric unit of the EmrE-TPP
crystal is composed of two molecules of EmrE
and one molecule of TPP (Fig. 1). The min-
imally functional unit of EmrE is therefore
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Fig. 1. Structure of
the EmrE transporter
in complex with TPP.
(A) Stereoview car-
toon representation
of the asymmetric
unit, composed of
two EmrE subunits
(subunit A in yellow
and subunit B in
green), and one bound
TPP (red). Anomalous
difference density
shows the position of
As (blue, contoured at
1c), derived from
crystals of EmrE with
tetraphenylarsonium (an analog of TPP). Methionine positions are indicated by Se atoms (magenta, 4c), derived
from SeMet-EmrE-TPP crystals. Methionine side chains are shown explicitly and labeled; corresponding
residues in subunit B and subunit A are distinguished by the asterisks. The coloring scheme in this
panel is maintained throughout Figs. 1 to 3. (B) Stereoview of the EmrE homodimer. The N and C
termini of the two subunits are indicated. The boundaries of the lipid bilayer, deduced from the
positions of aromatic groups, are shown by the gray lines. (C) Top view of the dimer, with the four
transmembrane helices in each subunit labeled. The short helix connecting helices A2 and A3 is
indicated by an asterisk. This view clearly shows that TPP is bound at the dimerization interface. The
two Glu-14 residues are shown in red. (D) Best-fit superposition of subunits A (yellow) and B
(green) (root mean square deviation of 3.5 A over equivalent Ca positions). The first three helices
form a left-handed bundle, whereas the fourth helices are positioned differently. (E) Crystal packing
of EmrE-TPP. The lattice is stabilized by side-by-side transmembrane contacts and loop interactions,
reminiscent of type | and 2D membrane protein crystals. A potential dimer of dimers is colored as
above; the symmetry-related elements are colored gray. The unit cell is boxed in black. This view is
perpendicular to the bc plane.
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likely to be a homodimer. In contrast to the
simple, symmetric organization expected from
genetic and biochemical data, the EmrE struc-
ture shows an unusual architecture. The two
subunits pack in an inverted orientation rel-
ative to each other, forming an antiparallel
dimer (Fig. 1, A and B). SeMet sites in the two
subunits are related by an approximate twofold
axis in the middle of the dimer perpendicular
to the transmembrane axis (Fig. 1A). X-ray
studies of unbound EmrE (/6) and electron mi-
croscopic analysis of EmrE-TPP in reconsti-
tuted lipid bilayers (/3) also suggested an
antiparallel arrangement for the EmrE dimer.
Although a previous study suggested that
EmrE has a unique topology (/7), the structure
is consistent with more recent analyses of the £.
coli inner-membrane proteome by von Heijne
and colleagues, which indicate that indeed,
EmrE and other homomeric SMR proteins are
likely to have a dual topology (I8, 19). An-
tiparallel arrangement of EmrE is also sup-
ported by studies of heterooligomeric SMR
transporters, such as the YdgE/YdgF proteins
of E. coli and EbrA/EbrB of Bacillus subtilis
(20, 21). These transporters are composed of
two similar but distinct polypeptides, which
appear to form heterodimers analogous to the
EmrE homodimer. The two subunits are
inserted in unique but opposite orientations in
the bacterial membrane, as predicted by the
“positive-inside rule” and determined experi-
mentally for YdgE/YdgF (18). Thus, the emerg-
ing structural paradigm for SMR transporters
is that they are probably built from antiparallel
dimers, which can be composed of two copies
of a single polypeptide as in EmrE, or two
different polypeptides as in YdgE/YdgF. This
is in line with an increasing number of known
membrane protein structures, primarily trans-
porters and channels, which contain tandem
antiparallel domains (22).

Antiparallel dimerization of identical sub-
units can symmetrize the substrate translocation
pathway, which could result in a nonproductive
transporter that simply cycles back and forth.
Although coupling to an electrochemical gradi-
ent may be sufficient to drive directional
transport in such a system, the EmrE transporter
has an additional feature that likely confers
unidirectionality—the dimer is asymmetric.
The two subunits, A and B, adopt slightly dif-
ferent tertiary folds, despite having identical
primary sequence (Fig. 1). In each subunit, the
first three helices form a loose left-handed
three-helix bundle, as viewed from the N ter-
minus (Fig. 1, C and D). However, the dis-
position of the fourth helix is different in the
two subunits. In subunit A, helix A4 is packed
against helix A2, whereas in subunit B, helix
B4 is packed against B3 (Fig. 1D). These
helices form part of the dimer interface, sug-
gesting that the alternate EmrE folds may be
required for dimerization. In addition, a single-
turn helix, which forms part of the loop
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connecting helices A2 and A3, is absent in
subunit B (asterisk in Fig. 1C).

Viewed along the transmembrane axis, the
two three-helix bundles are on opposite sides
of the dimer, flanked by helices A4 and B4
(Fig. 1C). Helices A1 and B1 are located in the
middle of the dimer and form part of the TPP-
binding site, in accord with their essential role
in drug transport (Fig. 1, B and C). These two
helices form an approximate V shape with a
~30° crossing angle, consistent with predic-
tions from electron paramagnetic resonance
(EPR) spin-labeling studies of unbound EmrE
(23). The relative positions of the first and
fourth transmembrane helices are also in gen-
eral agreement with predictions from cross-
linking experiments (7).

Biochemical studies also suggest that EmrE
can form a dimer of dimers (8), and examina-
tion of packing interactions in the EmrE-TPP
crystal suggests a possible tetramerization
interface. Helices A4, B1, and B2 from one
dimer pack against their symmetry-related mates
in another dimer, burying a total surface area of
~1600 A2 (Fig. 1E). Although it remains to be
confirmed by mutagenesis and other bio-
physical methods, EmrE tetramerization could,
in principle, increase the efficiency of drug
recognition and efflux through avidity effects.

A possible drug translocation pathway is
evident in the structure, consisting of two
cone-shaped pockets that open to opposite
sides of the lipid bilayer (shown by arrows in
Fig. 2A). The two pockets are demarcated by
helices Al and B1. Consistent with the asym-
metric nature of the EmrE dimer, this putative
translocation pathway is also asymmetric. In
addition to Al and BI, the larger pocket is
surrounded by helices A2, B3, and B4,
whereas the smaller one is lined by helix A2.
TPP appears bound at the bottom of the larger
pocket, wedged between helices Al, A2, and
Bl (Fig. 2B). We presume that these three
helices act as a “gate,” controlling passage of
the drug into the smaller pocket. Extensive
mutagenic studies of EmrE by Schuldiner and
co-workers have previously identified residues
required for drug binding and translocation
(10, 11, 24-28). These residues nicely map to
the proposed translocation pathway (Fig. 2A).

The volume of the binding pocket is con-
siderably larger than TPP (Fig. 2B) and can
accommodate a wide range of substrate sizes
and shapes, explaining EmrE’s polyspecificity.
The binding site complements the positively
charged hydrophobic nature of TPP and other
EmrE substrates (3, 4). Hydrophobic residues
in the pocket are well positioned to participate
in van der Waals contacts with the four phenyl
rings of TPP (Fig. 2B). The electrostatic com-
ponent is provided by a membrane-embedded
acidic residue located at the bottom of the
pocket, Glu-14 in helix Al (colored red in Fig.
2B). Mutagenesis indicates that this glutamate
is absolutely required for proper EmrE func-

tion (24-26), although such studies cannot
readily distinguish between the two Glu-14
residues in the homodimer. In this EmrE con-
formation, the second Glu-14 in helix B1 does
not appear to contact TPP (Glul4* in Fig. 2B).
Its carboxylate group is located ~16 A away
from the TPP phosphate atom and appears to
face the smaller pocket. Thus, the two glu-
tamates do not necessarily contact the bound
drug simultaneously, as previously proposed
(4), and we suggest that instead they bind TPP
sequentially (see below).

A structure of the EmrE-TPP complex has
also been reported by electron microscopy

(EM) of two-dimensional (2D) crystals to res-
olutions of 7.5 A in-plane and 16 A per-
pendicular to the lipid bilayer (/3). The EM
model also shows EmrE as an asymmetric
dimer with the drug-binding site located be-
tween the two monomers, and also suggests an
antiparallel arrangement. The x-ray and EM
structures appear to have captured two differ-
ent conformations of drug-bound EmrE trans-
porter (Fig. 3). Independent superposition of
the two EmrE subunits in the x-ray structure
with the EM model allowed us to define the
subunit boundaries and propose helical assign-
ments for the EM structure (Fig. 3A). This

Fig. 2. A possible drug translocation pathway in the EmrE transporter. (A) Side view of the EmrE
dimer, superimposed with a semitransparent surface rendering. The openings to the two pockets,
facing opposite sides of the lipid bilayer, are indicated by arrows. Residues that have been shown
by cysteine-scanning mutagenesis to be important for drug binding and transport (70, 71, 24-28)
are indicated by spheres, using the following color scheme: blue, absolutely required for TPP binding;
cyan, substitutions show partial TPP binding and impaired transport; magenta, residues that confer
altered drug specificity when mutated. Residues in subunit B are indicated by asterisks. Note that EmrE
mutagenesis alters two residues in the dimer, which are in nonequivalent positions. We have therefore
only shown the positions that are close to the putative translocation pathway. Residues that are
important for drug transport but have both copies removed from the pathway are shown in yellow
(Leu-7, Tyr-60, Trp-63). These residues likely perform essential structural roles. (B) Close-up view of the
bound drug, with protein, TPP, and As densities (contoured at 1c). The three helices are B1 (left), A2
(middle), and A1 (right). The two Glu-14 residues are shown and colored red. The position of the
phosphate atom is unambiguously defined by the anomalous As peak from the arsonium analog of TPP
(blue), and the positions of the Glu-14 residues are relatively well defined based on the positions of Se
atoms in Met-21, two helical turns away. Hydrophobic residues within van der Waals distance of TPP
are also indicated. Close packing of TPP to helix A1 appears facilitated by the absence of a side chain in
Gly-17. Mutation of this glycine to cysteine abolishes TPP binding (27).

pseudo-atomic

B4 EM model x-ray structure

Fig. 3. Comparison of the x-ray and EM structures of EmrE-TPP. (A) Independent superposition of
EmrE subunits A and B in the x-ray structure with a cylinder model (colored gray) derived from the
EM structure of EmrE-TPP (European Molecular Biology Laboratory—EBI accession code EMD-1087)
(73). A unique match was found using two constraints: Three-helix bundles on opposite sides of the
dimer were assumed to be helices 1 to 3, and the helix closest to the density attributed to TPP in the
EM map was assumed to be helix 1. In this pseudo-atomic model, three helices have notably different
tilt angles: A2, B2, and B3 (shown by red asterisks). The x-ray position of helices B2 and B3, which
appear to move as a unit, is likely due to crystal packing interactions along the putative
tetramerization interface (see also Fig. 1E). We speculate that the conformational change in helix A2
is relevant to the drug transport mechanism. (B and C) The TPP molecule is bound to different sites in
the x-ray structure (C) and EM model (B), suggesting a possible mechanism for drug transport. The
relative positions of the EmrE helices are indicated, viewing toward the binding pockets (in the same
orientation as in Fig. 1C). The positions of the TPP molecules are shown by red circles.
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