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The small multidrug resistance family of transporters
is widespread in bacteria and is responsible for
bacterial resistance to toxic aromatic cations by pro-
ton-linked ef¯ux. We have determined the three-
dimensional (3D) structure of the Escherichia coli
multidrug transporter EmrE by electron cryomicro-
scopy of 2D crystals, including data to 7.0 AÊ reso-
lution. The structure of EmrE consists of a bundle of
eight transmembrane a-helices with one substrate
molecule bound near the centre. The substrate bind-
ing chamber is formed from six helices and is access-
ible both from the aqueous phase and laterally from
the lipid bilayer. The most remarkable feature of the
structure of EmrE is that it is an asymmetric homo-
dimer. The possible arrangement of the two polypep-
tides in the EmrE dimer is discussed based on the 3D
density map.
Keywords: asymmetry/electron crystallography/
membrane protein/multidrug/structure

Introduction

Multidrug resistance in bacteria is a signi®cant problem
throughout the world, with the appearance of pathogens
that are resistant to common antibiotics, and even
normally harmless bacteria can now lead to life-threaten-
ing primary or secondary infections (Wise et al., 1998;
Cizman, 2003). Bacteria have evolved complex mechan-
isms for the extrusion of toxic compounds, many of which
we now use routinely as antibiotics and antiseptics
(Zgurskaya and Nikaido, 2002). The ef¯ux of toxic
molecules is driven either by ATP hydrolysis, as in the
ABC transporter superfamily, or by coupling ef¯ux to the
inward movement of protons down their concentration
gradient. This antiporter mechanism has evolved in many
different transporter families (Paulsen et al., 1996),
including the Major Facilitator Superfamily (MFS), the
Resistance-Nodulation-cell Division (RND) family and
the Small Multidrug Resistance (SMR) family. An atomic
resolution structure of an RND family multidrug trans-
porter has been described previously (Murakami et al.,
2002; Elkins and Nikaido, 2003), but only the structures of
multidrug transporter homologues in the ABC family
(Chang and Roth, 2001; Locher et al., 2002; Chang, 2003)

and transporters in the MFS family (Abramson et al.,
2003; Hirai et al., 2002; Huang et al., 2003) have been
obtained so far. This paper describes the three-dimensional
(3D) structure of EmrE, a prototypic member of the SMR
family.

EmrE has been subject to intensive investigation over
the last decade (Schuldiner et al., 2001). EmrE is a
multidrug transporter that catalyses the electrogenic ef¯ux
of one substrate molecule in exchange for two or more
protons through a hydrophobic pathway in the protein
(Lebendiker and Schuldiner, 1996; Mordoch et al., 1999;
Yerushalmi and Schuldiner, 2000). EmrE is classi®ed as a
multidrug transporter because its substrates include a wide
variety of cationic aromatic hydrocarbons of varying size,
structure and charge (Yerushalmi et al., 1995). The amino
acid sequence of EmrE is predicted to form four
transmembrane a-helices, which is strongly supported by
evidence from FTIR (Arkin et al., 1996) and heteronuclear
NMR (Schwaiger et al., 1998). Four transmembrane
a-helices are thought unlikely alone to be capable of
forming a structure that could catalyse proton-linked
multidrug ef¯ux, so the oligomeric state of EmrE has
received much attention. Negative-dominance studies,
cross-linking, ligand binding and hetero-oligomer forma-
tion all con®rm that EmrE functions as an oligomer
(Yerushalmi et al., 1996; Muth and Schuldiner, 2000;
Rotem et al., 2001; Soskine et al., 2002; Tate et al., 2003).
Projection structures of EmrE determined by electron
cryomicroscopy (cryo-EM) of 2D crystals showed that the
repetitive unit in the crystal was composed of eight
a-helices arranged in an asymmetric manner, indicating
that the minimal functional unit for substrate binding is a
dimer (Tate et al., 2001, 2003). Available data do not
preclude the existence of higher functional oligomers
in vivo. Here we describe the architecture of dimeric EmrE
in the membrane, based on cryo-EM of 2D crystals,
including the location of the TPP+ binding site and the
translocation pathway within the dimer.

Results and discussion

Description of the structure
Tubular crystals of EmrE were obtained by dialysis of the
puri®ed transporter to remove detergent in the presence of
the substrate TPP+. We chose to solve the structure of
EmrE with TPP+ bound, because these crystals are more
highly ordered than the native crystals, and we knew from
previous work (Tate et al., 2003) that the structure of the
TPP+-bound form is virtually identical in projection to the
native structure. Samples for cryo-EM were prepared by
drying brie¯y in 1% glucose followed by rapid freezing in
liquid nitrogen. Images of the ¯attened tubes showed two
easily distinguishable crystalline lattices from the top and
bottom surfaces of the vesicle each with p2 symmetry and
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unit cell dimensions a = 72.1 AÊ , b = 86.8 AÊ , g = 107.3°.
Forty-seven images from samples tilted nominally up to
40° were processed and merged (Table I) using the
Medical Research Council suite of programs (Crowther
et al., 1996). The 2D lattice lines (Figure 1) were ®tted and
used to calculate a 3D density map of EmrE.

The structure of the EmrE dimer (Figure 2) is composed
of eight transmembrane a-helices. Six a-helices, coloured
yellow (Figure 2B, helices A±C and F±H), with tilt angles
of 12±38° relative to the membrane normal, are packed to
form the wall of a chamber. The other two a-helices D and
E (coloured red), which are more nearly perpendicular to
the membrane with tilt angles of 11 and 12°, respectively,
are separated from the chamber by two of the highly tilted
helices C (24° tilt) and F (38° tilt) in the wall. Slices of the
map at different heights (Figure 3A±E) show that this

chamber extends from one surface of the membrane to just
past the membrane centre, where it appears to be closed by
the convergence of helices F and H. Density connects
these two helices in our map (Figure 5B), strongly
suggesting that they are joined by a loop at the bottom
of the structure. The chamber constitutes the binding site
in EmrE for substrate, because the density associated with
TPP+, identi®ed previously by comparing the native and
the TPP+-bound forms (Tate et al., 2003), is found near its
centre (Figure 3A±C). The density for TPP+ appears as a
triangular mass merging to the main density for helix H
(Figure 2D). The limited vertical resolution of our
structure and the fact that TPP+ has a tetrahedral structure
suggests that we are observing the density for only the part
of TPP+ that is immobilized by direct interactions with
amino acid residue side-chains in neighbouring helices.
The substrate binding chamber has two openings, one
facing the aqueous medium and the other laterally facing
the lipid bilayer, which would allow hydrophobic sub-
strates in one lea¯et of the Escherichia coli inner
membrane to diffuse into the EmrE binding site. In
addition, it is possible that access to the lipid bilayer
between a-helices A and H is required for larger substrates
too big to ®t into the binding region de®ned by TPP+ in the
structure, thus allowing EmrE to transport a larger range of
substrates. It is noticeable that there appears to be no
access to the substrate binding site from the other lea¯et of
the membrane in this conformation of the EmrE dimer
(Figure 3D and E).

The most remarkable feature of the EmrE homodimer is
that the eight transmembrane a-helices are arranged in an
asymmetric manner, with no 2-fold axis relating the two
monomers, con®rming our previous observations from the
projection map of native EmrE to 7.0 AÊ resolution (Tate
et al., 2001). It should be noted that the 3D structure of
EmrE determined from the 2D crystals represents func-
tional protein. The detergent-solubilized EmrE used for
crystallization binds 3H-TPP+ with high af®nity, with a
stoichiometry of one TPP+ molecule per EmrE dimer (Tate

Table I. Electron crystallographic data

Plane group p2
Cell dimensions

a (AÊ ) 72.1
b (AÊ ) 86.8
c (AÊ ) 200.0 (arbitrary)
a = b (°) 90.0
g (°) 107.3

Number of imagesa 47
Resolution limit for merging (AÊ ) 7.0
Effective resolution of 3D data setb (AÊ )

In-plane 7.5
Perpendicular to the membrane 16.0

Total number of observations 6782 (IQ <7)
Number of structural factors 2198
Completeness (%)

0±40° 93
0±90° 60

Overall weighted R-factorc (%) 22.6
Overall weighted phase residualc (°) 16.3

aThirteen at 0°, eight at 20°, 20 at 30° and six at 40° (nominal tilts).
bAs calculated from a point-spread function of the experimental data.
cFrom program LATLINEK.

Fig. 1. Lattice line data. Plots of amplitudes (lower panels) and phases (upper panels) along the z* axis for three selected re¯ections. The ®tted lattice
lines were produced by weighted least squares ®tting and the resulting errors are shown.

I.Ubarretxena-Belandia et al.

6176



et al., 2003). The native EmrE crystals that do not contain
bound TPP+ can also bind 3H-TPP+ with high af®nity (Kd =
3.2 6 0.3 nM) (C.G.Tate, unpublished data), inducing the
crystals to fragment (Tate et al., 2003). A comparison
between projection maps of native EmrE and TPP+-bound
EmrE suggest only a minor conformational change
between the two structures (Tate et al., 2003). These
data all suggest that the asymmetric structure of dimeric
EmrE is not a consequence of crystallization and is
therefore directly relevant to the mechanism of multidrug
transport.

Arrangement of EmrE dimers in the crystals
Comparison of 2D EmrE crystals of three different planar
space groups (Tate et al., 2003) shows that EmrE
crystallizes in the membrane, with the dimers arranged
in two distinct ways to form two different tetramers
(Figure 4). In projection, one crystallographic tetramer
(dimers 1 and 3) is related by a 2-fold axis in the plane of
the membrane, with the two dimers closely interacting, but
in opposite orientations across the membrane. The other
tetramer (dimers 1 and 2) is related by a 2-fold axis
perpendicular to the membrane and is formed by the
interaction of helices E and D from two adjacent dimers,

which create a four-helix bundle. As the two dimers would
have the same orientation in the membrane, it is likely that
this tetramer could well exist in vivo in the inner bacterial
membrane.

The oligomeric state of EmrE in vivo is unproven. The
detergent-solubilized EmrE used for 2D crystallization is a
dimer as determined by analytical ultracentrifugation
experiments (P.J.G.Butler and C.G.Tate, unpublished
data) and is fully competent to bind TPP+ with high
af®nity at a stoichiometry of one TPP+ per dimer (Tate
et al., 2003). However, there is some evidence for an
oligomeric order higher than a dimer in the membrane
in vivo (Yerushalmi et al., 1996). Given that the minimal
functional unit for TPP+ binding is a dimer, then a tetramer
is the most likely oligomeric state of EmrE in vivo, but
there is no biophysical data on membrane-reconstituted

Fig. 2. Top and side view of the 3D density map of EmrE. (A) Top
view perpendicular to the membrane plane of the density contoured at
1.2 s. (B) Schematic view perpendicular to the membrane plane of the
architecture of EmrE with all helices (A±H) approximated as straight
cylinders. (C) Side view along the membrane plane of the density con-
toured at 1.2 s. (D) Side view of a slice along the membrane plane of
the density contoured at 0.8 s, to emphasize the location of the sub-
strate TPP+. The eight idealized helices were placed manually into the
map and were not subjected to re®nement. The helices are grouped into
two sets: those coloured yellow form the substrate binding pocket and
those coloured red are separated from the binding pocket by helices C
and F. The maps were analysed and the idealized helices generated in
the environment of O (Jones et al., 1991).

Fig. 3. Horizontal slices through the density map: 3AÊ -deep slices
through the density map (contoured at 0.8 s) perpendicular to the mem-
brane plane separated by 5 AÊ . The panels show sections above (A and
B) and below (D and E) the centre (C). The six yellow helices form
the wall of the substrate binding pocket, whereas the two red helices
are separated from the binding pocket. The density at the centre of the
yellow helices in sections A±C is believed to represent the substrate
TPP+.
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EmrE to support this. It remains to be seen whether there is
a functional role for a tetramer in vivo, or whether the
dimer is fully capable of catalysing drug ef¯ux.

Structural models for EmrE
To understand how the two EmrE monomers associate to
form an asymmetric structure, we need to interpret the
medium-resolution 3D structure in terms of which density
represents each a-helix in the protein sequence. However,
at the current resolution of our map we cannot directly
assign the amino acid sequence to each transmembrane
helix. Is there suf®cient information from the structural
data and biochemical data to de®ne a likely model
unambiguously? From the structure data we present here,
there is only one connection between helices H and F that
is suf®ciently convincing to be used as a constraint in
model building (Figure 5). Another constraint is that
Glu14 in helix 1 of one EmrE monomer should be close to
Glu14 of the other monomer because they are proposed to
bind simultaneously to the substrate and the helices have
been shown to be parallel in spin-labelling studies
(Koteiche et al., 2003). The only other data that could be
used is cross-linking data, which suggests that helix 4 in
one monomer is close and parallel to helix 4 in another
monomer, and that helix 1 from one monomer can cross-
link with helix 4 from another monomer (Soskine et al.,
2002). Unfortunately the published cross-linking data
cannot be used to discriminate between likely models of
EmrE; under the conditions used for the cross-linking
experiments (unpuri®ed detergent-solubilized EmrE), it is
not clear whether EmrE is a tetramer, which is the
proposed state of EmrE in the membrane, or a dimer,
which is the oligomeric state of EmrE after puri®cation in

detergent. We will therefore not discuss detailed helix
assignments, but we will consider how the monomers
could pack together to form the asymmetric dimer.

A ®rst consideration is how the eight helices in the 3D
map are allocated to the two monomers. Since those

Fig. 4. Packing of EmrE dimers in the 2D crystals. The two different
tetrameric arrangements of EmrE dimers as observed in the p2 crystals
are shown with all helices approximated as straight cylinders. Each
dimer is numbered and dimer 1 is identical to the one shown in
Figure 2B. The 2-fold axes perpendicular and parallel to the membrane
plane are shown in white.

Fig. 5. Possible arrangements of monomers in the dimer. (A) Four pos-
sible monomer boundaries in the EmrE dimer are shown. The trans-
membrane helices are depicted as circles distributed as in the central
section of the structure shown in Figure 3C. A red circle depicts the
location of the substrate TPP+. A continuous green line illustrates the
hypothetical interface between monomers. (B) View of the density map
contoured at 1.0 s to show the connection of density between helix H
and helix F (white arrow). The density for TPP+ is also shown for
reference (dashed arrow). The view is along helix G and from the same
side as in Figure 2.
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assignments involving helices interpenetrating between
monomers are unlikely, we can envisage four possible
boundaries between the monomers (Figure 5). In the
arrangement in model 1, densities A-B-C-D comprise one
monomer, whilst densities E-F-G-H comprise the other
monomer. The other possibilities divide the densities as
follows: C-D-E-F with A-B-G-H (model 2); A-B-C-H with
D-E-F-G (model 3); and B-C-D-E with A-F-G-H (model
4). Models 2 and 3 seem less likely because our map shows
that helices F and H are connected by a loop, indicating
that these two helices are in the same monomer. Although
model 4 ful®ls the F to H connection, in our map helix A is
seen to have no contacts except with helix B (Table II),
suggesting that this con®guration is unlikely. Even though
we cannot exclude the other possibilities with any
certainty, model 1 is the most likely based on the above
criteria. Furthermore, there is signi®cant similarity in
packing between helices A-B-C-D and E-F-G-H (Table II).
The inter-helical packing angles between pairs A/B, B/C
and C/D compared to H/G, G/F and F/E are quite similar,
and the sequence of signs of the crossover angles are the
same.

In considering the alternatives in helix identity in the
monomers A-B-C-D and E-F-G-H, we will apply the
constraint that those faces of helices involved in helix±
helix contacts in a given interaction should not face lipid in
another. At least two possible arrangements satisfy the
above criteria for most of the interactions, and we will
refer to them as the `upside-down' and the `rotated' model;
they are discussed below. If the above constraint is
weakened, then a plausible `side-by-side' model can be
constructed in which density A in one polypeptide
corresponds to density H in the other, and density D
corresponds to density E. The highly hydrophobic nature
of EmrE means that the surfaces of the a-helices could
either face the lipid exterior or the hydrophobic binding
chamber, but it is unexpected that the surfaces might all be
used so asymmetrically. This possibility therefore cannot
be ruled out given the novelty of the EmrE asymmetric
homodimer.

In the `upside-down' model, the two monomers are
related by a rotation of ~180° about an axis roughly in the
membrane plane. In this arrangement the helix represented
by density A in one monomer corresponds to H in the
other, but is inverted in the membrane. Such a model
proposes a novel type of packing arrangement within a

membrane protein homodimer. Support for this model
comes from the striking conservation of packing between
the densities F, G and H compared with A, B and C after
rotation about an axis roughly in the membrane plane.
After this transformation, F-G-H can be superimposed
onto A-B-C, but a different geometrical transformation is
required to superimpose D on to E. Evidence that
membrane proteins can exist in vivo in opposite orienta-
tions has been described previously both in vivo (ductin;
Dunlop et al., 1995) and in designed membrane proteins
(Nilsson and von Heijne, 1990; Gafvelin and von Heijne,
1994). Neither is there any distinctive distribution of
positive charge in EmrE to suggest an orientation more
likely to face the cytoplasm according to the `positive-
inside' rule (von Heijne, 1986). It is also intriguing that in
some atomic resolution structures of channels and trans-
porters, there are structural motifs that appear to have
evolved by a gene duplication event followed by an
inversion of topology of the membrane protein domain,
resulting in an antiparallel architecture (Fu et al., 2000;
Dutzler et al., 2002). The `upside-down' model is thus a
tantalizing possibility and, if this were the case, the
tetramer could comprise dimers related by an in-plane
2-fold symmetry axis (dimers 1 and 3; Figure 4).

In the `rotation' model, a rotation of ~180° about an axis
approximately perpendicular to the membrane plane
relates the region A-B-C-D to the region E-F-G-H, such
that A is related to E, B is related to F, C to G and D to H.
The interactions between helices within each of these
monomers are similar but not identical. Furthermore, the
interactions between the monomers will be asymmetric in
that whilst E is close to D, and F is close to C throughout
their lengths, the related pairs A±H and B±G will be
separated by the binding pocket for TPP+. Therefore, the
surfaces of helices involved in these two types of
interactions would need to be capable of two different
types of contact. We have one constraint from the fact that
helix 1 from each monomer should be located at the
interface between monomers to donate residue Glu14 to
the TPP+ binding chamber, which means that helix 1 is
placed at either B and F or at C and G.

It should be emphasized that in none of the models
presented above do the monomers have identical struc-
tures, nor do they make entirely symmetrical interactions
with the adjacent monomer. It seems reasonable to assume
that the structure of free monomeric EmrE is not the same
as that of either monomer in the dimer, and that the
observed asymmetry arises with dimer formation. Further
work will be required in order to identify which helix
corresponds to which density, and to understand the nature
of the helix±helix interactions that underlie the asymmetry
of the EmrE homodimer.

Mechanism of transport
The axes of the six helices (A±C and F±H) forming the
substrate binding chamber are all within 9±13 AÊ of the
centre of the density attributed to TPP+, and are probably
all involved in substrate recognition and translocation. We
have crystallized EmrE in a single conformation, but it is
not possible to de®ne whether the binding chamber
opens towards the periplasm or cytoplasm, because the
resolution is insuf®cient to directly assign densities to
amino acid sequence. Thus the structure of EmrE

Table II. Packing angle and axis-to-axis distance between helices

Helices Packing
angle (°)

Axis-to-axis
distance (AÊ )

Level of closest
approach

A B +19 9 Centre
B C ±43 9 Centre
C D +16 9 Top (+Z)
H G +18 9 Centre
G F ±32 9 Centre
F E +31 11 Centre
D E +15 9 Extended contact
C F ±13 9 Bottom (±Z)
B G ±34 17 Bottom (±Z)
A H ±48 14 Centre
B H ±53 9 Bottom (±Z)
A G ±32 19 Top (+Z)
F H ±32 9 Bottom (±Z)
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presented here could represent either the outward-facing
conformation awaiting the displacement of TPP+ by
protons, or it could represent the cytoplasmic-facing
structure awaiting a conformational change to re-orient
the binding chamber to open towards the periplasm. The
proposed mechanism of transport involves the binding of
TPP+ by the two glutamate residues (Glu14) located in
helix 1 of adjacent monomers in the asymmetric dimer
(Figure 6). The substrate enters EmrE either from the inner
lea¯et of the cytoplasmic membrane or directly from the
cytoplasm; direct binding of protons to both Glu14
residues induces the release of substrate at the periplasmic
surface. The chamber where TPP+ binds is sealed at the top
by helix H; the creation of an opening on the opposite side
of the membrane from the chamber entrance would require
the movement of this helix, and the proximity of helices G
and F could mean they move as a group.

What could be the relevance of EmrE asymmetry for
transport? One possibility is that the two Glu14 residues
essential for transport have slightly different environments
in an asymmetric structure, and this non-equivalence is
important in the mechanism. Another possibility is that

one conformation of a monomer during the transport cycle
is unstable, and therefore requires the other monomer to
stabilize it; a similar rationale has been proposed for the
asymmetric heterodimer formed in the HIV-1 reverse
transcriptase (Wang et al., 1994). Higher resolution
structures of different conformational states will be
required to elucidate the importance of the asymmetry
for proton-linked drug ef¯ux by EmrE.

Materials and methods

EmrE was overexpressed in E.coli and puri®ed in dodecylmaltoside as
described previously (Muth and Schuldiner, 2000; Tate et al., 2001).
Two-dimensional crystals of EmrE were obtained by the addition of
dimyristoylphosphatidylcholine and dialysis to remove detergent for 10±
14 days at 25°C against buffer containing 20 mM TPP+. The resulting
tubular p2 crystals have been described previously (Tate et al., 2003). The
crystals were placed on molybdenum grids coated with 4-day-old carbon,
blotted in 1% glucose, brie¯y dried, and rapidly frozen in liquid nitrogen.
The grids were transferred to a liquid nitrogen-cooled Gatan 626 cold
stage, and low-dose electron micrographs of specimens tilted from 0 to
40° were recorded on a Tecnai F30 electron microscope at an accelerating
voltage of 300 keV. Images recorded on Kodak S0-163 ®lm were
collected either with ¯ood beam or spot-scan illumination at a nominal
magni®cation of 357 400 and underfocus ranging from 2000 to 16 000 AÊ .
Crystal quality was assessed by optical diffraction and the best images
were digitised using a Zeiss SCAI scanner with a 7-mm step size. The
MRC image-processing package (Crowther et al., 1996) was used to
analyse 47 individual images by correcting for lattice distortions and the
effects of the contrast transfer function. Image data were then merged in
plane group p2, and the tilt geometries and phase origin were re®ned
using information to a resolution of 7.0 AÊ through an iterative process to
produce lattice lines and a 3D map. All images were then processed a
second time using projections calculated from the re®ned 3D model
corresponding to the unre®ned 3D map as the reference for a more
accurate correction of the lattice distortions as described previously
(Kunji et al., 2000). The procedure did not alter any of the gross features
in the 3D structure, but it signi®cantly improved the vertical resolution
and reduced the background noise. The ®nal 3D density map was
calculated to 7.0 AÊ resolution after two more cycles of geometry, phase
origin and contrast function re®nement. The 3D density map was
analysed in the environment of O (Jones et al., 1991).
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