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The small multi-drug resistant (SMR) transporter EmrE functions as a homodimer. Although the small size of
EmrE would seem to make it an ideal model system, it can also make it challenging to work with. As a result, a
great deal of controversy has surrounded even such basic questions as the oligomeric state. Here we show that
the purified protein is a homodimer in isotropic bicelles with a monomer–dimer equilibrium constant (KMD

2D ) of
0.002–0.009mol% for both the substrate-free and substrate-bound states. Thus, the dimer is stabilized in bicelles
relative to detergent micelles where the KMD

2D is only 0.8–0.95 mol% (Butler et al. 2004). In
dilauroylphosphatidylcholine (DLPC) liposomes KMD

2D is 0.0005–0.0008 mol% based on Förster resonance energy
transfer (FRET) measurements, slightly tighter than bicelles. These results emphasize the importance of the
lipid membrane in influencing dimer affinity.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Small multi-drug resistant transporters (SMR) are bacterial trans-
porters with broad substrate specificity. They are located in the inner
membrane and use the proton motive force to export lipophilic cations
from the cytoplasm to the periplasm, thus conferring resistance to these
compounds. As the smallest active transporters, SMR family members
provide a unique system to study the mechanism of proton-coupled
antiport [1–3]. Detailed biophysical and biochemical studies require
using purified protein reconstituted into a variety of membrane or
membrane-mimetic environments. Since structural and biochemical
data has indicated that the minimal functional unit of EmrE is a homo-
dimer [4–12], it is first necessary to understand the effect of environ-
ment in dimer stability.

EmrE dimerization has been previously studied in dodecylmaltoside
(DDM) detergent [5]. Although EmrE binds substrate tightly in DDM,
spherically shaped micelles may induce strain in protein quaternary
structure, thus affecting the overall stability of an integral membrane
protein oligomer. Bicelles provide an intermediate environment be-
tweenmicelles and liposomeswhere the protein is surrounded by lipids
but in a solubilized form [13–18]. We have previously demonstrated,
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using ITC and NMR, that EmrE also binds substrate tightly when
reconstituted into isotropic bicelles [17], with binding affinities that
match those previously published for liposomes [19]. These studies con-
firmed that EmrE is properly folded into a functional form in bicelles and
is able to interconvert between the inward- and outward-facing states
necessary for substrate transport. However, the stability of the EmrE
dimer itself has only been measured in detergent, and has not been
quantitatively investigated in bicelles or lipid bilayers.

Likemany othermembrane proteins, EmrE function is affected by its
environment. Even in the most native-like environment, lipid bilayers,
the substrate binding affinity and transport rate of EmrE vary with
lipid composition [20,21]. Recently, the oligomeric state of the close
homolog TBsmr has been investigated using freeze fracture electronmi-
croscopy in different lipid environments and the oligomeric state
correlated with differences in TBsmr activity [22]. Here we measure
the dimerization affinity of EmrE in bicelles and liposomes to better
understand the effect of environment on the functionally important di-
merization of this unique and well-studied integral membrane protein.

It is common to assess the equilibrium binding of proteins by mea-
suring the dissociation constant in aqueous solution as defined by
three-dimensional units of concentration. However, integralmembrane
proteins are confined to the 2D lipid bilayer or membrane mimetic.
Therefore, the dissociation constant depends on the protein:lipid or
protein:detergent ratio and is best reported as mole percent (mol %)
[23–28]. This KMD

2D (mol %) is more useful for calculating monomer/
dimer ratios of EmrE in solutions with different lipid concentrations,
since only the lipid or detergent portion of the solution, which is acces-
sible to the protein, is considered in the calculation. Using KMD

2D for quan-
titative comparison, we demonstrate here that EmrE dimerization is
affected by different membrane mimetic environments and show that
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the EmrE dimer is more stable in bicelles than micelles, and even more
stable in lipid bilayers.

2. Materials and methods

2.1. EmrE expression, purification and reconstitution

Wild-type EmrE was expressed using a pET15b plasmid with an N-
terminal 6×-His tag (a generous gift from Geoffrey Chang, Scripps Re-
search Institute) and purified as previously described [17]. Briefly,
BL21 (DE3) cells transformed with the EmrE-containing plasmid were
grown in M9 minimal media. After harvesting the cells, they were
lysed by sonication and the membrane fraction was solubilized with
40 mM DDM (Affymetrix Anatrace, Maumee, OH). EmrE was purified
using Ni-NTA resin (Novagen/EMD Millipore, Darmstadt, Germany)
and gel filtration chromatography in 10 mM DDM. The His-tag was
cleaved using thrombin between the columns. Purified EmrE was then
reconstituted into DLPC liposomes using AMBERLITE (Supelco/Sigma-
Aldrich, St. Louis, MO) and the liposomes were broken into isotropic
bicelles with the short chain lipid DHPC as previously described [17,
18]. The T56C mutant of EmrE for fluorescent labeling was constructed
using QUICKCHANGE (Stratagene/Agilent Technologies, Santa Clara,
CA) and purified in an identical manner. This mutant had the three
native cysteines mutated to serine in addition to the single added
cysteine residue (C39S, C41S, C95S, T56C).

2.2. Sedimentation equilibrium analytical ultra-centrifugation (AUC)

AUC experiments were done using wild-type EmrE reconstituted in
56 mM DLPC/DHPC, q = 0.33, isotropic bicelles. In order to density
match the 56 mM isotropic bicelles with the aqueous buffer [27,29,
30], six otherwise identical bicelle samples (no protein) were prepared
with increasing concentrations of D2O (75, 80, 85, 90, 95, and 100%) in
20mMpotassium phosphate, 20mMNaCl at pH 7.0, alongwith a refer-
ence sample in 100% H2O. The samples were spun at 45,000 rpm in a
Beckman Coulter XL-I analytical ultracentrifuge at 25 °C and the radial
distributions of the samples were monitored using laser interference
optics to identify the isopycnic pointwhere the slope of the radial distri-
bution is zero and buoyant molecular density of the bicelles is identical
to the buffer. The same experiment was performed in the presence of
25 μM tetraphenylphosphonium (TPP+) with identical results. 2, 5, 10,
and 20 μMwild-type EmrE (concentration determined using the absor-
bance at 280 nm as in [17]) was reconstituted into bicelles in density
matched buffer (98% D2O). The samples were spun at 8000, 16,000,
and 24,000 rpm for 15 h at 25 °C. 56 mM empty bicelles in the same
buffer was used as a reference solution. The radial distribution of the
protein at different concentration was monitored at 280 nm. The equi-
librium radial distribution data were processed in SEDFIT and fit with
the monomer–dimer self association model in SEDPHAT to extract the
dissociation constant. The dissociation constant in concentration units
(μM)was converted tomol % of the protein in bicelle constituting lipids.
The partial specific volume of wild-type EmrE and the density of phos-
phate buffer containing 98% D2O were estimated as 0.7673 ml/g and
1.10644 g/ml respectively using SEDNTERP program. Error analysis
was done using the Monte-Carlo program in SEDPHAT.

2.3. FRET experiments

Determination of the two-dimensional monomer–dimer dissocia-
tion constant (KMD

2D ) in liposomes was performed by two different
methods to ensure that samples were fully equilibrated and the results
were independent of labeling efficiency. For the first method, 200 μM
T56C-EmrE was labeled in 10 mM DDM micelles using an equimolar
mixture of donor (Alexa488-maleimide) (Invitrogen/Life Technologies,
Grand Island, NY) and acceptor (Alexa568-maleimide) (Invitrogen/Life
Technologies, Grand Island, NY) in 20mMpotassiumphosphate, 20mM
NaCl, 2 mM TCEP at pH 7.2. The labeled protein was purified from free
dyes using Zeba desalting columns (Pierce) and reconstituted in DLPC
liposomes at high protein/lipid ratio as described previously. The
reconstituted labeled T56C-EmrE was then serially diluted with empty
liposomes and multiple freeze–thaw cycles were performed to equili-
brate the samples until no further FRET change was observed. Four di-
luted samples were made ranging from 1.5 × 10−03 to 3.0 × 10−06

protein:lipid ratio.
For the second method, T56C-EmrE was reconstituted into lipo-

somes at 2.5 × 10−02 P/L ratio and fluorescently labeled in the lipo-
somes using the method previously developed to determine EmrE
topology [17]. In this protocol, external cysteines are labeled first,
followed by liposome permeabilization with detergent and then label-
ing of cysteines facing the interior of the liposome. The fluorescently la-
beled EmrE proteoliposomes were then divided into aliquots and 1.2%
DDM was added to fully solubilize the proteoliposomes. Additional
lipids were added to each sample to achieve P/L ratios ranging from
3.0 × 10−03 to 6.6 × 10−06 and proteoliposomes were reconstituted
by removing the detergent with Amberlite as described previously
[17]. For FRETmeasurements, each samplewas excited at a wavelength
of 490 nm and the emission spectrum was collected from 500 to
750 nm. Reference spectra were taken for solutions containing equal
concentrations of DLPC liposomes and subtracted from the sample
spectra.

FRET efficiency was calculated using the following equation [31]

E ¼ 2IAQD= IDQA þ IAQDð Þ ð2Þ

where IA and ID are the intensity of acceptor and donor emission at
600 nm and 516 nm respectively, QD and QA are the quantum yields of
donor (Alexa488; 0.92) and acceptor (Alexa568; 0.69) respectively,
and both dyes label EmrE with equal efficiency.

The FRET efficiency (E) can also be expressed in terms of the ratio of
dimer to the total protein concentration including both dimer (M2) and
monomer (M). Assuming that the monomer–dimer equilibrium is not
affected by the dye labeling of the protein, the following relationship
is obtained [31]

E ¼ M2½ �= M2½ � þ M½ �=2ð Þ ð3Þ

where the denominator is the total protein concentration, CT, expressed
as moles of dimer per area for the 2D case. This can be expressed
equivalently in terms of R, the EmrE:lipid ratio since only the lipid
area is accessible to the highly hydrophobic EmrE. For the monomer/
dimer equilibrium KMD = [M]2/M2. This leads to

E ¼ 1−0:5 � E=Rð Þ1=2KMD
1=2 4Þ

Eq. (4) shows that E vs (E/R)1/2 has a linear relationship and the
slope of the line (−0.5 × KMD

1/2) yields the dissociation constant.

3. Results

3.1. Oligomeric state of EmrE in the absence of substrate

Equilibrium analytical ultra-centrifugation (AUC) was used to as-
sess the monomer–dimer equilibrium constant of wild-type EmrE in
isotropic bicelles. This experiment measures the buoyant molecular
weight of a molecule of interest. This includes both protein and
membrane-mimetic in the case of an integral membrane protein
like EmrE. To isolate the protein contribution, we density matched
[27,29,30] the buffer to the bicelles at 98% D2O for 56 mM DLPC/
DHPC isotropic bicelles (q = 0.33) in phosphate buffer at pH 7.0
(Fig. 1A). Samples of wild-type EmrE were reconstituted into bicelles
with a constant lipid concentration and different protein concentra-
tions. The AUC data for all samples at 3 different rotor speeds was
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well fit with a simple monomer–dimer equilibrium model using
SEDPHAT (Fig. 1B). The monomer–dimer equilibrium was converted
to KMD

2D with the assumption that EmrE is restricted to the long-chain
lipid region of the bicelle, resulting in a KMD

2D of 0.006 ± 0.003 mol%.
The assumption that EmrE only samples the long-chain portion of a
perfectly disk-like bicelle with no mixing of long- and short-chain
lipids is clearly an imperfect approximation [32–34], so this repre-
sents an upper limit for KMD

2D . At the other extreme, consideration of
the total lipid concentration places a lower limit on KMD

2D of
0.002 mol%. Converting the published dimerization affinity for
EmrE in micelles to KMD

2D using the reported 3D KD and detergent con-
centration results in 0.8–0.95 mol% for wild-type EmrE in DDM mi-
celles without substrate [5]. The exact value within this range
depends on the extent of delipidation of the sample. This indicates
that the EmrE dimer is at least 100× more stable in discoidal lipid
bicelles than spherical micelles and demonstrates the importance
of lipid environment for stabilizing the EmrE dimer.

3.2. TPP+-bound EmrE in isotropic bicelles

Equilibrium AUC was performed in the presence of saturating
tetraphenylphosphonium (TPP+) to determine the monomer–dimer
equilibrium of substrate-bound EmrE. Under conditions otherwise
identical to the substrate-free EmrE experiments, a simple monomer–
dimer equilibrium model was again sufficient to fit the data for TPP+-
bound EmrE and a nearly identical KMD

2D of 0.003–0.009 mol% of DLPC
was obtained. This is not unexpected since dimerization has been
proposed to be dominated by transmembrane helix 4 (TM4)-TM4
interactions that involve ‘knob–hole’ packing between the hydrophobic
residues of the helices [35–38] and substrate binding does not directly
involve TM4.

3.3. EmrE oligomerization within the membrane bilayer

Determination of two dimensional equilibrium constants in lipid
membranes is not trivial and has only been performed in a few
cases [23,28,39–42]. In order to assess the oligomeric state of EmrE in bi-
layers, we explored techniques thatmight be suitable formeasuring the
monomer–dimer equilibrium under these conditions. EmrE has four
tryptophan residues, only one of which (W63) is essential for activity,
and the change in intrinsic tryptophan fluorescence upon substrate
binding has been used previously to determine substrate affinity [43].
However, the intrinsic tryptophan fluorescence is linear over a wide
range of concentrations, and therefore does not change significantly
upon dimerization (data not shown). We therefore used a Förster reso-
nance energy transfer (FRET) based assay [31] to obtain the 2D dimer-
ization constant (KMD

2D ) for EmrE in liposomes. In this assay, T56C-
EmrE labeled with donor and acceptor (Fig. 2A) and was reconstituted
into liposomes at different protein:lipid ratios (R). These experiments
were performed twice using different labeling conditions and mixing
protocols to ensure full equilibration of the protein and lipid in the bi-
layers, as described in detail in themethods. In the first protocol, we la-
beled EmrE in detergent micelles, reconstituted into liposomes at high
P/L ratio and then used multiple freeze thaw cycles to equilibrate the
proteoliposomes with additional lipid in a dilution series. In the second
protocol, we fluorescently labeled EmrE in permeabilized liposomes,
and then fully solubilized the proteoliposomes with excess detergent
to ensure complete mixing with additional lipids to create the dilution
series. All the detergent was then removed using hydrophobic beads
to reform proteoliposomes at each protein:lipid ratio. The first protocol
minimizes handling of the samples, while the second protocol achieves
higher labeling efficiency of EmrE andensuresmore complete equilibra-
tion of the samples. Triplicate samples were made using each protocol
and the KMD

2D was determined from the measured FRET efficiency (E)
using Eq. (4) [31]. Both methods result in the same KMD

2D (Fig. 2B and
inset): 0.0005 ± 0.0002 mol% by method 1 and 0.0008 ± 0.0004 mol%
by method 2 for TPP+ bound EmrE.
4. Discussion and conclusion

The results presented in this article explore the oligomerization of
the small multidrug resistance transporter, EmrE. It is important to con-
sider that integral membrane proteins reside in a two dimensional
space in the lipid bilayer [39,40,44]. Therefore, a concentration reported
in units of volume is not really relevant since the protein is restricted to
themembrane portion of the sample. The change in effective concentra-
tion upon membrane association and the thermodynamic effects of re-
duced dimensionality are widely recognized as important factors
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influencing biological processes such as signaling and adhesion [39–42].
Despite this, the monomer–dimer equilibrium constants for membrane
proteins are frequently reported in three-dimensional units. Extreme
care must be taken in extrapolating these values to different lipid or de-
tergent conditions, since changing detergent or lipid concentration
changes the effectivemembrane-mimetic space available to the protein.
Because of this partitioning, mole fractions provide the most useful
units for considering protein association within a membrane-mimetic
environment [45]. We therefore report the EmrE dimerization affinity,
KMD
2D , in mol % relative to lipid or detergent. These units allow simple

comparison of dimerization affinities between different lipid and deter-
gent conditions to understand the influence of membrane-mimetic en-
vironment on EmrE self-association.

In the available structures of EmrE, only one pair of helices (TM4) is
tightly associated, with limited additional contact between monomers
in the absence of substrate [4,6,7]. Low-resolution cryoelectron micros-
copy studies of substrate-bound and apo EmrE indicate that small but
significant changes occur in the overall structure upon substrate bind-
ing. EPR measurement of spin-label mobility and accessibility indicate
that the apoprotein ismore dynamic and is stabilized by substrate bind-
ing [46]. This is supported by more recent solid-state NMR experiments
suggesting greater heterogeneity in the apo state [47], while solution
NMR studies reveal a single structure when bound to TPP+ [17]. Our re-
sults confirm that EmrE is a dimer in bicelles and that substrate-free and
substrate-bound EmrE have nearly identical monomer–dimer equilib-
ria. Thus, even though substrate binding stabilizes a single compact 3D
structure of EmrE [46,47] it is not critical for dimer stability. This con-
firms the importance of TM4 [6,35–38] for dimer stability of small mul-
tidrug resistance transporters, as has been extensively studied in the
EmrE homolog Hsmr [35]. Our results emphasize that substrate specific
interactions in the binding pocket are not required for dimer affinity.
This observation is interesting, since the dynamic nature of apo EmrE
has been suggested to have functional importance in enabling multi-
drug recognition. With the TM4 dimerization motif sequestered from
the substrate-binding pocket it is possible to maintain a stable dimer,
as required for transport activity, while allowing significant flexibility
in the substrate-binding pocket. Indeed, solid-state NMR experiments
observed a diversity of lineshapes suggesting differences in apo EmrE
dynamics across the protein [47].

It is clear from our data that bicelles provide a better membrane
mimic for biophysical and biochemical studies of solubilized EmrE than
detergent since the dimerization affinity in bicelles (0.002–0.009 mol%)
is 100 times tighter than in micelles (0.8–0.95 mol%). The dramatic dif-
ference in dimer stability between detergent and bicelles confirms the
importance of the membrane-mimetic environment for proper quater-
nary structure of integralmembrane proteins, particularly small proteins
such as EmrE with limited inter-monomer interaction. Dimer stability
has functional implication as well. While EmrE binds substrate tightly
in DDM detergent, this measure of EmrE function is highly sensitive to
detergent type and concentration. Early studies of EmrE:substrate stoi-
chiometry indicated a 3:1 or 4:1 ratio rather than the now-accepted
2:1 ratio, most likely due to incomplete dimerization of EmrE under
the assay conditions [4,48]. Furthermore, although EmrE binds sub-
strates with high affinity both in the detergent DDM and in bicelles, sug-
gesting both provide a “good” environment and stabilize properly folded
protein. Our results demonstrate that more complete consideration of
EmrE oligomerization as well as substrate binding reveal bicelles to be
a better membrane mimetic than detergent micelles due to the en-
hanced stabilization of the functional EmrE dimer.

The two dimensional monomer–dimer equilibrium constant ob-
tained for EmrE in DLPC liposomes provides the first direct experi-
mental measure of EmrE KMD

2D in full lipid bilayers. Unsurprisingly,
lipid bilayers provide the best environment for EmrE when evaluat-
ed in terms of dimer stability, with dimerization affinity in lipo-
somes (0.0005–0.0008 mol%) another 10-fold tighter than in
bicelles. It is likely that dimerization affinity is further affected by
the exact composition of the lipid membrane. When the EmrE ho-
molog, TBsmr, is reconstituted into liposomes, ethidium transport ac-
tivity depends on the lipid composition and increased activity is
correlated with increased oligomerization [22]. EmrE transport activity
in liposomes is itself dependent on the lipid composition, with signifi-
cant differences in transport rate when phosphatidylglycerol (PG) or
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phosphatidylethanolamine (PE) lipids are included in the liposome [20,
21]. Lipid curvature strain, lateral pressure, and lipid charge may affect
protein insertion, folding, oligomerization, dynamics, and function, as
has been extensively studied for individual TM helices, anti-microbial
peptides, rhodopsin and others [49–57]. Our results provide a dramatic
demonstration of the importance of the proper physico-chemical envi-
ronment for EmrE dimer stability. The very tight dimerization affinity of
EmrE in lipid bilayers suggests EmrE dimers do not dissociate once
formed andmakes it unlikely that SMRmonomers would exchange be-
tween dimers. Future studieswill be needed to determinewhether lipid
composition alters EmrE activity through effects on structure, oligomer-
ization, or functional dynamics andmeasure EmrE dimerization directly
in the native membrane.
Acknowledgement

We thank Dave Wood and Enrico DiCera in the St. Louis University
Department of Biochemistry and Molecular Biology for the training
and use of the analytical ultracentrifuge. We thank Dr. Tim Lohman for
the use of the fluorimeter.

This work was supported by the National Institutes of Health
(1R01GM095839) and the Searle Scholars Program (K.A.H.W.).
References

[1] I.T. Arkin, W.P. Russ, M. Lebendiker, S. Schuldiner, Determining the secondary struc-
ture and orientation of EmrE, a multi-drug transporter, indicates a transmembrane
four-helix bundle, Biochemistry 35 (1996) 7233–7238.

[2] H. Yerushalmi, M. Lebendiker, S. Schuldiner, EmrE, an Escherichia coli 12-kDa multi-
drug transporter, exchanges toxic cations and H+ and is soluble in organic solvents,
J. Biol. Chem. 270 (1995) 6856–6863.

[3] S. Schuldiner, EmrE, a model for studying evolution and mechanism of ion-coupled
transporters, Biochim. Biophys. Acta 1794 (2009) 748–762.

[4] C.G. Tate, I. Ubarretxena-Belandia, J.M. Baldwin, Conformational changes in themul-
tidrug transporter EmrE associated with substrate binding, J. Mol. Biol. 332 (2003)
229–242.

[5] P.J. Butler, I. Ubarretxena-Belandia, T. Warne, C.G. Tate, The Escherichia coli multi-
drug transporter EmrE is a dimer in the detergent-solubilised state, J. Mol. Biol.
340 (2004) 797–808.

[6] Y.J. Chen, O. Pornillos, S. Lieu, C. Ma, A.P. Chen, G. Chang, X-ray structure of EmrE
supports dual topology model, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
18999–19004.

[7] I. Ubarretxena-Belandia, J.M. Baldwin, S. Schuldiner, C.G. Tate, Three-dimensional
structure of the bacterial multidrug transporter EmrE shows it is an asymmetric
homodimer, EMBO J. 22 (2003) 6175–6181.

[8] C.G. Tate, E.R. Kunji, M. Lebendiker, S. Schuldiner, The projection structure of EmrE, a
proton-linked multidrug transporter from Escherichia coli, at 7 A resolution, EMBO J.
20 (2001) 77–81.

[9] Y. Elbaz, S. Steiner-Mordoch, T. Danieli, S. Schuldiner, In vitro synthesis of fully func-
tional EmrE, a multidrug transporter, and study of its oligomeric state, Proc. Natl.
Acad. Sci. U. S. A. 101 (2004) 1519–1524.

[10] Y. Elbaz, N. Tayer, E. Steinfels, S. Steiner-Mordoch, S. Schuldiner, Substrate-induced
tryptophan fluorescence changes in EmrE, the smallest ion-coupled multidrug
transporter, Biochemistry 44 (2005) 7369–7377.

[11] D. Rotem, S. Schuldiner, EmrE, a multidrug transporter from Escherichia coli, trans-
ports monovalent and divalent substrates with the same stoichiometry, J. Biol.
Chem. 279 (2004) 48787–48793.

[12] M. Soskine, Y. Adam, S. Schuldiner, Direct evidence for substrate-induced proton re-
lease in detergent-solubilized EmrE, a multidrug transporter, J. Biol. Chem. 279
(2004) 9951–9955.

[13] K.J. Glover, J.A. Whiles, G. Wu, N. Yu, R. Deems, J.O. Struppe, R.E. Stark, E.A. Komives,
R.R. Vold, Structural evaluation of phospholipid bicelles for solution-state studies of
membrane-associated biomolecules, Biophys. J. 81 (2001) 2163–2171.

[14] J.A. Whiles, R. Deems, R.R. Vold, E.A. Dennis, Bicelles in structure-function studies of
membrane-associated proteins, Bioorg. Chem. 30 (2002) 431–442.

[15] T. Raschle, S. Hiller, M. Etzkorn, G. Wagner, Nonmicellar systems for solution NMR
spectroscopy of membrane proteins, Curr. Opin. Struct. Biol. 20 (2010) 471–479.

[16] S.F. Poget, S.M. Cahill, M.E. Girvin, Isotropic bicelles stabilize the functional form of a
small multidrug-resistance pump for NMR structural studies, J. Am. Chem. Soc. 129
(2007) 2432–2433.

[17] E.A. Morrison, G.T. DeKoster, S. Dutta, R. Vafabakhsh, M.W. Clarkson, A. Bahl, D. Kern,
T. Ha, K.A. Henzler-Wildman, Antiparallel EmrE exports drugs by exchanging
between asymmetric structures, Nature 481 (2012) 45–50.

[18] E.A. Morrison, K.A. Henzler-Wildman, Reconstitution of integral membrane proteins
into isotropic bicelles with improved sample stability and expanded lipid composi-
tion profile, Biochim. Biophys. Acta 1818 (2012) 814–820.
[19] D. Miller, K. Charalambous, D. Rotem, S. Schuldiner, P. Curnow, P.J. Booth, In vitro
unfolding and refolding of the small multidrug transporter EmrE, J. Mol. Biol. 393
(2009) 815–832.

[20] K. Charalambous, D. Miller, P. Curnow, P.J. Booth, Lipid bilayer composition
influences small multidrug transporters, BMC Biochem. 9 (2008) 31.

[21] P. Curnow, M. Lorch, K. Charalambous, P.J. Booth, The reconstitution and activity of
the small multidrug transporter EmrE is modulated by non-bilayer lipid composi-
tion, J. Mol. Biol. 343 (2004) 213–222.

[22] K. Mors, U.A. Hellmich, D. Basting, P. Marchand, J.P. Wurm, W. Haase, C. Glaubitz, A
lipid-dependent link between activity and oligomerization state of theM. tuberculosis
SMR protein TBsmr, Biochim. Biophys. Acta 1828 (2013) 561–567.

[23] P.J. Barrett, Y. Song, W.D. Van Horn, E.J. Hustedt, J.M. Schafer, A. Hadziselimovic, A.J.
Beel, C.R. Sanders, The amyloid precursor protein has a flexible transmembrane
domain and binds cholesterol, Science 336 (2012) 1168–1171.

[24] T. Zhuang, B.K. Jap, C.R. Sanders, Solution NMR approaches for establishing specific-
ity of weak heterodimerization of membrane proteins, J. Am. Chem. Soc. 133 (2011)
20571–20580.

[25] P. Sehgal, J.E. Mogensen, D.E. Otzen, Using micellar mole fractions to assess mem-
brane protein stability in mixed micelles, Biochim. Biophys. Acta 1716 (2005)
59–68.

[26] G.M. Carman, R.A. Deems, E.A. Dennis, Lipid signaling enzymes and surface dilution
kinetics, J. Biol. Chem. 270 (1995) 18711–18714.

[27] N.K. Burgess, A.M. Stanley, K.G. Fleming, Determination of membrane protein mo-
lecular weights and association equilibrium constants using sedimentation equilib-
rium and sedimentation velocity, Methods Cell Biol. 84 (2008) 181–211.

[28] Y. Song, E.J. Hustedt, S. Brandon, C.R. Sanders, Competition between homodimerization
and cholesterol binding to the C99 domain of the amyloid precursor protein, Biochem-
istry 52 (2013) 5051–5064.

[29] K.G. Fleming, Determination of membrane protein molecular weight using sedi-
mentation equilibrium analytical ultracentrifugation, Current protocols in protein
science/editorial board, John E. Coligan … [et al.], Chapter 7, 2008. (Unit 7 12 11-
17 12 1).

[30] A.L. Stouffer, W.F. DeGrado, J.D. Lear, Analytical ultracentrifugation studies of the in-
fluenza M2 homotetramerization equilibrium in detergent solutions, Prog. Colloid
Polym. Sci. 131 (2006) 108–115.

[31] F. Genovese, S. Ferrari, G. Guaitoli, M. Caselli, M.P. Costi, G. Ponterini, Dimer–
monomer equilibrium of human thymidylate synthase monitored by fluorescence
resonance energy transfer, Protein Sci. 19 (2010) 1023–1030.

[32] E. Sternin, H. Schafer, I.V. Polozov, K. Gawrisch, Simultaneous determination of ori-
entational and order parameter distributions fromNMR spectra of partially oriented
model membranes, J. Magn. Reson. 149 (2001) 110–113.

[33] M.N. Triba, D.E. Warschawski, P.F. Devaux, Reinvestigation by phosphorus NMR of
lipid distribution in bicelles, Biophys. J. 88 (2005) 1887–1901.

[34] J. Lind, J. Nordin, L. Maler, Lipid dynamics in fast-tumbling bicelles with varying bi-
layer thickness: effect of model transmembrane peptides, Biochim. Biophys. Acta
1778 (2008) 2526–2534.

[35] B.E. Poulsen, F. Cunningham, K.K. Lee, C.M. Deber, Modulation of substrate efflux in
bacterial small multidrug resistance proteins by mutations at the dimer interface, J.
Bacteriol. 193 (2011) 5929–5935.

[36] B.E. Poulsen, A. Rath, C.M. Deber, The assembly motif of a bacterial small multidrug
resistance protein, J. Biol. Chem. 284 (2009) 9870–9875.

[37] B.E. Poulsen, C.M. Deber, Drug efflux by a small multidrug resistance protein is
inhibited by a transmembrane peptide, Antimicrob. Agents Chemother. 56 (2012)
3911–3916.

[38] Y. Elbaz, T. Salomon, S. Schuldiner, Identification of a glycine motif required for
packing in EmrE, a multidrug transporter from Escherichia coli, J. Biol. Chem. 283
(2008) 12276–12283.

[39] D.M. Zhu, M.L. Dustin, C.W. Cairo, D.E. Golan, Analysis of two-dimensional dissocia-
tion constant of laterally mobile cell adhesion molecules, Biophys. J. 92 (2007)
1022–1034.

[40] Y. Wu, J. Vendome, L. Shapiro, A. Ben-Shaul, B. Honig, Transforming binding affini-
ties from three dimensions to two with application to cadherin clustering, Nature
475 (2011) 510–513.

[41] M.L. Dustin, L.M. Ferguson, P.Y. Chan, T.A. Springer, D.E. Golan, Visualization of
CD2 interaction with LFA-3 and determination of the two-dimensional dissoci-
ation constant for adhesion receptors in a contact area, J. Cell Biol. 132 (1996)
465–474.

[42] M.L. Dustin, S.K. Bromley, M.M. Davis, C. Zhu, Identification of self through two-
dimensional chemistry and synapses, Annu. Rev. Cell Dev. Biol. 17 (2001)
133–157.

[43] Y. Adam, N. Tayer, D. Rotem, G. Schreiber, S. Schuldiner, The fast release of sticky
protons: kinetics of substrate binding and proton release in a multidrug transporter,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 17989–17994.

[44] H.X. Zhou, Crowding effects of membrane proteins, J. Phys. Chem. B 113 (2009)
7995–8005.

[45] S.H. White, W.C. Wimley, Membrane protein folding and stability: physical princi-
ples, Annu. Rev. Biophys. Biomol. Struct. 28 (1999) 319–365.

[46] S.T. Amadi, H.A. Koteiche, S. Mishra, H.S. McHaourab, Structure, dynamics, and
substrate-induced conformational changes of the multidrug transporter EmrE in
liposomes, J. Biol. Chem. 285 (2010) 26710–26718.

[47] J.R. Banigan, A. Gayen, N.J. Traaseth, Combination of (15)N reverse labeling and af-
terglow spectroscopy for assigning membrane protein spectra by magic-angle-
spinning solid-state NMR: application to the multidrug resistance protein EmrE, J.
Biomol. NMR 55 (2013) 391–399.

[48] T.R. Muth, S. Schuldiner, A membrane-embedded glutamate is required for ligand
binding to the multidrug transporter EmrE, EMBO J. 19 (2000) 234–240.

http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0005
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0005
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0005
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0010
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0010
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0010
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0010
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0015
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0015
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0020
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0020
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0020
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0025
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0025
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0025
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0030
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0030
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0030
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0035
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0035
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0035
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0040
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0040
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0040
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0045
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0045
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0045
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0050
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0050
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0050
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0055
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0055
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0055
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0060
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0060
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0060
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0065
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0065
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0065
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0070
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0070
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0075
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0075
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0080
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0080
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0080
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0085
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0085
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0085
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0090
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0090
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0090
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0095
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0095
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0095
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0100
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0100
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0105
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0105
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0105
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0110
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0110
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0110
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0115
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0115
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0115
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0120
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0120
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0120
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0125
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0125
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0125
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0130
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0130
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0135
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0135
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0135
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0140
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0140
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0140
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0285
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0285
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0285
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0285
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0145
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0145
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0145
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0150
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0150
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0150
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0155
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0155
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0155
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0160
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0160
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0165
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0165
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0165
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0170
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0170
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0170
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0175
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0175
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0180
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0180
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0180
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0185
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0185
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0185
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0190
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0190
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0190
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0195
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0195
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0195
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0200
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0200
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0200
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0200
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0205
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0205
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0205
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0210
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0210
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0210
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0215
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0215
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0220
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0220
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0225
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0225
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0225
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0230
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0230
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0230
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0230
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0235
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0235


1822 S. Dutta et al. / Biochimica et Biophysica Acta 1838 (2014) 1817–1822
[49] M.F. Brown, Curvature forces in membrane lipid–protein interactions, Biochemistry
51 (2012) 9782–9795.

[50] V. Katritch, V. Cherezov, R.C. Stevens, Structure-function of the G protein-coupled
receptor superfamily, Annu. Rev. Pharmacol. Toxicol. 53 (2013) 531–556.

[51] O. Soubias, K. Gawrisch, The role of the lipid matrix for structure and function of the
GPCR rhodopsin, Biochim. Biophys. Acta 1818 (2012) 234–240.

[52] H.X. Zhou, T.A. Cross, Modeling the membrane environment has implications for
membrane protein structure and function: influenza A M2 protein, Protein Sci. 22
(2013) 381–394.

[53] I. Iscla, P. Blount, Sensing and responding to membrane tension: the bacterial MscL
channel as a model system, Biophys. J. 103 (2012) 169–174.
[54] E. Li, W.C. Wimley, K. Hristova, Transmembrane helix dimerization: beyond
the search for sequence motifs, Biochim. Biophys. Acta 1818 (2012)
183–193.

[55] M. Gustavsson, N.J. Traaseth, G. Veglia, Probing ground and excited states of
phospholamban in model and native lipid membranes by magic angle spinning
NMR spectroscopy, Biochim. Biophys. Acta 1818 (2012) 146–153.

[56] D.C. Mitchell, Progress in understanding the role of lipids in membrane protein
folding, Biochim. Biophys. Acta 1818 (2012) 951–956.

[57] A. Fink, N. Sal-Man, D. Gerber, Y. Shai, Transmembrane domains interactions within
the membrane milieu: principles, advances and challenges, Biochim. Biophys. Acta
1818 (2012) 974–983.

http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0240
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0240
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0245
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0245
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0250
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0250
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0255
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0255
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0255
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0260
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0260
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0265
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0265
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0265
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0270
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0270
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0270
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0275
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0275
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0280
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0280
http://refhub.elsevier.com/S0005-2736(14)00107-2/rf0280

	EmrE dimerization depends on membrane environment
	1. Introduction
	2. Materials and methods
	2.1. EmrE expression, purification and reconstitution
	2.2. Sedimentation equilibrium analytical ultra-centrifugation (AUC)
	2.3. FRET experiments

	3. Results
	3.1. Oligomeric state of EmrE in the absence of substrate
	3.2. TPP+-bound EmrE in isotropic bicelles
	3.3. EmrE oligomerization within the membrane bilayer

	4. Discussion and conclusion
	Acknowledgement
	References


