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Although detergent micelles are commonly used as membrane
mimetics in biophysical studies of membrane proteins, they do not
ideally reproduce the native environment of the protein in the
membrane and may fail to support the native fold of the protein.
Not surprisingly, these nonphysiological conformations are par-
ticularly common for helical membrane proteins that undergo
significant conformational changes as part of their functional cycle,
such as the voltage sensor domain of potassium channels, G-protein-
coupled receptors, and bacterial multidrug transporters. One
dramatic example is the small multidrug-resistance pump EmrE
from Escherichia coli, which was found in three significantly
different conformations in two X-ray structures in detergent1,2 and
a cryo-electron microscopy 3D reconstruction map from 2D
crystals.3 The functional relevance of these structures is the subject
of current debate,4 and an alternative method of getting high-
resolution structural information about the functional protein is
certainly needed. Bicelles, which are a mixture of short- and long-
chain lipids, have long been suggested as a more native-like
solubilizing agent for the study of membrane proteins,5-7 and have
been used in a number of biophysical and structural studies of these
proteins (for a recent review, see ref 8). Here we show that bicelles
are a promising system in the study of Smr, the EmrE homologue
from Staphylococcus aureus, since they both preserve the ligand-
binding activity and produce NMR spectra that allowed making
substantial NMR backbone assignments for this conformationally
flexible protein.

Smr (Staphylococcal multidrug-resistance protein, also called
QacC) is a 107-amino acid membrane protein that utilizes the proton
gradient across the membrane to pump a range of lipophilic, mostly
cationic drugs out of the bacterium in an antiporter manner.9 It is
functional as a dimer of four transmembrane (TM) helix monomers,
with the highly conserved Glu 13 residues from both monomers
found in close proximity at the dimer interface10 and involved in
both proton and drug binding.11 Given the highly dynamic nature
of small multidrug-resistance pumps evident from previous struc-
tural studies, the right choice of membrane mimetic becomes
essential in order to study a functionally relevant form of the
protein.4

To compare the abilities of different membrane mimetics to
sustain the native conformation of Smr, we tested the protein’s
ability to bind tetraphenylphosphonium (TPP), a known ligand of
Smr.9 The protein was purified using an organic solvent extraction
and purification scheme12,13 and then was reconstituted into a
number of different detergents and bicelles. The ability of the
reconstituted proteins to bind ligand at pH 8.0 was monitored by
fluorescence quenching of the unique native tryptophan 62, in a
fashion similar to a drug binding assay developed for EmrE.14

Among the tested detergents, reproducible binding was only found
for decyl- and dodecylmaltoside (DM and DDM), with only
nonspecific binding detected inâ-nonylglucoside (NG), the deter-
gent used in the crystal structure determinations of EmrE,1,2 as well

as in dodecylphosphocholine (DPC), dihexanoylphosphatidylcholine
(DHPC), sodium dodecanoylsarcosine, sodium dodecylsulfate
(SDS), and lysopalmitoylphosphatidylglycerol (LPPG). In addition,
excellent ligand binding properties were observed in dihexanoyl-/
dimyristoylphosphatidylcholine bicelles (biPC) withq values (i.e.,
long-chain to short-chain lipid ratio) between 0.25 and 0.5 (see
Figure 1). The dissociation constants for the Smr/TPP complex in
bicelles, decyl-, and dodecylmaltoside were determined to be 3.5,
49, and 3.7µM, respectively. The pH dependence of TPP binding
was also tested for both DDM and biPC, and as previously reported
for EmrE11 and expected for this proton antiporter, only nonspecific
binding was observed at pH 6.0 (data not shown). In addition,
equilibrium sedimentation analysis15 was used to show that the
protein is present in its native dimeric oligomerization state in
bicelles (Figure S1 in the Supporting Information) and to obtain
an estimate of 150( 50 kDa for the protein/bicelle complex size.

NMR spectra of Smr were collected in both biPCq ) 0.33 and
decylmaltoside at pH 6.5. In both conditions,1H-15N TROSY
spectra16 of comparable quality were obtained, and the overall
similarity in peak positions indicated that the protein was present
in essentially the same conformation in both systems. However, at
pH 8.0 where drug binding should be observable, no spectra could
be obtained in DM due to a very rapid degradation in signal
intensities, whereas samples in biPC still yielded reasonable quality
TROSY spectra. We therefore decided to ascertain whether further
studies by solution NMR would be possible in bicelles by obtaining
NMR resonance assignments for this system.

One of the main problems for the NMR experiments on samples
of Smr in bicelles is the short sample lifetime due to protein

Figure 1. TPP binding to Smr reconstituted in different detergent and
bicelle systems at pH 8.0. The relative fluorescence change upon addition
of TPP is plotted, and the solid lines represent the best fit of the binding
function to the data.
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precipitation. In order to alleviate this, we optimized the bicelle
composition by using the ether-linked (nonhydrolyzable) DMPC
and DHPC analogues and spiking the bicelles with 10% of
negatively charged dihexanoyl-/dimyristoylphosphatidylserine in the
same 3:1 ratio.17-19 These improved samples retained bicelle-like
character as shown by their31P NMR spectra6 and displayed sample
half-life times of 10-14 days at pH 6.5 and 47°C. We also
confirmed, with the use of the fluorescence binding assay, that Smr
was still able to bind TPP in these bicelles.

Due to the large size of the protein/bicelle complex, most triple-
resonance experiments conventionally used for making assignments
yielded only a small subset of cross-peaks mostly from the termini
and the loop regions of the protein. Therefore, the assignment
strategy that we employed was based on two experiments: a 3D
NOESY-TROSY experiment20 (collected on an 800 MHz spec-
trometer with cryoprobe) to obtain sequential amide-to-amide NOEs
and a 3D TROSY-HNCA experiment21 (collected on a 900 MHz
spectrometer with cryoprobe) to obtain CR chemical shifts as well
as some additional sequential information. Analysis of these two
datasets allowed the unambiguous assignment of 55% of amide
and CR atoms (Figure 2, Figure S2). The assignments are dispersed
throughout the protein sequence, covering most of TM1 (including
the drug- and proton-binding residue Glu 13) and parts of TM2,
TM3, and TM4, with the longest stretch of unassigned sequence
being 19 amino acids long (see Table S1). The main problem in
assigning the remaining observable TROSY peaks was in the
ambiguity of sequential NOEs and the lack of interresidue informa-
tion from the TROSY-HNCA experiments for those peaks. A
strategy for obtaining full assignments will therefore involve the
preparation of specifically amino-acid-labeled samples to identify
a number of anchor points in the unassigned regions of the protein
and thus resolve ambiguous sequential NOEs.

Even with the current assignments, it will be possible to study
the ligand-binding sites for different drugs at atomic level in order
to gain valuable insight into the drug-binding and -transport

mechanism. After additional assignments, distance constraints from
paramagnetic relaxation effects in spin-labeled samples and residual
dipolar coupling restraints will be used to define the structure of
Smr in this very membrane-like environment. Because only one
cross-peak per residue is found in the spectra, the present data
suggest that functionally competent Smr exists as a symmetric dimer
in bicelles, unlike the asymmetric conformations found in the X-ray
crystal structures.

Our work represents the first example where substantial solution
NMR assignments for a polytopic membrane protein in isotropic
bicelles have been obtained and shows that small bicelles are a
viable and promising system for the study of a highly dynamic 8
TM protein by NMR. Together with the current progress in the
use of magnetically aligned bicelles (see the recent structure of the
2 TM protein MerFt by Opella and co-workers22), these methods
hold great promise in reducing the bottleneck of membrane protein
structure determinations. Finally, because bicelles more closely
mimic the membrane environment, they should be suitable for the
study of a large proportion of membrane proteins, therefore reducing
the need for time-consuming detergent screens for every protein
to be studied.
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Figure 2. 1H-15N TROSY spectrum at 900 MHz of 0.8 mM uniformly
2H,13C,15N-labeled Smr in ether-linked, PS-spiked,q ) 0.33 bicelles at pH
6.5 and 47°C; 256 increments with 64 scans each were acquired in the
15N-dimension. More than 90% of the cross-peaks expected for a symmetric
dimer are present, and assigned peaks are labeled.
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