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*Laboratoire de BioCristallographie, Institut de Biologie et Chimie des Protéines, UMR 5086 CNRS/UCBL, IFR 128 BioSciences Lyon-Gerland, 7 Passage du Vercors, F-69367 Lyon
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BmrA from Bacillus subtilis is a half-size ABC (ATP-binding
cassette) transporter involved in multidrug resistance. Although
its supramolecular organization has been investigated after recon-
stitution in a lipid bilayer environment, and shows a dimeric and
possibly a tetrameric form, the precise quaternary structure in
a detergent-solubilized state has never been addressed. In the
present study, BmrA was purified from Escherichia coli mem-
branes using an optimized purification protocol and different de-
tergents. Furthermore, the ATPase activity of BmrA and the
quantity of bound lipids and detergent were determined, and
the oligomeric state was analysed using SEC (size-exclusion chro-
matography) and analytical ultracentrifugation. The activity and
the quaternary structure of BmrA appeared to be strongly influ-
enced by the type and concentration of the detergent used. SEC

data showed that BmrA could be purified in a functional form
in 0.05 and 0.01% DDM (n-dodecyl-β-D-maltoside) and was
homogeneous and monodisperse with an Rs (Stokes radius) of
5.6 nm that is compatible with a dimer structure. Sedimentation-
velocity and equilibrium experiments unequivocally supported
that BmrA purified in DDM is a dimer and excluded the pres-
ence of other oligomeric states. These observations, which are
discussed in relation to results obtained in proteoliposomes, also
constitute an important first step towards crystallographic studies
of BmrA structure.
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INTRODUCTION

The transmembrane-protein-catalysed extrusion of noxious com-
pounds from the cell is one of the most frequently used strat-
egies for resistance to cytotoxic drugs in both prokaryotes and
eukaryotes. These efflux proteins act as mechanical pumps that
couple the transport of cytotoxic compounds out of cells to either
a protonmotive force or ATP hydrolysis, the latter being the
major mechanism of drug efflux in eukaryotes [1,2]. These ATP-
powered transporters belong to the ABC (ATP-binding cassette)
superfamily of membrane transporters, one of the largest protein
families with substrate specificities ranging from sugars, amino
acids and organic ions to large proteinaceous toxins [3]. Until
recently, a large part of our knowledge on drug efflux pumps
has come from biochemical, biophysical and genetic analyses that
provide an indication of the membrane topology and of the
function of these transporters. Most ABC transporters display a
common domain organization with four core domains, two trans-
membrane domains defining the substrate-binding site, and two
cytoplasmic NBDs (nucleotide-binding domains), which bind and
hydrolyse ATP [4]. However, their supramolecular organization
remains a controversial subject since biochemical and biophysical
data reported so far for human P-glycoprotein [5–7], MRP (multi-
drug resistance protein)1 [8,9], the Saccharomyces cerevisiae
transporter Pdr5p [10], and for the human half-size transporter

BCRP (breast cancer resistance protein) [11] described potential
di- or tetra-meric assemblies as the functional unit for full-length
or half-size ABC transporters respectively. Nevertheless, it is
difficult to compare and analyse these results since they are
highly dependent upon experimental conditions that may result
in artifactual interpretation. Moreover, a full understanding of the
mechanisms of these transporters and of the possible role of their
supramolecular organization in the transport process ultimately
requires detailed structural information. Major advances have
come from the crystallization and determination of the high resol-
ution 3D (three-dimensional) structures of four bacterial ABC
transporters: three MsbA lipid A exporters in Escherichia coli
[12], Vibrio cholera [13] and Salmonella typhimurium [14] and the
vitamin B12 importer BtuCD [15]. These initial insights into
the 3D structures are in agreement with a four domain organization
but exhibit quite divergent conformations that are thought to
be, especially for MsbA from E. coli, a possible consequence
of crystallization conditions [16,17]. Furthermore, these crystal
structures did not shed any light on the question of ABC trans-
port proteins existing as multimers rather than monomers in
membranes. Therefore the determination of additional high resol-
ution structures with or without substrate, and in different func-
tional states are needed, especially for ABC transporters involved
in MDR (multi-drug resistance), for which no crystal structures
are yet available.

Abbreviations used: 3D, three-dimensional; ABC, ATP-binding cassette; bMPDC, buoyant molecular mass of the PDC; C12E8, octa(ethylene glycol)
dodecyl ether; CMC, critical micellar concentration; DDM, n-dodecyl-β-D-maltoside (dodecyl maltoside); FRET, fluorescence resonance energy transfer;
MDR, multidrug resistance; NBD, nucleotide-binding domain; OG, n-octyl-β-D-glucopyranoside (octyl glucoside); OTG, n-octyl-β-D-thioglucopyranoside
(octyl thioglucoside); PDC, protein–detergent complex; RS, Stokes radius; SEC, size-exclusion chromatography.
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BmrA, previously known as YvcC, was recently identified as
a new MDR ABC half-size transporter from Bacillus subtilis,
which is homologous with both LmrA from Lactococcus lactis
and eukaryotic P-glycoprotein [18,19]. This transporter has
the advantage of being overexpressed in E. coli [20] in high
yields which is often the primary critical point for the struc-
tural determination of membrane proteins to high resolution and
therefore represents a good model for studying the oligomeric
state of MDR transporters. The supramolecular organization of
BmrA has previously been investigated after reconstitution in
a lipid bilayer environment: the 3D structure obtained at low
resolution by cryoelectron microscopy suggested an organization
corresponding to at least a homodimer and possibly a homo-
tetramer [21]. More recently, time-resolved FRET (fluorescence
resonance energy transfer) studies showed that BmrA exclusively
forms a homodimer in proteoliposomes [22]. However, in some
cases the supramolecular organization may simply reflect favour-
able protein–protein interactions during reconstitution rather than
reflecting the true structure of the native state. Moreover, it is
often difficult to establish whether oligomerization is purely struc-
tural (e.g. as a consequence of the general crowding of the mem-
brane) or whether it is essential for the function of the protein.
In a previous report, BmrA extracted from membranes in
1% DDM (n-dodecyl-β-D-maltoside) and subsequently purified
in 0.05% DDM was shown to interact with many P-glyco-
protein effectors and thus to possibly conserve a ‘native-like’ con-
formation throughout the purification procedure [19]. On the
other hand, the existence of a monomer–dimer equilibrium during
the reconstitution into proteoliposomes (i.e. using high concen-
trations of DDM) was recently suggested for BmrA [22]. Apart
from these studies, the issue of homogeneity and the influ-
ence of detergents on the oligomerization state of BmrA have
not been addressed, although these are very important parameters
for structural studies of BmrA. Indeed, conflicting data currently
exist in the literature concerning the oligomeric organization of
some membrane proteins, as revealed by their high resolution
crystal structures, that are not in agreement with results obtained
using biochemical or other biophysical techniques. This is the
case, amongst others, for the mitochondrial ADP/ATP carrier
[23], the protein-conducting channel SecY from Methanococcus
jannaschii [24] and the MDR efflux transporter EmrE from E. coli
[25,26]. Although the natural supramolecular state of proteins
often persists within the crystal packing structure, the compulsory
use of detergents during purification and crystallization of mem-
brane proteins, and therefore their excessive delipidation, may
disrupt protein oligomers and lead to the crystallization of a non-
functional and non-physiological form.

Accordingly, our objectives were to make a detailed charac-
terization of BmrA in detergent solutions that are commonly used
for structural and functional studies and to determine whether
the type of detergent and its concentration modulates the activity
and the oligomeric state of BmrA. We have assessed the specific
ATPase activity of BmrA in the presence of non-ionic deter-
gents, and investigated the protein’s oligomeric state using non-
denaturing PAGE, SEC (size-exclusion chromatography) and
analytical ultracentrifugation. To the best of our knowledge, this
is the first comprehensive report of different experimental ap-
proaches to determine the supramolecular organization of an ABC
transporter in detergent.

EXPERIMENTAL

Chemicals

The following detergents were used: DDM, OG (n-octyl-β-
D-glucopyranoside) and C12E8 [octa(ethylene glycol) dodecyl

ether] from Anatrace, Hecameg® and OTG (n-octyl-β-D-thio-
glucopyranoside) were from Alexis Biochemicals. [14C]DDM
(55 mCi/mmol) was synthesized at the Commisariat à l’énergie
Atomique, Saclay, France [27]. High and low molecular mass
protein standards were purchased from Amersham Biosciences
(Pharmacia) and Bio-Rad.

Purification of His-tagged BmrA in DDM

Cloning and overexpression of BmrA in the C41-DE3 E. coli
mutant strain were performed according to the method of Steinfels
et al. [20], and solubilization of BmrA from plasma membranes
was performed with 1% (w/v) DDM as described previously [19].

Thereafter, the purification protocol was optimized so as to
produce BmrA suitable for crystallographic studies. All purifi-
cation steps were performed at 15 ◦C and all buffers were filtered
and degassed. The samples were centrifuged before use. BmrA
was first purified by metal-chelate affinity chromatography using
an FPLC system (Amersham Pharmacia). After the addition of
1 mM PMSF, solubilized membrane proteins (approx. 2 mg/ml)
were loaded at a flow rate of 0.3 ml/min on to a 1 ml Ni2+-High-
Trap Chelating column, pre-equilibrated with loading buffer A
[50 mM potassium phosphate (pH 8), 100 mM NaCl, 15% (v/v)
glycerol, 20 mM imidazole, 5 mM 2-mercaptoethanol and 0.05 or
0.01% (w/v) DDM]. After washing with 10 ml of loading buffer,
the column was washed again at 0.4 ml/min with 10 ml of buf-
fer containing 90 mM imidazole followed by an elution step using
5 ml of buffer containing 240 mM imidazole. Fractions (0.5 ml)
containing BmrA were collected and dialysed for 24 h against
buffer B [50 mM Hepes/KOH (pH 8), 100 mM NaCl, 10% (v/v)
glycerol, 5 mM β-mercaptoethanol, 0.05 or 0.01 % (w/v) DDM
and 1 mM EDTA]. Finally, BmrA was purified by SEC/FPLC on
a Superdex 200 10/300 GL column (Amersham) equilibrated with
2 column vol. of buffer B. A 1 ml aliquot of the protein sample
(1–3 mg/ml) was loaded on to the column at a flow rate of 0.4 ml/
min. In order to measure the amount of detergent bound to BmrA,
buffer B was replaced by buffer C [50 mM Hepes/KOH (pH 7.35),
100 mM NaCl, 10% (v/v) glycerol, 5 mM 2-mercaptoethanol,
0.05% (w/v) DDM and 1 mM EDTA]. Fractions containing
BmrA (0.5 ml) were collected, pooled and either used immedi-
ately or frozen in liquid nitrogen and stored at −80 ◦C.

SDS/PAGE

PAGE under denaturing conditions [0.1 % (w/v) SDS] was carried
out using 12% polyacrylamide separating gels according to the
method of Laemmli [28]. Before loading on to a 3.6 % poly-
acrylamide stacking gel, samples were mixed with Laemmli buffer
and incubated at room temperature for 20 min. SDS/PAGE was
carried out at constant voltage (200 V) for 45 min and stained
with Coomassie Brilliant Blue R250.

Non-denaturing PAGE

Non-denaturing electrophoresis was performed on a 1.5 mm thick,
8% Tris/glycine polyacrylamide gel. Protein samples (approx. 1–
10 µg) were mixed with a half vol. of sample buffer [60 mM Tris
(pH 8.8), 25 % (v/v) glycerol, 1% Coomassie Brillant Blue R250
and 0.05% (w/v) DDM] and loaded on to a large-pore (3.6 %
polyacrylamide) stacking gel.

Detergent [0.05% (w/v) DDM] was added to the 30% acryl-
amide/bisacrylamide solution before polymerization was initiated
by ammonium persulphate and TEMED (N,N,N ′,N ′-tetramethyl-
ethylenediamine). Electrophoresis was carried out at constant
voltage (100 V in the stacking gel and 200 V in the separating gel)
at room temperature using running buffer [50 mM Tris (pH 8.3),
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200 mM glycine and 0.05% (w/v) DDM], and gels were stained
with Coomassie Brillant Blue R250.

Determination of BmrA concentration

The concentration of BmrA was routinely determined by a modi-
fied Lowry assay (Pierce) which includes a precipitation step
to avoid any interference owing to detergents, lipids or other
buffer components [29]. Based on the molar absorption coefficient
(ε280 BmrA = 36.3 mM−1 · cm−1), a correction factor of 1.17 was
used to estimate protein concentration from the Lowry assay.

Rs (Stokes radius) determination by SEC/FPLC or SEC-HPLC

Protein standards with an RS known to be unchanged in the pres-
ence of DDM were used to calibrate gel-filtration columns in the
same detergent as used for analysis of BmrA samples [30,31].
Partition coefficients (KD) of protein standards and the BmrA–
detergent complex were determined by:

KD = (V e − Vo)/(Vt − Vo)

where the elution volume (Ve) is the position of the peak in
millilitres. Blue Dextran and tryptophan-methyl-ester were used
as markers of the void volume (Vo) and the total excluded volume
(V t) respectively. The calibration curve representing the logarithm
of RS as a function of KD was used to determine the RS of BmrA.

Determination on a Superdex 200 10/300 GL column

Thyroglobulin (radius 8.6 nm; molecular mass 669 +− 100.3 kDa),
ferritin (6.3 nm, 440 +− 66 kDa), catalase (5.2 nm, 232 +−
34.8 kDa), aldolase (4.6 nm, 158 +− 23.7 kDa), BSA (3.5 nm, 67 +−
6.7 kD), ovalbumin (2.8 nm, 43 +− 6.5 kDa), chymotrypsinogen
(2.1 nm, 25 +− 6.3) and ribonuclease A (1.75 nm, 13.7 +−
2.06 kDa) were used to calibrate the Superdex 200 10/300 GL
column used for BmrA purification. The markers were solubilized
in buffer B. The calibration standard curve (Log RS = −1.35 KD +
1.04) was used to interpolate the RS of the PDC (protein–detergent
complex), with a correlation coefficient R2 = 0.99.

Determination on a TSK G3000SWXL column

Thyroglobulin, ferritin, γ -globulin (5.2 nm, 158 +− 23.7 kDa),
ovalbumin, myoglobin (1.9 nm, 17 +− 2.6 kDa) and vitamin B12
(0.9 nm, 1.35 +− 0.2 kDa) were used to calibrate the TSK
G3000SWXL column used for the determination of the amount
of detergent bound to the protein. The markers were solubilized
in buffer C. The calibration standard curve (Log RS = −86 KD +
0.93) was used to interpolate RS of the BmrA PDC with a cor-
relation coefficient R2 = 0.93.

Evaluation of the amount of bound detergent

Detergent-binding to BmrA was determined using analytical
SEC-HPLC in the presence of [14C]DDM. Fractions containing
BmrA eluted after the second purification step were concentrated
by ultrafiltration on a Centricon 100 (Amicon Ultra, Millipore)
column to a final volume of 200 µl, and loaded at 1 ml/min on
to a TSK-gelTM G3000SWXL column equilibrated with 2 vol. of
the following buffer C∗ [50 mM Hepes/KOH (pH 7.35), 100 mM
NaCl, 5% (v/v) glycerol and 0.05% (w/v) [14C]DDM approx.
1.75 µCi/ml]. The fractions containing BmrA were pooled, recon-
centrated on a 30 kDa Centricon (Ultrafree Biomax, Millipore)
column to a final volume of 100 µl and re-run on the same column
to ensure complete exchange of DDM for [14C]DDM. Aliquots
(25 µl), from the baseline, and fractions collected along the elu-

tion profile, were counted for radioactivity (c.p.m.bl and c.p.m.peak

respectively). An accurate determination of the protein concen-
tration in the eluted fractions was performed as described above.

The amount of bound detergent δD, (g of DDM/g of protein)
was calculated using the equation:

δD = CD[(c.p.m.peak − c.p.m.bl)/c.p.m.bl]/CBmrA

where CD and CBmrA correspond to the concentration of the de-
tergent in the buffer and the concentration of protein in the selected
fraction respectively [32].

Lipid analysis

The presence of lipids in the purified samples was determined
by analytical TLC. Purified BmrA was spotted on to a silica gel
plate and dissolved in chloroform/methanol/25% aqueous ammo-
nia (65:25:5, by vol.). Lipids and detergents were first visualized
under UV light and the plates were finally stained with iodide
(Sigma) vapour in a sealed chromatography tank. The total
amount of phospholipid co-purified with BmrA was determined
using samples extracted directly from the purified protein, em-
ploying a phosphorus assay derived from Chen et al. [33]. Lipids
were extracted from the purified protein with 3 vol. of chloro-
form/methanol (2:1). The organic phase containing lipids was
dried in a Speed vac and redissolved in 100 µl of H2O and
250 µl of 70% HClO4. The samples were thereafter placed in
borosilicate-glass tubes and heated to 220 ◦C over a sand bath for
1 h. After cooling, a solution composed of 800 µl of H2O, 400 µl
of ammonium molybdate 1.25%, and 400 µl of 4-methyl-amino-
phenol sulphate was added to the tubes. The tubes were heated in
a water bath at 100 ◦C for 5 min and subsequently cooled to room
temperature, and the absorbance was read at 797 nm against the
reference standards in a Beckman DU 520 spectrophotometer. A
typical standard curve based on six samples containing between
0 and 75 nmoles of KH2PO4, gave a straight line (R2 > 0.96). The
lipid concentration of the unknown samples was determined as
the average of three measurements. The lipid:protein mass ratio,
δL, was calculated for the lipids using the molecular mass of egg
yolk phosphatidylcholine.

Detergent exchange

In order to assess the monodispersity, as well as the stability of
BmrA in different detergents, DDM was exchanged for OG, C12E8,
Hecameg® or OTG using affinity chromatography during the
first purification step. The High-Trap chelating column was first
washed with 10 ml of buffer A, and thereafter the gel was equi-
librated with 15 column vol. of buffer A′ [same composition as in
buffer A but replacing DDM with OG, C12E8, Hecameg® or OTG
at a concentration 4-fold higher than their CMC (critical micellar
concentration)]. Further elution, dialysis and gel-filtration steps
were conducted as described in the purification protocol, replacing
DDM in all buffers with the appropriate detergent.

Assay of ATPase activity

ATPase activity was routinely measured at 37 ◦C in 50 mM Hepes/
KOH, pH 8, in the presence of an ATP-regenerating system
coupled to NADH oxidation (0.3 mM NADH, 4 mM phosphoenol
pyruvate, 60 µg/ml pyruvate kinase and 32 µg/ml lactate
dehydrogenase) as previously described [34]. Detergent (DDM
or C12E8 at the same concentration as in the samples), 10 mM
MgCl2 and ATP were added to the experimental buffer. The reac-
tion was initiated by the addition of samples containing 1–15 µg
of protein, and NADH oxidation was recorded at A340 for several

c© 2006 Biochemical Society



348 S. Ravaud and others

minutes. The activity was expressed as units/mg of protein
(1 unit = 1 µmol ATP hydrolysed/min). Alternatively, ATPase
activity was measured using the method of Taussky and Shorr
[35], and inhibition of the reaction by vanadate was assayed,
this procedure was employed in order to avoid any interference
from the enzymes used in the previous ATPase assay. Briefly,
the purified protein (10 µg) was incubated at 37 ◦C in 50 mM
Hepes/KOH (pH 8), 10 mM ATP, 10 mM MgCl2, 0.05 or
0.01% DDM and a regenerating ATP system (5 mM phos-
phoenolpyruvate and 50 µg/ml pyruvate kinase) in a final volume
of 2.5 ml. The amount of Pi liberated was then determined by
a colorimetric assay (740 nm), using NaH2PO4 as a standard.
Aliquots (500 µl) of solution were withdrawn at four different
times and the reaction was stopped by denaturing the protein with
500 µl of 10% SDS. Taussky and Shorr reagent (500 µl) [35] was
then added, and the absorbance was read at 740 nm after 15 min
of colour development at room temperature. Data were fitted to
give a straight line of which the slope corresponds to the amount
of Pi released per min (R2 > 0.97) and the protein activity can be
calculated by dividing the amount of Pi released per min by the
amount of protein equivalent to 500 µl of solution withdrawn.

ATPase activity was hence expressed in µmol of Pi liberated/
min per mg of protein. To detect the effect of vanadate, the same
procedure was followed, using a final concentration of 500 µM
Vi in the standard curve and the ATPase assay.

Analytical ultracentrifugation experiments

Sedimentation-equilibrium and velocity experiments were carried
out in a Beckman XL-I analytical ultracentrifuge using an AN-
60 TI rotor (Beckman instruments), at 20 ◦C. After purification
samples were handled immediately in the elution buffer used
during the SEC (buffer B) containing either 0.05 % (w/v) DDM,
0.01% (w/v) DDM or 0.02% (w/v) C12E8, or were handled after
precise dilution in appropriate buffers. The density (ρ) and visco-
sity (η) of the solutions [which contained 10% (v/v) glycerol]
were measured as 1.036 +− 0.001 g/ml and 1.46 +− 0.01 cP, at 20 ◦C
on a DMA 5000 Anton Paar density meter and an AMVn Anton
Paar viscosity meter respectively. The BmrA molecular mass
(MP) and partial specific volume (νP) were estimated from the
amino-acid composition to be 66254 kDa and 0.752 ml/g respect-
ively, using Sednterp software (http://www.bbri.org/RASMB/
rasmb.html). The partial specific volumes were considered for the
detergents: νD, 0.824 ml/g for DDM and 0.97 ml/g for C12E8 [32];
for the lipids νL, 0.981 ml/g for egg yolk phosphatidylcholine
[36]; for water νW, 1.00 ml/g.

Sedimentation-velocity experiments

Sedimentation-velocity experiments were carried out at 42000 g,
using 100 or 400 µl of the protein samples loaded into the 2-chan-
nel 0.3 or 1.2 cm path-length centerpieces respectively. Absorb-
ance scans were recorded overnight at 276 nm with a 0.003 cm
radial-step size, at 5 min intervals. Sedimentation-velocity pro-
files were analysed using size distribution analysis from the
Sedfit program (version 8.9 developed by P. Schuck; http://www.
analyticalultracentrifugation.com) providing a continuous distri-
bution of apparent sedimentation coefficients, c(s) [37]. Typically
20 regularly-spaced experimental profiles obtained from a total
of 6 h sedimentation were globally modelled. The continuous
distribution of apparent sedimentation coefficient [c(s)] analysis
was performed with 200 particles on a grid of 300 radial points,
calculated with a frictional ratio, f/f0, of 1.25 (corresponding to
globular species), for sedimentation coefficients in the range of 2–
12 S (in DDM) and 2–50 S (in C12E8). The partial specific volume

for the PDC (νPDC) was considered to be 0.8 ml/g in DDM and
0.9 ml/g in C12E8 (an intermediate value between the values of the
protein and of the detergent). For the regularization procedure,
which allows a c(s) for a regular solution to be obtained, a
confidence level of 0.7 was used.

Sedimentation-equilibrium experiments

Sedimentation-equilibrium experiments were performed at
7000 g for 4 days, followed by an accelaration step at 42000 g
using 40 or 160 µl of the BmrA samples loaded on to 10 or 40 µl
FC-43 oil in the 2-channel centerpieces of 3 or 12 mm path-
lengths respectively, against 60 or 200 µl of solvent as refer-
ences. Radial scans of the absorbance at 276 nm were taken every
3 h. The equilibrium condition was checked using Winmatch V7
software, the equilibrium files were prepared using Reedit v9 and
the analysis performed globally using Winnonlin v1.060 soft-
ware, assuming one ideal species, and thus allowing the deter-
mination of the buoyant molecular mass of the complex
(bMPDC). These programs are available at (http://www.rasmb.bbri.
org/rasmb/windows/uconn uaf/). Baseline and bMPDC values were
similar regardless of the experimental baselines used (deter-
mined either experimentally at 42000 g or from the fitted curves).

RESULTS

Characterization of BmrA as purified in 0.05 % DDM: optimization
of the BmrA purification protocol in 0.05 % DDM

The aim of this study was to design a rapid and reproduc-
ible purification protocol leading to a pure, homogenous, mono-
disperse, stable and active sample, which furthermore would be
suitable for crystallization studies.

In the first step, BmrA fused to a C-terminal 6-His tag, was
solubilized in 1% DDM from E. coli plasma membranes accord-
ing to the protocol described by Steinfels et al. [20]. The previous
purification protocol [18,19] was thereafter adapted although
retaining the composition of buffers: pH 8, 0.05% (w/v) DDM
and 15% (v/v) glycerol. Indeed, pH 8 is optimal for BmrA
activity (C. Orelle, A. Di Pietro and J.-M. Jault, unpublished
work) and glycerol has been shown to stabilize many purified
proteins probably by reducing the activity of the water molecules
and hence minimizing denaturizing effects [38].

BmrA was first purified by affinity chromatography on an
FPLC system instead of employing the batch method with Ni-
NTA (nickel–nitrilotriacetic acid) agarose, as used previously. In
0.05% DDM, the protein was retained on the column at pH 8.0
in buffer A and thereafter selectively eluted by two successive
steps in 90 and 240 mM imidazole. The first step eluted the
majority of the contaminants, whereas BmrA was eluted as a
sharp peak during the second step at a protein concentration range
of 1–3 mg/ml (Figure 1). Protein in this peak was approx. 80 %
pure, as estimated by Coomassie Blue staining after SDS/PAGE
(Figure 2A). Only fractions containing the purest and most con-
centrated BmrA were collected.

Thereafter, collected fractions were dialysed against buffer B
which allowed simultaneous removal of imidazole, and 1 mM
EDTA was added which decreased aggregation of the protein
(results not shown).

In order to improve protein purity an additional SEC/FPLC
purification step was added. The sample (after concentration to
1 ml) was loaded on to a Superdex 200 10/300 GL column. With
0.05% DDM in the eluent, the initial BmrA–PDC eluate shows a
very minor peak at approx. 8.9 ml (near the void volume) and
a sharp, symmetrical peak at an elution volume of approx.
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Figure 1 Elution of DDM-solubilized BmrA protein from an Ni2+-High Trap
chelating column

The absorbance of the protein was monitored at 280 nm, and BmrA eluted in 240 mM imidazole.
AU, absorbance units.

Figure 2 Purification of BmrA as analysed by PAGE

(A) SDS/PAGE. Lane 1, molecular mass markers; protein standards in kDa are indicated on the
left side. Lane 2, protein eluted from the Ni2+-High Trap chelating column during the 240 mM
imidazole step. Lane 3, protein eluted by SEC/FPLC on a Superdex 200 10/300 GL column at
8.9 ml. Lane 4, protein eluted by SEC/FPLC on a Superdex 200 10/300 GL column at 11.5 ml.
(B) Non-denaturing PAGE of fractions eluted by SEC/FPLC on a Superdex 200 10/300 GL
column. Lane 5, BmrA eluted at 8.9 ml. Lane 6, BmrA eluted at 11.5 ml.

Figure 3 SEC of BmrA in 0.05 % DDM (black line) and in 0.02 % C12E8 (grey
line)

Conditions are described in the Experimental section. Typical elution profiles (A 280) are shown
with the positions of calibration markers: T, thyroglobulin; F, ferritin; C, catalase; A, aldolase;
B, bovine serum albumin; O, ovalbumin. The void volume is indicated by V. AU, absorbance
units.

11.5 ml at 280 nm (Figure 3). Both peaks contain BmrA as shown
by SDS/PAGE (Figure 2A). Nondenaturing PAGE containing
micellar concentrations of DDM suggest good apparent homo-

geneity of DDM solubilized BmrA in the major peak and the
presence of large BmrA aggregates in the minor peak (Figure 2B).
This last result was confirmed by sedimentation-velocity experi-
ments (results not shown). The elution profiles were very repro-
ducible despite varying protein concentrations. Moreover, the
purity of protein in the major peak was improved as compared
with the initial purification protocol, where it was estimated
to be approx. 95% (Figure 2A). Unfortunately, with this final
purification step, approx. 10% of the protein was lost. Thereafter,
the collected fractions, corresponding to the major peak (con-
centration range 0.5–1.5 mg/ml), were frozen in liquid nitrogen
and kept at −80 ◦C.

Activity of purified BmrA

It is well known that detergents can affect protein integrity and
therefore one of the crucial aims of this study was to obtain
BmrA in an active form after purification in 0.05% DDM. Direct
measurement of the transport activity of BmrA is not feasible in
a detergent solution owing to the vectorial nature of the transport
process. The activity of BmrA purified in 0.05 % DDM was
thus assessed using the two ATPase activity assays described
in the Experimental section. ATP was hydrolysed at a rate of
1.2 +− 0.3 µmol/min per mg of protein at 37 ◦C, and the addition
of vanadate (500 µM) resulted in approx. 80% inhibition, ruling
out the possibility of ATPase activity owing to a contaminant. It
can therefore be concluded that the protein remains active after
solubilization and purification in this detergent, suggesting at least
a homodimer organization, which is reportedly the functional
form of the protein [19,22].

RS of the PDC in 0.05 % DDM

Knowledge of the PDC composition is essential for protein
crystallization studies. Hence it was necessary to determine the
oligomeric state of BmrA in the BmrA solution eluted from
the column, and to measure DDM and bound-lipid content of the
protein. RS and the apparent molecular mass of the BmrA–
DDM–lipid micelles in this preparation were analysed by SEC.
The BmrA–DDM RS was determined to be 5.6 +− 0.4 nm using
either a Superdex 200 10/300 GL column during the gel-filtration
purification step on the FPLC or a TSK-gelTM G3000SWXL column
on a HPLC system during the measurement of detergent binding
to BmrA. The pH in buffer C (7.35 instead of 8.0 pH in buffer
B) was chosen according to the pH stability of the column, but
did not affect the oligomeric state of BmrA. Although it is not
rigorous to calibrate a gel filtration in terms of molecular mass
[36], this elution position corresponds to an apparent molecular
mass of 300 +− 30 kDa for the PDC.

Detergent binding to BmrA

Two successive gel-filtration steps in buffer C∗ were performed on
a TSK-gelTM G3000SWXL column to remove excess micelles and
ensure complete exchange of DDM for [14C]DDM. The absorb-
ance profile from the second chromatography step and the deter-
gent’s elution profile are shown in Figure 4. The protein peak
was associated with a rise in detergent concentration above the
baseline, corresponding to protein-bound DDM. The second peak
represents the free-detergent micelles. Indeed after rechromato-
graphy, most of the free detergent that was in excess was removed
and the amount of DDM bound to BmrA (δD) was calculated as
1.5 +− 0.6 g/g.
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Figure 4 SEC elution profile at 280 nm (−) and [14C]DDM-binding level (�)
after the second run of BmrA on a TSK-gel G3000SWXL column

Inset, elution profile at 280 nm (straight line) absorbance and the [14C]DDM-binding level (�)
after the first run. AU, absorbance units.

Phospholipids bound to BmrA

Analytical TLC confirmed the presence of phospholipids that
were co-purified with BmrA (results not shown). Measurements
from purified BmrA, using a phosphorus assay, indicated the
co-purification of approx. δL = 0.07:1 (w/w), assuming one
phosphate per phospholipid, and thus indicating that a small
number of lipids are tightly associated with BmrA.

Hydrodynamic properties of the BmrA–DDM complex

Considering a 66 kDa molecular mass for tagged BmrA, the esti-
mated amount of bound detergent and lipids is 99 and 4.6 kDa
per polypeptide respectively, and thus the molecular mass for the
monomer complex is approx. 170 kDa. The apparent molecular
mass from gel filtration data, 300 +− 30 kDa, is hence consistent
with BmrA existing as a globular dimer. If the experimental
values of δD, δL and RS are used for a dimeric form of BmrA,
then the f /f 0 ratio is calculated to be 1.2, which is within the
range 1.2–1.3 commonly found for globular species (see Sup-
plementary eqns 6 and 7 http://www.BiochemJ.org/bj/395/
bj3950345add.htm). In order to interpret the data for a monomer,
the f /f 0 ratio should be 1.5, which is rather high and would corres-
pond to a very asymmetric monomer. A tetramer is unlikely,
since f /f 0 would be below the minimal theoretical value of 1,
corresponding to a non-hydrated sphere.

In order to determine the hydrodynamic properties of BmrA
purified in 0.05 % DDM, a combination of sedimentation-
equilibrium and -velocity analyses using analytical ultracentri-
fugation was performed.

Sedimentation-velocity experiments were performed at various
BmrA concentrations and analysed in terms of the distribution of
sedimentation coefficients, allowing qualitative evaluation of pro-
tein homogeneity and self-association capacity. The distribution
obtained for the BmrA peak eluted at 11.5 ml in the SEC step,
showed a rather symmetrical peak (Figure 5C). The same pattern
is observed for samples from two different protein prepara-
tions: samples at 0.13 and 0.5 mg/ml obtained without a dialysis
step in EDTA, as well as at 1.2 mg/ml obtained with a dialysis step
before SEC. These results indicate the reproducibility of the
purification protocol and that no significant concentration depend-
ency exists. Moreover, the protein sample appears to be homo-
geneous in 0.05% DDM and no self-association equilibrium
process seems to occur.

Figure 5 Sedimentation-velocity of BmrA in the presence of 0.05 and
0.01 % DDM

Panel A, superimposed experimental sedimentation profiles and the fitted curves from the
c(s) analysis (using Sedfit) of BmrA at 0.5 mg/ml in the presence of 0.05 % DDM. The last
profile corresponds to 6 h sedimentation at 42 000 g and 20◦C. The statistical noise has been
subtracted. Panel B, superimposed differences between the experimental and fitted curves from
Panel A. Panel C, c(s) analysis of BmrA, in the presence of 0.05 % DDM at 0.13, 0.5 and
1.2 mg/ml (continuous, dotted and dashed lines respectively). Panel D, c(s) analysis of BmrA,
with 0.01 % DDM at 0.3, 0.9 and 0.24 mg/ml (continuous, dotted and dashed lines respectively),
the latter sample was diluted before the experiments from a sample at 0.05 % DDM, and the two
others were from SEC. A detailed description is given in the Experimental section.

For this peak, a mean value of s = 5.05 S (s20,
0

w = 8.9 +− 0.3 S)
was calculated. Combining the value of s with the measured
Stokes radius, RS = 5.6 +− 0.4 nm from gel filtration, leads to a
bMPDC (buoyant molecular mass of the PDC) of 46.9 +− 1.9 kDa
(see Supplementary eqn 3 at http://www.BiochemJ.org/bj/
395/bj3950345add.htm). Considering the values of 1.5 and
0.07 g/g for δD and δL respectively, this corresponds to an MP (mol-
ecular mass of the protein) of 110 +− 20 kDa (see Supplementary
eqn 4 at http://www.BiochemJ.org/bj/395/bj3950345add.
htm) and is close to values calculated for the dimer, bMPDC =
56.8 +− 11.3 kDa and MP = 132.5 kDa, as compared with the
monomer or any other supramolecular form (Table 1).

For sedimentation-equilibrium experiments, three concentra-
tions of BmrA purified in 0.05% DDM were used. The experi-
mental equilibrium sedimentation profiles obtained for the three
protein concentrations could be nicely fitted according to a one-
species model, as shown in Figure 6. A bMPDC of 50 kDa with
uncertainties of 3 and 6 kDa, was obtained when considering
either experimentally determined or fitted baselines respectively,
and resulted in an apparent molecular mass of 117 +− 20 kDa
for BmrA (see Supplementary eqns 4 and 5 at http://
www.BiochemJ.org/bj/395/bj3950345add.htm), a value that is
consistent with BmrA as a dimer (Table 1). This is in agreement
with the sedimentation-velocity experiments and suggests that
BmrA exists as a single and homogeneous dimeric species in
0.05% DDM.

Influence of the detergent

Four other detergents were examined in order to study the influ-
ence of the nature and concentration of the detergent on mono-
dispersity, activity and stability of BmrA. These detergents are
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Table 1 BmrA structural parameters as deduced from SEC, phospholipid
assays and analytical ultracentrifugation

Detergent

Structural data Unit DDM (0.05/0.01 %) C12E8 (0.02 %)

SEC/FPLC and HPLC RS (nm) (1) 5.6 +− 0.4 ∼5.6†
δD (g/g) (2) 1.5 +− 0.6 1.5†

Phospholipid assay δL (g/g) (3) 0.07 +− 0.02 0.07†
Sedimentation velocity data s (S) (4) 5.05 3.2
Combined data (1), (2), (3) bMPDC (kDa) 46.9 +− 1.9 29.7 +− 1.4

and (4) MPDC (kDa) 314 +− 15 420 +− 20
MP (kDa) 110 +− 20 146 +− 20

Sedimentation equilibrium data bMPDC (kDa) (5) 50 +− 4.5
Combined data (2), (3) and (5) MPDC (kDa) 334 +− 30

MP (kDa) 117 +− 20
Combined data (2), (3), (4) and (5) f /f◦ 1.18 +− 0.08 1.14 +− 0.08
Combined data (2), (3)* and (6) V̄PDC (ml/g) 0.821 +− 0.001 0.897 +− 0.016

bMPDC, dimer (kDa) 56.8 +− 11.3 26.7 +− 0.4
MPDC (kDa) 340 +− 80 340 +− 80

Protein sequence (6) MP (kDa) 66.254 66.254
V̄P (ml/g) 0.752 0.752

* With a hydration of 0.3 g/g, and considering in the second column the values for δD and δL

obtained in the presence of DDM.
† Assumed value based on value obtained with DDM.

Figure 6 Sedimentation-equilibrium of BmrA in the presence of 0.05 %
DDM

Equilibrium sedimentation profiles of BmrA at 1.2 mg/ml (circle), 0.6 mg/ml (square) and
0.24 mg/ml (triangle) were obtained after centrifugation at 7000 g for four days at 20◦C. Panel A,
experimental data (symbols) and the result of their fitting using the model of one ideal
non-interacting species (upper curve, circles; middle curve, squares; lower curve, triangles).
Panel B, differences between the experimental and the fitted curves. The determined buoyant
molecular mass was 50 kDa.

associated with different chemical properties; long versus short
acyl-chain lengths, low and high CMCs.

DDM [0.05% (w/v)] was exchanged with 2.6% (w/v)
Hecameg®, 0.8% (w/v) OG, 1.1% (w/v) OTG or 0.02%
(w/v) C12E8 respectively, during the affinity chromatography step
in the FPLC, and similar profiles were obtained, but with lower
purification yields (results not shown). For OG and OTG, all of
the protein precipitated during the dialysis step. In Hecameg®, a

Figure 7 Sedimentation-velocity of BmrA at 0.25 mg/ml in the presence of
0.02 % C12E8

Panel A, superimposed experimental sedimentation profiles and those fitted from c(s) analysis
using Sedfit. The last profile corresponds to 6 h of sedimentation at 42 000 g and 20◦C. The
statistical noise was subtracted. Panel B, superimposed differences between the experimental
and modelled profiles. Panel C, c(s) analysis.

major portion precipitated during dialysis and a remaining soluble
portion eluted at 14 ml during the gel filtration (results not shown),
thus indicating the probable dissociation of the protein dimer into
monomers.

With 0.02% C12E8 in the eluent, the initial BmrA PDC eluted
by SEC/FPLC showed a large asymmetrical peak eluting between
8.5 and 12.5 ml, therefore indicating a high amount of aggregation
(Figure 3). Sedimentation-velocity experiments clearly confirmed
that the sample was heterogeneous, as can be seen in Figure 7 for
a fraction eluted between 11 and 12 ml (elution volume corres-
ponding to the PDC in DDM, i.e. RS approx. 5.6 nm), which sedi-
ments with s20,

0
w between approx. 7 and 30 S. In 0.02% C12E8,

the smallest species, s = 3.2 S (s20,
0

w = 7 S), is present in different
chromatographic fractions. Assuming the same composition (e.g.
quantity of bound lipids, δL, and detergent, δD) as those measured
in DDM, the resulting bMPDC corresponds to a dimer (Table 1).

The ATPase activity measurement of this same fraction gives
a maximal rate of 0.5 µmol/min per mg of protein (3-fold lower
than in 0.05 % DDM). Since the concentrations used for both
detergents are well over their CMC (4–5-fold), this suggests either
a partial denaturation of the protein caused by this detergent or
that C12E8 has an inhibitory effect on the ATPase activity of BmrA.

With the aim of minimizing the formation of detergent micelles
during the subsequent concentration of the protein, the state of
the protein in DDM concentrations lowered to the CMC were also
examined.

In 0.01% DDM, the characteristics of purified BmrA were
similar to those found in 0.05% DDM, but with a slightly lower
yield. The retention time and the elution profile upon SEC/FPLC
were virtually identical to those seen in 0.05 % DDM (results
not shown). Moreover, the sedimentation coefficient was the
same as that measured in the presence of 0.05 % DDM by
sedimentation-velocity experiments and is independent of the
protein concentration (Figure 5, Panel D). An additional contribu-
tion at s = 7 S (s20,

0
w = 13 S) is seen, corresponding to larger

species. Nevertheless, for a freshly diluted sample from 0.05 to
0.01% DDM, this phenomenon was not observed, (Figure 5;
broken line, Panel D), suggesting a slow aggregation process. In
0.01% DDM, the ATPase activity was higher than in 0.05%
DDM, with a rate of approx. 2.2 +− 0.2 µmol ATP hydrolysed/min
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per mg of protein and was highly sensitive to vanadate, since the
addition of 500 µM vanadate decreased ATPase activity by 90%.

DISCUSSION

We have characterized the oligomeric state of detergent-solubil-
ized BmrA, purified from E. coli membranes with an optimized
protocol, using non-denaturing PAGE, SEC and analytical ultra-
centrifugation.

Protein arising from the previously established purification pro-
tocol [18,19] was not pure enough for crystallographic studies,
and the complete characterization of the detergent-purified pro-
tein, including the determination of detergent and lipid con-
centrations was lacking, factors that are otherwise known to cause
irreproducibility and failure in sample preparation for structural
analysis. We therefore optimized the purification protocol before
crystallization studies. The use of 0.05% DDM for purification
was conserved from the previous protocol, whereas the use of
FPLC and the addition of an SEC step have allowed us to design
a more rapid and reproducible method which also improves the
purity of the protein. This new preparation resulted in a homo-
geneous and active sample that was eluted as a single peak upon
SEC, suggesting that BmrA exists in a single oligomeric state in
0.05 and 0.01% DDM, namely a dimer. However, the nature of
this dimer (dimerization or not of the NBDs) remains uncertain.

As demonstrated for other membrane proteins [26,39–43], the
activity and the quaternary structure of BmrA has been shown to
be strongly affected by the type of detergent used. Studies of the
oligomeric status of BmrA were extended to include the effect of
non-denaturing detergents upon the exchange with DDM present
in the first purification step. In each detergent, BmrA exhibited
different self-association behaviour. Our data indicate that shorter
chain (C6–C8) hydrocarbon detergents significantly inactivate the
protein by either leading to the formation of aggregates or by
disrupting the functional dimers. SEC and sedimentation-velocity
experiments clearly showed highly polydisperse BmrA in the
presence of C12E8, which in turn fails to keep the protein in an
active and stable state.

The molecular mass of the purified BmrA–detergent complex in
solutions containing DDM has been determined using SEC and
analytical ultracentrifugation, and titration of bound detergent
and lipids. The measured value is consistent with that calculated
for a dimer, assuming an entity composed of two copies of BmrA,
and approx. 12 lipids and approx. 380 DDM molecules, largely ex-
ceeding the aggregation number of DDM (approx. 110, see [32]).
The δD value of bound detergent/gram of protein (measured here
as 1.5) is within the range found for other membrane proteins
[32,44]. The quantity of lipids that co-migrate with BmrA is
among the smallest values found as compared with other mem-
brane proteins purified in detergent for which such an analysis has
been carried out, but remains entirely consistent with those cal-
culated for samples prepared by more than one chromatographic
step [32,39,40,42,43]. Although few phospholipids were present,
the protein remains monodisperse and stable in DDM.

The physical authenticity of the experimentally determined RS

of the BmrA–DDM dimer can be checked by comparison with
a BmrA 3D model [45], based on the crystal structure of the
homologous protein MsbA from Vibrio cholerae [13] for the trans-
membrane regions, and on the crystal structure of the MJ0796
ATP-binding cassette for the cytoplasmic domains [46]. It can
be assumed that the 12-transmembrane α-helices form a compact
transmembrane segment with a diameter of approx. 5 nm and that
DDM molecules extend 3 nm perpendicular to the transmembrane
segment of BmrA resulting in a radius of approx. 6 nm [32]. An
estimate of the height of BmrA perpendicular to the membrane

surface indicates a radius of 6 nm which is also based on the 3D
model of BmrA; this approximation of the molecular dimensions
of the dimeric BmrA–DDM complex is consistent with the ex-
perimentally determined RS of 5.6 +− 0.4 nm.

The results obtained in the presence of DDM and presented
here are consistent with the determination of the supramolecular
organization of BmrA in a lipid bilayer environment using FRET
[22], although they exclude a possible tetrameric association as
suggested from the low-resolution structure of BmrA obtained
by electron microscopy [21]. Furthermore, our results exclude
the existence of a monomer–dimer equilibrium in micellar DDM
solutions at concentrations below 0.05 %. However, we cannot
rule out the possibility that higher oligomers such as tetramers
could exist in the membranes, as well as monomers in other
detergents or at higher DDM concentrations. It is possible that
tetramers in the membrane dissociate into dimers upon solubil-
ization, whereas monomer–monomer interactions within a dimer
appear much stronger and dimer–dimer interactions if any, must
be relatively weak and thus less important for correct functioning
of the protein.

Our data show that BmrA retains significant ATPase activity
and is almost completely inhibited by vanadate after purification
in 0.05 or 0.01% DDM, demonstrating that it remains folded in
an active conformation, which has been established to be a dimer
in the present study. Although this activity is higher than that
reported for the majority of ABC transporters [47–51], it appears
to be lower than when the protein is reconstituted into proteo-
liposomes, with a value of 6.5 µmol of ATP hydrolysed/min per
mg of protein [18,19]. This is clearly not due to the presence
of monomeric or other non-cooperative forms of BmrA in the
sample, as illustrated in the present study, but rather that ATPase
assays with detergent-solubilized and purified preparations often
result in an underestimation of the true potential basal activity
because of the strong influence of the lipid environment, as has
been shown for P-glycoprotein [52].

The results obtained in the present study clearly indicate
that the choice of detergent is crucial in order to obtain pure,
homogeneous and monodisperse BmrA samples. In order to
carry out crystallization experiments, a highly purified, mono-
disperse and stable protein sample is required. DDM used at con-
centrations between 0.01 and 0.05% was shown to be the most
reliable detergent for purification and crystallization studies by
maintaining homodimeric BmrA with a high degree of mono-
dispersity and activity, which theoretically reflects the physio-
logical arrangement of this transporter.

Also the use of DDM at 0.01% appeared to be an interesting
alternative to the initial concentration of 0.05%, since BmrA
activity, as well as its monodispersity was maintained as shown
by SEC/FPLC and analytical ultracentrifugation.
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