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Abstract

ABC (ATP-binding cassette) membrane exporters are efflux transporters of a wide diversity of molecule
across the membrane at the expense of ATP. A key issue regarding their catalytic cycle is whether or not their
nucleotide-binding domains (NBDs) are physically disengaged in the resting state. To settle this controversy,
we obtained structural data on BmrA, a bacterial multidrug homodimeric ABC transporter, in a
membrane-embedded state. BmrA in the apostate was reconstituted in lipid bilayers forming a mixture of
ring-shaped structures of 24 or 39 homodimers. Three-dimensional models of the ring-shaped structures of
24 or 39 homodimers were calculated at 2.3 nm and 2.5 nm resolution from cryo-electron microscopy,
respectively. In these structures, BmrA adopts an inward-facing open conformation similar to that found in
mouse P-glycoprotein structure with the NBDs separated by 3 nm. Both lipidic leaflets delimiting the
transmembrane domains of BmrA were clearly resolved. In planar membrane sheets, the NBDs were even
more separated. BmrA in an ATP-bound conformation was determined from two-dimensional crystals grown
in the presence of ATP and vanadate. A projection map calculated at 1.6 nm resolution shows an open
outward-facing conformation. Overall, the data are consistent with a mechanism of drug transport involving
large conformational changes of BmrA and show that a bacterial ABC exporter can adopt at least two open
inward conformations in lipid membrane.

© 2014 Elsevier Ltd. All rights reserved.
Introduction

ABC (ATP-binding cassette) transporters form one
of the largest families of membrane proteins involved
in import or export of a large diversity of substrates in
all living organisms. In human, the dysfunction of
several ABC transporters causes severe sicknesses
including cystic fibrosis, adrenoleukodystrophy or
hyperinsulinemia [1,2]. Other ABC transporters are
involved in multidrug resistance phenotypes in
atter © 2014 Elsevier Ltd. All rights reserve
cancer cells, notably the P-glycoprotein (P-gp), and
related transporters are found in microorganisms,
from protozoa to bacteria, and confer resistance
toward medicinal treatments in pathogenic strains
[3]. All ABC transporters share a similar minimal core
with two transmembrane domains (TMDs) and two
cytosolic nucleotide-binding domains (NBDs), either
borne on separate polypeptides or fused together.
Three-dimensional (3D) structures have been ob-
tained for several ABC transporters and in different
d. J. Mol. Biol. (2014) 426, 2059–2069
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conformations (see recent reviews [4–6]). ABC
importers show a rather compact organization, and
the 3D structures solved in apostates and nucleoti-
de-bound states suggest a mechanism where the
NBDs remain engaged throughout the catalytic cycle
[4,6].
In the case of ABC exporters, a common

mechanism of drugs transport is not yet settled
because (i) although conformations of a multidrug
transporter with bound inhibitors have been solved,
a structure with transported drugs is still lacking [7]
and because (ii) of the controversy regarding the
physiological relevance of the 3D structures of the
open apo-conformation. Compared to ABC im-
porters, the connection between NBDs and TMDs
in ABC exporters is secured by two long intracellular
domains (ICDs) that protrude from the TMDs and
interact with the NBDs. As exemplified in the
outward-facing conformation of the Sav1866 homo-
dimer, ICD2 from one protomer interacts mainly with
the NBD of the other protomer (trans-interaction)
while ICD1 contacts primarily the NBD within the
same protomer (cis-interaction) [8]. In this structure,
the two NBDs are interacting together in a closed,
ATP-bound, conformation. Three inward-facing (or
open) conformations have been determined in the
absence of nucleotides for Escherichia coli MsbA
and P-gp from mouse and Caenorhabditis elegans
[7,9,10] and in the presence of non-hydrolyzable
nucleotide for human ABCB10 [11]. Moreover, three
new inward-facing conformations of mouse P-gp
with larger separation of the NBDs have been
reported recently highlighting a large flexibility of
the protein [12]. These apo-conformations revealed
separated NBDs and a V-shaped structure in the
transmembrane region that defines a large internal
cavity that contains drugs binding sites. Accordingly,
the ATP switch model for the transport cycle involves
a large conformational change of protein that brings
the NBDs in contact during the catalytic cycle
(reviewed in Ref. [13]).
These open inward structures have nevertheless

raised skepticism; they were proposed to reflect
non-physiological states of the proteins possibly due
to protein–protein interactions in the 3D crystals or to
non-physiological states of the exporters in deter-
gent micelles [14–17]. Moreover, the lack of signif-
icant conformational changes upon drug binding in
the structure of mouse P-gp also raised questions
since drugs increase or decrease ATPase activi-
ty [17,18]. Finally, the physiological relevance of the
open apo-form is also questioned since the cellular
ATP concentration (3–5 mM) exceeds the affinity of
P-gp or MsbA for ATP (0.1–1 mM) and thus the
nucleotide-free conformations may have a very
transient existence. Therefore, alternative models
(e.g., the constant contact model) have been
proposed where the two NBDs of ABC exporters
remain in contact throughout their catalytic cycle
(recently reviewed in Ref. [14]). According to this
mechanism, the cross-linking of the two cysteines
residues located near the C-terminus of the NBDs of
P-gp retained high level of drug stimulation of ATP
hydrolysis suggesting the absence of large confor-
mation motion of the NBDs during the ATP cycle
[19]. An opposite conclusion was drawn from a
recent study by luminescence resonance energy
transfer (LRET) where NBDs of MsbA operate in
association/dissociation mode under physiological
conditions and possibly in a contact mode at lower
temperatures [20].
On the other hand, significant proofs for the

existence of open inward conformation have been
derived from spectroscopic approaches, for exam-
ple, double electron–electron resonance (DEER),
LRET and fluorescence resonance energy transfer
(FRET). MsbA was studied after spin labeling of
amino acids at selected positions using DEER
experiments and this transporter was shown to
adopt in the resting state, an open conformation
either in liposomes or nanodiscs [21–23] similar to
that found in detergent and congruent with the open
3D structure obtained by X-ray crystallography [9].
Moreover, DEER experiments combined with mo-
lecular dynamic simulations have shown that P-gp
adopts an unexpectedly wide range of apo-confor-
mations, highlighted by the degree of separation
between the two NBDs [24]. We have also studied
BmrA, a bacterial homodimer from Bacillus subtilis,
by hydrogen/deuterium exchange combined with
mass spectroscopy and shown the high flexibility of
the ICD domains of this transporter in the resting
state [25].
These different models of functioning could reflect

different mechanisms of transport by full-length
eukaryotic or half-size bacterial transporters or are
possibly related to the experimental approaches
based on the use of local probes and sparse
distance measurements. Electron paramagnetic
resonance measurements combined with the Ro-
setta electron paramagnetic resonance method
described the de novo determination of atomic
structure of T4-lysozyme and αA-crystallin proteins
[26]. This method has not been applied yet to ABC
transporters and DEER, LRET or FRET distances
have been derived from specific positions chosen in
the atomic structures and with uncertainties on large
distances as found between NBDs of MsbA in
apostate [14,20,22].
This led us to analyze the apo-conformation of

BmrA by cryo-electron microscopy (cryo-EM) and
single particle analysis to provide a complete de
novo envelope of another bacterial homodimeric
ABC transporter embedded in a lipid bilayer. We
previously reported a low-resolution 3D reconstruc-
tion obtained by cryo-EM of BmrA [27]. Here, using
new sets of cryo-EM images, we calculated two new
3D models of BmrA where its subdomains and the



20613D Cryo-Electron Reconstruction of BmrA
surrounding lipid bilayer are now unambiguously
resolved. The NBDs of BmrA are clearly separated
and the TMDs show a V-shaped conformation
consistent with an open conformation similar to that
found in the mouse P-gp X-rays structures. Further-
more, a second conformation of BmrA is found with
the NBD more separated as reported for MsbA.
Finally, two-dimensional (2D) crystals of the ATP-
bound state revealed an outward-facing conforma-
tion of BmrA.
Results

Inward-facing conformation of apo-BmrA

BmrA was reconstituted in lipid membranes at a low
lipid-to-protein ratio with egg phosphatidylcholine
(EPC)/egg phosphatidic acid (EPA) lipid mixtures by
detergent removal using Bio-Beads. Ring-shaped
structures, thereafter named rings of BmrA, homoge-
neous in shapes and in sizes, were formed when the
lipid bilayer was formed and the detergent to lipid below
1:1 molar ratio. Further elimination of detergent led to
the coalescence of rings and the formation of
non-crystalline tubes (Supplementary Material, Fig.
S1). We have also previously shown that the rings of
BmrA were preferentially oriented in top views in ice
preventing the calculation of a 3D model. Side views
were obtained after specific binding to a Ni2+-NTA-
DOGS lipid spreadat theairwater interface. Theseside
views in combinationwith thed12 symmetry of the rings
of BmrA allowed generating a complete 3Dmodel [27].
The new preparation of rings of BmrA was then
specifically bound to a Ni2+-NTA-DOGS lipid layer
spread at the air water interface. After transfer onto
holey grids, circular and rectangular views of the rings
were found (Fig. 1a, black arrows). Additional recon-
stituted material was also bound to the surface such as
tubes or membrane sheets of different lengths and
widths (white arrows).
After bi-dimensional classification and particles

averaging, four main classes were extracted including
two circular and two rectangular views (Fig. 1b–e).
Particles depicted in Fig. 1b and d showed a 12 and 2
symmetries, respectively (Fig. S2). These particles
were identical with the top and side views of the
previously reported 3D model of d12 symmetry,
respectively [27]. However, particles depicted in
Fig. 1c and e were larger than the d12 particles and
the bi-dimensional analysis revealed a d13 symmetry
(Fig. S2).
The particles and their related symmetries were

used to calculate 3D models of d12 and d13 rings at
2.3 and 2.5 nm resolution, respectively (Figs. S3 and
S4). The d12 ring is 37.5 nm large and 13 nm thick
and is made of 24 homodimers of BmrA (Fig. 2a).
Although the increase of resolution of the new d12
3D model is modest, 2.3 nm versus 2.5 nm, the
homodimers of BmrA and their different subdomains
including the NBDs, the intracellular and the
membrane domains are now better resolved com-
pared to the previous 3D model [27] (Figs. 2b and 3b
and Fig. S5). This is even more pronounced for the
TMDs where two separated bundles of transmem-
brane densities and the two lipidic leaflets are now
resolved (see also below). This allowed an unam-
biguous assignment of the homodimer of BmrA
different from the previously erroneous assignment
[27] (Fig. S5). The d13 ring is larger than the d12
ring, 39 nm large and 19 nm thick, and is made of 39
homodimers of BmrA (Fig. 2c).
In both rings, the overall shape of a BmrA

homodimer corresponded to a V-shaped conforma-
tion with physically separated NBDs. The best global
fit was obtained with the inward-facing structure of
mouse P-gp (PDB ID: 3G5U) (Fig. 2b and d). The
dimensions of BmrA are 11 nm height and 9.5 nm
large at the level of the NBDs and the NBDs are
separated by ~3 nm.
Within the membrane region, two separated and

slightly tilted densities corresponding to the bundle of
α-transmembrane helices were observed (Fig. 3).
Moreover, two slightly curved layers of densities
separated by 4 nm were visible along the ring and
can beattributed to the phosphate densities of the polar
head group of each lipidic leaflet of the bilayer (Fig. 3,
arrows). The lipidic surface surrounding proteins was
smaller at the inner leaflet (black arrows, extracellular
side) than the outer leaflet (white arrows, cytoplasmic
side). This difference and the V-shaped structure lead
to the curvature of the membrane and the formation of
homogeneous rings. It is worth noting that the electron
density of the outer leaflet was weaker than the inner
leaflet suggesting different composition and the pres-
ence of less electron dense residual molecules of
detergent close to the cytoplasmic side.
We also analyzed the membrane tubes or sheets

bound to the functionalized lipid layer that were
homogeneous enough to perform a classification
and 2D averaging (Fig. 4a). A first population was
composed of thin membranes with a constant width
of 17.5 nm and variable lengths between 20 nm and
50 nm. A 2D average shows that these membranes
were made of layers of four circular densities aligned
with 58° to the axis of the tube (Fig. 4b). This layer
can be superimposed to the densities of the NBDs in
the row in the d12 ring after a rotation from 58° to
38.5° to the axis of the ring (Fig. 4c). Moreover, the
diameter of the densities of 4 nm was consistent with
the size of a single NBD. This suggests that these
membranes were also made of BmrA in an open
conformation similar to the mouse apo-P-gp.
The second population was strikingly different

from the previous one and made of membranes with
a constant width of 25 nm and variable lengths
between 20 nm and 300 nm (Fig. 4d and e). These



Fig. 1. Ring-shaped particles of
BmrA reconstituted in lipid membrane
after binding to a Ni2+-NTA lipid layer.
(a) Representative cryo-electron mi-
crograph with circular or rectangular
views of ring-shaped particles (black
arrows). Other reconstituted struc-
tures such as tubes or membrane
sheets were also present (white ar-
rows). The micrograph has been
4-fold down-sampled to increase the
contrast. The bar represents 25 nm.
(b–e) Average images of the four
mains classes of ring-shaped parti-
cles. The bar represents 5 nm.
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membranes contained two identical rows with
circular densities consistent with the size of a single
NBD (Fig. 4d, rows numbered 1 and 2). However,
the arrangement of the densities was different from
the projection of the d12 ring. In order to understand
the arrangement of BmrA in the membrane, we
observed these tubes deposited on carbon-coated
grids and after negative staining (Fig. 4e). The tubes
were also of 25 nm width but were often twisted
similar to a ribbon suggesting that they were
flattened upon binding to the lipid layer. The twisted
membranes revealed both sides of the membrane
demonstrating that they were single membrane
sheets rather than tubes (Fig. 4e). The NBDs
pointing toward the outside were clearly visible
revealing that BmrA was inserted in a single
orientation in the membrane. This greatly facilitates
the interpretation of the densities in the 2D averages
of cryo-EM images (Fig. 4d). Two possible arrange-
ments for the homodimer of BmrA could then be
suggested (Fig. 4d, blue and green circles). We ruled
out the arrangement depicted in blue circles since,
within a single row, the distance between a first
dimer (light-blue circles) and a second dimer
(dark-blue circles) of BmrA of 8.5 nm appeared too
large to maintain the interactions between homo-
dimers required for the stability of the membrane
sheets. The other proposition (green circles) was
consistent with a conformation of BmrA with NBDs
separated by ~5 nm. Such distance between NBDs
is larger than that found in P-gp but is the same as
that reported for the open apo-MsbA from E. coli
[9,21,22]. Interestingly, two recent reports have
shown that, in the apo-conformation, the mouse
P-gp in 3D crystals in detergent and MsbA in
self-assembled β-sheet peptides can adopt different
conformations with a different widening between the
two NBDs [12,28]. Here, this suggests that BmrA
also adopt at least two conformations with variable
separation of NBDs in the lipid membranes.

Outward-facing conformation of BmrA with
bound ADP-Vi

We also analyzed the nucleotide-bound state of
BmrA. 2D crystallization trials were performed in the
presence of ATP and orthovanadate (Vi), a specific
inhibitor that blocks several ABC transporters including
BmrA in anADP-Vi post-hydrolytic conformation [8,29].
2D trials by detergent removal in bulk led to small
vesicles with densely packed but non-crystalline
proteins (data not shown). However, 2D crystallization
by the lipid layer method after specific binding of BmrA
to a Ni2+-NTA-DOGS lipid layer followed by detergent
removal led to the formation of large and flat
membranes of several microns with densely packed
proteins (Fig. 5a). In these membranes, 2D crystalline
arrays as large as 400 nm × 400 nm were found
(Fig. 5b). A projection map of BmrA at 16 Å resolution
was calculated from merged amplitudes and phases
from four independent negatively stained 2D crystals
with p2 symmetry (Tables S1 and S2). It is worth noting
that the p2 symmetry indicates a unique orientation of
the homodimeric BmrA in the reconstituted membrane



Fig. 2. 3D models of rings of BmrA in lipid membrane calculated with particles of d12 symmetry (a and b) or with
particles of d13 symmetry (c and d). Homodimers of BmrA are lettered as (1, 2), (1′, 2′) and (3, 3′). Subdomains of BmrA,
NBD (white), ICD (green) and membrane domain (blue). The mouse open apo-P-gp (in red; PDB code: 3G5U) was docked
in densities of the homodimers of BmrA. Note that the TMD of P-gp is longer than BmrA because there is an insertion of 33
residues in the first extracellular loop of the P-gp between the transmembrane helices 1 and 2 (protruding toward the center
of the ring). The bar represents 5 nm.
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consistent with the specifically oriented binding to the
lipid layer.
The projection map showed a bean-like molecule

with two separated densities and a central depression
with stain accumulation (Fig. 5c). Since the His6-tag is
present on the NBDs side of BmrA, one expects that
Fig. 3. TMDsof BmrA in the lipid bilayer. Slices through the d12
constitutive row of homodimers of BmrA (b and e) revealed the int
arrows) and outer (white arrows) leaflets of the lipid bilayer of the
PDB code: 3G5U) was docked in the densities of the homodimer
the cytoplasmic side is facing the carbon-coated grid
after the transfer. The opposite side, the extracellular
side of BmrA, was then accessible to the negative
staining. Thus, the two separated densities correspond
to the extracellular helicesbundles in anoutward-facing
conformation. The depression between the densities
ring (a–c) and the d13 ring of BmrA (d–f). The slices along the
ernal structure of BmrA and the lipidic bilayer. The inner (black
membrane are shown. The mouse open apo-P-gp (in yellow;
s of BmrA as in Fig. 2. The bars represent 5 nm.

image of Fig.�3


Fig. 4. Open apo-conformation of BmrA in membrane sheets. (a) cryo-EM of thin (black arrows) and large (white
arrows) membrane sheets after binding to Ni2+-NTA lipid layer. (b) Average image of thin membrane sheets. The NBDs of
a homodimer of BmrA in a similar arrangement than in the d12 ring are highlighted (red circles). (c) Representative side
view projection of d12 3D model and the arrangement of the homodimer of BmrA (red circles). (d) Average image of large
membrane sheets constituted of two rows of proteins (numbered 1 and 2). Two possible arrangements of the homodimer
of BmrA are depicted (green, blue circles). For each arrangement, two dimers are shown in light and dark color. The
green-labeled dimers are the most likely arrangements (see the text). (e) Negatively stained imaged of large membrane
sheets showing an asymmetrical insertion of BmrA in the membrane. The bars represent 5 nm.
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was measured to be 1–2 nm deep on the same 2D
crystals of BmrA by atomic force microscopy [30] and
was consistent with the open outward-facing confor-
mation as described for Sav1866 or MsbA (Fig. 5d).

Discussion

Here, we present two 3D models of BmrA in apo-
conformation in lipidmembrane and in a non-crystalline
environment calculated from cryo-EM images (Figs. 2
and 3). Previous 3D reconstructions calculated from
cryo-EM images have been obtained for MsbA in
membrane in three nucleotide-bound states confirming
a closed outward-facing conformation [31]. Several
projection maps of the nucleotide-free mouse P-gp
and a 3D model of nucleotide-bound P-gp at limited
resolution and in negative staining have been calculat-
ed from 2D crystals [32,33].
In the 3D models of BmrA, the complete envelope
and the main subdomains are well resolved. The
catalytic domains NBDs are separated by 3 nm, two
distinct bundles of TMDs are identified and both lipid
leaflets of the membrane surrounding the protein are
resolved (Figs. 2 and 3). Overall, the global conforma-
tion of BmrA is similar to the open apo-conformation of
mouse or C. elegans P-gps [7,10].
The 3D model has been calculated from homoge-

neous ring-shaped assembly of 24 or 39 homodimers
of BmrA. We have previously reported several pieces
of evidence clearly supporting the view that BmrA in
these rings adopts a native-like conformation [27,29]:
(i) these rings were obtained regardless of the lipid
composition including EPC/EPA as described here,
E. coli lipids or synthetic lipids such as DMPC or
dioleoyl-phosphatidylcholine (DOPC) or the detergent
used during the reconstitution procedure; (ii) further

image of Fig.�4


Fig. 5. 2D crystals of BmrA trapped in an ADP-Vi conformation. (a) Electron micrograph of membrane reconstituted
BmrA after specific binding to a Ni2+-NTA lipid layer. The scale bar represents 200 nm. (b) Negatively stained 2D crystals
of BmrA. The scale bar represents 50 nm. Inset: Typical calculated power spectrum showing diffraction spots at 2 nm
before image processing. (c) p2 symmetrized projection map calculated at 16 Å resolution. Densities above the mean and
negative densities are indicated by continuous lines and dotted lines, respectively. The lattice parameters are a = 70 Å,
b = 70 Å and γ = 101°. The unit cell, dark box, contains a homodimer of BmrA. Four unit cells are depicted.
(d) Arrangement of molecules with overlaid X-ray structure of Sav1866 (PDB entry: 2HYD).
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removal of the residual detergent molecules from the
rings led to the coalescence of the rings to form tubes
with the same diameter showing that the open
conformation of BmrA was similar in the two suprama-
cromolecular structures; and (iii) BmrA in these rings
was capable to engage in a catalytic cycle, hydrolyzing
ATP in a vanadate-sensitive manner, thereby leading
to ring destruction that could not be analyzed further.
Thus, these assemblies are transient and can be
disrupted by the addition of nucleotide revealing that
the intermolecular interactions areweak. Therefore, the
transporter is not trapped in a dead-end conformation
but is just waiting to bind and hydrolyze nucleotide, that
is, in a native-like conformation competent for ATPase
activity. Overall, it is clear that the rings are not due
either to any non-native lipids or to remaining detergent
molecules. Instead, the ring form is very likely imposed
by the inherent ability of BmrA to adopt an open
conformation in the resting state and in a lipidic
environment. Thus, this strongly supports the view
that the open apo-conformation of BmrA is a native-like
conformation.
This conclusion seems to be at odds with our

previous study where we used FRET to probe the
conformation of BmrA in a lipidic environment [34].
However, at that time, the structures of MsbA that we
used to estimate the distances between the two
fluorescent probes were erroneous and were retracted
soon after. Based on the Sav1866 [8] and mouse P-gp
[7] published later on, and given the uncertainty
inherent to the FRET distance calculations, it would
have been impossible to discriminate between the two
conformations of BmrA in our previous publication. The
maximal variations in distances between the probes
we used in 2005 were at most of 18 Å between the
open and closed conformations. Here, the cryo-EM
3D models of BmrA have been calculated directly
from images of BmrA without the need of pre-existing
atomic structures andwithout labeling of specific amino
acids.
BmrA was also present in another conformation

where the NBDs were separated by ~5 nm (Fig. 4d),
as found for open apo-E. coli MsbA [9]. BmrA is able
to interact with, and possibly transport, several
small-size P-gp substrates such as doxorubicin,
rhodamine 6G and daunomycin and is inhibited by
most P-gp inhibitors [18]. Moreover, overexpression
of BmrA was found in cervimycin C-resistant clones
of B. subtilis, suggesting that cervimycin C is also
transported by BmrA [35]. Thus, to accommodate
large substrates such as cervimycin (molecular
mass, 1.3 kDa) or Kdo2-lipid A (molecular mass,

image of Fig.�5
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2.3 kDa) in the case of MsbA, these two transporters
may sample wider conformations.
These two coexisting conformations are likely the

most representative since they could have been
classified and averaged. The presence of two confor-
mation of BmrA is consistent with the large flexibility of
the intracytoplasmic domains ICDs and NBDs of BmrA
in the resting state reported from hydrogen/deuterium
exchange experiments [25]. In the case of mouse and
C. elegans P-gp in inward-facing conformations, five
X-ray structures with different separations between
NBDs have been described [7,10,12]. Largemotions of
the NBDs of P-gp were also found by molecular
dynamic simulations and DEER [24]. Here, the two
conformations of BmrA coexist in the same reconsti-
tuted sample while no other conformation was ob-
served. Thus, although we cannot rule out that other
minor conformations that could not be classified and
averagedwere also present in the sample, this suggest
that these two conformations are the most stable. It is
likely that lipid molecules contribute to the stabilization
of these conformations. The ATPase activity of BmrA,
like other ABC transporters, increased 5–10 times after
reconstitution in membrane [18]. Moreover, negatively
charged lipids with phosphatidic acid head group that
we used for the formation of rings of BmrA have been
suggested to enter into the cavity of P-gp and to
stabilize the inward-facing conformation [36]. These
conformations are not sensitive to the binding of
substrates since we have previously shown that the
addition of drugs such as doxorubicin, ATP alone
(without Mg2+) and ADP Mg2+, added either after or
during the formation of rings, has no effect on the
structure of these rings [29]. This likely requires further
analysis to at higher resolution but this is in line with
the minor conformational changes reported for P-gp
upon binding of specific inhibitors [7]. Finally, we
do not found BmrA with its NBDs in contact in the
apo-form, as reported for the X-ray structure of
Vibrio cholerae MsbA [9] or for P-gp where a study
by DEER indicated that a fraction of NBDs were in a
closed-like conformation even in the absence of
nucleotide [24].
The open conformation imposes an asymmetrical

distribution of lipids in both leaflets to compensate
the V-shape of BmrA. Indeed, the surface of lipid
surrounding the cytoplasmic side of BmrA is larger
than the extracellular side. Our data also show that
the electron densities in both leaflets that are related
to the chemical composition are different, with a
possible accumulation of residual detergent mole-
cules in the intracellular leaflet (cytoplasmic side)
(Fig. 3). Since detergents are amphiphilic molecules
known to stimulate or activate the ATPase activity of
several ABC exporter [29,37], this suggests that
substrates of BmrA may accumulate in the inner
leaflet before being translocated.
Finally, a central question is whether the open inward

state is functionally relevant. InB. subtilisand in actively
growing cells, concentrations of ATP are in the
millimolar range (1.5–3 mM) [38]. Starving or stressful
conditions have been shown to dramatically reduce the
ATP level in plant [39], yeast [40], bacteria (from
~100 pM down to even 0.1 pM) [41] or even mammal
cells [42]. In Bacillus species, dreadful conditions
trigger the formation of spores where the ATP level
drops considerably (about 250-fold less ATP in the
spores than the vegetative cells) [43]. Therefore, at
least in “extreme” conditions that are nevertheless
prevalent in the natural habitat of all microorganisms,
the ABC transporters are facing a constant “lack” of
energy and thus will often return to their resting state,
that is, with their NBDs free of nucleotides in an open
inward-facing conformation. Thus, in the wild and for
microorganisms, the resting state with empty NBDs
is certainly a common, physiological, conformation of
ABC transporters.
Materials and Methods

Materials

EPC, EPA, DOPC and Ni-nitrilotriacetic-1,2-dioleoyl-sn-
glycero-3-{[N(5-amino-1-carboxypentyl)iminodiacetic acid]
succinyl} (Ni2+-NTA-DOGS) were of the highest purity
available and purchased from Avanti Polar Lipids. N-Dode-
cyl-β-D-maltoside (DDM) was purchased from Anatrace.
His6-BmrA from B. subtilis were expressed in E. coli and

purified in DDM according to Ref. [18]. Aliquots of 50 μl of
preparations were kept frozen before use at −80 °C at 1–
1.5 mg/ml protein concentration in 50 mM Tris (pH 8),
50 mM NaCl, 5 mM β-mercaptoethanol, 0.05% DDM and
10% glycerol.
Reconstitution of BmrA in inward-facing
apo-conformation

BmrA ring-like structures were formed according to the
procedure previously described [27]. Briefly, purified
BmrA in 50 mM Hepes (pH 7.5) and 150 mM KCl at
0.5 mg/ml wasmixed with amixture of EPC/EPA (9/1 mol/
mol) at a lipid-to-protein ratio of 1.2 (w/w) in the presence
of 0.2% DDM. After 1-h incubation at room temperature,
the micellar solution was treated with 40 mg Bio-Beads
per milliliter. The solution was withdrawn after 45 min of
incubation with Bio-Beads, leading to a homogeneous
preparation of ring-like structures that were stable
for several days at 4 °C. Alternatively, detergent was
removed by addition of β-cyclodextrins and rings were
formed at a β-cyclodextrin-to-DDM ratio of 1.18 mol/mol
[44].
Cryo-electron images of the rings were obtained after

specific binding to a functionalized lipid layer with Ni2+-
NTA-DOGS. Briefly, 0.5 μl of Ni2+-NTA-DOGS solution
(0.1 mM) was spread at the air/water interface of
homemade Teflon wells [45]. Then DDM was injected
below the lipid layer at 0.75 mM final concentration under
stirring. After 5 min, 6 μl of ring-like structures was injected
below the lipid layer for 30 min of incubation under stirring.
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The surface was picked up with holey formvar carbon grids
(Ted Pella, Inc., USA) and flash-frozen in liquid ethane.

2D crystallization of ADP-Vi trapped BmrA

2D crystallization trials were performed using the lipid
layer strategy according to Refs. [45] and [46]. Protein at
0.25 mg/ml in 50 mM Tris (pH 8), 5 mM MgCl2, 150 mM
KCl and 0.5%DDMwas supplemented with EPC/EPA lipid
mixture at 0.4–0.6 (w/w) lipid-to-protein ratio and equili-
brated for 2 h at 4 °C. A lipid layer constituted by mixture
of Ni2+-NTA-DOGS/DOPC (1:1 mol/mol) and 0.5 μl of a
0.1 mM lipid solution in CHCl3/CHOH 9/1 (v/v) was spread
at the air/water interface of Teflon wells. Then 6 μl of the
lipid/protein/detergent was injected through a side hole in a
60-μl Teflon well below the functionalized lipid layer.
Binding was carried for 5 h at 4 °C under slow stirring.
Detergent was removed by addition of 2.5 mg of Bio-
Beads though the side hole of the well and reconstitution
was performed during 2 days at 4 °C without stirring. To
block BmrA in ADP-Vi state, we included 2.5 mM
orthovanadate and 5 mM ATP in the crystallization buffer
during the binding step.
Electron microcopy

Grids of BmrA in open inward-facing conformation were
transferred into a FEI CM200 FEG electron microscope
operating at 200 kV at nominal magnification of 50,000×.
Micrographs were recorded on SO163 films and digitized
with a Nikon Coolscan 8000 at 2.5 Å/pixel.
Grids of 2D crystals of the ADP-Vi trapped His6-BmrA

formed at the lipid layer surface were picked up with
carbon-coated grids and stained with 1% uranyl acetate.
Electron micrographs were taken under low-dose mode on a
Phillips CM120 microscope operating at 120 kV at a nominal
magnification of 45,000× using a 1024 × 1024 pixel SSC
Gatan CCD camera. The defocus ranged from −0.2 μm to
−1 μm. The pixel size, calibrated using bacteriorhodopsin
2D crystals, was 3.86 ± 0.1 Å.
Image processing: 3D model of d12 and d13 ring of
BmrA in apo-conformation

Image processing was performed using Xmipp 2.4 suite
[47–49]. A set of 102 micrographs selected on their power
spectrum quality after contrast inversion was analyzed.
The defocus values and the parameters of the envelope
function parameters were modeled and manually con-
trolled. Next, micrographs were phase-flipped according to
the CTF parameters.
For the 3D reconstruction of the d12 and d13 volumes, a

total number of 2158 projections with shapes and sizes
compatiblewith theprevious3Dmodel of the ringofBmrA [27]
were windowed into 200 × 200 pixel box using Boxer
software. Images were centered, normalized and band-pass
filtered between 10 Å (2× Nyquist frequency) and 200 Å
before classification. A hierarchical clustering approach using
correntropy (CL2D) [49]wasperformedover images imposing
20 final classes average over 20 iterations (Fig. S2). A 2D
rotational analysis was performed to identify symmetries
within eachclass.Beforeangular assignment, a raised-cosine
mask was applied to particles. A circular mask of 180 pixel
diameter, a rectangular mask of 180 × 90 pixel and a
rectangular mask of 180 × 120 pixel were used for the
circular ring-shaped views, the small rectangular view and the
large rectangular view, respectively. Twenty cycles of
projection matching angular refinement coupled to Fourier
inverse 3D reconstruction [49] and amplitude correction were
performed. A synthetic ring volume of 40 nm diameter and
17.5 nm width and a hole of 9 nm diameter were used as
initial reference (Fig. S2) and d12 or d13 symmetry was
applied for d12 or d13 3D models, respectively (Figs. S3 and
S4). The final resolutions of the d12 and d13 3D reconstruc-
tions were estimated to 23 Å and 25 Å from the FSC (Fourier
shell correlation) curve using the FSC = 0.5 cutoff criteria.
Atomic structure of mouse P-gp (PDB entry: 3G5U) was
filtered at 23 Å or 25 Å and fitted into the 3D maps using
UCSFChimera andSitus software.Note that theTMDofP-gp
is longer than BmrA because there is an insertion of 33
residues in the first extracellular loop of the P-gp between the
transmembrane helices 1 and 2 (protruding toward the center
of the ring). Further details on the image processing are
described in the supplementary information.
For the 2D analysis of the tubes of BmrA, 2D analysis,

198 images of large tubes and 162 images of thin tubes
were selected and boxed in 200 × 200 pixel box using
Boxer software. Images were centered, normalized and
band-pass filtered between 10 Å (2× Nyquist frequency)
and 200 Å before alignment. Each group of tubes was
aligned using 2D free-reference alignment algorithm.
Resolution was estimated to be about 30 Å in both cases
based on 0.5 FSC criteria.
Projection map of BmrA trapped in
ADP-Vi conformation

The projection map of BmrA trapped in ADP-Vi conforma-
tion was calculated with 2dx package (release 3.0.03), which
included two cycles of lattice unbending (CCUNBENDK),
calculation of defocus and astigmatism values (CTFFIND)
and correction of the contrast Fourier transform (CTFAPPLY)
[50]. Plane symmetry was established by analysis of the
images using ALL SPACE with IQ 1–4 up to 15 Å. The four
best images ranging in defocus from −0.4 to −0.8 μm were
merged and used to calculate a projection map at 16 Å
resolution with a p2 symmetry (see Tables S1 and S2).
Accession numbers

EmDep deposition has been assigned EMDataBank
Accession Code EMD-5525 for the d12 map entry and
EMD-5526 for the d13 map entry.
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