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ABSTRACT: ATP-binding cassette (ABC) transporters are involved in the transport of a wide variety of
substrates, and ATP-driven dimerization of their nucleotide binding domains (NBDs) has been suggested
to be one of the most energetic steps of their catalytic cycle. Taking advantage of the propensity of
BmrA, a bacterial multidrug resistance ABC transporter, to form stable, highly ordered ring-shaped
structures [Chami et al. (2002)J. Mol. Biol. 315, 1075-1085], we show here that addition of ATP in the
presence of Mg2+ prevented ring formation or destroyed the previously formed rings. To pinpoint the
catalytic step responsible for such an effect, two classes of hydrolysis-deficient mutants were further
studied. In contrast to hydrolytically inactive glutamate mutants that behaved essentially as the wild-type,
lysine Walker A mutants formed ring-shaped structures even in the presence of ATP-Mg. Although the
latter mutants still bound ATP-Mg, and even slowly hydrolyzed it for the K380R mutant, they were most
likely unable to undergo a proper NBD dimerization upon ATP-Mg addition. The ATP-driven dimerization
step, which was still permitted in glutamate mutants and led to a stable conformation suitable to monitor
the growth of 2D crystals, appeared therefore responsible for destabilization of the BmrA ring structures.
Our results provide direct visual evidence that the ATP-induced NBD dimerization triggers a conformational
change large enough in BmrA to destabilize the rings, which is consistent with the assumption that this
step might constitute the “power stroke” for ABC transporters.

Cellular export or import of a multitude of substrates
including ions, sugars, lipids, amino acids, or drugs is a vital
process governed by different classes of transporters (1). In
many microbial genomes, the largest gene superfamily
encodes transporters powered by ATP hydrolysis: the ATP-
binding cassette (ABC)1 transporters (2, 3). Prominent
members of this family also exist in eukaryotes whose
dysfunction or exacerbated function plays a causative role
in human pathologies such as cystic fibrosis, adrenoleukod-

ystrophy, and multidrug resistance of cancer cells (4). The
basic architecture of ABC transporters includes four core
domains: two transmembrane domains that harbor the
substrate-binding site(s) and two nucleotide-binding domains
(NBDs) that bind and hydrolyze ATP. These domains are
either expressed as single polypeptides or fused into different
combinations to form three, two, or even one multidomain
polypeptide(s). The NBDs contain three characteristic mo-
tifs: the Walker A and B motifs, found in many different
ATPases, and a signature motif specific for the ABC family
(5). Three-dimensional (3D) structures have been determined
for several isolated NBDs, which all share the same overall
topology (6). Although the molecular basis that drives the
interaction of two NBDs within an ABC transporter had been
a controversial issue, it is now accepted that the transporter
is capable of hydrolyzing ATP in a transient conformation,
with its two ATP-binding sites being properly oriented at
the interface of the two NBDs: one contributes both the
Walker A and B motifs, while the other interacts with ATP
through its ABC signature motif (7, 8). Such a closed
conformation has been observed in the dimeric structure of
NBDs from either inactive mutants (9-11) or theEscherichia
coli MalK subunit of the maltose importer (12), both in the
presence of ATP, and also in the vitamin B12 whole
transporter BtuCD (13). Two additional “empty” structures
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of MalK revealed no direct interaction between the two
NBDs, which were nevertheless hold together by an ad-
ditional specific C-terminal domain (12). This suggested that
large conformational changes might take place during the
catalytic cycle of ABC transporters, with the two NBDs
engaging in, and disengaging from, a mutual interaction (12,
14), and this is consistent with recent electron paramagnetic
resonance (EPR) experiments performed on MsbA (15) or
the 3D structures of MsbA obtained in four different
conformations (16).

Identification of the step allowing substrate translocation
in the catalytic cycle of ABC transporters is a fundamental
question in order to understand how these transporters
function. Both the ATP-induced NBD dimerization and ATP
hydrolysis per se were suggested to provide an energy input
sufficiently high to trigger substrate translocation (9, 17-
19). Here, we took advantage of the propensity of a multidrug
ABC transporter fromBacillus subtilis, BmrA (formerly
known as YvcC) (20), to form very peculiar, stable, ring-
shaped structures in the absence of any effector (21) to study
how nucleotide binding and/or hydrolysis might affect these
structures. By use of mutants with either the putative catalytic
base adjacent to the Walker B motif (E504) or the Walker
A lysine (K380) substituted, and thereby blocked in different
conformations of the ATPase cycle, it is shown that the ATP-
dependent NBD dimerization of BmrA induces a conforma-
tional change large enough to either prevent formation of,
or break, the rings. These observations are consistent with
the ATP-induced dimerization of NBDs as being the “power
stroke” of ABC transporters.

EXPERIMENTAL PROCEDURES

Unless specified, reagents were of the highest purity
available and were purchased from Sigma. Dioleoylphos-
phatidylcholine(DOPC),dioleoylphosphatidylglycerol(DOPG),
and nickel-nitrilotriacetic-1,2-dioleoyl-sn-glycero-3-{[N-(5-
amino-1-carboxypentyl)iminodiacetic acid]succinyl} (Ni-
NTA-DOGS) were of the highest purity available and were
purchased from Avanti Polar Lipids. Dodecylâ-D-maltoside
(DDM) was purchased from Anatrace.

Site-Directed Mutagenesis of BmrA.K380A and K380R
mutants were constructed as previously described for the
E504 mutants (22), with the oligonucleotides GCGTTCAAG-
CAGTTTAAACAGCGTCGTTGCTCCCCCGCCGCT and
G C G T T C A A G C A G T T T A A A C A G C G T C G T -
TCTTCCCCCGCCGCT, respectively, which introduce a
new, silent,DraI restriction site. Mutations were confirmed
by DNA sequencing.

Purification and Reconstitution of BmrA Proteins.All
mutant and wild-type proteins were purified and reconstituted
into proteoliposomes according to the methods previously
described (22).

ATPase ActiVity. The ATPase activity of BmrA reconsti-
tuted into proteoliposomes was monitored at 37°C by ADP
release coupled to the disappearance of reduced nicotinamide
adenine dinucleotide (NADH) recorded at 340 nm. Measure-
ments were performed in 50 mM Hepes [N-(2-hydroxyethyl)-
piperazine-N′-ethanesulfonic acid]/KOH, pH 8, 4 mM phos-
phoenolpyruvate, pyruvate kinase (60µg/mL), lactate
dehydrogenase (32µg/mL), and 0.3 mM NADH. Alterna-
tively, when the sensitivity to vanadate inhibition was

studied, ATPase activity was measured by a colorimetric
assay of Pi release, as described previously (23).

Binding of 8-Azido-[R-32P]ATP.Proteoliposomes contain-
ing either wild-type or mutant BmrA were incubated on ice
for 5 min with increasing concentrations of 8-azido-[R-32P]-
ATP in a final volume of 50µL of 50 mM Tris-HCl, pH 8,
and 5 mM MgCl2. After 5 min of UV irradiation (260 nm,
UVS-II Minerallight), 200µL of 50 mM Tris-HCl, pH 8,
was added to the sample. An ultracentrifugation was then
performed (400000g) for 30 min at 4°C. Proteoliposomes
were gently washed with 100µL of ice-cold 50 mM Tris-
HCl, pH 8, and pellets were resuspended in Laemmli buffer
and submitted to electrophoresis. Gels were dried and
submitted to autoradiography.

Vanadate or Beryllium Fluoride-Induced Trapping and
Photoaffinity Labeling of RadioactiVe Nucleotides. Experi-
ments were performed as previously described (22). BeSO4

and NaF were prepared as water solutions and added
separately to samples (BeSO4 at the desired concentration
and NaF in 5-fold excess).

Effects of Ligands on BmrA Ring-Shaped Structures.For
reconstitution of ringlike structures, the purified proteins at
0.5 mg/mL were first supplemented with DDM (0.2% final
concentration) and then with a mixture of egg phosphati-
dylcholine and egg phosphatidic acid (9/1 mol/mol) at a lipid-
to-protein ratio of 1-1.6 (w/w), unless stated otherwise, and
then supplemented with substrates as indicated. After 1 h of
incubation at room temperature, the micellar solutions were
treated with 40 mg of Bio-Beads/mL [ratio of BmrA/DDM/
Bio-Beads was 0.5/2/40 (w/w/w)], according to a previously
described procedure (21, 24). Aliquots were taken at different
time intervals for electron microscopic observations. Usually,
the solution was withdrawn after 45 min of incubation with
Bio-Beads, leading to a homogeneous preparation of ringlike
structures that were stable for several days at 4°C. Longer
and complete detergent removal led to the formation of
tubular membranes and vesicles. The reconstituted ring-
shaped particles were then incubated with different ligands,
as indicated, and analyzed by electron microscopy after 15-
60 min incubation at room temperature. Samples were
adsorbed onto carbon-coated 300 mesh copper grids and
stained with 1% uranyl acetate.

Reconstitution of BmrA at the Air/Water Interface.Re-
constitutions of wild-type and E504Q BmrA at the air/water
interface were performed according to ref25. Briefly,
proteins at 0.25 mg/mL in 50 mM Tris-HCl, pH 8, 5 mM
MgCl2, 150 mM KCl, 5 mM benzamidine, 50 mM imidazole,
and 0.5% DDM were supplemented with dioleoylphospho-
choline/dioleoylphosphatidylglycerol (9/1 mol/mol) at a lipid/
protein ratio 0.5-1 (w/w) and solubilized for 4 h on ice.
This mixture was injected with a 10-fold dilution below a
lipid layer of Ni-NTA-DOGS and DOPC (1/1 ratio) previ-
ously spread at the air/water interface. The reconstitution well
contained 60µL of the binding solution: 50 mM Tris-HCl,
pH 8, 5 mM MgCl2, 150 mM KCl, 5 mM benzamidine, and
50 mM imidazole. After overnight binding of the His-tagged
protein to the Ni2+-lipid surface at 4°C, detergent was
removed by addition of 5 mg of Bio-Beads, leading to
reconstitution after 2 days at 4°C. Reconstitutions in the
presence of nucleotides were performed as before with 5 mM
ATP plus 1.5 mM orthovanadate (for the wild-type BmrA)
or 5 mM ATP alone (for the E504Q mutant) in the
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reconstitution well. After reconstitution, the surfaces were
picked up and stained with 2% uranyl acetate.

Electron Microscopy.Images were recorded in a low-dose
mode on a Philips CM120 microscope operating at 120 kV
at 800 nm defocus and a nominal magnification of 45000×
by use of a 1024× 1024 pixel Gatan charge-coupled device
(CCD). The pixel size, as calibrated with bacteriorhodopsin
2D crystals, was 3.9( 0.1 Å.

RESULTS

We previously reported that BmrA formed very peculiar
ring-shaped structures upon partial reconstitution at high
protein/lipid ratios. The ring-shaped structures were made
of 24 homodimers of BmrA embedded in a lipid bilayer and
contained small amounts of detergent. These structures were
remarkably stable over a wide range of experimental condi-
tions, including various lipids and detergents, pH (from 6.0
to 9.0), salt concentration (from 50 to 500 mM NaCl), and
temperature (from 4 to 37°C) (21). Importantly, we show
here that addition of both ATP and Mg2+, in a concentration
range (∼2-9 mM ATP) similar to that used to saturate wild-
type BmrA during ATP hydrolysis (see ref20 and also the
caption to Figure 5), destroyed these ring-shaped structures,
as illustrated on electron micrographs of negatively stained
samples (Figure 1). Conversely, prior incubation with ATP
and Mg2+ was able to prevent subsequent ring formation (not
shown). Therefore, although these highly ordered structures
were formedin Vitro, this shows that the conformation of
BmrA in these supramolecular structures is compatible with

the binding of ATP-Mg and, thus, BmrA lies in a resting-
state conformation suitable for its catalytic cycle. To
substantiate this point, the ATPase activity of BmrA was
studied before and after the formation of the rings (in the
latter case, formation of the rings was first attested by visual
inspection under the microscope). In 0.05% DDM, BmrA
had an ATPase activity of∼1.5 ( 0.24 µmol of ATP
hydrolyzed min-1 mg-1, a value comparable to that found
previously under similar conditions (26), and this activity
was sensitive to inhibition by 1 mM vanadate (∼0.17( 0.08
µmol of ATP hydrolyzed min-1 mg-1). After formation of
the rings, BmrA retained a high level of ATPase activity
(1.35 ( 0.24 µmol of ATP hydrolyzed min-1 mg-1) fully
sensitive to vanadate inhibition (0.04( 0.08µmol of ATP
hydrolyzed min-1 mg-1). Therefore, this gave us a unique
opportunity to study conformational changes brought about
by the binding of effectors on a whole ABC transporter
embedded in a lipid bilayer environment and in a nativelike
conformation. Various effectors were tested and, as shown
in Table 1, disappearance of the rings was observed only
when ATP (or a high concentration of the ATP analogue
ATPγS) was used in the presence of Mg2+. Other effectors
tested, including ATP alone, Mg2+ alone, ADP plus Mg2+,
and vanadate (Table 1), or drug substrates such as 50µM
doxorubicin, did not induce destabilization of the rings.
Because most of these effectors have been shown to bind
both to the detergent-solubilized BmrA and to BmrA
reconstituted into proteoliposomes (20), they probably also
bind to BmrA in the lipid-containing ring-shaped structures.
However, binding of these ligands does not seem to induce
any detectable conformational rearrangement. In contrast, the
binding of ATP-Mg or subsequent ATP hydrolysis triggers
a conformational change large enough to destabilize the ring
structure.

In order to determine which step of BmrA ATPase cycle
is responsible for this conformational change, we tested the
capacity of several hydrolytically deficient mutants to alter
the ring-shaped structure in the presence of ATP-Mg. The

FIGURE 1: Electron microscopy of BmrA samples. (A) Negatively
stained samples obtained after 45 min of progressive elimination
of detergent from lipid-BmrA-detergent mixtures; stable ring-
shaped structures of BmrA are observed. (B) The ring-shaped
structures disappeared upon addition of ATP-Mg (7.5 mM each);
scale bar corresponds to 50 nm. The inset in panel A corresponds
to a projected top view of the cryoelectron microscopic 3D
reconstruction of the BmrA ring-shaped structure, 40 nm in
diameter, obtained as described earlier (21).

FIGURE 2: Binding of 8-azido-ATP to either wild-type or mutant
BmrA. Increasing concentrations of 8-azido-[R-32P]ATP, as indi-
cated in the figure, were incubated at 4°C for 5 min with either
wild-type or mutant BmrA previously reconstituted into proteoli-
posomes. After 5 min of UV irradiation, samples were centrifuged,
washed, and submitted to electrophoresis and autoradiography as
described under Experimental Procedures.

Table 1: Stability of the Rings in the Presence of Different
Effectors

effectors (mM)

exp
conditionsa T (°C) ADP ATPγS ATP Mg2+ Vi

ring
dissociation

1 4 1.9 1.9 +
1 4 1.9 -
2 23 60 -
2 23 7.5 7.5 +
2 23 7.5 -
2 23 7.5 -
2 23 4.5 -
2 23 4.5 4.5 -
3 23 12.5 -
3 23 12.5 12.5 +
3 23 12.5 -
3 23 10 10 5 -

a Rings were formed at 23°C, in the presence of DDM as detergent
and with egg phosphatidine choline/egg phosphatidine ethanolamine
(9/1) and a lipid/protein ratio of 1.5, 1.6, or 1.1 (experimental conditions
1, 2, and 3, respectively). They were then incubated in the presence of
different effectors, at either 4 or 23°C, as indicated in the table.
Boldface type highlights the conditions where the rings were destroyed
(+); (-) indicates that the effectors had no effect on the performed
rings.
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first mutation studied concerned the E504 residue: the
putative catalytic glutamate adjacent to the Walker B motif,
in BmrA. We previously showed that its mutation to different
residues totally abolished ATP hydrolysis by BmrA (22).
We also chose to study two Walker A lysine mutants of
BmrA, since this residue is known to be crucial for ATP
hydrolysis in P-loop-containing ATPases (27-29). Besides,
preliminary results obtained on K380 mutants of BmrA
showed that whereas the K380A mutant was fully devoid
of ATPase activity (Table 2), the K380R mutant retained a
low but significant activity (∼2% that of the wild-type),
which was insensitive to vanadate inhibition, in contrast to
the wild-type BmrA. Despite this residual level of ATPase
activity, the K380R mutant was nevertheless unable to
transport either Hoechst 33342 (20) or doxorubicin (not
shown). In order to characterize the catalytic step(s) altered
in these mutants, their ability to bind nucleotides such as
8-azido-[R-32P]ATP was assessed on ice (Figure 2). Although
a significant loss in affinity and/or in photolabeling efficiency
was observed in the K380 mutants as compared to either
the wild-type or, to a lesser extent, the E504A mutant, this
experiment clearly shows that the K380 mutants were still
able to bind nucleotides. Trapping experiments were then
performed to compare the properties of the E504A and
K380R mutants. As previously observed, the E504A mutant
trapped the 8-azido-[R-32P]ATP tightly and in a vanadate-
insensitive manner (Figure 3A), which was due to the total
lack of ATPase activity, thereby leading to trapping of the
ATP form of the analogue (22). In contrast, no significant
labeling was observed for the K380R mutant under the same
conditions, whether vanadate was present or not. A similar
property was observed for Walker A lysine P-glycoprotein
mutants (30, 31), but importantly, some of them retained
some trapping ability when BeFx was used instead of
vanadate (32). Therefore, we checked whether our K380
mutants could trap the 8-azido-[R-32P]AT(D)P in the presence
of BeFx. As shown in Figure 3B, the K380A mutant was
insensitive to BeFx, in agreement with its lack of any
detectable ATPase activity, whereas the K380R mutant was
quite sensitive to this inhibitor and trapped much more
8-azido-[R-32P]AT(D)P in the presence of 1 mM BeFx than
in its absence. The increase in trapping of the K380R mutant
afforded by BeFx was mainly due to accumulation of the
8-azido-[R-32P]ADP, as evidenced from experiments using
either R- or γ-labeled 8-azido-[32P]ATP (Figure 3C), thus
confirming that this mutant retains some residual hydrolytic
ability.

We then tested the capacity of the different mutants to
destabilize the ring-shaped structures of BmrA (Table 2). In

the presence of ATP-Mg, both wild-type BmrA and the
hydrolytically inactive E504 mutants either prevented ring
formation or destroyed the preformed structures. Therefore,
the conformational change responsible for the ring destabi-
lization can be assigned to a prehydrolytic step of the
catalytic cycle because the E504 mutants seem unable to
perform even a single turnover (22). Further evidence for
this hypothesis was provided by the reconstitution of wild-
type BmrA and the E504Q mutant at the air/water interface.
In these experiments, His-tagged proteins were first bound
to a lipid ligand bearing a Ni-nitrilotriacetic acid head group
and then reconstituted into a lipid bilayer at a high protein/
lipid ratio (Figure 4). Compared to the classical reconstitution
in bulk, where the proteins have no initial constraints for
their assembly, here they are bound to the planar lipidic
surface during the reconstitution process. Previous reconsti-
tution of different types of membrane proteins by this method
had always led to planar membranes (25), except for
P-glycoprotein, where tubular vesicles have been reported
(33). It was found here that, in the absence of any substrate
and after binding and reconstitution of BmrA upon detergent
removal, both the wild-type BmrA and the E504Q mutant
formed tubular-shaped membranes, and the tubular structures
have a diameter of∼40 nm with a variable length (0.3-1
µM, Figure 4A,C). This unexpected 3D organization was
likely dictated by the shape of the proteins, thereby inducing
a high membrane curvature. When wild-type BmrA was
reconstituted in the presence of ATP-Mg alone, some 2D
crystals were observed on the grid but the majority of the
membrane remained in a tubular shape, suggesting that the
protein adopted different conformations (not shown). In
contrast, in the presence of both ATP-Mg and vanadate,
which led to the trapping of wild-type BmrA in a transition-
state conformation, only planar membranes with some 2D
crystalline arrays were obtained (Figure 4B). For the E504Q
mutant, planar membranes were obtained whether or not
vanadate was included together with ATP-Mg (see Figure
4D for the condition in the absence of vanadate), showing
that the binding of ATP-Mg alone is sufficient to reach a
stable conformation. On the other hand, for the K380
mutants, we have been unable so far to obtain 2D crystals
regardless of the conditions used.

By sharp contrast with the glutamate mutants, the K380
mutants appeared unable to operate any substantial confor-
mational change upon ATP-Mg binding because, in the
presence of these ligands, the lysine mutants still formed
the rings, and preformed rings were not dissociated after
ATP-Mg addition (Table 2). Therefore, we surmised that,
in contrast to the E504 mutants, the K380 ones might lack

Table 2: Ring Formation, or Dissociation, and ATPase Activities of Wild-Type or Mutant BmrA

ring formation ring dissociation

proteins ATPase activitya control Mg2+ ATP ATP/Mg2+ control Mg2+ ATP ATP/Mg2+

wild-type 6500 + + + -b - - - +b

K380A 0 + + + + - - - -
K380R 150 + + + + - - - -
E504A 0 + + + -b - - - +b

E504Q 0 + + + -b - ndc nd +b

a ATPase activities are expressed in nanomoles per minute per milligram of protein. When effectors were used, 7.5 mM was added. For ring
formation, (+) indicates that formation of the rings was observed whereas (-) indicates that no rings were formed. For ring dissociation, (-)
indicates that no effect was observed on the preformed rings, whereas (+) indicates that the rings were destroyed.b Conditions where no rings were
observed, either directly in the presence of effectors (ring formation) or subsequent to the addition of effectors (ring dissociation).c Not determined.
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the capacity to dimerize via their NBDs. To test this
hypothesis, we studied the ATPase activity of the K380R
mutant as a function of ATP-Mg concentration, because we
had shown previously that wild-type BmrA displayed positive
cooperativity for ATP hydrolysis (20). In contrast to wild-

type BmrA, the K380R mutant hydrolyzed ATP according
to Michaelis-Menten kinetics (Figure 5), suggesting that its
ATPase activity is catalyzed independently by each NBD.
Therefore, it is conceivable that the ATP-driven dimerization
step of NBDs is impaired in the two K380 BmrA mutants,
thus preventing destabilization of the BmrA ring structures.

DISCUSSION

Different pieces of evidence suggest that the molecular
mechanism of ABC transporters involves substantial con-
formational changes, especially those triggered by ATP-Mg

FIGURE 3: Trapping of 8-azido-ATP by BmrA mutants. Proteoli-
posomes containing 3µg of BmrA mutants were incubated with
8-azido-[R or γ-32P]ATP (0.25-0.35 Ci/mmol) in 50 mM Tris-
HCl, pH 8, and 3 mM MgCl2, with or without either 250µM
vanadate or the indicated concentrations of BeFx, in a total volume
of 50 µL at 37 °C for 10 min. Incubations were stopped by
transferring the tubes on ice and by adding 1 mM cold ATP. Free
and loosely bound labeled nucleotides were removed by centrifuga-
tion at 400000g for 30 min at 4°C. Proteoliposomes were then
gently washed with 100µL of ice-cold 50 mM Tris-HCl, pH 8,
and pellets were resuspended in 15µL of the same buffer, kept on
ice, and irradiated with UV light for 5 min. Laemmli buffer was
then added to the samples, and after 20 min of mixing, samples
were resolved by electrophoresis. Gels were dried and submitted
to autoradiography. (A) Vanadate (Vi) trapping of 5µM 8-azido-
[R-32P]ATP by E504A and K380R mutants. (B) Beryllium fluoride-
induced 8-azido-[R-32P]ATP (50µM) trapping by K380 mutants.
(C) Beryllium fluoride-induced 8-azido-ADP trapping in the K380R
mutant; experiments were performed with 50µM either 8-azido-
[R-32P]ATP or 8-azido-[γ-32P]ATP.

FIGURE 4: Reconstitution of BmrA at the air/water interface. His-
tagged proteins solubilized in micelles of lipids and detergents were
bound to a Ni2+-lipid at the air/water interface. Upon complete
detergent removal, proteins were incorporated into a lipid bilayer
in which they can form 2D crystalline arrays. After reconstitution,
the surfaces were picked up, negatively stained, and analyzed by
electron microscopy. Reconstitution of wild-type BmrA in the
absence (A) and in the presence (B) of Mg-ATP plus vanadate and
reconstitution of E504Q mutant in the absence (C) and in the
presence (D) of Mg-ATP is shown. Note the change of morphology
from tubular (A, C) to planar membranes (B, D). Bar: 50 nm.

FIGURE 5: ATPase activity of wild-type (b) or K380R BmrA
mutant (2) as a function of Mg-ATP concentration. ATPase activity
was expressed as the percentage of maximal activity. Maximum
(100%) activity corresponds to 6.5 or 0.15µmol ATP hydrolyzed
min-1 (mg of protein)-1 for wild-type or K380R BmrA mutant,
respectively. (Inset) ATPase activity of the two variants at low Mg-
ATP concentrations. Curve fittings were performed with SigmaPlot
8.0 (SPSS Inc.), and the values obtained for the best fits were as
follows: for wild-type BmrA, Hill number) 1.33( 0.14 andKm app
) 2.83 mM ( 0.37, and for the mutant, which did not show any
positive cooperativity, a Michaelis-Menten fitting gaveKm ) 1.42
mM ( 0.19.
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binding and/or hydrolysis (15, 16, 34, 35; for a recent review,
see ref36), and a similar scenario is likely to occur for BmrA
(37). ATP-driven dimerization of NBDs and their dissocia-
tion upon ATP hydrolysis are thought to propagate confor-
mational changes in the transmembrane domains (TMDs)
that are associated with substrate transport (8, 17, 36, 38).
Importantly, 2D crystals of P-glycoprotein showed that AMP-
PNP binding to the transporter caused a major repacking of
TMDs and a reduction in drug-binding affinity (39). How-
ever, the recent structure of a new putative ABC importer
showed an inward-facing conformation (40), in contrast to
the outward-facing conformation of BtuCD (13), although
both of them were resolved in nucleotide-free states. As
suggested by the authors, the energetic basis of the dif-
ferential stabilization of alternate conformations is not
obvious and might be due to the substitution of the native
bilayer with detergent, shifting the equilibrium between the
two conformations in absence of their ligands (40). More-
over, the 3D structure of the drugs exporter Sav1866,
containing either ADP-Mg or AMP-PNP, showed a similar
closed conformation for the two NBDs (41, 42). The authors
suggested the possibility that the purification and crystal-
lization conditions, particularly the presence of detergent,
could have shifted the conformational equilibrium of Sav1866
toward the ATP-bound state when ADP-Mg was present
(41). In our present study, the ring-shaped structures, in
which BmrA is embedded, provide a highly stable lipid
environment suitable to study conformational changes as-
sociated with the catalytic cycle of this transporter.

As shown for different ABC transporters, ATP-Mg first
binds to separate, noninteracting NBDs to initiate the ATPase
cycle (43-47). For the purified multidrug P-glycoprotein,
this first step occurs with low affinity [Kd ∼ 0.5 mM (48)],
probably on separate NBDs, and this is consistent with the
low affinity found for isolated recombinant NBDs (49, 50).
The two Walker A BmrA mutants described here are still
able to bind both ATP-Mg and the 8-N3-ATP nucleotide
analogue, albeit with a seemingly reduced efficiency, and
this is in agreement with the results found after mutation of
the equivalent Lys residue in other ABC transporters (30,
38, 51-53). Mounting evidence supports the view that, in
all native ABC transporters, the ATP-Mg binding step
triggers the dimerization of the two NBDs in a transient
conformation where two ATP molecules are tightly sand-
wiched at the NBDs interface (9, 12, 45, 47, 54-56). While
this certainly holds true for wild-type BmrA, our data suggest
that this ATP-Mg dependent dimerization step is impaired
in the Walker A mutants (see Figure 6), for the following
reasons: (i) In contrast to wild-type BmrA, the K380R
mutant hydrolyzes ATP according to Michaelis-Menten
kinetics. (ii) This lack of cooperativity is not simply due to
the very low ATPase activity of the K380R mutant because
it also shows an unusual insensitivity to vanadate inhibition.
Likewise, the 8-N3-ATP trapping abilities of both Walker
A mutants were insensitive to the presence of vanadate, as
previously reported when the equivalent lysine residue of
P-glycoprotein was mutated (30, 31). The lack of positive
cooperativity together with a lack of sensitivity to vanadate
inhibition of the ATPase activity have been previously
reported for some isolated wild-type NBDs (57, 58), which
probably reflects a lack of proper interaction between the
two NBDs. Indeed, it has been shown that the tight

dimerization of the NBDs is required to reach the vanadate-
sensitive state in P-glycoprotein (59), which is quite con-
sistent with the vanadate-catalyzed photocleavage in the S
signature of the opposite NBD in the maltose transporter (7).
(iii) Further support for the contention of a deficient ATP-
Mg-dependent dimerization step in our BmrA mutants came
from the study of the Atm1p half-transporter, where mutation
of the equivalent lysine residue has been shown to prevent
efficient dimerization (60). Interestingly, mutation of the
equivalent lysine in one of the two NBDs of P-glycoprotein
also abolished the hydrolytic capacity of the nonmutated
NBD (30), a result that might be explained by the inability
of the mutant transporter to efficiently dimerize during the
catalytic cycle. On the other hand, whereas a GlcV ho-
modimer bearing either the E166A or G144A mutation was
totally inactive, a mixture of both mutants produced an active
heterodimer, suggesting that disruption of one active site
could be tolerated if the dimer could still be formed (61),
and similar observations were also reported with HisP and
HlyB (56, 62). (iv) Finally, whereas the K380A mutant was
insensitive to BeFx, in agreement with its complete lack of
ATPase activity, the K380R mutant was sensitive to this
inhibitor (Figure 3B), which allowed the trapping of 8-N3-
ADP (Figure 3C). Consistent with this, it has been shown,
by use of BeFx instead of Vi, that some Walker A lysine
mutants of P-glycoprotein still retain some residual hydrolytic
activity (32). Interestingly, a recent study on ABCG5/ABCG8
heterodimer reported that ABCG5 alone was able to trap
8-N3-ADP in the presence of BeFx, showing that hydrolysis
may occur on this half-size subunit in the absence of the
partner ABCG8 subunit (52). Importantly, it has been shown
that the inhibitory state trapped by BeFx was clearly different
from that reached in the presence of Vi (63, 64). This result

FIGURE 6: Schematic drawing of the minimal ATPase cycle of
BmrA. In the resting state, BmrA is in an open conformation, where
the two NBDs do not interact and thus lie far apart from each other.
To engage the catalytic cycle, ATP-Mg binds to each NBD (step
1). This induces a tight dimerization of the two NBDs (step 2). In
the normal catalytic cycle of wild-type BmrA, ATP hydrolysis and
products release (ADP+ Pi) dissociate the NBDs, and BmrA returns
to its resting state (i.e., an open conformation). The steps impaired
in the two sets of mutants, E504 and K380, are indicated. As both
wild-type transporter and hydrolysis-inactive E504 mutants desta-
bilize the rings, step 2 is proposed to be responsible for the ring
dissociation (i.e., the hydrolysis of ATP is not required to destroy
the ring).
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was consistent with the 3D structure of myosin in complex
with MgADP‚Vi, which revealed an expected conformation
mimicking the transition state (65), whereas a rather prehy-
drolytic state resembling the ATP-Mg-induced conformation
was found in the presence of MgADP‚BeFx (66).

The properties exhibited by the E504 BmrA mutants are
clearly different from those found for the K380 mutants
(Figure 3A). Previous characterization had shown that, upon
Mg-8-N3-ATP binding, the E504 mutants underwent a
conformational change, driving the trapping of azido-ATP
into one of the two NBDs (22), a conclusion consistent with
that drawn from equivalent mutations in P-glycoprotein (67-
69). Because mutations of the equivalent glutamate residue
have been reported to form quite stable NBD dimers in the
presence of ATP (45, 54), it seems reasonable to assume
that binding of ATP to each NBD in E504 mutants triggers
the tight dimerization of the two NBDs (Figure 6). However,
it is important to note here that if a subsequent step of
washing was included, only one of the two ATP molecules
(or ATP-γ-S) previously occluded remained tightly bound
at the NBD interface of either BmrA or P-glycoprotein (22,
69, 70).

On the basis of both the lack of detectable ATPase activity
in the E504 mutants and their propensity to trap only the
8-N3-ATP form of the analogue (not the ADP derivative)
(22), we had previously proposed that the glutamate residue
might constitute the catalytic base of ABC transporters (5,
22). Although this residue is clearly essential to sustain a
high level of ATPase activity, its mutation in some ABC
transporters still allowed some residual ATPase activity (10,
45, 68, 71, 72). In contrast, mutation of the conserved
histidine residue to an alanine, within the so-called H-loop
of ABC transporters, totally abolished the ATPase activity
of the recombinant NBD from HlyB, leading to the sugges-
tion of a substrate-assisted catalysis rather than an acid-
base mechanism for ATP hydrolysis (10). Regardless of the
chemical mechanism used by ABC transporters, we have also
mutated the equivalent histidine to alanine in BmrA, and
the purified protein still showed some residual ATPase
activity (∼50 nmol of ATP hydrolyzed min-1 mg-1),
therefore precluding the use of this mutant here to prevent
ATP hydrolysis. It is therefore conceivable that, depending
on the ABC transporter studied, mutation of the equivalent
glutamate residue differentially affects the ATPase activity,
hence leading to a totally inactive enzyme for BmrA and
LolD (22, 54) while leaving a residual activity for other ABC
transporters including HlyB (10). On the other hand, in the
presence of ATP-Mg alone, the E504Q mutant could reach
a quite stable conformation permitting the growth of 2D
crystals, whereas the wild-type BmrA required both ATP-
Mg and Vi to stabilize a conformation compatible with
crystal growth. The stable ATP-Mg conformation reached
by the E504 mutants is consistent with its lack of ATPase
activity previously reported and agrees well with the 3D
crystal obtained for the equivalent mutation in the LolD
enzyme (9). Therefore, we propose that the different behavior
observed for the two types of mutants, E504 and K380,
regarding the ring formation/dissociation reflects their dif-
ferent capacity to dimerize. Both types of mutant are able
to bind ATP to a noninteracting NBD (Figure 6, step 1).
Once ATP is bound, this will trigger the dimerization of the
two NBDs (Figure 6, step 2), but only in the case of either

E504 mutants or the wild-type enzyme. For K380 mutants,
this step is impaired and the two NBDs will not engage in
formation of a tight NBD dimer. As a consequence, rings
remain stable and insensitive to ATP-Mg addition. For the
K380R mutant, ATP bound to a single NBD will eventually
be hydrolyzed, thus allowing a very sluggish ATPase activity.
How the mutations of the Walker A lysine alter the tight
dimerization of the two NBDs is currently unknown. It has
been shown that this process requires a perfect orientation
of the ABC signature of one subunit onto the nucleotide
bound to the opposite NBD (9, 11, 12). This requires a
rotation of the helical subdomain of the NBD with respect
to the ATP-binding subdomain of the same NBD [intramo-
lecular rotation (11, 73, 74)], and possibly such a confor-
mational rotation is prevented by the mutation introduced
here. Regarding the E504 mutants, because they are unable
to hydrolyze ATP, they remain trapped in the conformation
where ATP is sandwiched at the NBD interface of the tight
dimer (Figure 6, step 2). Therefore, we propose that this tight
NBD dimerization step is responsible for the ring destruction.

In conclusion, the minimal scheme proposed here for the
ATPase cycle of BmrA is based on both biochemical and
low-resolution structural information, and it is compatible
with that proposed for P-glycoprotein by Senior’s group (69).
ATP-driven dimerization of the two NBDs is believed to be
one of the most energetic steps of the catalytic cycle of ABC
transporters (9, 17, 19), and here we bring some evidence
that this step induces a conformational change in BmrA
sufficiently large to destabilize the suprastructure of the rings.
In contrast, a low level of ATP hydrolysis does not seem to
alter the ring structure if the dimerization process is impaired
(i.e., if hydrolysis of ATP takes place on a single noninter-
acting NBD). Relevant to this, the K380R mutant was shown
previously to be unable to catalyze drug transport (20), and
our results argue that this is due to a lack of NBD
dimerization, thereby leading to a slow, uncoupled ATPase
activity. Overall, our results support the proposal that the
ATP-driven dimerization of NBDs in ABC transporters is
able to propagate large conformational changes in trans-
membrane domains, possibly coupled to substrate translo-
cation.
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