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BIOCHEMISTRY

Substrate-bound and substrate-free outward-facing
structures of a multidrug ABC exporter

Vincent Chaptal't, Veronica Zampieri't+, Benjamin Wiseman'21§, Cédric Orelle3||,

Juliette Martin®||, Kim-Anh Nguyen®||, Alexia Gobet'||, Margot Di Cesare®||, Sandrine Magnard’,
Wagqas Javed>1, Jad Eid’, Arnaud Kilburg', Marine Peuchmaur®, Julien Marcoux’, Luca Monticelli?,
Martin Hogbom?, Guy Schoehn?, Jean-Michel Jault®#, Ahcéne Boumendjel*#, Pierre Falson'*

Multidrug ABC transporters translocate drugs across membranes by a mechanism for which the molecular features
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of drug release are so far unknown. Here, we resolved three ATP-Mg?*-bound outward-facing conformations of the
Bacillus subtilis (homodimeric) BmrA by x-ray crystallography and single-particle cryo—electron microscopy (EM)
in detergent solution, one of them with rhodamine 6G (R6G), a substrate exported by BmrA when over-
expressed in B. subtilis. Two R6G molecules bind to the drug-binding cavity at the level of the outer leaflet,
between transmembrane (TM) helices 1-2 of one monomer and TM5'-6' of the other. They induce a rearrangement
of TM1-2, highlighting a local flexibility that we confirmed by hydrogen/deuterium exchange and molecular
dynamics simulations. In the absence of R6G, simulations show a fast postrelease occlusion of the cavity driven by
hydrophobicity, while when present, R6G can move within the cavity, maintaining it open.

INTRODUCTION

Multidrug ATP-binding cassette (ABC) exporters transport a large
panel of drugs conferring a multidrug resistance (MDR) cell pheno-
type that leads to chemotherapy failures against pathogenic
microbes and cancers. Early conceptualized (I) ABC exporters
mainly switch between a high drug affinity inward-facing (IF)
conformation in which the drug-binding pocket in the membrane
domain is exposed to the inner membrane leaflet, and a low drug
affinity outward-facing (OF) conformation, favoring drug release
outside the cells. These proteins are made of two transmembrane
domains (TMDs) typically built with 12 transmembrane helices and
two nucleotide-binding domains (NBDs). Drugs bind to the TMD,
accessible from the inner membrane leaflet in the IF conformation.
Two ATP molecules bind at the interface between the two NBDs
(2, 3), thereby stabilizing the dimer and favoring the drug occlusion
that leads the reorganization of the TMD in an OF conformation (4).
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Several exporter structures have been obtained (5-13), com-
plemented with biochemical and biophysical characterizations
[e.g., (14-16)], together contributing to a mechanistic understanding
of the IF-to-OF transition. Moreover, the molecular mechanism by
which structurally divergent drugs and compounds bind to the IF
conformation is presently better understood, thanks to the struc-
ture of the human ABCBL1 in complex with the anticancer drug
taxol (14). This structure revealed that the substrate recognition is
driven by the intrinsic plasticity of TM4 and TM10, required to
accommodate the structure of the drug.

The question remains open as to how the structural variability of
those substrates is handled by MDR ABC exporters to expel them
and which molecular features of the protein in the OF conforma-
tion are driving this release step (17). So far, since the first structure
released in 2006 (5) and almost 50 years after their discovery (18),
no OF structure of an MDR ABC exporter with a bound substrate
has been solved. To that aim, the ATP-bound cryo-EM structure
of ABCCI1 in the presence of its substrate, leukotriene C4, was
resolved, but the location of the substrate was not determined (19).
Previously, the crystal structure of the antibacterial peptide trans-
porter McjD was obtained in complex with adenylyl-imidodiphosphate
(AMP-PNP), and two molecules of nonyl-glucoside that were used as
crystallization additive were bound in the putative drug-binding cavity
(8). Molecular dynamics simulation based on that structure pre-
dicted a marked flexibility of the TM1-2 region (20), pointing to a
possible role of this region in the release of substrates. However, so
far, structural information is lacking to corroborate this hypothe-
sis, mainly because of the poor affinity of the transported substrate
in the OF conformation.

Here, we tackled the question by resolving three OF conformations
of BmrA, a type IV ABC transporter (21, 22) from Bacillus subtilis
(23) conferring resistance to cervimycin C, an antibiotic produced
by Streptomyces tandee against gram-positive bacteria (24). Using
an ATPase inactive mutant, E504A (25), we resolved its x-ray struc-
ture in complex with ATP-Mg”*, which required several key steps
optimization and to design specific stabilizers. We also resolved its
cryo—electron microscopy (cryo-EM) structure in complex with
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ATP-Mg”" and rhodamine 6G, a lipophilic cationic substrate of
exporters, either from the ABC superfamily such as LmrA, a
close homolog of BmrA (26), Cdrl (27), Pdr5 (28) in yeast, and
Cyanidioschyzon merolee ABCB1 (15), or from Bmr and Blt, two
other MDR transporters of B. subtilis (29), and AcrB of the resist-
ance nodulation cell division (30). Comparison of the present struc-
tures enlightens how the drug binds before its release and shows
how the flexibility of the TM1-2 segment drives this process, and
this was confirmed by H/D exchange coupled to mass spectrometry
(HDX-MS) and molecular dynamics simulations.

RESULTS

Crystal structure of BmrA in OF conformation

in complex with ATP-Mg?*

We first stabilized BmrA in its OF conformation by introducing the
E504A mutation that prevents hydrolysis of ATP (25, 31) and
doxorubicin transport (fig. S1). The protein crystallized following the
procedure setup for the mouse P-glycoprotein, using Triton X-100
for extraction and a mixture of N-dodecyl-B-p-n-maltopyranoside
(DDM) and cholate for purification (32), which maintains a high
ATPase activity level compared to DDM alone (fig. S1B). Quantifi-
cation of detergents bound to BmrA (33) was helpful to produce
high-quality crystals, as increasing cholate reduced the amount of
DDM bound to BmrA up to 50%, which proportionally reduced the
estimated detergent-belt size (Fig. 1A). Diffraction patterns of the
resulting crystals displayed a lattice-doubling problem that prevented
their processing and which we overcame by designing a series of
tailored amphiphiles 3a-e (Fig. 1B) with a scaffold based on glycosyl-
substituted dicarboxylates surfactants (34). Of note, these additives
increase the thermal stability of BmrA up to ~30°C for 3d (Fig. 1C
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and data file S2), which helped produce better diffracting protein
crystals (Fig. 1, D and E).

We reached 3.9-A resolution for the BmrA E504A-ATP-Mg**
complex in detergent solution (Fig. 2, left; figs. S2 and S3; and table S1).
Even if the overall 3.9-A resolution of this x-ray structure is modest,
the quality of the phases from the model yielded very good maps for
this resolution. Two dimers of BmrA were found in the asymmetric
unit, with a root mean square deviation (RMSD) of 0.7 A over 525
residues (fig. S2). Electron densities of each transmembrane helix
were good enough to position them unambiguously (fig. S3A). It
was also the same for TM1 and its following loop, pointed in this
study, observed in each monomer (fig. S3B). The structure displays
the characteristic type IV fold of ABC transporters (21), in which
the NBDs bind two ATP-Mg?" in a head-to-tail mode, capturing the
BmrA-E504A mutant in complex with ATP-Mg?** in a typical OF
conformation. The E504A mutation stabilizes the efflux pump in an
OF prehydrolytic state, similar to the one displayed by the wild-type
(WT) BmrA trapped in the transition state for ATP hydrolysis in
the presence of vanadate (35). The extracellular side of BmrA
displays an opening to a cavity likely corresponding to the drug-exit
path. In the context of this study, the crystal structure shows that
some residues of the loop connecting TM1 to TM2 make contacts
between half of the monomers of chains B and C (fig. S2, C and D)
and another moiety of another dimer, while the other half remains
free of movement (chains A and D). This suggests that these
contacts are not required for maintaining the conformation of TM1-2
and/or modify the structure. For all structures, TM1 and TM2 are
visible (fig. S3B), and the electron density for the loop in between is
continuous for chains C and D. For chains A and B, small linkers
between the TM and the middle of the loop are missing, denoting
some intrinsic flexibility, but nevertheless still present and observable
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Fig. 1. Crystallization of BmrA in detergent solution. (A) Quantification of detergents bound to BmrA. See Materials and Methods and data file S1 for details. (B) Structure
of the thermostabilizing amphiphilic additives. (C) Thermostabilization of BmrA. For clarity, fits (two to three independent assays) are displayed, with circles for the reference
condition (DDM + cholate). Full data are provided in data file S2. (D) BmrA crystals in the presence of 3d. (E) Lattice problem resolution with 3d.
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BmrA X-ray
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BmrA Cryo-EM
ATP-Mg
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BmrA Cryo-EM c
ATP-Mg-R6G

Fig. 2. X-ray and cryo-EM structures of the BmrA E504A mutant in complex with ATP-Mg?* and R6G in detergent solution. (A) Cartoons of the transporter normal
to the plane of the membrane. One monomer is in gray, and the other one is rainbow colored. TM helices are numbered for the colored monomer. ATP and R6G are
displayed as sticks colored by atom type and Mg?" as black sphere. (B) Surface representation of BmrA viewed from the extracellular side to highlight the difference in the
OF cavity. (C) Superposition of the x-ray BmrA E504A [ATP—Mg”] (blue), cryo-EM BmrA E504A [ATP—Mg“] (cyan), and cryo-EM BmrA E504A [ATP—Mgz+, R6G] (green).

when map contour is decreased. All the TM1-2 loops distribute
around similar positions showing both the correctness of this
position and the flexibility of this region (fig. S2E).

Cryo-EM structure of BmrA in the OF conformation
in complex with R6G and ATP-Mg?* in detergent solution
Incubating BmrA with known ligands (23) gave the best crystals
with R6G. We could, however, not optimize them beyond 5 A
(fig. S4), leading us to move to single-particle cryo-EM (Fig. 2 and
figs. S5 to S7). This approach allowed building the structure using
the highest-resolution map using a C2 symmetry. Refinement up to
3.9 A was carried out using both sharpened and unsharpened maps.
Notably, the unsharpened map allowed observing the density corre-
sponding to the TM1-2 loop (fig. S6). The resulting fold is very
similar to that of the crystal structure with the difference in conforma-
tion of the region TM1-2 where TM1 is shifted toward TM2, resulting
in a more pronounced opening of the cavity (Fig. 2B and table S2).
We observed two densities in the cryo-EM density map (Fig. 3A,
bottom, and fig. S7CD), seen more clearly without the application
of symmetry, and not present in the x-ray structure in which R6G
was not added (Fig. 3A, top). To confirm this observation, we
resolved by cryo-EM the structure of BmrA E504A in the same
state, i.e., with ATP-Mg”" and without R6G (Fig. 2, center, and figs.
S8 to S10). The resolution increased to 3.6 A with a map of better
quality, allowing to build a full model of BmrA including notably
the TM5-6 loop, which was not resolved before. The x-ray and
cryo-EM structures are similar, with 1.06-A RMSD over 573 residues,
especially at the level of the TM1-2 region (Fig. 2C and fig. S11).

Chaptal et al., Sci. Adv. 8, eabg9215 (2022) 26 January 2022

Last, as for the x-ray structure, no additional density could be
observed in the cryo-EM structure at the level of those observed in
the central cavity of BmrA in the presence of R6G (Fig. 3A, middle).

Given the limited resolution, R6G, cholate, or the polar head of
DDM could be positioned in these densities. We therefore carried
out a series of biochemical assays with the WT and E504A mutant
to discriminate between these possible ligands. Both proteins were
purified in DDM or DDM-cholate, followed by a reconstitution
into nanodiscs (36), on which we probed the binding of the three
compounds. When purified in DDM-cholate, BmrA E504A binds
R6G with a modest affinity of ~13 uM but is two times better in the
presence of ATP-Mg?" (Fig. 3C). The reverse effect was also observed,
that is, ATP-Mg*" binding with a twofold higher affinity when R6G
is added (Fig. 3C). When purified in DDM, both WT and mutant
BmrA displayed a similar better affinity for R6G (4.8 £ 0.9 and
3.3 £ 0.7 uM, P < 0.0001), while no specific interaction could be
detected with cholate (fig. S12A) or DDM (or decyl maltoside at
higher concentrations) when carrying the binding experiments with
BmrA reconstituted into nanodiscs (fig. S12B). In contrast, R6G
binds to the BmrA-nanodisc complexes with affinities as high
as ~0.07 £ 0.09 uM (P = 0.4) and ~0.03 + 0.02 uM (P =0.1) for WT
and mutant, respectively. Of note, R6G binds to nanodiscs them-
selves with an affinity of 3 to 7 uM (fig. S12, C and D). These results
indicate that cholate and DDM do not bind to the drug-binding site of
BmraA in contrast to R6G affinity that seems to be partially attenuated
in that case by the ATP. Together, this led us to assume that this
density reveals the occupancy of R6G, as displayed in Figs. 2 and
3 (A and B) and fig. S7 (C and D).
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Fig. 3. R6G in the cryo-EM structure of BmrA E504A, efflux, and binding. (A) Superposition of the x-ray and cryo-EM structures and zoom in the two R6G regions. The
x-ray map (2mFo-DFc) is displayed at 16 and 0.8c (EM BmrA E504A [ATP-Mg?*] map) for the loop between TM1 and TM2. R6G structure and density are in magenta.
(B) Detail of one R6G-binding site. (C) Binding of R6G (left) and ATP-Mg?" (right) to BmrA E504A in DDM-cholate probed by intrinsic fluorescence, in the presence (blue)
or absence (red) of 5 mM ATP—Mg2+ or 100 uM R6G, respectively. Symbols correspond to three to four independent experiments, fitted with equations S1 for R6G and S2
for ATP»Mg“. (D) R6G and doxorubicin accumulations in B. subtilis strains 168 (“WT"), KO for the gene coding for BmrA (“KO”), and 8R, a mutant of B. subtilis 168 strain
overexpressing BmrA (“BmrA+"). Cells incubated with 5 uM substrate for 30 min at 37°C were then washed, lysed, and their intracellular fluorescence measured on
supernatants, taking as reference the WT strain. Data are the average of 3 independent 3 to 10 replicates (P < 107'°).

The observation above that R6G binding is enhanced by
ATP-Mg**, even modestly, prompted us to investigate the possibility
that BmrA could import R6G, since so far this molecule was only
reported as a ligand of the pump (23). We therefore compared the
intracellular accumulations of R6G and doxorubicin in three strains
of B. subtilis previously described (24), either WT, invalidated for
BmrA, or overexpressing BmrA (WT, KO, and BmrA+, respectively;
Fig. 3D). While WT and KO strains display the same trends, the
BmrA+ strain accumulates ~50% less each compound, therefore
supporting the fact that R6G is a substrate of BmrA, which works as
an exporter. Last, we also look at the stimulation of the ATPase
activity of BmrA by the addition of substrates, but we could not
detect any substantial effect of R6G, doxorubicin, or even Hoechst
33342 (fig. S12E), probably because of its high basal ATPase activity,
as previously reported for this protein (23), and also for Cdrl
(37) and Pdr5 (28).

Two R6G molecules could be fitted in each density, although not
in a perfect symmetrical position (Fig. 3A and fig. S7, C to F),
explaining why the C2 symmetry does not improve those densities.
R6G binds at the level of the outward leaflet, between TM1-2 of one
monomer and TM5'-6" of the other one. Each molecule is main-
tained in a hydrophobic cavity by a movement of TM1 toward
TM2, mainly stabilized by van der Walls contacts with lateral chains

Chaptal et al., Sci. Adv. 8, eabg9215 (2022) 26 January 2022

of residues T39, $43, 146, F75, A78,1254', S255',1L.258', F291', 1294/,
and M295’. Few polar groups contribute also to the binding site
including the alcohol group of $81, $225’, and T302 and the carbonyl
groups of A78, G251, and F291’ (Fig. 3B and fig. S7, E and F). Such
organization of the R6G pockets is close to that previously found in
AcrB, together with the conformation of the R6G molecules them-
selves (fig. S7G). Several of these residues correspond to those found
in the taxol-binding pocket of human ABCBI in IF conformation
(fig. S13) (14).

Structural differences between the structures of BmrA

with and without substrate highlight the mobility

of the TM1-2 region

Although quite similar, these structures of BmrA display important
local differences rendering the substrate-exit path substantially
different between them (Fig. 2). The differences originate from a
displacement of the TM1-2 region, in the proximity of a kink starting
in TM1 at residue P47 toward the end of TM1. Such displacement
allows the central part of TM1 to shift from TM3 in the x-ray/
cryo-EM structure toward TM2 in the cryo-EM + R6G structure.
These differences between structures solved under identical or
nearly identical conditions highlight a major local plasticity at the
level of TM1-2. To evaluate its structural relevance, we tentatively
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compared these structures with a panel of nucleotide-bound
exporters of the same subtype IV: Escherichia coli McjD (8, 11),
Thermus thermophilus TmrAB (13), human (4) and C. merole (15)
ABCBI, E. coli MsbA (16), Staphylococcus aureus Sav1866 (5), and
Thermotoga maritima TM287/288 (38). Although the structural
disparity of these different proteins, positioning them from the
most occluded to the widest open (Fig. 4, A and B), suggested that
TM1 in the x-ray and cryo-EM structures of BmrA without R6G
may be oriented similarly as in McjD, ABCB1, and MsbA, conversely,
TM2 may be shifted toward the OF conformation typically ob-
served as in Sav1866. The loop connecting TM1 and TM2 has
unwound on each side, allowing and/or accompanying the move-
ment of TM2. In the cryo-EM structure with R6G, a consecutive
displacement of TM1 shifting toward TM2 is seen, with an unwinding
that takes place downward on TM1. The most open structures of
Sav1866 and TM287/288 show TM1 and TM2 segments close
together and separated from those forming the TM3-6 core. This

Human
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McjD
TmrAB

=]

wn

0 10
Time, min

20

C.merolae y_ oy /cryo-EM
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30

motion of TM1-2 is concomitant with a wide opening of the cavity
and a physical separation of the two TM3-6 cores that behave as
rigid bodies. The movement might be granted by the intrinsic flexi-
bility of ABC transporters on their external side, as suggested by
molecular dynamics simulations carried out with McjD (20) and
hinted by the B factors displayed in Fig. 4A.

Aligning the TM1-2 regions of these transporters with respect to
their topologically conserved regions encompassing TM3-6 core
and NBD allows visualizing the various conformations adopted by
TM1-2, suggesting a hand fan motion (Fig. 4B and shown and
detailed in Fig. 5F). We therefore explored the level of accessibility
of TM1-2 of BmrA E504A in detergent solution by HDX-MS
experiments (Fig. 4, C and D). We first observed that the trapping
of the OF conformation by adding ATP-Mg”* to the mutant increases
the accessibility of the TM1-2 region (Fig. 4C). Several transmem-
brane peptides display a significantly higher deuterium uptake
when adopting the OF conformation, notably those localized in the
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Fig. 4. Conformations and mobilities of TM1-2 in OF BmrA and other type IV ABC transporters. (A) Views (PDB codes) of McjD (4pl0, 50fr), TmrAB (left: 6rai, 6rak;
right: 6rah-6raj), human (6c0v) and C. merolae ABCB1 (6a6m), MsbA (5ttp), BmrA [this study, with ATP-Mg?" (x-ray: 6r72; cryo-EM: 7ow8) and with ATP-Mg?*and R6G cryo-EM:
7bg4), Sav1866 (2hyd), and TM287/288 (6qv0, 6qv1, 6qv2), superimposed from TM3 to TM6 and displayed from left to right from the most occluded to the widest open
conformation. For clarity, only structures with bold PDB codes are displayed. Cartoon thickness is proportional to B factor. TM1-2 is colored in red. (B) Close-up view of
TM1-6 of each monomer (and of the N-terminal half of ABCB1) with the TM1-2 segment in red cylinders. (C and D) HDX-MS experiments of BmrA E504A in DDM-cholate
identifying the TM regions with increased deuterium accessibility in the OF state. (C) displays the ATP-Mg?*-bound state as compared to the apo state. (D) compares the
ATP—Mg“—bound state with and without R6G. Pictures display the accessible regions after 30-min exchange, colored in salmon (P <0.01) and magenta (P < 0.001).

Time-dependent deuteration plots of the indicated peptides are shown.
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indicate the initial values of the distances. The arrow indicates the time at which a POPG molecule inserts through TM1-2 in the fourth simulation. (D) Electrostatic maps
of the BmrA, either from simulation 4 from the x-ray structure taken at 336 ns with the POPG binding to the substrate-binding pocket (left) and from the cryo-EM structure with
R6G (right). (E) Snapshots of the molecular dynamics of BmrA E504A [ATP-Mg?*, R6G] at 0 and 600 ns. Additional snapshots at 300 and 900 ns are displayed in fig. S19A. POPG
molecules coming into the cavity are in cyan. (F) Superimposition of the structures displayed in Fig. 3A with TM1-2in red and comparison with the poses got by molecular
dynamic simulations carried out without (orange) and with (magenta) R6G (R6G molecules have been omitted for clarity. (G) Close-up view of the poses with R6G.

TM1-2 region such as the peptides 46 to 56 (asterisk in Fig. 4C).
Such trend is also observed in nanodiscs and comparable to the WT
BmrA stabilized by Vi trapping (fig. S14). Note that as compared
to the detergent environment, in nanodiscs, a smaller number of
transmembrane peptides show an increased deuteration, but they
still mostly localize to TM1, TM2, and TM6. We then observed that
the addition of R6G to BmrA E504A in complex with ATP-Mg**
significantly increases the accessibility to deuterium of the main
chain of transmembrane parts surrounding the R6G-binding region,
notably peptides 36 to 41 and 75 to 82 in TM1 and TM2, respectively,
translating a structural rearrangement consistent with a widener
opening of TM1-2 in the presence of R6G (Fig. 4D). Together,
these results are consistent with the mechanical plasticity of TM1-2
inferred from the x-ray and cryo-EM structures of BmrA, which
may be a key feature of MDR pumps allowing the release of sub-
strates varying in size and shape.
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Molecular dynamics simulations of x-ray and cryo-EM
structures of BmrA

To get a dynamic view of the substrate-exit site of BmrA, we
performed two series of all-atom molecular dynamics simulations
of BmrA in complex with ATP-Mg”* reconstituted in a lipid bilayer
(Fig. 5A), either without or with R6G.

First, we investigated dynamics of BmrA in the absence of R6G.
We carried out four simulations of 500 ns on each x-ray and cryo-
EM (+R6G from which we removed it) structures under identical
conditions using different starting velocities. We estimated the size
of the substrate-exit cavity by measuring the variation with time of
the perimeter formed by the Col of the two residues Q52 in TM1 and
G281 in TM6 of each monomer (Fig. 5, B and C). As shown, the
initial perimeter of the cryo-EM structure, up to 90 A, was larger
than that of the x-ray one, up to 80 A. Considering the simulation
settings and the limited resolution of the structures, we expected to
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observe only changes driven by strong forces. All the models undergo a
closure (Fig. 5C and fig. S15), reaching a common perimeter of ~70 A.
BmrA shifts toward the most occluded states, as the one observed in
MsbA and ABCBL in Fig. 4 (A and B). This closure is rapid, generally
occurring within the initial 100 ns, as also proposed for the extracellular
gate of TmrAB (13). It contrasts with the stabilized wider open confor-
mation of the x-ray and cryo-EM experiments, possibly because of the
DDM-cholate mixture in which BmrA is maintained in these experi-
ments contrarily to the simulations. This fast closure is followed by large-
scale structural fluctuations (fig. S16). Of note, a closure was also
obtained in simulations with longer equilibration steps. An unexpected
result came from the fourth simulation generated from the x-ray struc-
ture, which, by contrast to the others, rapidly opens during the first 100 ns
its substrate-exit cavity up to ~83 A (magenta trace in Fig. 5C, left).
This movement enlarges enough the lateral opening between TM1 and
TM2 to allow a POPG [2-oleoyl-1-palmitoyl-sn-glycero-3-phospho-rac-
(1-glycerol)] molecule to penetrate through it and move to the substrate-
binding cavity (Fig. 5D, left) in one R6G-binding site (Fig. 5D, right).
One aliphatic chain of the lipid lays in the hydrophobic pocket, while
its polar head is oriented toward the center of the cavity, as R6G.

Then, we carried out three simulations starting with the cryo-EM
structure with R6G for 1 us and using the same settings. We param-
eterized the R6G, starting from the molecule in the cryo-EM
structure, and then optimized it in a membrane environment (R6G
parameterization files rhodamine6G.itp and forcefieldR6G.itp;
fig. S17). By contrast with the dynamics carried out above without
R6G, in the present ones, BmrA remains open in the OF conforma-
tion, leading to a rather constant Q52-G281-Q52'-G281’ perimeter,
which ranges between 95 and 115 A (fig. S18A). One R6G (R6G2 in
run 1) among the six of the three simulations substantially moved
within the binding pocket (fig. S18B), going to the center of the cavity
in ~300 ns and then coming back to its initial location (Fig. 5E and
fig. S18C). The movement of this R6G is accompanied with more
contacts with water (fig. SI9A) and less with protein (fig. S19B),
which is typical of a solvation step preceding the release. However,
such release does not occur as, early in the simulations, two lipids
invade the pocket above the R6G molecules, forming a cap preventing
their release (POPG 1 and 2 in Fig. 5E and fig. S18C). Since it cannot
be expelled through the center of the pocket, the R6G2 molecules go
back to its original location near TM1-2 in ~400 ns, through which
it also cannot be expelled because of the presence of lipids blocking
this access (Fig. 5E). A longer simulation time would be necessary
to allow a release of the substrate.

Last, we observed that the poses generated by the molecular
dynamics of BmrA carried out in absence of R6G nicely reproduces
the hand fan motion of TM1-2 introduced above as suggested by
the superposition of the various type IV ABC structures displayed
in Fig. 4A (Fig. 5F, left versus center). In presence of R6G, this hand
fan movement is substantially reduced (Fig. 5F, right), with TM1-2
being stabilized by the substrate (Fig. 5G). Notably, for the half of
the transporter where R6G moves away from the binding site, the
transporter moves in concert accompanying R6G movement with
plastic deformation of the binding site, highlighting adaptation of
BmrA to its local substrate presence (fig. S19C).

DISCUSSION
The BmrA structures presented here unravel new conformations in
the landscape of structures of multidrug ABC transporters resolved
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in OF conformations, and one of them reveals a structure of a type
IV MDR ABC transporter with its transported substrate in a
substrate-release competent state. The R6G molecules are located at
the level of the outer leaflet and are poised to be released from the
transporter. Several parameters have contributed to stabilize this
ternary complex, among them the positive effect of R6G and
ATP-Mg*" on their mutual affinities, together with the amphipathic
nature of R6G added of a marked hydrophobicity. The present
structures reveal a substrate-release site made of flexible (TM1-2)
and rigid (TM3-6) regions. Combined with HDX-MS and molecular
dynamics simulations, they provide new information on the mech-
anism of substrate release from the substrate-binding pocket and
suggest how the transporter may reset to an occluded conformation
by closing back on itself immediately after substrate release. The
flexibility of multidrug ABC transporters has been well established
in IF states, sampling different conformations that facilitate recog-
nition of multiple compounds (35, 39, 40). The current study
reveals that such a flexibility is also sampled in OF conformations,
presumably with a lower amplitude. We propose that this flexibility
is required to adapt the site to various substrates’ sizes, essential to
secure their release to the extracellular side, and also to reset the
transporter back to an occluded state, thereby preventing any trans-
inhibition mechanism as reported recently (41). Such flexibility is
also consistent with the fast dynamics of the extracellular gate of
TM287/288 observed in EPR experiments (42) and suggests that no
additional energy input is needed for substrate release.

A key point arises when comparing the fast closure revealed by
the simulations with the stabilized outward states observed in both
x-ray and cryo-EM structures. A similar flexibility of the external
part of the transmembrane segments is observed in the structures
and simulations. In the case of experimental structures, the hydro-
phobic nature of the substrate-binding cavity, together with the
accessibility to water, may favor its filling with amphipathic detergents
and stabilize this conformation, as seen previously by molecular dy-
namic simulations carried out on the OF conformation of Sav1866 in
the presence of DDM (33). The fact that detergents are poor mem-
brane mimetics and that the structures are those of a biochemically
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Fig. 6. Model of mechanism of efflux. Left: IF conformation of the transporter
displaying flexibility at the NBD level, with different degrees of opening of the
substrate-binding cavity (black dotted arrows) and allowing for diverse shapes and
sizes of substrates. Middle: Occluded conformation. Right: OF substrate-release
conformation. Release occurs via a plastic deformation of the external part of the
transmembrane region. Deformation of the apex is adapted to the size or chemical
property of the substrates (blue dotted arrows). Hydrophobicity of the substrate-
binding pocket triggers the immediate closing of the external part of the transporter,
which swings back to the occluded state. ATP hydrolysis occurs, followed by ADP
and Pi release resulting in the opening in the IF conformation again, ready for
another swing. Twisted arrows exemplify the different routes the transporter can
take to reach any conformation, granted by the local deformability of the trans-
membrane helices.
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stabilized version of BmrA (E504A) may have also contributed to
stabilize this conformation. Although detergent molecules are too
mobile and flexible to be observed at these resolutions, they do
however constitute excellent tools to capture such transient states.
In the case of simulations in lipid membrane, the hydrophobic
pocket is exposed to water, which is extremely unfavorable and
leads to a rapid motion of TM1-2 that closes the pocket to shield it
from water. Molecular dynamics simulations carried out with McjD
have predicted a marked flexibility of the TM1-2 region (20), later
observed by single-molecule Forster resonance energy transfer (43),
pointing to a possible role of this region in the release of substrates.
This motion appears sufficient per se to reset the transporter back
to an occluded conformation. The hydrophobicity of the substrate-
binding pocket is so important that in one simulation, a lipid moved
into the cavity (Fig. 5, C and D), causing the cavity to remain open.
This result fits well with the presence of a detergent molecule in the
binding pocket of McjD (8) together with the very recent discovery
of a lipid inside the structure of the major facilitator superfamily
protein LrmP (44).

Together, these data emphasize that independent of ATP hydro-
lysis, hydrophobicity of the substrate-binding pocket alone could
promote pocket closure, following a mechanism that may be similar
to the hydrophobic collapse described for ion-gated channels (45).
The intrinsic flexibility of the IF and OF conformations, documented
here and well characterized at the level of the NBDs and TMD
(39, 43, 46, 47), together with this hydrophobic collapse, leads us to
favor a mechanism of transport as depicted in Fig. 6. As schema-
tized, the intrinsic flexibility of the exporter in the IF state first
allows it to sample multiple conformations adjusting for chemically
unrelated substrates. Binding of ATP then leads to the occluded
conformation that transiently traps the substrate, and then followed
by a plastic deformation of the outward-most part of the exporter
(e.g., exemplified with the cartoon thickness proportional to the B
factor in Fig. 4A). Again, this plasticity allows the exporter first to
accommodate the chemical variability of the substrates and second
to release them. The hydrophobic collapse of the substrate-binding
pocket then triggers the closing of the transporter, without addi-
tional energy input [leading to the hypothesis that ATP hydrolysis
occurs after substrate release, as already proposed (19, 38)], allowing
the exporter to swing back toward the IF conformation, ready to
take on a new molecule. Consequently, in this model, intrinsic plas-
ticity and hydrophobicity collapse alleviate the need for precisely
defined conformations at each stage of transport (symbolized by the
twisted blue and black arrows in Fig. 6).

MATERIALS AND METHODS

Materials and Methods are detailed in the Supplementary Materials
and Methods. BmrA expression and purification were adapted from
methods previously reported (23, 48). Thermostabilization assays
were carried out as previously reported (34). DDM and cholate
quantifications were done as described in (33) and (49), respectively.
The ATPase activity of BmrA was measured as previously described
(34). The MSP1E3D1 protein was expressed and purified and
reconstituted with lipids and BmrA as previously described (36).
Ligand binding, transport, accumulation, and HDX experiments are
detailed in the Supplementary Materials and Methods. BmrA crystalli-
zation and additive syntheses, cryo-EM assays, and in silico simula-
tions are detailed in the Supplementary Materials and Methods.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg9215

View/request a protocol for this paper from Bio-protocol.
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