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Chapter 5

Overexpression of the ABC Transporter BmrA Within
Intracellular Caveolae in Escherichia coli

Alexia Gobet, Christine Jaxel, Sandrine Magnard, Manuel Garrigos,
Stéphane Orlowski, Nadège Jamin , Pierre Falson ,
and Vincent Chaptal

Abstract

We describe here the overproduction and oriented membrane insertion of membrane protein inside
intracellular vesicles named heterologous caveolae within E. coli. The method is described with BmrA, a
multidrug efflux pump from Bacillus subtilis. BmrA is produced in these vesicles, thanks to the coexpression
with the canine caveolin-1β, one of the two isoforms of caveolin-1. Enriched by sucrose gradient, the
caveolae-containing fraction allows to probe the ATPase and Hoechst 33342 transport activities, the latter
displaying a higher specific activity than the same without caveolin-1β.

Key words ABC transporter, Membrane protein overexpression, Membrane caveolae, Cytoplasmic
vesicles

1 Introduction

Membrane proteins are key drug targets that drive many researches
on these objects [1]. Overexpression is thus often used to obtain
the large quantity of proteins required and achieve adequate purity
and homogeneity levels. For membrane proteins, this overexpres-
sion has often been a major bottleneck. Indeed, overexpression can
be toxic to cells, frequently requiring a mild overexpression rather
than a massive production, and the quality of the produced protein
requires meticulous and rigorous testing. Some documented exam-
ples show that a gentler expression of membrane proteins often
results in a protein more active than the same protein produced in a
larger quantity [2].

The orientation of the membrane protein can also be a critical
point for their function, a problem especially concerning multidrug
efflux pumps which translocate drugs from cytosol to the extracel-
lular space. Membrane caveolae are submicroscopic pits of the
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membrane found in higher eukaryotes [3]. These 60–80 nm wide
pits are distinct from typical membrane invagination, being formed
by the recruitment of a specific caveolin-1 protein and showing
features distinct from clathrin-coated pits. Caveolae are cell-type
specific with cells being devoid of them (Kidney), or at the opposite
can represent 50% of the plasma membrane surface for endothelial
cells or adipocytes [3, 4]. Recently, heterologous caveolae have
been successfully described in E. coli by heterologous expression
of human caveolin-1 [5], opening the way to their use is membrane
protein overexpression, being a reservoir for cell membrane
[6]. Membrane caveolae are made from the plasma membrane,
which imposes the orientation of the expressed protein exposing
the intracellular region of the protein to the cytosol once the
caveolae is generated.

The Bacillus subtilis ABC transporter BmrA is a multidrug
transporter recognizing and transporting many structurally unre-
lated drugs [7–9]. Its overexpression confers resistance to B. subtilis
against cervimycin C, an antibiotic secreted by a biotope competi-
tor [10]. Here, we report the functional overexpression of BmrA
within heterologous caveolae in E. coli (Fig. 1) allowing to probe
the transport of drugs.

2 Materials

2.1 Plasmids 1. The gene coding for BmrA WT and BmrA E504A are inserted
in the pET-15b vector (Invitrogen) bearing ampicillin
resistance.

Fig. 1 Schematic view of BmrA expression alone or with caveolin-1. E. coli C43(DE3) strain is transformed with

a plasmid carrying BmrA, alone (bottom), or cotransformed with the same plasmid plus a plasmid coding for

MBP-cav1 (top). After expression, BmrA expressed alone goes to the plasma membrane, while when being

overexpressed with MBP-cav1 BmrA goes into intracellular caveolae. A zoom of a schematic caveolae is

depicted on the right. BmrA is a transmembrane protein, caveolin is a monotopic membrane protein with a

hydrophobic helix–turn–helix motif flanked by amphipathic helices with both N- and C-termini being

cytoplasmic. Adapted from [6]
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2. The gene coding for the fusion protein Maltose-Binding Pro-
tein-caveolin-1β (MBP-Cav) is inserted into the pETM-40
vector (EMBL). The periplasm addressing sequence of MBP
has been removed. The plasmid bears kanamycin resistance.

Both proteins carry an N-terminal 6xHis tag.

2.2 Lab Equipments 1. Class-II biological safety cabinet for sterile experiments.

2. Petri dishes.

3. 4 � 5 L glass Erlenmeyer for bacterial culture.

4. New Brunswick™ Innova® 44 incubator, temperature
regulated.

5. Low-speed centrifuge for 15/50 mL Falcon-type tubes.

6. Cell disrupter: Cell-D Constant Systems Ltd. for bacterial lysis.

7. SDS-PAGE: Mini PROTEAN Tetra cell (Bio-Rad) and related
devices, 0.75 mm spacer plate, 10 or 15-wells comb.

8. 96-wells plates.

9. Xenius SAFAS spectrophotometer for ATPase activity and sub-
strate transport measure.

10. 1 mL Quartz cuvette.

2.3 SDS-PAGE 1. Acrylamide 4�/bis-acrylamide: 40%, 37.5:1.

2. Loading buffer Laemmli (4�): 8% (v/v) SDS, 100 mM Tris-
HCl, pH 8.0, 0.025% (w/v) bromophenol blue, 2.8 M
β-mercaptoethanol, 40% (v/v) glycerol.

3. Separating buffer stock solution: 1.5 M Tris-HCl, pH 8.8.

4. Stacking buffer stock solution: 0.5 M Tris-HCl, pH 6.8.

5. Aqueous SDS solution, 10% (w/v).

6. Ammonium persulfate aqueous (APS) solution 10% (w/v),
kept at �20 �C.

7. N,N,N0,N0-tetramethylethylenediamine (TEMED).

8. Running buffer stock solution: Tris–Glycine–SDS (TG-SDS)
10�.

9. Prestained molecular weight marker (10–170 kDa).

10. Staining solution: Coomassie buffer: 0.025% (w/v) Coomassie
blue R250, 1% (v/v) ethanol, 25% (v/v) isopropanol, 10%
(v/v) acetic acid.

11. Destaining solution: 10% (v/v) acetic acid.

2.4 Cells and Media

for Cell Culture

1. Bacteria: E. coli C43(DE3) strain.

2. SOC medium: 2% (w/v) tryptone, 0.5% (w/v) yeast extract,
10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4,
and 20 mM glucose.
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3. Antibiotics stock solution: 40 mg/mL kanamycin and 50 mg/
mL ampicillin resuspended in dH2O. Kept at �20 �C.

4. LB media: 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L
NaCl. The powder is dissolved in deionized water (making a
total weight of 25 g/L) and sterilized by autoclaving 20 min at
121 �C. Right before use, the medium is supplemented with
antibiotics: ampicillin 50 μg/mL for BmrA expression and
kanamycin 40 μg/mL when caveolin is expressed.

5. LB-agar media: LB media supplemented with 15 g/L agar and
antibiotic(s).

6. Isopropyl β-D-1-thiogalactopyranoside (IPTG) 0.5 M stock
solution.

2.5 Membrane

Preparation and

Sucrose Gradient

1. Bacterial lysis buffer: 50 mM Tris-HCl pH 8.0, 150 mMNaCl,
0.5 mM EDTA and benzonase.

2. Membrane washing buffer: 50mMTris-HCl, pH 8.0, 150mM
NaCl, 0.5 mM EDTA, anti-protease.

3. Glass homogenizer (50 mL Dounce).

4. Sucrose: stock solution of 60% (w/v) sucrose used to prepare
dilution to final concentrations of 20, 25, 30, 35, 40, 45,
50, and 55% (v/v) in 50 mM Tris-HCl, pH 8.0,
150 mM NaCl.

5. BCA assay: 1 mg/mL bovin serum albumin and Pierce™ BCA
Protein Assay Kit.

6. Centrifuge with 15/50 mL tubes rotor and ultracentrifuge
(Optima XPN-80, Beckman-coulter) with 50.2 Ti and SW41
Ti rotor.

2.6 ATPase Activity 1. Inhibitors: 1 mM sodium orthovanadate (Na3VO4), 2 mM
Na2S, 5 mM NaN3.

2. ATPase activity assay buffer: 30 mM Tris-HCl, pH 8.0,
100 mM NaCl, 10 mM KCl, 2 mM MgCl2, 0.1 mg/mL
pyruvate kinase (PK, Sigma-Aldrich), 0.1 mg/mL lactate dehy-
drogenase (LDH, Sigma-Aldrich), 1 mM phosphoenolpyr-
uvate (PEP), 5 mM ATP-Mg (final concentration from a
100 mM mix made of 200 mM ATP + 200 mM MgCl2
added in equal parts), 0.6 mM NADH.

2.7 Hoechst 33342

Transport Assays

1. Transport buffer: 50 mM HEPES-NaOH pH 8.0, 5 mM
MgCl2, 8.5 mM NaCl.

2. ATP stock solution: 200 mM.

3. Hoechst 33342 stock solution: 200 μM.
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3 Methods

3.1 E. coli

Cotransformation with

Genes Coding for BmrA

and MBP-Cav1β

To generate heterologous caveolae and to have BmrA inserted into
them, MPB-Cav1β and BmrA are overexpressed simultaneously.
This is achieved by having the two plasmids at the same time within
E. coli cells by cotransformation and selection using two different
antibiotics.

1. Fifty nanograms of each supercoiled circular plasmid pET15b-
bmra [9] and pETM40-mbpcav [11] are added to 100 μL C43
(DE3) E. coli competent cells, for 30 min on ice.

2. Heat-shock at 42 �C for 30 s, then place back on ice.

3. Add 300 μL SOC medium under biological safety cabinet and
incubate 1 h at 37 �C under agitation.

4. Spread 50 μL of the cell mix onto LB-agar medium supple-
mented by ampicillin and kanamycin (see Note 1).

5. Incubate overnight at 37 �C, upside-down.

6. Controls for downstream experiments are achieved by cotrans-
formation of mutant BmrA E504A (inactive) with pETM40-
mbpcav to compare to the WT protein. Controls of BmrA
transformed alone, without the plasmid coding for MBP-Cav,
are also performed to compare expression and activity levels.

3.2 Culture and

Overexpression

1. A freshly transformed colony is transferred into 20 mL LB-me-
dium (in a 100 mL flask) supplemented with adequate
antibiotics.

2. Incubate this preculture overnight at 37 �C under agitation
(180 rpm).

3. Inoculate 4 � 500 mL of LB medium (with adequate antibio-
tics) in 5 L Erlenmeyer to a final OD600 of 0.1 with the
overnight preculture.

4. Incubate at 37 �C under agitation until OD600 reaches 0.6 and
induce expression with 0.5 mM IPTG. Incubate overnight at
22 �C under agitation.

5. Centrifuge cultures at 5000 � g, 4 �C for 15 min with JLA
9.1000 rotor to collect bacteria.

6. With spatula, transfer the pellet in 50 mL-tube, suspend them
in 40 mL of 50 mM Tris-HCl, pH 8.0, 150 mM NaCl to wash
bacteria. Centrifuge again as previously and discard the
supernatant.

7. If cell lysis is not performed immediately, store pellets at
�80 �C.
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3.3 Membrane

Preparation

1. Resuspend bacteria in 50 mL per 2-L of culture with lysis
buffer. From this point, keep everything at 4 �C or on ice.

2. Lyse cells with a cell disrupter such as Cell-D Constant Systems
Ltd. with one pass at 1.4 kbar. If others cell disrupters are used,
refer to the manufacturer’s guidelines in order to keep vesicles
intact (see Note 2).

3. Centrifuge cell lysate at 5000 � g, 15 min, 4 �C to pellet cell
debris and intact cells. Collect supernatant and discard pellets.

4. Centrifuge supernatants at 100,000 � g, 1 h, 4 �C using 50.2
Ti rotor and suspend pellet with 1 mL of membrane washing
buffer. Use a glass homogenizer and pestle to homogenize.

Take a 10 μL aliquot to determine protein concentration in
membranes using a BCA assay (following manufacturer’s pro-
cedures, PIERCE) with an approximate 20-fold dilution of the
membranes.

5. Homogenized membranes can be stored in cryo-tubes and
frozen in liquid nitrogen until further use.

3.4 Probe BmrA

Expression on SDS-

PAGE, Quantify

Expression Using

Prepurified Protein

1. Prepare a 10% separating gel by mixing 9.6 mL of water, 5 mL
of 40% acrylamide–bisacrylamide solution, 5 mL of 1.5 M Tris-
HCl, pH 8.8, 200 μL of 10% SDS, 200 μL of 10% APS (see
Note 3), and 20 μL of TEMED. Pour it between two glass
plates and add water at the surface of the gel to ensure a flat
surface. Let polymerize and prepare a 4% stacking gel: 3.1 mL
of water, 550 μL of 40% acrylamide/bis-acrylamide solution,
1.3 mL of 0.5 M Tris-HCl, pH 6.8, 50 μL of 10% SDS, 50 μL
of 10% APS, and 5 μL of TEMED.

Remove water on separating gel and add stacking gel, place
a 15-well comb and let polymerize.

2. Pipet 10 μg of total protein, add water to a final volume of 10 μl
and add 3 μl of 4� loading buffer.

3. Load 12 μL sample and run 10min at 90 V then 1.5 h at 120 V.

4. Add known amount of purified BmrA [9] on the gel for com-
parison. For pure protein, incubate only 5 min with loading
buffer to minimize aggregating artifacts on the gel.

5. After electrophoresis, incubate gel in staining solution for
30 min and decolorating solution for 1 h.

6. Quantify the intensity of bands corresponding to BmrA by
densitometry, using for example ImageJ software.

3.5 ATPase Activity For each type of membranes, two tubes are prepared, with vanadate
(VO4

�) and without VO4
�.
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Reaction buffer Reaction mix � VO4
� mix + VO4

� mix

30 mM Tris-HCl
pH 8.0

100 mM NaCl
10 mM KCl
2 mM MgCl2

5 mM ATP-Mg
5 mM NaN3

2 mM Na2S
0.6 mM NADH
0.1 mg/mL PK
1 mg/mL PEP
0.1 mg/mL LDH
Reaction buffer
(final volume
of 180 μL per reaction)

5 mM ATP-Mg
5 mM NaN3

2 mM Na2S
Reaction buffer
(final volume
of 46 μL per reaction)

5 mM ATP-Mg
5 mM NaN3

2 mM Na2S
1 mM VO4

�

Reaction buffer
(final volume
of 46 μl per reaction)

1. Calculate each necessary volume for “� VO4
� mix”, “+ VO4

�

mix”, “reaction mix”, and each reagent.

2. Prepare Na2S and NaN3 stock solution (they must be prepared
just before the experiment and cannot be stored) (see Note 4).

3. Incubate VO4
� stock solution for 10 min at 95 �C in dry bath

before dilution (see Note 5).

4. Prepare reaction buffer and ATP-Mg solution.

5. Prepare “� VO4
� mix” and “+ VO4

� mix”.

6. Place 24 μL of each type of membranes in two different tubes.

7. Add 46 μL of “� VO4
� mix” or “+ VO4

� mix” to the
corresponding tube and incubate for 10 min at 30 �C under
shaking.

8. Prepare reaction mix and incubate at 30 �C.

9. For each tube with or without VO4
�, dispatch in 3� 20 μL in a

96-well UV plate.

10. Add 180 μL of reaction mix in each well and read immediately
NADH absorbance at 340 nm for 20 min at 30 �C.

Figure 2 shows a typical example of BmrA ATPase activity on
membranes. BmrA specific activity is the difference between the
total activity, and the vanadate inhibited activity. Overexpression of
BmrA in the presence of caveolin-1β increases BmrA specific activ-
ity, being the result of fewer amount of BmrA produced but
showing better activity. Note that the use of a BmrA inactive
mutant is also a good control to differentiate specific activities.

3.6 Sucrose Gradient

and SDS-PAGE

Analysis

1. Prepare 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, and 60%
(w/v) sucrose in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl.

2. A sucrose gradient is prepared in SW41 rotor tube by pipetting
first 1 mL of 60% sucrose solution and placing it at the bottom
of the tube. Then, 1 mL of each sucrose concentration are
added one after another in decreasing concentration order, by
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gentle pipetting to minimize disruption of the sucrose layers.
At the top, add the volume of membranes corresponding to
10 mg of protein (see Note 6).

When adding the sucrose solution, pour the solution
slowly against the tube walls to not disturb the sucrose layers.

3. Centrifuge overnight (about 15 h) at 150,000 � g, 4 �C.

4. Collect 1 mL fraction one by one from top to bottom and keep
them in Eppendorf tube. It is a good idea to store each fraction
in aliquots of 0.5 mL in liquid nitrogen.

Resuspend the pellet in 1 mL of 50 mM Tris-HCl, pH 8.0,
150 mM NaCl.

5. Analyze fractions of the gradient by SDS-PAGE by mixing
10 μL of sample with loading buffer and incubate 30 min at
room temperature before loading on acrylamide/bis-
acrylamide gel, as described before.

6. Each fraction can be analyzed for activity as described above.

Fig. 2 ATPase activity on membranes overexpressing BmrA. Vanadate (VO4) is a

P-loop ATPase inhibitor. It therefore inhibits BmrA, the difference corresponding

to the net ATPase activity of BmrA. The data shows that the coexpression of

caveolin-1b increases about four times (0.7 vs 2.6) the ATPase activity VO4
sensitive of BmrA
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Figure 3 shows a representative result of sucrose gradient sepa-
ration of a membrane fraction. Noticeably, BmrA, overexpression
in the presence of caveolin-1β results in a lower amount of BmrA
produced, but the ATPase activity is remarkably higher. This is not
surprising as it has been observed after changing BmrA overexpres-
sion on other E. coli cell lines [2].

Fig. 3 (a) Coomassie stained SDS-PAGE of the sucrose gradient fractions. Real sucrose percentages are

indicated at the top. Purified BmrA is added to quantify the BmrA in each fraction. Note that the range of BmrA

quantity varies greatly on the gel, so the quantity of BmrA deposited on it allows to quantify only the intense

bands. For smaller intensities, another similar SDS-PAGE is run with smaller quantities of purified BmrA for

quantification (not shown here). The SDS-PAGE shows that BmrA is much more produced in absence of

caveolin-1b than with it, about five times for the fractions 38 and 52%, discussed in the text. (b) Representa-

tive ATPase activity from membranes separated on a 20–60% sucrose gradient. The percentage represents

real sucrose concentration in the fractions measured by refractometry
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3.7 Hoechst 33342

Transport Assays

(Fig. 4)

The Hoechst 33342 transport (see Note 7) is recorded at 25 �C
with λexcitation ¼ 355 nm and λemission ¼ 457 nm and bandwidth of
8 nm.

1. In the quartz cuvette, put membranes corresponding to 50 μg
of proteins and complete to 1 mL with transport buffer.

2. One minute later add 10 μL of 200 μM Hoechst 33342, final
[Hoechst 33342] ¼ 2 μM.

3. One minute later add 10 μL of 200 mM ATP, final
[ATP] ¼ 2 mM.

4. Record fluorescence until equilibrium is reached (Fig. 4).

4 Notes

1. Antibiotics should be prepared fresh to a maximal efficiency.

2. Do not disrupt the cells too much to keep vesicles intact.

3. APS is stored at �20 �C and must be thaw just before the
experiment.

4. NaN3 and Na2S are toxic and must be prepared under chemical
fume hood.

5. VO4
� must be heated to break down aggregates. It can modify

absorbance at 340 nm so control with VO4 alone is needed.

Fig. 4 Hoechst 33342 transport activity for fractions of BmrA WT gradient (black) and BmrA WT-Cav1b

gradient (red). The graph shows that the cumulated amounts of H33342 transported in fractions 31–56 are of

266,000 and 572,000 without and with caveolin-1b, respectively, so two times higher when caveolin-1b is

coexpressed with BmrA. In addition, fraction 52 with caveolin-1b displays the highest transport activity, five

times higher than without caveolin-1b. Considering that BmrA is 5 expressed lower than without caveolin-1b

(Fig. 3, lane 52), the amplification of transport activity is of about 20, thanks to the caveolin-1b coexpression
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6. To prevent dilution of gradient and biasing reproducibility, do
not add too much protein on the gradient.

7. To avoid parasite transport by others membrane proteins, use
doxorubicin as substrate.
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a b s t r a c t

Concentration of pure membrane proteins in detergent solution results in detergent concentration, albeit

in unknown amounts. This phenomenon is observed in every lab working on membrane proteins, but

has seldom been investigated. In this study, we explored the behavior of detergents mixed with mem-

brane proteins during the step of sample concentration using centrifugal devices. We show that deter-

gent over-concentrate with the presence of polymers, typically membrane or soluble proteins but also

polysaccharides. The over-concentration of detergents depends on centrifugal force applied to the device.

With the use of a specific dye, we observed the formation of a mesh on the concentrator device.

Importantly, reducing the centrifugal speed allows to reduce the concentration of detergents when

mixed to macromolecules, as tested with 3 different membrane proteins. All together, these results

highlight the non-Newtonian behavior of detergents and provides a solid framework to investigators to

improve drastically biochemical and structural studies of membrane proteins.

© 2022 Published by Elsevier B.V.

1. Introduction

Detergents are essential tools to handle membrane proteins.

Their use is widely spread from membrane proteins extraction,

purification, biochemical investigations and structural determina-

tion [1e5]. Hundreds of detergents are commercially available and

new ones are being designed with the goal to gain in membrane

protein stability [6,7].

Despite this wide range of detergents available, they still remain

sometimes difficult to use for many investigators, as detergents are

hardly detectable. Thus, their impact on membrane proteins

remained unforeseeable, despite a clear effect on protein function,

or crystallization for example [8]. In order to track them, specific

techniques have been developed like the use of radioactivity

[9e12], thin layer chromatography [13], or more recently MALDI-

ToF [14]. With the later we were able to track and quantify de-

tergents during purification of various membrane proteins, thereby

bringing light on their behavior around their cognate protein. This

allowed for a web server to be created to represent detergent belts

around membrane proteins [15]. Overall, these tools allow ration-

alization of their use.

Here, we focus on understanding the behavior of detergents

during the crucial step of sample concentration. Indeed, many

techniques require a high protein concentration that are typically

achieved using concentration devices in microfuges, which segre-

gate smaller or greater particles than a given molecular weight

cutoff. This is particularly the case for structural approaches such as

X-ray crystallography and cryo-EM that require high protein con-

centration. However, this concentration step results in detergent

concentration [14,16], in usually unknown proportions, and thus

impacts experiments for downstream studies and leads to unre-

producible results in crystallization or cryo-EM grid preparation. In

addition, for harsh detergents, a high concentrationmight denature

the protein. Using our method of detergent quantification with

MALDI-ToF, we quantified detergent along the concentration
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process, allowing to understand how it behaves and how to prevent

its accumulation in the concentration compartment.

2. Material and methods

2.1. Detergent quantification by MALDI-ToF

All detergents were measured and quantified by MALDI-ToF

mass spectrometry, except for Cholate, as described in Ref. [14].

Briefly, detergents are mixed with their deuterated cognate in

known amount, and 1 mL of the mixture is added to 9 mL of matrix

solution which is adapted to the type of detergent. 1 mL of the final

solution is laid on the MALDI target. Measures were carried out

with a Mass Spectrometer equipped with a nitrogen UV laser

(l ¼ 337 nm, 3 ns pulse) and an accelerating voltage of 5 kV. Data

were obtained by collecting 300 laser shots and spectra were

recorded in a positive reflectron mode. UDM (undecyl-beta-D-

maltopyranoside) was used to quantify DDM (dodecyl-beta-D-

maltopyranoside).

2.2. Cholate quantification

A solution of 2 mg/mL of sodium cholate (Sigma, C6445) is

prepared to realize a standard curve. In black 96 well microplates, a

standard curve of 0,1,3,5 and 7 mg of sodium cholate are deposited

in a well, completed with buffer containing 20 mM Hepes-Na pH

7.5, 100 mM NaCl until 10 mL. For the sample, 2 or 4 mL of protein

were mixed with the same buffer until 10 mL. In each well, 190 mL of

concentrated sulfuric acid were added and samples were incubated

for 10 min under agitation at room temperature. The absorbance is

read at 389 nm on the spectrophotometer SAFAS FLX-Xenius.

Special precautions must be taken to handle concentrated sulfuric

acid, and waste must be carefully collected. The use of a clear lid

above the 96well plate is recommended, even during reading. Used

concentrated, sulfuric acid is not as reactive as the diluted one, and

its use is nevertheless very easy to a cautious experimentalist.

2.3. Use of Rhodamine-PE to visualize detergent concentration

RhodaminePE (1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl),

Avanti Polar Lipids, 810157) in 100% chloroform is evaporated with

a SpeedVac (SPD SpeedVac, rotor RH64-11, ThermoScientific) for

15 min at room temperature. The pellet of RhodaminePE is sus-

pended in 20mMHEPES-Na pH 7.5,100mMNaCl, 0.035%DDM, to a

final concentration of 500 mM. This solution is then diluted to 5 mM

of RhodaminePE to a buffer containing Ovalbumin (Ovalbumin

1 mM is solubilized in 20 mM HEPES-Na pH7.5, 100 mM NaCl,

0.035% DDM) and concentrated at 20 �C as described below. 15 ml

of solution were concentrated.

2.4. BmrA purification

BmrA was expressed and purified as described in Ref. [17].

Briefly, BmrA is overexpressed in C43(DE3)DAcrB for 5 h at 22 �C.

Then, cultures are centrifuged and bacterial pellet resuspended in

50 mM Tris-HCl pH 8.0. Bacteria are lysed by 3 passages at 18,000

psi with a microfluidizer (Microfluidics IDEX Corp). Lyzed bacterial

suspension is first centrifuged 15 min at 15,000�g, 4 �C to discard

unbroken cells, then membranes are collected by centrifugation for

1 h, 4 �C at 180,000�g. Membranes are resuspended in 50mM Tris-

HCl pH 8.0 (50 mL buffer corresponding to 4 L of culture), and

centrifuged again with identical parameters. Membranes are sus-

pended in 20 mM Tris-HCl pH 8.0, 0.3 M sucrose, 1 mM EDTA (in

5 mL total) and stored in liquid nitrogen.

Membranes are solubilized at 5 mg/mL in 20 mM Tris-HCl pH

8.0, 100 mM NaCl, 15% glycerol, 4.5% (v/v) Triton X-100 and 1X

CLAPA antiprotease, under gentle agitation at 4 �C. Solubilized

membranes are centrifuged at 100,000�g, 4 �C for 40 min. The

supernatant is loaded onto a pre-equilibrated Ni2þ-NTA column,

unbound material is washed with 20 mM HEPES-NaOH pH 8.0,

100 mM NaCl, 20 mM imidazole, 1.3 mM DDM, 1 mM sodium

cholate. BmrA is eluted from the column using the same buffer with

200 mM imidazole. The fractions of BmrA are pooled, diluted 10

times in 20 mM HEPES-NaOH pH 8.0, 100 mM NaCl, 1.3 mM DDM

(0.035% weight/volume), 1 mM sodium (0.03% weight/volume)

cholate and loaded again onto the same resin, preequilibrated

without imidazole, for a second affinity chromatography. The pool

of BmrA is concentrated on a 50-kDa cutoff Amicon (Millipore)

device at 1000�g, 4 �C, and injected onto a Superdex 200 (GE

healthcare) using a mobile phase 20 mM HEPES-NaOH pH 7.5,

100 mM NaCl, 0.7 mM DDM and 0.7 mM sodium cholate.

2.5. AcrB purification

Five milliliters of AcrB membranes prepared as described in

Ref. [18] were solubilized in 40mL buffer (10% glycerol, 50mM Tris-

HCl, 10 mM imidazole, 2% DDM) for 1 h under agitation at 4 �C,

followed by centrifugation at 150,000�g for 1 h at 4 �C. Supernatant

was collected and incubated 20 min with loose Ni-NTA resin (pre-

washed with 20 mM Tris-HCl pH 7.0, 0.2% DDM, 10% glycerol,

10 mM imidazole) and applied on a gravity column. The resin was

washed with the same buffer followed by a more stringent wash

with 50 mM imidazole. AcrB was eluted with 20 mM Tris-HCl pH

7.0, 0.02% DDM, 10% glycerol, 200 mM imidazole, concentrated at

2000�g on a 50-kDa cutoff Amicon (Millipore) device. Concen-

trated proteinwas diluted 40 times to 20 mL final volume in 10mM

Hepes-NaOH pH 7.0, 0.02% DDM (0.4 mM final AcrB concentration),

divided in 2 for concentration experiment at 5000�g or 500�g.

2.6. LacY expression and purification

E. coli lactose permease (LacY) mutant C154Gwas expressed and

purified as described in Refs. [14,19]. Briefly, transformed XL1-Blue

bacteria were cultured in 4 1-L culture batches in 5 L flasks of LB

media supplemented with ampicillin (100 mg/mL final), at 37 �C

until OD600nm reached 0.6, and induced with IPTG for 4 h. Cells

were harvested, suspended in 80mL of 20mMHEPES-NaOH pH 7.5,

100 mM NaCl, 0.1 mM PMSF and left overnight at 4 �C under gentle

agitation. Cells were lyzed by 3 passages at 18,000 psi with a

microfluidizer (Microfluidics IDEX Corp), unbroken cells were dis-

carded by centrifugation 15 min at 15,000�g, 4 �C and membranes

harvested by centrifugation of the supernatant for 1 h, 4 �C at

180,000�g. Dry membranes were stored at �20 �C.

Dry membranes were suspended in 20 mL buffer A (50 mM

sodium phosphate, 500 mM NaCl, 5% glycerol, 5 mM imidazole,

0.035% DDM) using a glass homogenizer, incubated for 1 h at 4 �C

under agitation with 2% DDM final. Solubilized membranes were

spun 20 min at 4 �C at 40,000�g, and supernatant loaded onto a

pre-equilibrated Nickel column. Weakly bound contaminants were

discarded using 20% buffer B (50 mM sodium phosphate, 500 mM

NaCl, 5% glycerol, 250 mM imidazole, 0.035% DDM) and LacYeluted

with 100% step of buffer B. The elution peak was collected,

concentrated on a 50-kDa cutoff Amicon (Millipore) device at

5000�g, 4 �C, and loaded on a Superdex 200 (GE Healthcare) with a

mobile phase of 20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 0.02%

DDM.

Concentration experiment was conducted at 0.1 mg/ml final

(2.3 mM) in 20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 0.02% DDM.

Twenty five milliliters of purified LacY were divided in 2
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concentrators and concentrated at 5000�g or 500�g, and DDM

measured as described above and below.

2.7. Concentration experiments

All concentrations were carried out on a Multifuge X1R (Her-

aeus) equipped with a HighConic II rotor (ThermoScientific).

Concentrator devices were all made of regenerated cellulose, con-

taining 15 mL volume above the concentrating membrane, with a

50-kDa cutoff (Amicon Ultra-15 device). All devices were placed

such that the membranes were parallel to the rotation axis with the

membranes placed vertically, contrary to what is recommended by

the manufacturer, to reduce protein aggregation on the membrane.

All concentration experiments were carried out at fixed tempera-

ture (20 �C or 4 �C), at fixed centrifugal forces (500 or 5000�g), for

specified time interval. Samples were homogenized by gently

inverting the tube 3 times in-between each centrifugal run if more

than one run was needed to fully concentrate the sample. Some

experiments were carried out without mixing, as stated in the text.

All experiments were carried out to reach the dead volume of the

concentrator or close to it. Experiments were stopped when the

retained volume felt appropriate, and this volume measured

(STable 1). Note that every experiment differs in retained volume,

and is the reason why the detergent amounts are reported in

quantities and not in concentrations. The buffer use in every

experiment is 50 mM Hepes-Na pH 7.5, 100 mM NaCl. It is impor-

tant to not use Hepes-free acid, as it prevents crystallization of the

MALDI matrix and thus proper measurement.

Dextran (80 kDa, Sigma-Aldrich ref: 00892), Ovalbumine

(Thermofischer ref: 23209), BSA (fraction V, Euromedex ref: 04-

100-812-C) and lysozyme (Sigma-aldrich ref: L6876).

3. Results

3.1. DDM over-concentrate with macromolecules in a

concentration-dependent manner

It has been shown in several articles that detergents over-

concentrate during the concentration step [8,9,12,14,16]. The

reason for this phenomenon however remained unclear, ranging

from direct interactions betweenmicelles and detergent belts, non-

specific interactions with the protein, or other effects. To investi-

gate this phenomenon, detergent behavior was evaluated during

the concentration step in varying conditions for the most used

detergent, the dodecyl-maltopyranoside (DDM) (Fig. 1AB) [1,2]. The

negative control of solely DDM without macromolecule results in

an absence of DDM over-concentration, all the DDM molecules go

through the filter and end up in the flow-through fraction, as ex-

pected (Fig. 1B). Indeed, even though the concentrator used display

a 50-kDa cutoff, and the DDM micelle being formed from 80 to 110

monomers has an expected mass around 50-kDa, it is stated by the

manufacturer that the pores made by regenerated cellulose open

during centrifugation and let objects twice the mass of the mo-

lecular cutoff pass through. On the contrary, the addition of pro-

teins to the same DDM solution results in over-concentration of

DDM in the retained fraction. This behavior is observed in a

concentration-dependent manner, as DDM over-concentrates with

increasing protein concentration. Of note, for BSA or Ovalbumin,

the effect is observed even at modest protein concentration, while

for Lysozyme a higher protein concentration is needed to observe

an impact on detergent concentration. Lysozyme being a smaller

protein of 14 kDa, it goes through the concentrator pores (50-kDa)

and doesn't concentrate at low concentrations. After a certain

lysozyme concentration (100 mM), the protein is concentrated

Fig. 1. Detergent over-concentration with macromolecules. A/Overall scheme of the experiment, where a detergent-containing solution is placed on a concentrator, centrifuged,

resulting in retained and flow-through (FT) fractions. B/DDM quantification during concentration experiments, at 5000�g. Dark blue: quantification when no macromolecule is

added to a DDM solution at 2x Critical Micelle Concentration (CMC) (0.03% (w/v), 0.6 mM), for initial, retained and FT fractions. Red: concentration of DDM in the presence of

increasing quantity of BSA. Green: concentration of DDM in the presence of increasing quantity of Lysozyme. Grey: concentration of DDM in the presence of increasing quantity of

Ovalbumin. Cyan: concentration of DDM in the presence of increasing quantity of Dextran (80 kDa). Black: concentration of DDM in the presence of increasing quantity of sodium

chloride. Error bars show the standard deviation, the experiment being done in triplicate. All experiments were carried out in the same buffer base (50 mM Hepes-Na pH 7.5,

100 mM NaCl), and concentration was stopped when it reached the dead volume of the concentrator. Note that this volume varies with each experiments, retained volumes are

reported in STable 1.
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enough to create an effect on the detergent and results on its over-

concentration. To evaluate the impact of non-protein type poly-

mers, Dextran was also tested and shows the same pattern of DDM

over-concentration with increasing Dextran concentration. Sodium

chloride however, has no influence, even at high concentration,

refuting an effect of charges on the phenomenon.

These results exemplify the impact of macromolecules, but not

necessarily proteins, on DDM over-concentration, in a

concentration-dependent manner. It has been demonstrated that

BSA can bind a few lipid monomers [12] (up to 20 monomers), so

some detergent binding is expected, albeit with limited influence.

Detergent binding has however not been detected on Lysozyme or

Ovalbumin, neither on Dextran, ruling out the direct interaction of

DDM with macromolecules in the context of over-concentration.

The over-concentration of DDM is thus happening in trans.

3.2. DDM over-concentration depends on centrifugal force

To further evaluate the influence of macromolecules on DDM

over-concentration, the same condition as in Fig. 1B (30 mM

Dextran) was concentrated at different centrifugal speed (Fig. 2).

Maximum DDM amount was found in the concentrated fraction

when the device was spun 15 min at maximum speed of 5000�g.

Interestingly, 3 runs of 5 min done at the same speed, but with

mixing in-between, reduces the amount of DDM in the concen-

trated fraction. A further decrease in centrifugal force to 500�g

diminishes even more the DDM quantity. The volume reduction

factor is the same in all three experiments, starting from the same

initial volume (15 ml) and ending in almost the same dead volume

(STable 1), stating that the effect on DDM concentration is not

linked to experimental differences but is resulting from the

different force applied. There is thus an effect on centrifugal forces

on the accumulation of DDM in this context.

3.3. Over-concentration varies with the micelle size

We thus investigated the impact of the type of detergent on the

over-concentration phenomena (Fig. 3). In addition to DDM, another

detergent with 12 carbon tail was investigated, while carrying a

zwitterionic head goup, FosCholine 12 (FC12). FC12 has a smaller

aggregation number than DDM, and results in a micelle of around

40 kDa. Cholate, another charged detergent, was also included in the

study. Cholate has a very small aggregation number (less than 10

monomers) and carries a different structure compared to the classical

one of DDM. For each detergent, an over-concentration is being

observed in thepresenceofOvalbumin. Theamountof detergent kept

in the retained fraction of the concentrator varies from one detergent

to the other, and is in general greater for charged detergents. For

Cholate, 2 concentrations were tested as the over-concentrationwas

not anticipated to be so large for the lower concentration (0.08%). The

larger concentration of 0.8% results in a much greater retention of

Cholate in the presence of Ovalbumin. The mixture of DDM and

Cholate was tested since it was successfully implemented for struc-

ture resolution of several proteins [17,20]. It was previously reported

that themixedDDM/Cholatemicelle is smaller than theDDMmicelle

so it is surprising to observe more detergent retained than DDM or

Cholate alone. It is probably due to the fact that themicelle is smaller

[17], but it also results inmore objects in solution, creating a crowding

effect (cf. below). The addition of Ovalbumin results in the over-

concentration of both detergents.

3.4. Visualization of a detergent gradient clogging the concentrating

device

In order to visualize how detergents over-concentrate, a

Fig. 2. Influence of centrifugal force on detergent over-concentration. A DDM solution

(0.03% (w/v), 0.6 mM) with dextran was concentrated for 15 min at 5000�g, or 3 times

5 min at 5000�g with mixing in-between, or one time at 500�g. Error bars show the

standard deviation, experiments reproduced 3 times. The volume reduction factor is

almost the same in all 3 experiments (STable 1).
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hydrophobic dye was added to the DDM solution. The dye,

Rhodamine-PE (Rho-PE), is composed of a phosphatidyl ethanol-

amine moiety that insert into DDM micelles, and a rhodamine

moiety that confers absorbance at 570 nm. Rho-PE was added in

small quantity in order to perturb as little as possible the DDM

micellar properties.

A batch solution of DDM solution with Ovalbumin was com-

plementedwith Rho-PE, divided in concentrators and concentrated

by 5-min. increments without mixing with the goal to maximize

the observation (Fig. 4). For each centrifugation time, a sample was

collected at given depth and quantified using absorbance (Fig. 4).

With time, a darker patch forms towards the bottom of the

concentrator filter. Quantification shows that Rho-PE absorbance

increases equally. A maximum absorbance is reached after 30 min,

also coinciding with the fact that further concentration only de-

creases volume by minimal amounts. This experiment reveals the

creation of a concentrated patch at the bottom of the concentrator

after initial concentration, that grows upwards as time goes,

thereby creating a mesh preventing further macromolecule to go

through.

3.5. Impact on membrane protein concentration

With the knowledge of detergent behavior influenced by mac-

romolecules, this behavior was evaluated in the presence of

membrane proteins. Three membrane proteins were investigated,

the multidrug transporter BmrA from B. subtilis [17,21], Lactose

permease from E. coli (LacY) [19,22], and the Acridone resistance

protein from E. coli (AcrB) [18]. These proteins were chosen as they

have all been subjected to structural studies by X-ray crystallog-

raphy or cryoEM, which require high protein concentrations and

might thus experience increased detergent concentration. Addi-

tionally, it was previously observed for BmrA and LacY that, after

concentration of a pool after a nickel column followed by separa-

tion on a size exclusion chromatography, the quantity of detergent

over-concentrated was higher than if the same concentration was

performed without protein [14]. It was already an indication of

detergent over-concentration triggered by membrane proteins.

BmrAwas purifiedwith the detergentmixture DDMand Cholate

that yields smaller micelles as well as smaller detergent belts

around BmrA [17]. Concentration at 500�g results in less detergent

Fig. 3. Impact of the micelle size on the concentration of detergents. A solution with detergent and with (þ) or without (�) Ovalbumin (1 mM) was concentrated at 5000�g until

the void volume or until the solution does not pass through the filter anymore. Dark blue represents DDM, grey is for FosCholine 12 and red for sodium cholate. DDM at 0.03%(w/v)

(0.6 mM), FC12 at 0.1%(w/v) (2.8 mM), Cholate 0.08%(w/v) (1.9 mM), Cholate 0.8%(w/v) (19 mM), and DDM/Cholate mixture at 0.035%(w/v) (0.7 mM) DDM/0.03%(w/v) (0.7 mM)

Cholate. Error bars show the standard deviation, measures were done in triplicate and conducted in the same buffer (50 mM Hepes-Na pH 7.5, 100 mM NaCl).
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retained, and more detergent passing through the filter compared

to the higher speed concentration at 5000�g (Fig. 5). This pattern is

observed for both DDM and Cholate independently. Together, these

effects add up to more detergent being retained when the highest

speed is used. Of note, the BmrA concentration used for this

experiment is 4 mM, much less than protein concentration used in

previous figures, which reflects the fact that detergent over-

concentration is always present yet subtle enough to stay in

disguise. LacY and AcrB were both purified in DDM only, and sub-

jected to differential speed centrifugation before detergent quan-

tification. For LacY, a lot more detergent passes through the

concentrator at 500�g compared to 5000�g, reflecting the fact that

less detergent is retained, as suggested by quantification in the

concentrated fraction. Similar effects are observed for AcrB. For

both LacY and AcrB, the concentrations used in the experiment

(2.3 mM and 0.4 mM respectively) highlights the fact that the

detergent over-concentration phenomenon is a hidden phenome-

non in membrane proteins biochemical analyses.

4. Discussion

Detergent over-concentration is a real problem for membrane

protein investigations, as it blurs signals and is concentrated in

usually unknown amounts. In some cases, a high amount of

detergent leads to protein denaturation. To shed light on this

phenomenon, we have conducted the present study, resulting in

the major finding that DDM gets over-concentrated by

macromolecules in solution, in a concentration-dependent

manner. This behavior is also observed with non-protein poly-

mers such as dextran, but not with salt, revealing that it happens

in trans, i.e., with no direct interaction with the polymer. It could

have been hypothesized some kind of interaction between

detergent micelles and detergent belts surrounding membrane

proteins, but the data presented on soluble proteins and Dextran

refute this claim. We could also modulate this phenomenon by

playing with the centrifugal forces, reducing the over-

concentration by decreasing the centrifugal speed. Centrifugal

forces are described as shear forces, which directly points to

behavior of non-Newtonian fluids. Furthermore, it has previously

been shown that detergents can behave as non-Newtonian fluids

in specific conditions [23e25]. Here, we observe that macromol-

ecules enhance the described non-Newtonian behavior of de-

tergents as observed during centrifugation. It is this property that

results in detergent over-concentration. In support of this, it has

been shown in colloidal suspensions that shear thickening arises,

at the molecular level, from particle clustering [26]. It is tempting

to speculate that a similar phenomenon happens with detergent

micelles and macromolecules in suspension in the concentrator.

This increased viscosity is also observed on the concentrator when

Rho-PE is added to bring color to detergent micelles. Indeed, the

formation of a brighter spot at the bottom of the concentrator

right at the beginning of the concentration experiment denotes

the formation of a mesh, precluding passage of further detergent

through the concentrator pores. It results in the mesh growing as

Fig. 4. Visualization of the detergent gradient on a concentrating device. A solution of DDM (0.035%(w/v) (0.7 mM) mixed with Rhodamine-PE (Rho-PE, dye) and Ovalbumin (1 mM)

was concentrated by 5-min. increments at 5000�g, without mixing in-between each run. A photo was taken at each step, with a representative experiment shown on top. Rho-PE

was quantified by spectrophotometry by pipetting a sample at different depth positions along the concentrator (levels 1, 2, 3 or 4). Rho-PE quantification is shown below for each

time point and depth level colored according to the legend (square). Each data point is represented. The histogram corresponds to the mean with standard deviation. The ex-

periments were conducted in triplicates or sextuplicates, photo experiments conducted in decaplicates showing always the same pattern.
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more time is spent concentrating, thereby clogging the whole

device. This direct visualization of a phenomenon is also remi-

niscent of the observation that more time spent concentrating a

membrane protein does not correlate with more liquid passing

through the concentrator. Now, our investigations shed light on a

well-known fact in many labs across the world but never

explained.

Interestingly, the non-Newtonian behavior of detergents can be

modulated with centrifugal force and concentration. For example,

mixing the solution in-between two centrifugation steps decreases

the local macromolecule concentration and reduces the accumu-

lation of detergent. Also, the total amount of detergent remaining

after the process can be modulated depending on the application. If

fewer detergent concentration is needed, a decreased centrifugal

force can be applied. On the contrary, if stability of the membrane

protein is required, a higher detergent concentration is privileged

to help stabilize the protein, reached by applying higher centrifugal

forces, thereby providing a mean to biochemists to control and

modulate their sample.

This strategy was adopted to solve the X-ray and cryo-EM

structures of BmrA [6,17]. It has been previously shown that con-

trolling the amount of detergent favors crystallization of the ADP/

ATP exchanger [8]. We hypothesized the same for BmrA as crystals

were initially not of good quality. We decreased the centrifugal

force to 500�g to decrease detergent concentration and grow good

crystals for structure solving. This sample was also of good quality

Fig. 5. Detergent over-concentration in presence of membrane proteins. Three membrane proteins were purified and subjected to centrifugation at different speed (500 or 5000�g)

followed by detergent quantification. For each protein, the retained detergent is represented as solid color, and the flow-through fraction with white squares. DDM is colored in blue,

and Cholate in red. BmrA was purified in the mixture of DDM and cholate, LacY and AcrB were purified in DDM.
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to be imaged by cryo-EM and yielded also a structure by this

approach.

Altogether, the results presented here reveal the non-

Newtonian behavior of detergent when in solution with macro-

molecules. With this knowledge in hands, investigators are also

provided with means to control it and identify it to better handle

their samples.
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B I O C H E M I S T R Y

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

Vincent Chaptal1†, Veronica Zampieri1†‡, Benjamin Wiseman1,2†§, Cédric Orelle3||, 
Juliette Martin4||, Kim-Anh Nguyen5||, Alexia Gobet1||, Margot Di Cesare3||, Sandrine Magnard1, 
Waqas Javed3¶, Jad Eid1, Arnaud Kilburg1, Marine Peuchmaur6, Julien Marcoux7, Luca Monticelli4, 
Martin Hogbom2, Guy Schoehn8, Jean-Michel Jault3#, Ahcène Boumendjel5#, Pierre Falson1*

Multidrug ABC transporters translocate drugs across membranes by a mechanism for which the molecular features 
of drug release are so far unknown. Here, we resolved three ATP-Mg2+–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 (1) 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).

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 ABCB1 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 ABCC1  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 tandæ against gram-positive bacteria (24). Using 
an ATPase inactive mutant, E504A (25), we resolved its x-ray struc-
ture in complex with ATP-Mg2+, which required several key steps 
optimization and to design specific stabilizers. We also resolved its 
cryo–electron microscopy (cryo-EM) structure in complex with 

1
Drug Resistance and Membrane Proteins Group, Molecular Microbiology and 

Structural Biochemistry Laboratory, CNRS UMR 5086, University of Lyon, IBCP, 7, 

passage du Vercors, 69367 Lyon, France. 
2
Department of Biochemistry and Bio-

physics, Arrhenius Laboratories for Natural Sciences, Stockholm University, Stockholm, 

Sweden. 
3
Bacterial Nucleotide-Binding Proteins Group, Molecular Microbiology 

and Structural Biochemistry Laboratory, CNRS UMR 5086, University of Lyon, IBCP, 7, 

passage du Vercors, 69367 Lyon, France. 
4
Modeling Biological Macromolecules 

Group, Molecular Microbiology and Structural Biochemistry Laboratory, CNRS UMR 

5086, University of Lyon, IBCP, 7, passage du Vercors, 69367 Lyon, France. 
5
Univer-

sity of Grenoble Alpes, INSERM, LRB, 38000 Grenoble, France. 
6
University of Grenoble 

Alpes, CNRS, DPM UMR 5063, 38041 Grenoble, France. 
7
Institut de Pharmacologie 

et de Biologie Structurale (IPBS), UMR 5089, Université de Toulouse, CNRS, UPS, 

31000 Toulouse, France. 
8
University of Grenoble Alpes, CEA, CNRS, IBS, F-38000 

Grenoble, France.

*Corresponding author. Email: pierre.falson@univ-lyon1.fr

†These authors contributed equally to this work as co-first authors.

‡Present address: European Molecular Biology Laboratory, 71 Avenue des Martyrs, 

CS 90181, 38042, Grenoble, Cedex 9, France.

§Present address: Department of Biosciences and Nutrition, Karolinska Institutet, 

Huddinge, Sweden.

||These authors contributed to this work as co-second authors.

¶Present address: University of Grenoble Alpes, CEA, CNRS, IBS, F-38000 Grenoble, 

France.

#These authors contributed to this work as co-penultimate authors.

Copyright © 2022 

The Authors, some 

rights reserved; 

exclusive licensee 

American Association 

for the Advancement 

of Science. No claim to 

original U.S. Government 

Works. Distributed 

under a Creative 

Commons Attribution 

NonCommercial 

License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org on January 27, 2022



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

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 10

ATP-Mg2+ and rhodamine 6G, a lipophilic cationic substrate of 
exporters, either from the ABC superfamily such as LmrA, a 
close homolog of BmrA (26), Cdr1 (27), Pdr5 (28) in yeast, and 
Cyanidioschyzon merolæ 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-Mg2+

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-D-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 

and data file S2), which helped produce better diffracting protein 
crystals (Fig. 1, D and E).

We reached 3.9-Å resolution for the BmrA E504A-ATP-Mg2+ 
complex in detergent solution (Fig. 2, left; figs. S2 and S3; and table S1). 
Even if the overall 3.9-Å 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 Å 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-Mg2+ in a head-to-tail mode, capturing the 
BmrA-E504A mutant in complex with ATP-Mg2+ 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 

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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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-Mg2+ in detergent solution
Incubating BmrA with known ligands (23) gave the best crystals 
with R6G. We could, however, not optimize them beyond 5 Å 
(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 Å 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-Mg2+ and without R6G (Fig. 2, center, and figs. 
S8 to S10). The resolution increased to 3.6 Å 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-Å RMSD over 573 residues, 
especially at the level of the TM1–2 region (Fig. 2C and fig. S11). 

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 mM but is two times better in the 
presence of ATP-Mg2+ (Fig. 3C). The reverse effect was also observed, 
that is, ATP-Mg2+ 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 mM, 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 mM (P = 0.4) and ~0.03 ± 0.02 mM (P = 0.1) for WT 
and mutant, respectively. Of note, R6G binds to nanodiscs them-
selves with an affinity of 3 to 7 mM (fig. S12, C and D). These results 
indicate that cholate and DDM do not bind to the drug-binding site of 
BmrA 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).

Fig. 2. X-ray and cryo-EM structures of the BmrA E504A mutant in complex with ATP-Mg2+ 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
2+

 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
2+

] (blue), cryo-EM BmrA E504A [ATP-Mg
2+

] (cyan), and cryo-EM BmrA E504A [ATP-Mg
2+

, R6G] (green).
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The observation above that R6G binding is enhanced by 
ATP-Mg2+, 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 Cdr1 
(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 

of residues T39, S43, I46, F75, A78, I254′, S255′, L258′, F291′, I294′, 
and M295′. Few polar groups contribute also to the binding site 
including the alcohol group of S81, S225′, 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 ABCB1 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 

[ATP-Mg], µM

0 100 200 300 400

F
l
u

o
.
 
i
n

c
r
e

a
s

e
,
 
u

a

0.0

0.1

0.2

0.3

0.4

0.5

[R6G], µM

0 5 10 15 20 25

F
l
u

o
.
 
q

u
e

n
c

h
i
n

g
,
 
u

a

0.00

0.05

0.10

0.15

0.20

C

A DB

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 1s and 0.8s (EM BmrA E504A [ATP-Mg
2+

] 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
2+

 (right) to BmrA E504A in DDM-cholate probed by intrinsic fluorescence, in the presence (blue) 

or absence (red) of 5 mM ATP-Mg
2+

 or 100 mM R6G, respectively. Symbols correspond to three to four independent experiments, fitted with equations S1 for R6G and S2 

for ATP-Mg
2+

. (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 mM 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 < 10
−10

).
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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. merolæ (15) 
ABCB1, 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 

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-Mg2+ 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 

Fig. 4. Conformations and mobilities of TM1–2 in OF BmrA and other type IV ABC transporters. (A) Views (PDB codes) of McjD (4pl0, 5ofr), TmrAB (left: 6rai, 6rak; 

right: 6rah-6raj), human (6c0v) and C. merolæ ABCB1 (6a6m), MsbA (5ttp), BmrA [this study, with ATP-Mg
2+

 (x-ray: 6r72; cryo-EM: 7ow8) and with ATP-Mg
2+

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
2+

-bound state as compared to the apo state. (D) compares the 

ATP-Mg
2+

–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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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-Mg2+ 
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.

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-Mg2+ 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 Ca 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 Å, was larger 
than that of the x-ray one, up to 80 Å. Considering the simulation 
settings and the limited resolution of the structures, we expected to 

Fig. 5. Dynamics of the BmrA TMD region. (A) Starting model of BmrA in a lipid bilayer. Chains A and B are colored in pink and cyan, ATP in red, and lipids in yellow. 

(B) Close-up view showing residues chosen for measuring the perimeter of the cavity. (C) Time evolution of the cavity perimeter for each simulation. Red dashed lines 

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
2+

, 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 TM1–2 in 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.
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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 Å.  
BmrA shifts toward the most occluded states, as the one observed in 
MsbA and ABCB1 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 Å (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 ms 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 Å (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. S19A) 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 

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-Mg2+ 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 

ATP

ATP

ATP

ATP

ATP

ATP

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 Förster 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.

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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