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Bidirectional communication between
nucleotide and substrate binding sites in a
type IV multidrug ABC transporter

Victor Hugo Pérez Carrillo1,8, Margot Di Cesare 2,8, Dania Rose-Sperling 1,
Waqas Javed 2, Hannes Neuweiler 3, Julien Marcoux 4,5,
Cédric Orelle 2,9 , Jean-Michel Jault 2,9 & Ute A. Hellmich 1,6,7,9

ATP-binding cassette (ABC) transporters use ATP to transport substrates
acrossmembranes. In type IVABC transporters, which includemanymultidrug
resistance (MDR) pumps, communication between nucleotide-binding
domains (NBDs) and transmembrane domains (TMDs) is mediated via large
intracellular domains containing ‘coupling helices’. However, how ATP
hydrolysis and substrate transport are functionally coordinated remains
unclear. In the bacterial type IV MDR transporter BmrA, we identify a con-
served residue cluster at the NBD/TMD interface centered on W413. Mutation
of this tryptophan uncouples ATP hydrolysis from transport activity.
Mutagenesis, functional assays, nuclear magnetic resonance spectroscopy,
hydrogen-deuterium exchange mass spectrometry, and photo-induced elec-
tron-transfer fluorescence correlation spectroscopy show that the cluster
forms a bidirectional communication hinge that relays signals between the
NBD and TMD via coupling helix 2. Hinge mutations affect both local and
global dynamics thereby influencing transporter activity. These findings
uncover an allosteric pathway critical for functional coupling in multidomain
ABC transporters.

ABC transporters are one of the largest protein superfamilies present
in all kingdoms of life. They transport chemically diverse substrates
including lipids, ions, peptides and vitamins across cellular mem-
branes at the expense of ATP hydrolysis1,2. All ABC transporters share
a common architecture composed of two transmembrane domains
(TMDs) responsible for substrate binding and translocation as well as
two cytoplasmic nucleotide-binding domains (NBDs)2,3. The four
domains can be fused on a single polypeptide (‘full transporter’) or

assembled e.g. by two halves each comprising a TMD and an NBD
(‘half transporter’) that then dimerize to form a functional unit. ABC
transporter NBDs are the most conserved regions regarding both
sequence and structure and contain the motifs responsible for ATP
binding and hydrolysis, such as the Walker A and Walker B motifs4–6.
In contrast, the TMDs are structurally and sequentially diverse across
the ABC superfamily, resulting in the recent classification into seven
subfamilies3.
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Following this classification, many multidrug resistance (MDR)
pumps such as BmrA from B. subtilis7 or mammalian P-glycoprotein8

(P-gp, ABCB1) belong to the type IV subfamily of ABC transporters.
During their catalytic cycle, these transporters alternate between
inward-facing (IF) and outward-facing (OF) conformations to mediate
drug export from the cell (Supplementary Fig. 1A). In the absence of
nucleotides (apo state) the IF is more populated, whereas ATP binding
and subsequent NBD dimerization shift the equilibrium towards the
OF state, triggering conformational changes in the TMD that facilitate
drug release. The OF can also be stabilized by vanadate which, fol-
lowing ATP hydrolysis, traps ADP-Mg2+ in the nucleotide-binding sites
(ADP*Vi state)9. In type IV transporters, interdomain crosstalk between
NBD and TMD is mainly attributed to the close spatial arrangement of
the conserved Q–10,11 and X–loop motifs12–14 in the NBDs with two so-
called coupling helices15–18 in the TMDs. In half transporters like BmrA,
which contains six transmembrane helices per protomer, these cou-
pling helices are part of two large intracellular domains 1 (ICD1) and 2
(ICD2) linking transmembrane helices 2-3 and 4-5, respectively19

(Supplementary Fig. 1). Upon dimerization into the functional trans-
porter, ICD1 contacts the NBD within the same protomer (in cis), while
ICD2 reaches over to the NBD of the opposing subunit (in trans),
inserting into a groove on the NBD surface between the RecA and the
α-helical subdomains13,20. This ‘swapped topology’ is the hallmark of
the type IV ABC subfamily3,13 (Fig. 1A, Supplementary Fig. 1A).

Since ABC transporters efficiently couple ATP hydrolysis with
substrate translocation, it is crucial to integrate the existing archi-
tectural framework of type IV ABC transporters with a long-range
dynamic coupling network that facilitates effective crosstalk between
the NBD and TMD. A vast body of work highlighted the importance of
the interdomain contacts mediated by the ICDs for the ABC trans-
porter catalytic cycle, including mutagenesis and crosslinking experi-
ments, biophysical and structural as well as computational methods,
e.g. refs. 13,16–18,21–25. However, a precise mechanistic under-
standing of interdomain crosstalk in ABC transporters remains cur-
rently amiss, specifically regarding the dynamics of the molecular
dialogue between nucleotide and substrate interaction sites that are
typically >40Å apart.

Conveniently, the isolated NBDs of bacterial type IV ABC trans-
porters remain monomeric in solution, while preserving their native
fold and the ability to interact with nucleotides. Thismakes themwell-
suited as model systems for high-resolution studies using solution
nuclear magnetic resonance (NMR) spectroscopy26–28. We previously
observed that tryptophanW421 in the isolatedNBDof the L. lactisMDR
type IV ABC transporter LmrA, ~22 Å away from the nucleotide binding
site and upstream of the Q-loop, senses nucleotide binding in NMR
chemical shift perturbation experiments26. Furthermore, Trp fluores-
cence was shown to be a sensitive reporter of drug binding to the TMD
in the homologous B. subtilis transporter BmrA7 and we hypothesized
that this was due to the corresponding tryptophan in the NBD (W413).
Together this suggested that a conserved tryptophan in the NBD of
type IV MDR transporters might be part of a previously unrecognized
long-range sensing network. Importantly, this Trp residue is located
close to the tip of ICD2 (Fig. 1A), pointing to a role as an allosteric
sensor in the NBD/TMD interface capable of integrating nucleotide
and substrate signals.

Here, combining mutagenesis, functional assays, solution 1H15N
and 19F NMR spectroscopy, photo-induced electron transfer fluores-
cence correlation spectroscopy (PET-FCS) and hydrogen deuterium
exchange coupled to mass spectrometry (HDX-MS) on the bona fide
MDR ABC transporter BmrA7, a prototypical type IV ABC member29,30,
we identified a previously uncharacterized communication hinge in
the nucleotide-binding domain comprising three conserved residues,
with W413 at its center. In addition to maintaining structural stability,
this hinge forms a bidirectional dynamic relay to transmit information
on nucleotide and drug interaction between NBD and TMD via ICD2.

Our findings reveal a pathway for interdomain crosstalk in a type IV
ABC transporter and provide insights into the intricate mechanisms of
allosteric interdomain coupling in this transporter subfamily.

Results
A conserved triad of residues in Type IV ABC transporters NBDs
senses remote nucleotide binding
ABC transporters use ATP to power substrate translocation. The
nucleotide interacts with conserved motifs in the NBD, including a
lysine residue (K380 in BmrA) from the Walker A motif that assists
hydrolysis31 (Fig. 1A). Nucleotide binding is thought to be relayed to the
NBD/TMD interface through another conserved motif, the Q-loop,
although the precise molecular pathway remains unknown10,11. A
sequence alignment of NBDs from type IV ABC transporters showed
that the site we previously found to be sensitive to nucleotide or drug
binding in LmrA26 and BmrA7 typically harbors a bulky hydrophobic
side chain such as tryptophan (e.g. BmrAW413, LmrAW421) or leucine
(e.g. MsbA L415) (Fig. 1B). In bacterial half transporters closely related
to BmrA (i.e. UniProtKB sub-database, 226 sequences extracted from
the UniRef50_O06967 database), the tryptophan residue is ubiqui-
tously present.

To elucidate the functional role of this residue and its potential
interaction with other sites, we compared the fingerprint 1H, 15N-HSQC
solution NMR spectra of the ~29 kDa 15N-labeled NBDs of three
homologous bacterial type IV transporters: themultidrug transporters
B. subtilis BmrA and L. lactis LmrA, as well as the E. coli lipid A trans-
porter MsbA in the apo and in the presence of ATP and ADP (Fig. 1C,
Supplementary Fig. 2). To this endwe took advantageof our previously
published and de novo determined NMR backbone assignments for
the three proteins (BMRB entries 1766027, 5115628, and 52626). In all
cases, more than 91% of all non–proline residues were successfully
assigned (Supplementary Fig. 2D).

In all three NBDs, the chemical shift of the abovementioned
hydrophobic residue (BmrAW413, LmrAW421,MsbA L415) responded
to the addition of ATP or ADP (Fig. 1C). In the case of the tryptophan
residues in BmrA and LmrA, a shift in both the backbone and sidechain
amide resonances was observed. To reflect the chemical nature of the
side chain, we denote this residue as φ. It resides in a short α-helix
within the RecA subdomain and is consistently followed by a strictly
conserved arginine (BmrAR414, LmrAR422,MsbAR416), whichpoints
towards the coupling helix from ICD2 of the trans protomer in these
half transporters (Fig. 1A, zoom). Facing residue φ, at the C-terminal
end of the helix that directly follows the Walker A motif, lies another
highly conserved arginine residue (BmrA R389, LmrA R397, MsbA
R391). Both arginine residues will be referred to hereafter as RICD2 and
RWA to mark their respective location. Residue RWA showed a marked
chemical shift change upon addition of ATP or ADP, while the effects
were very subtle for RICD2 (Fig. 1C).

Together, RWA,φ and RICD2 appear to be ideally positioned to serve
as a ‘communication hinge’ that allosterically links the nucleotide
binding site to the NBD/TMD interface. This connection likely extends
from theWalker Amotif and the following helix through RWA, toφ, and
into RICD2 reaching the TMD (Fig. 1A).

The communication hinge is important for protein stability and
transporter function
The communication hinge plays a role in both nucleotide sensing and
structural integrity. Circular Dichroism (CD) spectroscopy and analy-
tical size exclusion chromatography (SEC) revealed that point muta-
tions in the corresponding residues in BmrA, LmrA and MsbA
destabilize the isolated NBDs, with the most pronounced effects for
mutations of residue RWA (Supplementary Fig. 4). Notably, substitu-
tions of BmrA W413 with leucine and alanine could not be purified in
the context of the isolated NBD. Furthermore, the melting tempera-
tures (Tm) of the hinge mutant NBDs that could be obtained were
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Fig. 1 | The communication hinge senses nucleotide binding and is crucial for
activity. A Structure of B. subtilis BmrA (PDB ID: 6R8129), an archetypical type IV
ABC half transporter (protomers shown in pink and green). The zoom shows the
Walker Amotif (blue) and theWalker A helix leading into the ‘hinge’ consisting of a
conserved arginine residue in the Walker A helix (RWA, purple), a conserved bulky
hydrophobic residue (φ, orange) and a conserved arginine pointing towards
intracellular domain 2 (RICD2, yellow) (Structural overlay of this region in other ABC
transporters shown in Supplementary Fig. 2A). B High degree of conservation
within the Walker A and hinge residues (purple, orange and yellow) in both human
and bacterial type IV ABC transporters (top). Residue numbers are based on the
sequence of B. subtilis BmrA. Note that in bacterial transporters with at least 50%
identity with BmrA, residueφ is a strictly conservedTrp residue (based on 226 type
IV NBD sequences, bottom). Sequence logo was created using WebLogo364.
C Nucleotides are sensed by the communication hinge residues. Comparison of
NMR spectra of 15N-labeled isolated NBDs of BmrA, LmrA andMsbA in the apo state
(purple, orange or yellow resonances, respectively) and in the presence of 10mM

ATP (blue) or ADP (teal) reveals chemical shift perturbations of the backbone (and
in the case of tryptophan also side chain,φsc) amide resonances of the three hinge
residues. Shown is a zoom into the respective 1H, 15N-HSQC NMR spectra (Supple-
mentary Fig. 2C) to highlight the three hinge residues. D, E The hinge residues are
crucial for transporter function. ATPase activity of full-length BmrA variants
reconstituted in MSP1E3D1 nanodiscs prepared with E. coli total lipid extract (D)
and fluorescence-based transport assay with doxorubicin in inside-out vesicles
prepared from E. coli cells overexpressing BmrA variants (E). In both cases, values
were normalized to the WT set as 100%. For ATPase activity of WT, K380A and
R389X constructs, results shown are the mean of three biological triplicates with
three technical replicates each. For W413X constructs, results shown are the mean
of two biological replicates with three technical replicates each. For R414X con-
structs, results shown are themean of one biological replicate with three technical
replicates. For transport activity of all constructs, results shown are the mean of
three technical replicates. Protein expression and folding were not affected by the
mutations (Supplementary Fig. 3).
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consistently lower than the respective wildtype (WT) proteins (Sup-
plementary Table 1), although nucleotide dissociation constants were
only slightly altered for most cases (e.g. KD, ADP = 214 ± 43, 221 ± 105,
221 ± 54 and 266 ± 97μM for BmrANBDWT, R389K,W413F and R414K,
respectively). In contrast, more drastic substitutions such as R389M
and R414A reduced the affinity of nucleotides two- and ten-fold,
respectively (Supplementary Table 2).

To explore the role of the communication hinge for transporter
function, point mutations were introduced into full-length B. subtilis
BmrA to yield the respective BmrA RWA (R389A/K/E/M), φ (W413 A/F/
Y/L) and RICD2 (R414A/K) variants. As a negative control for functional
assays, the Walker A lysine mutant BmrA K380A32 was also prepared.
The successful expression and purification of all hinge variants in
detergent micelles suggests that the TMD can partially mitigate
folding defects that were pathological for the isolated NBD (Sup-
plementary Fig. 3A-C). However, like in the isolated NBDs, a con-
sistent decrease in the Tm for the hinge variants was observed in the
full-length transporter (Supplementary Table 3). Notably, while the
WT and most of the communication hinge mutants were stabilized
by nucleotides and could be trapped in the OF conformation by
ADP*Vi, both the R414A and R414K substitutions as well as the K380A
mutant showed no increase in Tm in the presence of nucleotides. This
suggested that they cannot reach the outward facing (OF) state33

(Supplementary Table 3).
The ATPase activity of purified BmrA full-length WT, K380A and

hinge mutant constructs was determined in detergent micelles, lipid
nanodiscs and liposomes (Fig. 1D, SupplementaryFig. 3D, E). Transport
activity was measured in inside-out vesicles prepared from E. coli cells
overexpressing BmrA variants using the fluorescent drug doxorubicin
(Fig. 1E; Supplementary Fig. 3F, G). Mutations in the hinge severely
impaired both ATPase activity and transport, even for conservative
substitutions. Mutation of the RICD2 residue to alanine or lysine com-
pletely abolished function. RWA andφ residue mutants showed a more
graded response: The R389A/E and W413A mutants showed very little
to no activity, while the R389K/M andW413L mutants displayed some
and theW413F/Ymutants retained substantial residual ATPase activity.
Intriguingly, the W413F and W413Y mutants appeared functionally
uncoupled, with ATPase activity much less affected than doxorubicin
transport. Consistent with our findings, W413 mutations in BmrA were
also recently reported to differentially impair Hoechst 33342 transport
(W413A>W413F>W413Y), although the ATPase activities of the
mutants were not measured in that study34.

Our results show that mutations in the communication hinge,
even conservative ones, severely impair both ATPase and transport
activity. Notably, mutations of W413 can also uncouple these two
functions, suggesting that this residue acts as a linchpin, integrating
the signals that coordinate ATP hydrolysis with substrate transport.

Nucleotide binding site and communication hinge are bidir-
ectionally coupled
Given that residues RWA, φ and RICD2 can remotely sense nucleotide
binding and regulate BmrA ATPase activity, we hypothesized that the
three communication hinge residues may be structurally coupled to
each other and allosterically linked to the nucleotide binding site
(Fig. 2A). To test this, we used isolated NBD constructs bearing hinge
residue mutations that were sufficiently thermostable for NMR spec-
troscopy (Supplementary Table 1). One-dimensional 19F-NMR and 2D
1H, 15N-correlation spectra showed that single pointmutations at any of
the hinge positions induced chemical shift perturbations and, in some
cases, line broadening at theother two sites (Fig. 2B–D, Supplementary
Fig. 5). For example, substituting RWA with either methionine or lysine
led to the complete loss of the indole side chain NH signal fromW413
in the 1H, 15N HSQC spectra of the apo state (Supplementary Fig. 5C).
These observations suggest both structural and dynamic local cou-
pling within the hinge.

To nonetheless obtain information about the W413 sidechain, we
used 19F NMR (Fig. 2B). Fluorine labeling of tryptophan residues can be
easily achieved by feeding the labeled amino acid to the expression
host35–37. Conveniently, W413 is the only native tryptophan residue in
the BmrANBD, yielding a single resonance in the 1D 19F NMR spectrum
(Fig. 2B, black). Of note, 19F NMR measurements could only be carried
out for the 19F-Trp labeled WT NBD and the RWA point mutants R389K
andR389M (Fig. 2B, blue,mauve), since RICD2mutants becameunstable
with the fluorine label and could not be purified.Mutation of RWA led to
line broadening and a strong chemical shift of the fluorinated W413
indole ring, suggesting altered tryptophan sidechain dynamics.
Importantly, the fluorinated protein retained its sensitivity to nucleo-
tides as seen by the changes in 19F chemical shift upon ADP addition
(Fig. 2B top versus bottom spectra). Moreover, the introduction of the
Walker A lysine mutant K380A mutation, more than 15 Å away from
W413 (see Fig. 1A), also induced a chemical shift change in theW413 19F
resonance (Fig. 2B, bottom). This strongly supports the idea of direct
crosstalk between the communication hinge and the nucleotide
binding site.

Interestingly, in the 1H, 15N-HSQC spectra of the apo-state WT
NBD, most backbone amide signals belonging to the Walker A motif,
including K380, are severely broadened28 (Supplementary Fig. 2B).
Upon nucleotide binding, these signals become resolved, suggesting
that the Walker A motif and adjoining helix are stabilized. Taking
advantage of the ADP-bound state, which allows clear observation of
the Walker A backbone resonances, we next examined whether
mutations in the communication hinge are sensed by the Walker A
lysine K380 (Fig. 2C). In fact, mutation of any of the three hinge resi-
dues led to chemical shift changes or severe line broadening for the
K380 backbone amide resonance, shown in Fig. 2C both in the 2D
spectrum and in the 1D projection. The most pronounced effects on
K380 resulted frommutation of R389 (RWA), followed by substitutions
in W413 (φ) and R414 (RICD2) (see also Supplementary Fig. 6). Reci-
procally, mutation of the Walker A residue to alanine also resulted in
chemical shift perturbations of the backbone (and in the case of W413
also the sidechain) NH chemical shifts and linewidths of all three hinge
residues (Fig. 2D, Supplementary Fig. 7). Despite the reduced affinity of
the K380A mutant for ADP (Supplementary Table 2), this effect was
even more pronounced in the presence of 10mM nucleotide com-
pared to the apo state. Overall, this supports a crosstalk from hinge to
Walker A motif, and vice versa.

Nucleotides and mutation of the communication hinge mod-
ulate NBD subdomain dynamics
ABC transporter NBDs are composed of an α-helical and a RecA-like
subdomain, whose dynamics are modulated by nucleotide binding38.
Coupling helix 2, which works together with coupling helix 1 to med-
iate NBD/TMD communication, nestles into a groove formed by the
two NBD subdomains, directly on top of the communication hinge
(Fig. 3A). We hypothesized that nucleotide-induced changes in the
communication hinge might alter the relative dynamics between the
RecA- andα-helical subdomains, potentially serving as amechanism to
transmit the signal of ATP binding to the TMD. To test this, we used
photoinduced electron transferfluorescence correlation spectroscopy
(PET-FCS). PET-FCS detects and directly measures the reconfiguration
time constants of specific protein structural elements, i.e. structural
fluctuations of biomacromolecules on the msec to μsec timescale, by
monitoring quenching of a fluorophore by a nearby tryptophan
sidechain39,40. Unlike FRET, PET-FCS therefore requires only a single
fluorophore, which avoids complications associated with dual
labelling.

To label the BmrANBD for PET-FCS, we first generated a construct
lacking the one native cysteine residue, BmrA NBD C436S. This
mutationdoes not affectBmrA function30. A newly introduced cysteine
residue, S516C in the RecA subdomain, was then covalently labeled
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with an ATTO Oxa11 maleimide fluorophore. Combined with an engi-
neered tryptophan residue in the α-helical domain, N459W, this
allowed to monitor conformational fluctuations between the two
subdomains (Fig. 3B, Table 1). As a control, we also measured the
fluorescently labeled construct lacking the tryptophan quencher
(Fig. 3B, gray trace). Here, the corresponding autocorrelation function
(ACF)waswell describedby diffusion of a globular protein through the
confocal detection focus that was void of fluorescence fluctuations in
the sub-millisecond time regime. The observed, additional 8μs
relaxation had a negligible amplitude of only 5%. This confirmed that
all detected changes by FCS in the construct containing the fluor-
ophore/tryptophan reporter pair originate from quenching interac-
tions between the engineered Trp at position N459W and the Atto
Oxa11 label. These fluctuations directly reflect relative motions
between RecA and α-helical subdomains. The resulting ACF exhibited
three single-exponential relaxations in the sub-millisecond range, each
with substantial amplitude (Fig. 3B, black trace). While it is difficult to
assign specific relaxations to specificmotions, the data indicates three
modes of motions of the two NBD subdomains relative to each other
on the μs-ns time scale, which may include shearing, bending or
breathing.

Both nucleotide binding and mutation of the hinge residue φ
(W413F) modulated these subdomain dynamics (Fig. 3C). Addition to
ofADPaccelerated the80μsmodeofmotion to 24μs,while bindingof

ATP slowed the motion to 253μs (Table 1). In the W413F mutant,
intradomain NBD dynamics were altered substantially (Fig. 3B, C,
brown traces). One mode of motion, i.e., the 2.5μs relaxation, was
abolished and the amplitude of the ns relaxation was considerably
reduced, while the 80μs relaxation was accelerated. In the mutant,
nucleotide binding slowed the 39μs relaxation to time constants
>100μs and the 0.57μs motion to 2.7 and 5.7μs with ATP and ADP,
respectively (Fig. 3C, Table 1). Together, the changes observed in the
PET-FCSmeasurements between the apo and nucleotide-bound states,
as well as between WT and mutant NBDs, clearly demonstrate that
both nucleotide binding and mutation of the communication hinge
alter the dynamic coupling between the RecA and α-helical sub-
domains of the NBD.

The communication hinge impacts global transporter dynamics
through ICD2
Our PET-FCS results showed that the communication hinge plays a
role in NBD dynamics between RecA and α-helical subdomain. Since
coupling helix 2 sits in the groove between these two subdomains,
we hypothesized that the communication hinge could also influence
TMD dynamics via ICD2. Hydrogen–deuterium exchange coupled to
mass spectrometry (HDX–MS) and 19F NMR spectroscopy are pow-
erful tools for studying conformational dynamics of multidomain
membrane proteins in lipid-like environments25,35,41,42. Here, we
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combined these methods on the full-length BmrA WT transporter
and the W413F mutant to investigate interdomain communication
between the NBD and TMD in the apo and ADP*Vi trapped states,
mainly populating the inward facing (IF) and outward facing (OF)
conformations, respectively (Fig. 4, Supplementary Table 4, Sup-
plementary Fig. 8).

Overall, >90% peptide sequence coverage of both WT and
W413F mutant reconstituted in nanodiscs could be achieved in the
HDX experiments (Supplementary Fig. 8). In line with previous
studies33,43, the NBDs had better peptide coverage than the TMDs,
which are partially shielded from proteolysis by the membrane
scaffold protein (MSP)-lipid belt. The deuterium uptake plots for all
the peptides of the WT and the W413F mutant (Supplementary
Figs. 9, 10, 11) display mainly classic EX2 kinetics. However, some
notable exceptions exhibit EX1 behavior, as apparent from the
characteristic ‘bi-modal’ distribution, in ICD1 (between residues 108
to 132), ICD2 (between residues 189 to 255), the linker region
between the TMD and the NBD (between residues 304-343) or the α-
helical subdomain of the NBD (between residues 480-500) (Supple-
mentary Fig. 12).

In the apo state, HDX of the WT protein suggested significant
flexibility, particularly within the NBDs and ICDs (Supplementary
Fig. 8C). Upon ADP*Vi trapping, HDX globally decreased in the WT
transporter showing rigidification (Fig. 4), a behavior consistently
seen across type IV ABC transporters upon nucleotide
binding12,29,44–47. Deuterium exchange differences between apo and
trapped states were most pronounced for the conserved motifs in
the NBD (e.g. Walker A and C-loop) and the intracellular domains 1
and 2 (ICD1, ICD2), particularly the C-terminal end of TMH4, leading
into ICD2, and TMH5, which transitions from ICD2 into the TMD
(Fig. 4A, red regions, Fig. 4B).

In comparison to the WT, the W413F hinge mutant exhibited
subdued exchange differences between apo and MgADP*Vi trapped
states in key regions, including the Walker A motif, the hinge
and ICD2 and the surrounding helices TMH4 and 5 (Fig. 4A, B,
Supplementary Fig. 8). Notably, a major consequence of the
W413F mutation was increased HDX in the ADP/Vi trapped state
compared to the WT, highlighting that nucleotide-dependent
interdomain communication between NBD and TMD is primarily
mediated via ICD2, and is significantly disrupted when the hinge is
mutated.

Because theW413F hingemutation caused some destabilization
of the protein, as reflected by a reduced melting temperature
(Supplementary Table 3), it can broadly affect protein dynamics.
This is consistent with an increase in deuteration seen with several
peptides in the apo state of the mutant (Supplementary Table 5).
Therefore, we chose not to directly compare global HDX rates
between WT and W413F but, for a focused comparison, we selected
six representative shared peptides from the NBD and ICD with
comparable deuteration levels in the apo state (Fig. 4C, Supple-
mentary Table 5). These data reveal reduced protection in the
ADP*Vi state for the mutant relative to the WT, supporting our
hypothesis that W413 plays a key role in signal transmission across
the transporter. Of note, peptides within the drug-binding site in the
transmembrane domain were either not covered or showed deu-
teration levels too low for confident interpretation.

Lipid environment and substrates influence hinge dynamics
To complement the HDX-MS data, which provides information at the
peptide level, we used 19F NMR spectroscopy in solution with the full-
length BmrA transporter in detergents and nanodiscs (Fig. 5). In
addition to W413 in the NBD, BmrA contains two other native trypto-
phan residues in the TMD: W104 in ICD1 and W164 located within the
extracellular loop between TMH3 and TMH4 (Fig. 5A). These were
individually mutated to facilitate 19F NMR assignments and the struc-
tural and functional integrity of the fluorinated transporter was con-
firmed by CD spectroscopy, transport and ATPase activity assays
(Fig. 5B-D). Together with the isolated 19F-Trp labeled NBD, we unam-
biguously assigned the three fluorine resonances of 19F-5Trp labeled
BmrA to the two tryptophan residues in the TMD and to the hinge
residue W413 in the NBD (Fig. 5E).

Importantly, the fluorine resonances were readily transferable
fromdetergent-solubilized to nanodisc-reconstituted protein (Fig. 5F).
While the W413 resonance became narrower, indicating altered NBD
dynamics in the lipid environment as reported for other type IV ABC
transporters by complementary methods48,49, it remained distinct
from the TMD tryptophan resonances, suggesting that both the global
NBD dynamics, as well as local hinge dynamics are impacted by the
transporter environment.

Next, we investigated the effect of nucleotideor substrate binding
on W413. As seen in the 19F NMR spectra of the isolated NBD (Fig. 2B),
ATP addition led to chemical shift changes and line narrowing of the
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Fig. 3 | Nucleotide binding and hinge mutations modulate the dynamics
between the RecA-like and α-helical subdomains of the NBD. A Photo-induced
electron transfer fluorescence correlation spectroscopy (PET-FCS) was used to
detect intradomain structural rearrangements between RecA and α-helical sub-
domains in the NBD. An ATTO Oxa11 maleimide fluorophore was attached to an
engineered cysteine in the RecA-like subdomain (S516C), where the native cysteine
was removed (BmrA NBD C436S), in vicinity to a newly introduced tryptophan in
the α-helical domain (N459W) serving as the quencher for the fluorophore.

B, C PET-FCS autocorrelation functions of fluorescently labeled BmrA NBD con-
structs were recorded in the absence (A) or presence (B) of nucleotides. PET-FCS
reporters were designed to monitor fluctuations between α-helical and RecA sub-
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W413 19F NMR signal in the full-length transporter (Fig. 5F). Substrate
addition led to severe line broadening, showing that nucleotides and
substrates directly affect hinge dynamics in the full-length transporter
(Fig. 5F). Of note, due to the changes in pH associated with adding a
saturating amount of doxorubicin to the NMR samples, which led to
sample precipitation, we instead used reserpine, another BmrA
substrate7,12. To nonetheless obtain information on the transporter
dynamics with doxorubicin, we carried out HDX-MS in the presence of
doxorubicin, achieving similar peptide coverage as for the apo and
ADP*Vi trapped transporter (Supplementary Fig. 13). Comparison of

BmrA WT in the absence and presence of doxorubicin showed
decreased exchange in the TMD, notably TMH4, 5 and ICD2 in the
presence of the drug. This shows that substrate binding decreases
dynamics in regions that also become rigidified upon nucleotide
addition (Fig. 4A). A similar trend was seen for the W413F hinge
mutant, although generally substrate-evoked effects were noticeably
subdued compared to the WT (Supplementary Fig. 13), suggesting
reduced coupling as also apparent from the activity assays (Fig. 1D, E).

In summary, HDX-MS and 19F NMR demonstrate that both
nucleotide binding to the NBD and drug binding to the TMD influence

Table 1 | Fitting parameters for PET-FCS

BmrA NBD construct a1 τ1 (μs) a2 τ2 (μs) a3 τ3 (μs)

S516C 0.05 ±0.01 8 ±2 -- -- -- --

S516C-N459W 0.19 ±0.03 80 ±30 0.62 ±0.06 2.5 ±0.4 0.72 ±0.06 0.24 ±0.04

S516C-N459W-W413F 0.19 ±0.01 39 ±5 -- -- 0.18 ±0.01 0.57 ±0.01

S516C-N459W +ADP 0.35 ±0.03 24 ±4 0.56 ±0.04 1.5 ±0.2 0.42 ±0.04 0.13 ±0.03

S516C-N459W +ATP 0.22 ±0.08 253 ± 16 0.51 ±0.06 7 ±2 0.95 ±0.06 0.30 ±0.04

S516C-N459W-W413F +ADP 0.18 ±0.01 104 ± 12 0.18 ±0.01 2.7 ±0.2 -- --

S516C-N459W-W413F +ATP 0.19 ±0.02 177 ±40 0.20 ±0.01 5.7 ±0.7 -- --

Kinetic parameters obtained for the BmrA NBD single (S516C), double (N459W-S516C) and the triple (N459W-S516C-W413F) mutants in apo and after incubation with ADP or ATP.
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Fig. 4 | The hinge impacts global transporter dynamics. AHDX–MSonBmrAWT
and BmrA W413F in nanodiscs (Supplementary Tables 4, 5). Differences in HDX
after 30min between apo (IF) and ADP*Vi trapped state (OF, with 10mM MgATP
and 1mM Vi) mapped onto the BmrA cryoEM structure (PDB: 7OW829, nucleotide
shown as cyan sticks, Mg2+ as green sphere). Peptides without significant differ-
ences (p-value > 0.05) are in light gray and non-covered peptides in black. Regions
more accessible in the apo than ADP*Vi state are highlighted in red (sequence
coverage and uptake plots in Supplementary Figs. 8,10 and 11). Deuteration uptake
presented as mean values of two or three technical replicates ± SEM, for WT or
W413F, respectively. Significance was assessed using Peptide-level statistical tests
(p-value < 0.05). B The differential deuterium uptake between the apo and ADP*Vi
states is subdued in the vicinity of the hinge upon introduction of the W413F
mutation. Zoom of the hinge region highlighting differences in HDX between WT

(left) and hinge mutant (right). Selected significant peptides (p-value < 0.05) from
ICD2 (amino acid residues 216 – 236), the hinge (amino acid residues 413 – 427) and
theWalker A helix (amino acid residues 363 – 383) show reducedHDX in theADP*Vi
trapped (blue) compared to the apo state (black). These differences are stronger
for the WT than the hinge mutant (see Supplementary Fig. 9). C Comparison of
deuteration uptake betweenWT andW413F in nanodiscs for selected peptides with
similar deuteration levels in the apo state (Supplementary Table 5). Relative HDX
differences after 30min between theWT andW413F in theMgADP*Vi trapped state
(p-value < 0.05) are mapped onto the BmrA cryoEM structure in the OF state.
Regions more protected in WT than W413F are shown in blue, while other protein
regions are gray. One monomer is displayed as a ribbon and the second as a
transparent surface.
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communication hinge dynamics. In return, hinge mutations affect
global protein dynamics and interdomain crosstalk.

Discussion
ABC transporters are multidomain membrane proteins that rely on
precise coordination between NBDs and TMDs for ATP-dependent
substrate transport. We hypothesized that such coordination
requires specific regions that sense both nucleotide and substrate
binding. Using sequence alignments, functional assays, 1H, 15N and 19F
solution NMR, HDX-MS and PET-FCS on the bacterial type IV MDR
transporter BmrA and its isolated NBD, we identified three highly
conserved residues that influence transporter stability, ATPase and
transport activities. These residues are structurally and dynamically
coupled to each other as well as to distant regions of the transporter,
forming a communication hinge at the NBD/TMD interface that links
nucleotide and substrate binding sites via an L-shaped path-
way (Fig. 6A).

Ligand binding or mutations at either end influence hinge
dynamics, while hinge mutations alter ligand responses and activity,
underscoring the bidirectional nature of this crosstalk. Mutations in
the central hinge residue, W413, can uncouple ATP hydrolysis from
substrate transport, additionally highlighting its critical role in the
catalytic cycle.

These findings raise two key questions: What is the underlying
mechanism by which signals such as nucleotide binding are relayed to
the hinge? And is this a conserved feature in type IV ABC transporters,
or possibly the whole ABC family?

In the apo state, the backbone amide of the Walker A residues
show high dynamics and broadening (Supplementary Fig. 2B). Upon
nucleotide binding, this region becomes more rigid, stabilizing the
Walker A helix and likely influencing R398 (RWA) at its C-terminus,
thereby linking nucleotide sensing to hinge dynamics. Mutation of the
Walker A motif (K380A) induces dynamic changes that propagate
through the intervening RWA residue to the hinge, consistent with the
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Fig. 6 | Common features of the hinge region across ABC transporter families.
A The hinge connects nucleotide and substrate binding site. Like cogwheels, the
residues enable crosstalk via ICD2 (illustration based on PDB entry 6R8129).
B Comparison of the core elements of the hinge in different families of ABC
transporters. ResiduesRWA-φ −RICD2 are shown inorange,WalkerAmotif inblue and
the intracellular domain in green (cis) or pink (trans). ABC transporter families I-VIII
and BceA are presented by surface depictions of representative members and a
zoom into the respective hinge region, i.e. MalFGK2 (PDB: 2R6G

62), BtuC2D2 (PDB:

4DBL81), EcfTAA’ (PDB: 4HUQ82), BmrA (PDB: 6R8129), ABCG2 (PDB: 8U2C83),
LptB2FG (PDB: 5X5Y84), MacB (PDB: 5LJ785), MlaEF (PDB: 7CH786) and BceAB (PDB:
8G4D87). C Sequence alignment of the Walker A and hinge region for the ABC
transporters shown in (B) was carried out using Clustal Omega63. Note that in some
cases, the sequence alignment was adapted to reflect the 3D structure of the
respective proteins (see main text for details). In LptB2FG and MalFGK2, an inver-
sion of the properties of the sidechains in the positions φ and RICD is seen, in
MalFGK2 and MlaEF residues φ and RICD are not contiguous.
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prevention of the transition from the inward- to the outward-facing
state and its abolished ATPase activity. Notably, mutation of R414
produces a similar effect to theK380Amutation, supporting themodel
that conformational changes are transmitted through this L-shaped
communication hinge.

In addition to local stabilization, large scale conformational
changes and structural rigidification upon ligand binding are a hall-
mark of allosteric coupling in type IV transporters12,25,50. Both nucleo-
tide binding and hinge mutations alter RecA/α-helical subdomain
dynamics, as shown by PET-FCS, suggesting this step is critical for
signal transmission between NBD and TMD. The groove between NBD
subdomains,whichharbors couplinghelix 2,was identifiedbyHDX-MS
as the main hinge-responsive region (Fig. 4). Globally, BmrA becomes
less dynamic upon substrate or ATP binding. It is thus conceivable that
the hinge acts as “dynamic buffer”, enabling the protein to interact
with structurally diverse substrates, which may impose different
structural demands on the NBD/TMD interface. Since hingemutations
canuncouple ATPase and transport function, it seems to be long-range
communication, rather than inherent protein function, that is com-
promised when the hinge is disturbed.

In addition to substrate or nucleotide binding, the hingemay also
contribute to lipid dependence of ABC transporter function51. Adding
ABC transporters to the growing list of membrane proteins for which
19F solution NMR spectroscopy has been successfully applied35,52–54, we
investigated detergent solubilized and nanodisc-reconstituted 19F-Trp-
labeled BmrA (Fig. 5). Nucleotides, drugs and the membrane envir-
onment all affected the dynamics of hinge residue W413, suggesting
that in addition to bidirectional intramolecular crosstalk, the hinge
may also integrate exogenous cues such as membrane composition or
fluidity.

Among the hinge residues, substitutions of residue φ were gen-
erally better tolerated than mutations of either of the two conserved
arginine residues (Fig. 1). The unique ability of arginine to mediate
numerous interactions, including hydrogen bonds, salt bridges,
cation-π and π-π interactions between its guanidinium group and
aromatics, as well as hydrophobic interactions likely play a decisive
role55,56.While conservative substitutions ofRWA retained at least partial
activity, even a lysine substitution for RICD2 led to an inactive trans-
porter. In structures of BmrA, the sidechain of RICD2 points towards
ICD2 (Supplementary Fig. 14). The three hinge residues may thus act
like interlocked cogwheels, connecting the nucleotide binding site to
the hinge via the Walker A helix and residue RWA, and the hinge to the
substrate interaction sites and vice versa via residue RICD2 and the
coupling helix 2 (Fig. 6A).

In line with studies onMsbA15,17, a related type IV ABC transporter,
our results show that while both ICD1 and ICD2 are crucial for driving
the conformational changes of the catalytic cycle, hinge mutations
primarily affect ICD2. Within the family of type IV transporters, the
importanceof the hinge identifiedhere in BmrAmay thus be of general
relevance, despite some sequence variability (Fig. 6B, C). For instance,
in CFTR (cystic fibrosis conductance regulator, ABCC7), NBD2 features
a QWR sequence, while in NBD1, a glycine residue is found in position
RWA, and theWR residues inφ andRICD2 are present but not contiguous.
Nonetheless, mutations causing cystic fibrosis are found in the hinge,
including a deletion mutant adjacent to the residue homologous to
BmrA R389 and at positions corresponding to W413 and R41457.
Moreover, the side chain of residue F508 points towards the CFTR
hinge helix. This residue is deleted in around 70% of all cystic fibrosis
patient and results in a trafficking defect due to folding defects58,
however, small molecule correctors that stabilize the TMD can rescue
thesedefects59. Similarly, our observation that somehingemutants are
misfolded in the context of the isolated BmrA NBD and only could be
rescued in the presence of the TMD, suggest that a destabilized NBD
may generally require a stable TMDplatform to enable proper folding,
emphasizing the importance of the coupling helices for transporter

stability. Furthermore, this highlights the value of studying isolated
NBDs to derive structural andmechanistic details of ABC transporters,
as they retain functional and structural integrity for nucleotide binding
despite remaining monomeric60.

While other ABC transporter classes lack the swapped domain
topology of type IV transporters and the overall sequence conserva-
tion is low (Fig. 6C), some structural features persist throughout the
superfamily. A short helix near the C-terminal tip of the Walker A helix
typically harbors a hydrophobic residue (position φ) followed by a
positively charged residue (RICD2). In some cases, such as in the type VI
lipid transporter LptB2FG

61 and the maltose transporter MalFGK2
62,

sidechain properties at positions φ and RICD appear switched, raising
the possibility that signal integration at this interfacemay be a general
feature across the ABC superfamily.

In conclusion, we identified a previously uncharacterized, inter-
domain transmission pathway between NBD and TMD in a type IV ABC
transporter that functions as a dynamic bidirectional relay integrating
multiple signals to ensure proper ATP-dependent substrate transport.
This not only positions the communication hinge as a central regulator
of interdomain communication in an important ABC transporter but
also provides a framework for studying similar relay elements in other
complex biomacromolecular machines.

Methods
Reagents
All chemicals were purchased from Sigma-Aldrich, Roth and VWR unless
otherwise stated. Reagents used include doxorubicin (Cayman Chemi-
cals and Sigma), 15N-NH4Cl,

13C6-glucose (Eurisotop), 5-fluorotryptophane
(BLD pharma) and ATTO oxa11 maleimide (ATTO-TEC). Lipids were
purchased from Avanti Polar Lipids and Cayman Chemicals.

Computational tools
Freely available computational tools were used to investigate the
properties of BmrA constructs: Sequence alignment was carried out
withClustalOmega63 (https://www.ebi.ac.uk/jdispatcher/msa/clustalo)
and sequence logos created using WebLogo 364 (https://weblogo.
threeplusone.com/). To create the WebLogo, 226 sequences were
retrieved from the UniProtKB subdatabase (as of Nov. 27, 2024) which
is part of the UniRef50_O06967 (50%) database. The latter corre-
sponds to non-redundant protein sequences which show at least 50%
sequence identity with BmrA. The sequences in the UniProtKB were
either manually annotated and computationally analyzed (one entry,
UniProtKB reviewed (Swiss-Prot)) or only computationally curated
from (227 entries, UniProtKB Unreviewed (TrEMBL)) to remove nota-
bly protein fragments. One entry was still a protein fragment
(A0A7Y8S210_BACSP) and a secondone contains one residue insertion
between the Walker A and the Q-loop motif (A0A398D0Y7_9BACL).
These two sequences were removed from our database and the
remaining 226 sequences were used to make the WebLogo shown in
Fig. 1. NMR spectra were analyzed with Bruker TopSpin 4.0.8, CARA65

and CCP NMR66. HDX-MS data were analyzed with PLGS™ software
(ProteinLynx Global SERVER 3.0.2 from Waters™), DynamX 3.0 soft-
ware (Waters™), and Deuteros 2.0 software67.

Cloning, expression, and purification NBDs
Synthetic genes coding forWTBmrANBD (residues G331 –G589) from
Bacillus subtilis and WT LmrA-NBD (residues D330 – Q590) from Lac-
tococcus lactis cloned into pET-11a vector with a N-terminal His6-tag
followed by a TEV cleavage site were obtained from GenScript (Pis-
cataway Township, NJ, USA). Gene coding forWTMsbA-NBD (residues
323 – 582) was amplified from E. coli BL21(DE3) gold (Agilent Tech-
nologies) and cloned into pET-11a vector with a N-terminal His6-tag
followed by a TEV cleavage site via Gibson assembly. Point mutations
R389A, R389E, R389K, R389M, K380A, W413A, W413L, W413F, W413Y,
R414A and R414K, C436S, N459W and S516C for BmrA-NBD, R397 and
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W421 for LmrA NBD and R391A, L415A and L415W for MsbA NBD were
introduced via site directed mutagenesis (see Supplementary Table 6
for primer sequences).

Transformed E. coliBL21 (DE3)Gold cells were growth at 37 °C in 1 L
of Lysogeny Broth (LB) media supplemented with 100μg/mL ampicillin
until an OD600 of 0.6 was reached. Immediately a final concentration of
1mMIPTGwas addedandcellsweregrownat 21 °Covernight. Cellswere
harvested by centrifugation (5000xg, 15min, 4 °C) and the resulting cell
pellet was frozen in liquid nitrogen and stored at − 20 °C until further
use. Purification followedour previously establishedprotocol28, butwith
an additional final concentration of 2.5mM ADP added during lysis for
R389A, R389E, R389K and R389M constructs to prevent protein
aggregation.

Labeling of NBDs for NMR and PET-FCS
Proteins were expressed and purified as described above with some
modifications. 1H, 15N-labeled BmrA NBD WT, K380A, R389K, R389M,
W413F, R414A and R414K, MsbA NBDWT and LmrA NBDWT for NMR
spectroscopywere obtained by growing cells inM9minimalmedium68

supplemented with 15N-NH4Cl as the sole nitrogen source. 2H,13C,
15N-labeled MsbA NBD WT for backbone NMR assignments were
obtained by growing cells in Silantes OD2 E. coli medium (Silantes
GmbH, Munich, Germany). 19F-tryptophane-labeled BmrA NBD WT,
K380A, R389K, R389M and R414K were obtained by growing cells in
defined medium68 supplemented with 50mg/L 5-fluorotryptophane.

To obtain fluorescently modified NBD constructs for PET-FCS, Ni-
NTA-column-bound single cysteine mutants were incubated for 1 h at
room temperature with 10mM TCEP. Afterwards, resin was washed
with 10 column volumes (CV) washing buffer (50mM Tris HCl pH 8,
500mM NaCl) and incubated with 15-fold excess of ATTO oxa11 mal-
eimide (ATTO-TEC) for 2 h at room temperature. To remove excess of
fluorophore, the resin was washed with 10 CV of washing buffer
(50mM Tris HCl pH 8, 500mM NaCl) and labeled protein was eluted
and purified as previously described28.

Cloning, expression and purification of MSP1E3D1
Expression and purification of MSP1E3D1 was performed as pre-
viously described69. In brief, using the p1E3D1 plasmid (Addgene),
MSP1E3D1 was expressed in E. coli BL21 cells. After harvest, bacteria
were suspended in 50mL of 40mM Tris-HCl pH 7.4, 100mM NaCl,
1 % (w/v) Triton X100, 0.5mM EDTA, 1mM PMSF. Two microliters of
Benzonase (24 U/mL, Merck) were added and the bacteria were lysed
with two passages at 18,000 psi through a microfluidizer 100
(Microfluidics IDEX Corp) and then centrifuged during 30min. at
30,000 x g, 4 °C. The supernatant was loaded onto a 0.5-mL Ni2+-NTA
column (GE Healthcare) resin pre- equilibrated with 5 resin-volumes
of 40mM Tris-HCl pH 7.4, 100mM NaCl, 1 % (w/v) Triton X100,
0.5mM EDTA and 1mM PMSF. The resin was then washed with 10
resin- volume with 3 different buffers: wash buffer 1 composed of
40mMTris-HCl pH 8.0, 300mMNaCl and 1% (w/v) TritonX100;wash
buffer 2 composed of 40mM Tris-HCl pH 8.0, 300mM NaCl, 50mM
sodium cholate and 20mM Imidazole; wash buffer 3 composed of
40mM Tris-HCl pH 8.0, 300mM NaCl, 50mM imidazole. MSP1E3D1
was eluted with 15mL of 40mM Tris-HCl pH 8.0, 300mM NaCl and
500mM Imidazole. TEV (2mg/mL, with 1mg TEV for 40mg
MSP1E3D1) was added to remove the His tag during dialysis (using a
12-14 kDa cutoff membrane) against 300mL 40mM Tris-HCl, pH 7.4,
100mM NaCl and 0.5mM EDTA for 3 h and then against 700mL of
the same buffer, overnight at 4 °C. After dialysis, 20mM imidazole
was added and the solution loaded on a 0.5mL Ni2+-NTA column
equilibratedwith 20mMTris-HCl pH 7.4 and 100mMNaCl to remove
uncleaved protein and the His-tagged TEV protease. MSP1E3D1 was
concentrated spinning at 5,000 x g with a 10 kDa cutoff Amicon
Ultra-15. The concentrated samples were frozen in liquid nitrogen
and stored at -80 °C.

Cloning and expression of full-length BmrA constructs
Vector pET23a (+) coding for BmrA full-length WT with a C-terminal
His6 tag was obtained as previously described7. Point mutations for
R389A, R389E, R389K, R389M, W413A, W413L, W413F, W413Y, R414A,
R414K and K380A were introduced via site directed mutagenesis (see
Supplementary Table 6 for primer sequences). Transformed E. coliC41
(DE3) cells were growth at 37 °C in 1 L of 2YTmedia supplementedwith
100μg/mL ampicillin until an OD600 of 0.6 was reached. 19F-
tryptophane-labeled WT, W104F, W164F and W413Y BmrA full-length
were obtained by growing cells in defined medium68 supplemented
with 50mg/L 5-fluorotryptophane. For expression induction, a final
concentration of 700μM IPTG was added and cells were grown at
25 °C for 4 h. Afterwards, cells were harvested by centrifugation
(5000 x g, 15min, 4 °C) and the resulting cell pellet was frozen in liquid
nitrogen and stored at − 20 °C until further use.

Inside – Out Vesicle (IOV) preparation
Formembrane isolation, the frozen cell pellet was resuspended in lysis
buffer (50mM Tris/HCl pH 8, 5mM MgCl2, 1mM DTT) supplemented
with 5μg/mLofDNase I according to available protocols7,70. Todisrupt
the cells, the suspension was passed three times through a micro-
fluidizer (maximator) at 18,000psi. The lysate was centrifuged at
15,000g for 30min at 4 °C to remove cell debris and insoluble pro-
teins. After centrifugation, the supernatant containing themembranes
was ultracentrifuged at 150,000 g for 1.5 h at 4 °C to harvest cell
membranes. The supernatant was discarded and the pellet containing
membranes was resuspended in resuspension buffer (50mM Tris/HCl
pH 8, 1.5mM EDTA). To reduce possible impurities in the membranes,
a second ultracentrifugation step was performed at 150,000 x g for 1 h
at 4 °C. The pellet from the second ultracentrifugation step was
homogenized with a Dounce homogenizer in homogenization buffer
(50mM Tris/HCl pH 8, 1mM EDTA, 300mM sucrose) and aliquots
were frozen in liquid nitrogen and stored at −80 °C until further use.

For further analysis, total membrane proteinwas quantified in the
IOVs using the Colorimetric bicinchoninic Acid (BCA) assay (Thermo
Fisher Scientific, Waltham, USA) where absorption at 562 nm was
measured to determine the protein concentration.

Purification of full-length BmrA constructs
Full-length BmrA wildtype or its mutants were purified by solubilizing
the membrane proteins, and diluting IOVs containing the over-
expressed transporters to 2mg/mL of total membrane protein using
solubilization buffer (50mM Tris/HCl pH 8, 50mM NaCl, 10mM imi-
dazole, 1mM DTT, 10% (v/v) glycerol and 1% (v/v) n-
dodecyl–ß–D–maltopyranoside (DDM))30. The solution was incubated
for 1 h at 4 °C and 200 rpmand then ultracentrifuged at 150,000 xg for
1 h at 4 °C to remove insoluble proteins. The clear supernatant was
incubatedwithNiNTA beads previously equilibratedwith equilibration
buffer (50mM Tris/HCl pH 8, 50mM NaCl, 10% (v/v) glycerol, 10mM
imidazole pH 8, 0.0675% (v/v) DDM and 0.04% (v/v) Na–Cholate) for
1.5 h at 4 °C and 200 rpm. Afterwards, themixture was transferred to a
gravity flow column and washed with 5 CV of washing buffer (Tris/HCl
pH 8, 500mMNaCl and 10% (v/v) glycerol) followed by 20 cv of buffer
wash A (Tris/HCl pH 8, NaCl 50mM, 10% (v/v) glycerol, 25mM imida-
zole, 0.0675% (v/v) DDM and 0.04% (v/v) Na–Cholate). BmrA con-
structs were eluted with 6 CV of elution buffer (50mM Tris/HCl,
50mMNaCl, 10% (v/v) glycerol, 250mM Imidazole pH8, 0.0675% (v/v)
DDM and 0.04% (v/v) Na–Cholate). To reduce the imidazole con-
centration and to perform a buffer exchange, proteins were dialyzed
against Hepes/KOH pH 8, 50mMNaCl, 10% (v/v) glycerol, 0.035% (v/v)
DDM and 0.03% (v/v) Na–Cholate overnight at 4 °C. Dialyzed proteins
were then concentrated and loaded onto a size exclusion column
(Superdex200 Increase 10/300 GL (Cytiva)) previously equilibrated
with SEC buffer (Hepes/KOH pH 8, 50mM NaCl, 10% (v/v) glycerol,
0.035% (v/v) DDM and 0.03% (v/v) Na–Cholate) via an NGC
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chromatography system (Bio–Rad). The fractions containing pure
protein were pooled and sample purity was verified by SDS–PAGE.
Aliquots were frozen in liquid nitrogen and stored at − 80 °C until
further use.

Reconstitution in liposomes
Proteoliposomes were prepared as described in Orelle et al., 200371.
Briefly, a stock of 25mg/mL E. coli lipid extract was prepared in auto-
clavedMilliQ water. 10μL of 10% DDMwere added to 40μL of the lipid
stock in a 2mL reaction tube at room temperature. After 1 h at constant
stirring, 50μg of previously purified transporter in DDM/Na–Cholate
were added and the final volume adjusted to 250μLwith reconstitution
buffer (50mMHepes/KOH pH 8 and 50mMNaCl). After 1 h incubation
at room temperature and constant stirring, three subsequent additions
of 20mg of dried Bio–Beads SM2 were done every hour. Afterwards,
the mixture was centrifugated at 6000xg and supernatant containing
proteoliposomes was kept at 4 °C until further use.

Reconstitution in nanodiscs
Membrane Scaffold Protein (MSP) nanodiscs were prepared following
the protocol by Alvarez et al.69. A stock of 25mg/mL E. coli lipid extract
was prepared in autoclavedMilliQ water. 9.3μL of the lipid stock were
mixed with 15μL of 10% DDM in a 2mL reaction tube at room tem-
perature. After 1 h at constant stirring, 100μgof purified transporter in
DDM/Na–Cholate and 96μg of purifiedMSP1E3D1 were added and the
final volume adjusted to 250μL with reconstitution buffer (50mM
Hepes/KOH pH 8 and 50mM NaCl). After 1 h of incubation at room
temperature and constant stirring, 170mg of dried Bio–Beads SM2
were added and the mixture was incubated for 3 h at room tempera-
ture and constant stirring. To obtain the nanodisc reconstituted ABC
transporter, the mixture was centrifuged at 6000 x g and the super-
natant containing nanodiscs was kept at 4 °C until further use.

Doxorubicin transport assay
Transport of doxorubicin by overexpressed BmrA transporters was
studied in IOVs. The excitation and emission wavelengths were set at
480 and 590 nm, respectively. One hundred μg of IOVs containing
BmrA wildtype or variants were diluted to 1mL with transport buffer
(50mM Hepes/KOH pH 8, 8.5mM NaCl, 4mM phosphoenolpyruvate
(PEP), 2mM MgCl2 and 60μg of pyruvate kinase) in a 10mm quartz
cuvette (Hellma Analytics, Müllheim) and placed in a fluorimeter
(Horiba or Photon Technology International, Inc.). Measurements
were carried out at 25 °C under constant stirring with spectral band-
widths of 2 and 4 nm for excitation and emission, respectively. Fluor-
escencewas recorded for 125 s before 10μMofdoxorubicinwas added
and the fluorescence was recorded for an additional 125 s. After these
250 s, ATP was added to a final concentration of 2mM and the mea-
surement continued for another 350 s.

ATPase activity
The ATPase activity of detergent-purified or reconstituted BmrA con-
structs was determined based on an ATP–regenerating system cou-
pling ATP hydrolysis to NADH oxidation which can be monitored
spectrophotometrically at 340 nm. Using previously published pro-
tocols with slight modifications7,70, NADH oxidation was monitored by
measuring loss of absorbance at 340 nm in an UV–Vis spectro-
photometer (SAFAS SP2000, Monaco) at 37 °C over 15min. For each
measurement, 3μg of BmrA in detergent micelles or 1μg of recon-
stituted transporter in nanodiscs or liposomes were diluted to 700μL
with ATPase buffer (50mM Hepes/KOH pH 8, 10mM MgCl2, 4mM
phosphoenolpyruvate, 32μg/mL lactate dehydrogenase, 60μg/mL
pyruvate kinase and 0.3mMNADH) in a 10mmquartz cuvette (Hellma
Analytics, Müllheim). For the protein in detergent micelles, DDM and
Na–Cholate were added to final concentrations of 0.035% (v/v) and
0.03% (v/v), respectively.

Analytical size-exclusion chromatography (SEC)
20μM of purified ABC transporter constructs, either isolated NBDs in
50mM BisTris pH 7, 50mM NaCl or full-length constructs in 50mM
Hepes/KOH pH 8, 50mM NaCl, 10% glycerol, 0.035% DDM and 0.03%
Na–Cholate were used. Samples were injected on a Superdex200
Increase 10/300 GL (Cytiva) column via an NGC chromatography sys-
tem (Bio–Rad).

Circular dichroism (CD) spectroscopy
CDmeasurementswere conducted on a Jasco J–1500CD spectrometer
(Jasco, Gross–Umstadt, Germany) with 1mm quartz cuvettes. For iso-
lated NBD constructs, 5μMprotein in 5mMTris pH 7 and 2.5mMNaCl
were used. For the whole transporters, 1μM protein was used in
0.5mM Hepes/KOH pH 8, 1.5mM NaCl, 0.035% DDM and 0.03%
Na–Cholate. Spectra were recorded at 25 °C in a spectral range
between 190 and 260 nm with 1 nm scanning intervals, 1.00 nm
bandwidth and 50 nm/min scanning speed. All spectra were obtained
from the automatic averaging of five measurements.

Thermal stability assays
Nano differential scanning fluorimetry using the Prometheus NT.48
instrument (Nanotemper technologies, DE) was used30,72. BmrA sam-
ples at 1mg/mL were incubated for 15min at room temperature in the
absence of ligands or in the presence of 10mMATP, 10mMMgCl2 and
1mM sodium orthovanadate (Vi). 10μL of the sample was used to fill
the capillaries. A temperature gradient of 1 °C/min from 20 to 95 °C
was applied and fluorescence was recorded at 330 and 350 nm. The
ratio of fluorescence intensities at 350/330 nm was used to determine
the melting temperature (Tm).

In addition, the melting temperatures (Tm) of the protein con-
structs were determined with a fluorescence-based assay73. Purified
protein (5−25μg) in 50mM BisTris pH 7, 50mM NaCl were used.
Proteins were measured in the absence of ligands or incubated with
10mM ADP or ATP with and without 10mM MgCl2. 2.5μL of a 50X
SYPRO Orange dye stock was added to each sample directly before
measuring the melting temperature in a 96-well plate. Measurements
were carried out on a QuantumStudio 1 Real–Time PCR System reader
(Thermo Fisher) with a temperature increase of 0.05 /min. The fluor-
escence of SYPRO Orange was measured using for a SYBR
GREEN–calibrated filter with an excitation filter of 470 + /– 15 nm and
an emission of 520 + /– 15 nm.

For ABC transporters WT, K/A and R389X mutants, experiments
were carried out with 10–25μg of purified protein in Hepes/KOH pH 8,
50mM NaCl, 10% (v/v) glycerol, 0.035% (v/v) DDM and 0.03% (v/v)
Na–Cholate. The samples were measured in the absence of ligands or
incubated with 10mM ADP or ATP with 10mM MgCl2. 2μL of a 10X
GloMelt fluorescent dye stock was added to each sample directly
beforemeasurement in a 96-well plate. Themelting temperatureswere
determined with a QuantumStudio 1 Real–Time PCR System reader
(Thermo Fisher) with a temperature increase of 0.05 °C /min. The
fluorescence of GloMelt was measured using the filter calibrated for
SYBRGREENwith an excitation filter of 470 + /– 15 nm and an emission
of 520 + /– 15 nm.

NMR Spectroscopy
For protein backbone assignments of 2H,13C,15N-labeledMsbANBDWT,
sample was concentrated to 450μM in 50mM BisTris pH 7, 50mM
NaCl added with 10mM ADP, 10% v/v D2O and 0.15mM DSS (final
concentrations). TROSY–based 15N-HSQC, HNCA, HNCO, HN(CA)CO,
HN(CO)CA, HNCACB and HNCOCACB experiments were recorded on
a Bruker AVANCE 600MHz spectrometer equipped with cryogenic
triple resonance probe (Bruker GmbH, Karlsruhe, Germany) at 298 K
using standard NMR pulse sequences implemented in the Bruker
Topspin library. Backbone NH assignments were validated usingMsbA
NBD WT labeled with 15N-lysine, arginine, tyrosine, phenylalanine,
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valine, leucine, isoleucine or serine/glycine. Spectra were processed
using Bruker TOPSPIN 4.0.8 and analyzed using CARA65. Backbone
assignments of BmrA28 and LmrA27 have been reported by us
previously.

For chemical shift perturbation assays, samples were con-
centrated to 200 – 400μM before addition of 10mM ADP or ATP and
10% v/v D2O and 0.15mM DSS (final concentrations). TROSY – based
1H, 15N-HSQC NMR spectra of isotope labeled NBDs in 50mM BisTris
pH 7, 50mMNaCl were recorde ord at 298K on a Bruker AVANCE 600
or Bruker Neo 800MHz spectrometer equipped with cryogenic triple
resonance probes (Bruker GmbH, Karlsruhe, Germany) using standard
NMR pulse sequenced implemented in Bruker Topspin library. All
spectra were processed using Bruker TOPSPIN 4.0.8 and analyzed
using CCP NMR v2.5 analysis66.

The average 1H and 15N weighted chemical shift perturbations
(CSP) observed in 1H, 15N HSQC spectra can be calculated according to
Eq. 174:

CSP=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5*½4δ2
H + 0:15*4δN

� �2�
q

ð1Þ

Here, 4δH is the 1H chemical shift difference, 4δN is the 15N che-
mical shift difference, and CSP is the average 1H and 15N weighted
chemical shift difference in ppm.

19F NMR
19F-NMR spectra of 5-fluorotryptophane labeled BmrA NBD and full-
length constructs were recorded at 298K on a Bruker AVANCE III
600MHz spectrometer equipped with a Prodigy TCI or a CP2.1 QCI
cryoprobe (Bruker GmbH, Karlsruhe, Germany) using standard NMR
pulse sequences implemented in Bruker Topspin library. For isolated
NBDs allmeasurementswere carried out in 50mMBisTris pH7, 50mM
NaCl. Samples were concentrated to 100 – 250μM before addition of
10mMADPand 10%v/vD2Oand0.15mMDSS (final concentrations). In
the case of 5-fluorotryptophane labeled BmrA full-length constructs,
all measurements were carried out in Hepes/KOH pH 8, 50mM NaCl,
10% (v/v) glycerol, 0.035% (v/v) DDM and 0.03% (v/v) Na–Cholate.
Sampleswere concentrated to 100 – 300μMbefore addition of 10mM
ADP, 10mMATPor 15mMreserpine and 10% v/vD2O and0.15mMDSS
(final concentrations). All spectra were processed using Bruker TOP-
SPIN 4.0.8 and deconvoluted using pure Lorenztian-line-shape fitting.

PET-FCS experiments
Photoinduced electron transfer fluorescence correlation spectroscopy
(PET-FCS) was performed using a custom-built confocal fluorescence
microscope setup described elsewhere75. Fluorescently modified NBD
constructs were diluted to 1 nM final concentration in 50mM phos-
phate buffer pH 7.0 with the solution ionic strength adjusted to
200mM using potassium chloride. 0.3mg/ml Protease-free bovine
serumalbumin and0.05%Tween-20were applied as solution additives
to suppress sample/glass-surface interactions. The buffer was filtered
through a0.2μmsyringe filter. To study the effect of nucleotides, 1 nM
protein samples were incubated with 10mMADP or ATP directly prior
to measurement and then transferred onto a microscope slide and
covered by a cover slip. The sample temperaturewas adjusted to 25 °C
using a custom-built objective heater. The totalmeasurement timewas
15min for each sample.

PET-FCS data analysis
Autocorrelation functions were analyzed by fitting a model for a two-
dimensional diffusion of a globule containing a sum of n single-
exponential relaxations39,76:

G τð Þ= 1
N

1 +
τ
τD

� ��1

1 +
X

n

an exp � τ
τn

� �

 !

ð2Þ

t is the lag time, N is the average number of molecules in the detection
volume, τD is the experimental diffusion time constant, an and τν are
the observed amplitude and time constant of the nth relaxation. The
application of amodel for diffusion in two dimensionswas of sufficient
accuracy because the two horizontal dimensions (x, y) of the detection
focus were much smaller than the lateral dimension (z) in the
applied setup.

HDX-MS
Hydrogen deuterium exchange coupled to mass spectrometry (HDX-
MS) experiments were performed using a Synapt G2-Si mass spec-
trometer coupled to a NanoAcquity UPLC M-Class System with HDX
Technology (Waters™). All the reactions were carried out manually,
as previously described29. Deuteration labeling was initiated by
diluting 5μL of 20μM BmrA W413F or 5 μL of 15μM BmrA WT
reconstituted in nanodiscs in 95μL D2O labeling buffer (5mM Hepes
pD 8.0, 50mM NaCl). For ADP/Vi trapping, the labeling buffer addi-
tionally contained 10mM ATP, 10mM MgCl2, 1 mM Vi. For the
doxorubicin-bound condition, the labeling buffer additionally con-
tained 100μM doxorubicin. Prior to labeling, the samples were
incubated with the respective ligands for 15min at 20 °C. Samples
were labeled for 2, 5, 15 and 30min at 20 °C. Subsequently, the
reactions were quenched by adding 22μL of ice-cold quenching
buffer (0.5M glycine, 8M guanidine-HCl pH 2.2, 0.035% DDM and
0.03% sodium cholate) to 100 μL of labeled sample, in ice bath. After
1min, the 122μL quenched sample was added into a microtube
containing 200μg of activated zirconium magnetic beads (MagRe-
Syn Zr-IMAC from Resyn Biosciences, USA) to remove the
phospholipids77. After 1min, magnetic beads were removed, and the
supernatant was injected immediately into a 100 μL loop. Labeled
proteins were then subjected to on-line digestion at 15 °C using a
pepsin column (Waters Enzymate™ BEH Pepsin Column 300Å, 5μm,
2.1 x 30mm). The resulting peptides were trapped and desalted for
3min on a C4 pre-column (Waters ACQUITY UPLC Protein BEH C4
VanGuard pre-column 300Å, 1.7 μm, 2.1 x 5mm, 10 K - 500 K) before
separating them with a C4 column (Waters ACQUITY UPLC Protein
BEH C4 Column 300Å, 1.7 μm, 1 x 100mm) using 0.2% formic acid
and a 5−40 % linear acetonitrile gradient in 15min and then 4 alter-
native cycles of 5% and 95% until 25min. The valve position was
adjusted to divert the sample after 14min of each run from C4 col-
umn to waste, to avoid a contamination of the mass spectrometer
with detergent. At least two full kinetics from the same protein
sample were measured subsequently. Blanks (equilibration buffer:
5mM Hepes pH 8.0, 50mM NaCl) were injected after each sample
injection and pepsin column washed during each run with pepsin
wash (1.5M guanidine-HCl, 4% acetonitrile, 0.8% formic acid pH 2.5)
tominimize the carryover. Electrospray ionizationmass spectra were
acquired in positive mode in the m/z range of 50 − 2000 and with a
scan time of 0.3 s. For the identification of non-deuterated peptides,
data was collected in MSE mode and the resulting peptides were
identified using PLGS™ software (ProteinLynx Global SERVER 3.0.2
from Waters™). Peptides were then filtered in DynamX 3.0 software
(Waters™), with the following parameters: minimum intensity of
1000, minimum products per amino acid of 0.3 and file threshold of
2 out of 8−11. After manual curation, Deuteros 2.0 software was used
for data analysis, visualization and statistical treatments for differ-
ential HDX-MS. The significance of identified changes of deuteration
was evaluated using Peptide-level significance statistical tests67 with a
p-value threshold of 0.05. Unsignificant peptides were thenmanually
removed in DynamX 3.0 software (Waters™). Data were finally inte-
grated in PDB files using HDX-viewer tool78 for 3D visualization.
Figures were prepared using the PyMOL Molecular Graphics System
(Version 3.0 Schrödinger, LLC79). The mass spectrometry data have
been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD027447 for BmrA
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WT in the apo and ADP*Vi states and PXD058013 for the W413F
mutant in the respective states as well as WT and mutant bound to
doxorubicin.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The NMR data generated in this study have been deposited in the
BioMagResBank (www.bmrb.io) databaseunder accession code 52626.
The HDX-MS data generated in this study have been deposited to the
ProteomeXchange Consortium via the PRIDE80 partner repository with
the dataset identifier PXD058013 and PXD027447. The functional data
generated in this study are provided in the Supplementary Information
and Source Data file. The NMR data used in this study are available in
the BioMagResBank (www.bmrb.io) database under accession code
51156 and 17660. The cryo-EM data used in this study are available in
the Protein Data Bank (https://www.rcsb.org/) under accession codes
2R6G, 4DBL, 4HUQ, 5LJ7, 5X5Y, 6R81, 7CH7, 7OW8, 8G4D and 8U2C.
Source Data are provided as a Source Data file. Source data are pro-
vided with this paper.
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