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ABSTRACT: The detailed mechanism of ATP hydrolysis in ATP-
binding cassette (ABC) transporters is still not fully understood.
Here, we employed *'P solid-state NMR to probe the conformational
changes and dynamics during the catalytic cycle by locking the
multidrug ABC transporter BmrA in prehydrolytic, transition, and
posthydrolytic states, using a combination of mutants and ATP
analogues. The *'P spectra reveal that ATP binds strongly in the
prehydrolytic state to both ATP-binding sites as inferred from the
analysis of the nonhydrolytic E504A mutant. In the transition state of
wild-type BmrA, the symmetry of the dimer is broken and only a
single site is tightly bound to ADP:Mg*":vanadate, while the second
site is more ‘open’ allowing exchange with the nucleotides in the
solvent. In the posthydrolytic state, weak binding, as characterized by
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chemical exchange with free ADP and by asymmetric *'P—*'P two-dimensional (2D) correlation spectra, is observed for both sites.
Revisiting the '*C spectra in light of these findings confirms the conformational nonequivalence of the two nucleotide-binding sites
in the transition state. Our results show that following ATP binding, the symmetry of the ATP-binding sites of BmrA is lost in the

ATP-hydrolysis step, but is then recovered in the posthydrolytic ADP-bound state.

Bl INTRODUCTION

ATP-binding cassette (ABC) transporters are membrane
proteins that translocate various molecules across cellular
membranes using ATP as an energy source.” They are
widespread and can be found in the three kingdoms of life
with a remarkable conservation of their ATP-binding motifs.”
Their primary function is to mediate the uptake of nutrients in
the cells, such as sugars and vitamins, as well as the efflux of a
large variety of compounds, and to perform some mechano-
transmission tasks.” Some exporters play a major role in
detoxification by expelling xenobiotic compounds out of the
cell,*™® thereby leading to multidrug resistance phenotypes
notably in human anticancer therapies”” or in pathogenic
microorganisms.

ABC transporters contain two nucleotide-binding domains
(NBDs) that are able to bind and hydrolyze ATP to harness
the chemical energy required for the transport. ATP interacts
with several well-conserved motifs and/or residues of the
NBDs. During the catalytic cycle, the NBDs engage in a
transient tight interaction where two ATP molecules are
sandwiched between different motifs, notably the so-called
Walker A and B motifs from one NBD and the ABC signature
motif from the other NBD.® While the NBDs are highly
conserved, the transmembrane domains (TMDs) of ABC
transporters are notably divergent in primary sequences and
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structures. These large differences, and the fact that some ABC
transporters contain only one highly active NBD, suggest that a
unified model of the ATP-hydrolysis cycle is difficult to
establish and a single model might not explain the function of
all ABC transporters.” How exactly ATP binding and
hydrolysis occur is not fully understood, and two main models
were developed: the ATP switch model'® (or the related
processive clamp model'') and the constant contact model'”
(see Figure 1 for a schematic representation).

In the ATP switch model (Figure 1A), there is a complete
separation of the NBDs in the resting state (Figure 1A state 1,
the protein adopts the inward-facing state, yellow background)
until the binding of two ATP molecules (step 2—3) promotes
the dimerization of the NBDs (to generate the outward-facing
state, blue background, Figure 1A, state 3).13 Subsequently, the
sequential ATP hydrolysis (steps 3—4 and 4—5) induces the
dissociation of the NBDs (step 5—6)."* This model was mostly
derived from static structures of ABC transporters in different
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Figure 1. Schematic representation of the (A) ATP switch model or processive clamp model (sequential ATP hydrolysis)** and the (B) constant
contact model or alternating site model.”*” In the blue background, the conformation of the transporter is presumably in an outward-facing
conformation, and in the yellow background, it is in a putative inward-facing conformation.

states.'”"> Its main feature is that drug efflux is directly
coupled to the NBD dimerization upon ATP binding, i.e., the
transition to the outward-facing state, while ATP hydrolysis
will be used to reset the transporter for the next cycle.

In contrast, the constant contact model assumes that each
catalytic site contains two different nucleotides (ADP poorly
bound and ATP strongly bound) and, as a result, the NBDs
would always be in asymmetric states: one site is closed, while
the other one is open (Figure 1B). The NBDs always remain in
contact throughout the cycle, with opening and closing of the
sites occurring via intrasubunit conformational changes
between the RecA-like and a-helical subdomains within each
NBD monomer. As depicted in Figure 1B, initially two
nucleotides are bound to the transporter, an ATP and an ADP.
The latter is released, while the ABC transporter adopts the
inward-facing conformation (step 1—2, yellow background,
Figure 1B). The ABC transporter switches into the outward-
facing conformation (blue background, Figure 1B) and the
remaining ATP molecule is hydrolyzed into ADP and Pi (step
1-2). ATP binding to the empty site promotes the opening of
the other site, switching the transporter into the inward-facing
state inducing the release of the Pi and subsequently the ADP
molecule (steps 2—3, 3—4, and 4—S5). The release of the ADP
leads to an empty site and an ATP-bound site, which is
hydrolyzed, and then the cycle continues with the opposite
ATP-binding site (steps 4—5 and 5—6). This model was
developed to take into account the asymmetric occupancy of
the nucleotide-binding sites observed in structural'® or
biochemical studies."” Indeed, occlusion of one site during
the transition state (in the presence of vanadate) has been
observed for several ABC transporters (P-glycoprotein,'®
LmrA,"” or the maltose transporter™’). This NBD asymmetry

in the functioning mechanism also led to alternative models
where ATP hydrolysis could be directly coupled to drug
efflux.”'

Isolated NBDs of ABC transporters”* have been studied by
solution-state nuclear magnetic resonance (NMR). However,
solution-state NMR experiments remain a challenge because of
the large size of many ABC transporters preventing thus far the
spectral attribution of all chemical shifts. By reconstituting
ABC transporters in a lipid membrane, solid-state NMR
experiments (which do not suffer from size limitations) have
been successfully performed on some ABC transporters,”
including BmrA.”**’ Here, we investigated the different states
in the ATP-hydrolysis cycle of BmrA, an ABC transporter from
Bacillus subtilis involved in antibiotic resistance.”® In particular,
we analyzed, at a molecular level, the nucleotide-binding
modes via *'P solid-state NMR of the protein reconstituted in
lipids. We also assessed the different nucleotide-bound states
by nano-differential-scanning fluorimetry. Our results revealed
an asymmetric binding of the two nucleotides in the transition
state of ATP hydrolysis, as mimicked by ADP in the presence
of vanadate. In contrast, the pre- and posthydrolytic states are
symmetric. Our data thus point to a model in which the two
NBDs behave in a symmetric mode during the pre- and
posthydrolytic steps, while this symmetry is transiently lost
during the transition step. Taken together, our results indicate
a functioning mechanism of BmrA in agreement with the ATP
switch (or processive clamp) model for the pre- and
posthydrolytic states, while the transition state resembles
more the assumptions of the constant contact model (or the
alternating site model). We thus herein propose a new ATP-
hydrolysis model for BmrA.
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Figure 2. Different ADP species detected in BmrA:ADP. (A) *'P cross-polarization spectrum (blue) and direct-pulsed spectrum (black) of
BmrA:ADP, showing bound and free ADP species, respectively. The one-dimensional (1D) CP spectrum of BmrA:ADP was taken from Lacabanne
et al.>>-Copyright 2020 Lacabanne http://creativecommons.org/licenses/by/4.0/. (B) ¥*P—3'P 150 ms DARR correlation spectrum of BmrA:ADP.
(C) Schematic representation of the experimental spectrum shown in panel (B).

B MATERIALS AND METHODS

Production, Purification, and Reconstitution of BmrA.
Production. The minimal M9-medium used for the bacteria culture
was composed of 38 mM anhydrous Na,HPO,, 8.6 mM NaC],
22 mM anhydrous KH,PO,, 2 mM MgSO,, 100 uM CaCl,, 50 ug:
mL™" ampicilline (Sigma-Aldrich A9518), 2 g-L™" p-[U-"*Cglucose
(99%) (Cambridge Isotope Laboratories, Inc. CLM-1396-PK), 2 g
L' "NH,Cl (98%) (Sigma-Aldrich 299251), and trace element
solution composed of 0.17 mM EDTA, 0.027 mM CuSO,, 0.095 mM
MnCl,, 0.003 mM H;BOj;, 0.024 mM ZnSO,, 0.216 mM FeSO,, and
0.011 mM ascorbic acid with vitamin cocktail (Sigma-Aldrich B6891).

Selective unlabeling”” ~>* was used for the expression of the protein.
Natural abundance amino acids added 1 h prior to the induction are
0.25 g'L™" Ile, 0.25 gL' Leu, 0.25 gL' Val, 0.40 gL ™" Lys, 0.10 g-
L™! Pro, and 0.40 g-L™" His.

For the production of the proteins BmrA and BmrA-ES04A,
bacteria carrying the pET23b(+)-bmrA or pET23b(+)-bmrA-ES04A
vector were used. The proteins were expressed using E. coli strain
C41(DE3), which display a high expression level.’® A clone was
inoculated into 3 mL of LB medium and incubated for 4 h at 37 °C
and 200 rpm (preculture 1). Then, SO mL of minimal M9-medium
(preculture 2) in a baffled flask (150 mL) was inoculated with 3 mL
of the preculture 1 and incubated at 37 °C and 200 rpm until an
ODgyg nm Of 1.5. A third preculture (preculture 3) of 150 mL minimal
M9-medium in baffled flasks (500 mL) was inoculated with the
preculture 2 to an initial ODgyg ,y, of 0.2 and incubated overnight at
25 °C and 130 rpm. Finally, four 2L baffled flasks containing 425 mL
of minimal M9-medium were inoculated with 75 mL of the preculture
3 and incubated at 25 °C and 130 rpm. The expression of BmrA was
induced with 0.7 mM IPTG when the ODy ,,, reached 0.6—0.7. The
cultures were incubated until the stationary phase was reached. The
bacteria were harvested by centrifugation at 6000g during 20 min at
4 °C. Bacterial lysis was performed using a high-pressure homogenizer
Microfluidizer and was followed by 15 000g (4 °C for 1S min) and
200 000g (4 °C for 1 h) centrifugation steps to harvest the membrane
containing the overexpressed BmrA.

Purification. The bacterial membranes were diluted at 2 mg.mL™"
with a solubilization buffer (50 mM Tris-HCI pH 8, 100 mM NaCl,
1% n-dodecyl-f-p-maltopyranoside (DDM), 1 mM DTT, 15%
glycerol) and incubated for 1 h at 4 °C under rotation. The
solubilized protein was incubated in a batch with Ni**-nitrilotriacetic
acid- (Ni-NTA) agarose resin column (Qiagen) equilibrated with S
column volumes (CV) of equilibrating buffer (EB) (S0 mM Tris-HC],
pH 8, 100 mM NaCl, 15% glycerol, 0.2% DDM, and 10 mM
imidazole). The column was successively washed with 2 CV of EB, 2
CV of EB with 0.5 M NaCl, 2 CV of EB with 10 mM imidazole, 2 CV

of EB with 30 mM imidazole, and 2 CV of EB with 40 mM imidazole.
The protein was eluted with EB containing 300 mM imidazole.

The imidazole was removed using a desalting PD10 column, and
the buffer of the eluted protein was exchanged with 50 mM Tris-HC],
pH 8, 100 mM NaCl, 10% glycerol, and 0.2% DDM.

Reconstitution of BmrA. The protein was diluted to 0.2 mg-mL™"
with 50 mM Tris-HCI, pH 8.0, 100 mM NaCl, and 10% glycerol and
mixed with a homemade preparation of B. subtilis lipids (with a lipid-
to-protein ratio (M/M) of 0.5) solubilized in Triton X-100 with a
molar ratio of 10:1 and incubated for 1 h. The DDM and Triton X-
100 were eliminated by dialysis with Bio-beads (BioRad) in the
dialysis solution during 9 days,”" and each dialysis bag containing
40 mL of protein solution was incubated in 5 L beakers containing
buffer (50 mM Tris-HC], pH 8.0, 100 mM NaCl, 10% glycerol).

For the preparation of the BmrA:ADP:Mg:Vi complexes, the
protein (0.2 mg:-mL™"), after 9 days of dialysis, was incubated with 1
mM Na;VO, during S min, then 10 mM ATP and 10 mM Mg*
(corresponding to a 3300:1 nucleotide/protein ratio (mol/mol) and
displaying >90% saturation based on a measured Ky value in
proteoliposomes”®) were added and the incubation was pursued for
1 h at room temperature. The homogeneity of the vanadate sample
was previously verified by a proteolysis resistance test.”> The gel
quantification was performed using software ImageJ.**

For the BmrA-ES04A:ATP:Mg and BmrA:ADP:Mg complexes, the
proteins (0.2 mg-mL™") were incubated with 10 mM ATP and 10
mM Mg** during 1 h at room temperature. All nucleotides were used
in the presence of Mg** in a 1:1 (mol/mol) ratio.

The protein in lipids was sedimented into the MAS—NMR rotor by
120 000g centrifugation (30 min at 4 °C) using home-build tools.

NanoDSF Experiments. Proteoliposomes of BmrA WT or ES04A
were analyzed by nano-differential-scanning fluorimetry (nanoDSF).
Thermal denaturation assays were performed using the Prometheus
NT.48 instrument and analyzed using PR.thermocontrol V2.0.4.
software (Nanotemper technologies, DE). BmrA WT or ES04A
reconstituted into proteoliposomes were used at 0.2 mg/mL, as
described®** and supplemented with 10 mM ATP and/or 10 mM
ADP, 10 mM MgCl,, and 1 mM Vi, when specified. Samples were
incubated for 15 min at room temperature after the addition of
ligands before analysis. The capillaries were then filled with 10 uL of
the sample mixture and placed on the sample holder. A temperature
gradient of 1 °C/min from 25 to 95 °C was applied, and the intrinsic
protein fluorescence at 330 and 350 nm was recorded. The ratio of
fluorescence intensity at 350/330 nm was used to determine the
melting temperatures.

Solid-State NMR Experiments. *C solid-state NMR spectra were
acquired at 20.0 T static magnetic field strength using a 3.2 mm
Bruker Biospin “E-free” triple-resonance probe.*® 3P solid-state NMR
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Figure 3. ADP:Vi is tightly bound to BmrA. (A) *'P cross-polarization spectrum (green) and direct-pulsed spectrum (black) of BmrA:ADP:Vi. The
1D CP spectrum of BmrA:ADP:Vi was taken from Lacabanne et al.32—Copyright 2020 Lacabanne http://creativecommons.org/licenses/by/4.0/.
(B) 3'P—*'P 150 ms DARR correlation spectrum of BmrA:ADP:Vi. (C) Schematic representation of the experimental spectrum shown in panel

(B).

spectra were acquired at 11.7 T static magnetic field strength using a
Bruker 3.2 mm triple-resonance MAS probe. All *C and *'P
experiments were recorded at a spinning frequency of 17.0 kHz. The
two-dimensional (2D) spectra were processed with software TOP-
SPIN (version 3.5, Bruker Biospin) with a shifted (SSB = 2.0 and 3.0
for 3P and "*C 2D spectra, respectively) sine-squared apodization
function. Automated baseline correction to order five in the indirect
and direct dimensions was applied. The sample temperature was set
to 278 K as determined by the water proton chemical-shift value.*® All
spectra were analyzed with software CcpNmr®” and referenced to 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS).*° 3P CPMAS and
3Ip_31p DARR spectra®® were collected for all complexes. *C—13C
DAR1217spectra shown in the Discussion section are from our previous
work.

B RESULTS

ADP Binds Weakly to BmrA as Revealed by the
Observation of Chemical Exchange in the NMR Spectra.
We have performed *'P solid-state NMR experiments to probe
the binding of ADP to BmrA. The *'P nucleotide signals
benefit from the high sensitivity of the *'P chemical-shift values
to small changes in the chemical environment and con-
formation.” Figure 2A shows the corresponding spectra of
BmrA incubated with ADP (ADP/Mg**). While the cross-
polarization (CP) spectrum shows two different kinds of
immobilized and therefore bound nucleotides (referred to as
ADP1, green, and ADP2, pink), the direct-pulsed spectrum
recorded with a short repetition time shows the unbound
nucleotides present in the supernatant of the NMR rotor’’
(referred to as ADP3, purple). ADP2 and ADP3 show very
similar chemical shifts, which indicates that the ADP2
molecule is most likely barely impacted by binding to the
protein, and thus presumably represents a species loosely
bound to the NBD. The shifts of bound ADPI1 differ
significantly from those of ADP2 and ADP3, and the ADP1
resonances are much more intense than the ones of ADP2,
which are also visible in the CP spectra, supporting their
assignments to the same species.

To establish connectivities between *'P spins within the
bound ADP molecules, we recorded a 3'P—3!P 2D exchange
spectrum. In general, the polarization-transfer process in such a
spectrum can be either due to chemical exchange, spin
diffusion, or cross-relaxation (nuclear Overhauser effect,

NOE). During the 150 ms mixing time, continuous-wave
irradiation of the protons was applied to facilitate dipolar-
assisted rotational resonance (DARR)38 to accelerate spin
diffusion. The proton irradiation does not significantly
influence the exchange and NOE mechanisms. The spectrum
is shown in Figure 2B. The ADP1 PJ resonance shows an
intense cross-peak with the PJ resonance of ADP2/3 (the
same observation is made for the P« resonance), Figure 2B,C.
Interestingly, the spectrum is highly asymmetric, e.g., no back-
transfer from ADP2/3 to ADPI1 is observed, and the off-
diagonal peak is five times more intense than the diagonal
peaks. This clearly points to an exchange process with a
nonequilibrium initial magnetization at the beginning of the
mixing period. The initial CP step only selects immobilized
nucleotides (ADP1/2), while ADP3 in solution cannot be
cross-polarized and has no initial polarization at the start of the
mixing time. The intense asymmetric Pf—Pf and Pa—Pa
correlation peaks (purple circles in Figure 2C) indicate
chemical exchange with a species, which is not excited by
the initial CP step, i.e., the free ADP3. We note that there is no
intramolecular polarization transfer between ADP1 Pa and Pp,
indicating that the exchange is faster than the intramolecular
spin diffusion processes (Figure 2B,C). A second, much weaker
pair of crosscorrelation peaks is, however, observed between
ADP1 PS—ADP2/3 Pa and ADP1 Pa—ADP2/3 Pp, Figure
2B,C. This step can obviously not be chemical exchange since
it connects Par and PS of two different ADP molecules. Again,
for the back-transfer, no off-diagonal peak is observed. The
cross-peak is thus caused by a two-step process of chemical
exchange and Pa—Pf ADP2 spin diffusion or by transferred
Pa—Pf NOE"™ between the Pa—Pp of ADP3. The latter
would require ADP3 to be transiently bound to the protein, a
state that indeed may be identical to ADP2. Altogether, the *'P
spectrum highlights the transient binding of ADP to BmrA,
which is exchanging with unbound ADP.

ADP:Vi Is Tightly Bound to BmrA in One of the Two
Binding Sites. We next incubated BmrA with ATP (ATP/
Mg**) and vanadate (Vi) to trap the transporter in the
transition state of ATP hydrolysis.”> We have previously
described that during this incubation step, ATP hydrolysis
occurs and the protein switches its conformation from the
inward- to the outward-facing state.”” Figure 3A displays the
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Figure 4. Hydrolytic-deficient ES04A mutant binds ATP in the two NBDs. (A) *'P cross-polarization spectrum (pale purple) and direct-pulsed
spectrum (black) of BmrA-E504A:ATP. The 1D CP spectrum of BmrA-ES04A:ATP was taken from Lacabanne et al.*’>—Copyright 2020
Lacabanne http://creativecommons.org/licenses/by/4.0/. (B) *'P—'P 150 ms DARR correlation spectrum of BmrA-ES04A:ATP revealing no
chemical exchange of bound ATP (pale purple). A small fraction of hydrolyzed ADP can be observed (ADP2, pink). (C) Schematic representation

of the experimental spectrum shown in panel (B).
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Figure S. Thermostability of BmrA probed by nanoDSF measurements. Unfolding curves (top panel) and derivatives of the unfolding curves with
the apparent melting temperatures (bottom panel) of (A) BmrA and (B) BmrA-ES04A in the apo state (red lines) or in the presence of ADP (blue

lines), ADP:Vi (green line, panel A), or ATP (green line, panel B).

CP- and direct-pulsed *'P spectra upon incubation of BmrA
with ATP:Vi. An additional resonance is observed in the CP
spectrum compared to the previously described spectrum of
BmrA:ADP. We attribute this signal to ADP:Vi; indeed, 3p
chemical-shift changes observed upon Vi binding are reported
to be quite small.”' This assignment is confirmed by the
3'P—3'P DARR/exchange spectrum in Figure 3B, where a
symmetric cross-peak is observed for this species, consistent
with DARR polarization transfer between the *'P spins within
the same ADP:Vi molecule, as expected for tightly bound
ADP:Vi. This is further corroborated by gently washing the
sample with a buffer solution since the remaining resonances
visible in the *'P spectrum are the ones assigned to strongly
bound ADP:Vi (Figures SIA and 1B). Interestingly, the

spectrum still displays the asymmetric peak pattern attributed
to chemical exchange between ADP1 and ADP2/3, similar to
that of BmrA:ADP, except that some peaks remain invisible
(e.g., the Pa—Pf correlations), most likely due to a lower
signal-to-noise ratio. Altogether, the *'P spectra support the
assumption that the binding of ADP:Vi takes place in one
NBD, while the second NBD is occupied by weakly bound
ADP showing the same chemical-exchange features as
described above for BmrA:ADP (Figure 2) and as summarized
in Figure 3C.

Prehydrolytic State Trapped in the Catalytic Mutant
E504A. ATP hydrolysis is strongly impaired in the BmrA
mutant ES04A, in which the catalytic glutamate adjacent to the
Walker B motif is mutated.””**** Consistent with its
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Figure 6. Nucleotide-binding models as deduced from the NMR data and assuming that ADP is in three different states. (A) Symmetric ATP
binding as revealed by the ES04A mutant in the presence of ATP, (B) asymmetric ADP binding as observed for the ADP:Vi-bound state (transition
state) of the wild-type transporter, and (C) symmetric ADP binding observed for BmrA:ADP (posthydrolytic state).

biochemical characterization and its recently solved ATP-
bound 3D structure,”***** the 3'P CP spectrum indicates that
ATP is bound to the mutant (Figure 4A). In contrast to the
ADP:Vi-bound state described above, no asymmetry is
observed in the 2D 3*'P—*'P 150 ms DARR/exchange
correlation spectrum (Figure 4B) in which the expected
connectivity pattern for the triphosphate based on spin
diffusion is observed. A *'P—*'P 150 ms DARR spectrum
was recorded during 2.5 days, and some weak signal of loosely
bound ADP can be observed (pink) in the spectrum,
suggesting that very slow hydrolysis could still occur in this
mutant (Figure 4B). The analysis of the spectrum is
summarized in Figure 4C.

Prehydrolytic State is More Stable than the Tran-
sition State. The thermostability of BmrA in the presence of
nucleotides was probed by nano-differential-scanning fluorim-
etry (nanoDSF). BmrA and BmrA-ESO04A display typical
protein melting curves of folded proteins with very similar
apparent melting temperatures of ~45 °C (Figure SA) and
44 °C (Figure SB), respectively. In the presence of ADP
(ADP/Mg*"), significant shifts of +5 °C (WT, Figure SA) and
+3 °C (BmrA-ES04A, Figure SB) in the apparent melting
temperatures were observed. However, the presence of ATP
(ATP/Mg*") and vanadate leads to an enhanced temperature
stability with a large shift of the melting temperature of WT
BmrA by +18 °C (Figure SA). Surprisingly, in the presence of
ATP, the melting temperature of BmrA-ES04A increases by 26
°C (Figure SB) and is thus 8 °C higher than with vanadate,
reflecting apparently an even higher stability. In contrast to
some other ABC transporters, addition of ADP:Vi instead of
ATP:Vi does not induce the conformational changes uniformly
(Figure S7), and therefore the addition of ATP in the presence
of Mg*" is required to reach the fully tragoped ADP:Vi-bound
state with a high degree of homogeneity.””**

B DISCUSSION

Our spectroscopic observations yielded new mechanistic
insights into ATP hydrolysis by BmrA. First, in the presence
of ATP, the spectrum shows a homogeneous ATP-bound
protein population. This observation leads to the conclusion
that ATP is tightly bound to both NBDs (Figure 6A). This
finding is supported by the recently published X-ray and cryo-
EM structures of BmrA-E504A:ATP/Mg, where the two ATP-
binding sites of the mutant are occupied by ATP:Mg?*.** In
the case of BmrA:ADP, chemical exchange is observed in the

*!P exchange spectra. The nonequilibrium magnetization at the
beginning of the mixing time is responsible for the asymmetric
31p—3'P 2D spectra. ADP in three different chemical states is
involved in the exchange, namely, (i) bound ADP that is
sufficiently immobilized in the ATP-binding site so that CP is
efficient and can be detected in *'P CP experiments; (ii)
loosely bound ADP (e.g., possibly ADP is retained only by the
Walker A motif but other motifs are not fully engaged in the
stabilization of the nucleotide) that gives only a weak *'P CP
signal; and (iii) free ADP in solution, which is not detected in
3P CP (Figure 6C). These states could be connected either by
two subsequent two-site exchange processes or by a three-site
exchange. Numerical simulations of a three-site chemical-
exchange map (Figure S2) based on the McConnell
equations™ are reported in the Supporting Materials section.
Asymmetric three-site exchange spectra were for instance also
recently reported in T,—T, exchange experiments.46 Based on
a recent study using the small-angle neutron scattering (SANS)
technique, the BmrA ADP-bound state of BmrA seems to
adopt exclusively an inward-facing conformation with the two
NBDs fully separated.*?

While in the BmrA:ADP:Vi-bound state we still observe the
exchange phenomenon as in the ADP-bound state, it differs
from the latter since the ADP:Vi is tightly trapped in the
homodimer, indicating a mixed conformation with one NBD
tightly binding the ADP:Vi and one NBD sufficiently open to
allow nucleotide exchange (Figure 6B). This observation was
confirmed by the removal of the ADP in excess with a gentle
washing step, after which only ADP:Vi tightly bound to the
protein remains detectable on the *'P 1D spectra (Figure S1).

Moreover, the thermostability of BmrA probed by nanoDSF
highlights differences between the outward-facing state
obtained using vanadate (with BmrA WT) and using ATP
(with the catalytic-inactive mutant ES04A). The small shift in
the melting temperature by a few degrees (S °C, BmrA, Figures
SA, and 3 °C, BmrA-ES04A, Figure SB) confirmed that ADP
binds to the ATP-binding site of both proteins, but that it does
not induce a drastic conformational change. Indeed, this range
of temperature shift is typical for a substrate- or analogue-
binding event, which mildly increases the melting temper-
ature,”’ and a similar result was recently reported for BmrA in
detergent.*”’ In the presence of vanadate, the conformation of
the protein changes to the outward-facing state leading to a
more thermostable conformation, strongly increasing the
melting temperature by 18 °C. This temperature shift is
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Figure 7. BmrA conformation probed by '*C-detected 2D DARR experiments. Alanine region spectral fingerprint of (A) ADP-bound state of the
WT protein overlaid with the apo state, (B) transition state of the WT:ADP:Vi overlaid with the ADP-bound state, and (C) prehydrolytic state
using the ESO4A mutant overlaid with the WT:ADP:Vi. (D) Zooms of peak splitting from WT:ADP:Vi compared with WT:ADP and ES04A:ATP.
Examples of peak splitting from other regions of the spectrum are presented in Figure S4. BmrA, BmrA:ADP:Vi, and BmrA-ES04A:ATP spectra
were adapted from data previously recorded (Lacabanne et al.”’—Copyright 2019 Lacabanne http://creativecommons.org/licenses/by/4.0/). The
colored dots indicate peak maxima in the BmrA:ADP (light blue) and BmrA-ES04A:ATP spectra (gray). Resonance assignments were transferred
from solution-state NMR assignments obtained on the isolated NBD.* (E) View of the NBDs of BmrA-ESO4A:ATP in the full-length structure
(pdb 70W8); the different motifs are highlighted in different colors: the X-loop (470-TEVGERG-476) in green, the Walker A motif (374-
GPSGGKT-381) in magenta, the Walker B motif (496-ILMLDE-504) in dark yellow, the ABC signature (477-LSGGQ-483) in blue, and the H-
loop (532-AHR-536) in cyan. Alanine residues resolved in the 2D NMR spectra are shown as colored spheres according to the chemical-shift
perturbations determined between BmrA-apo and BmrA-ES04A:ATP: red CSP > 0.6 ppm (or appearing peaks: AS04, AS0S, AS82), orange CSP >
0.2 ppm, and dark green CSP < 0.2 ppm. Resonances displaying peak doubling are indicated by a red star.
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characteristic of large conformational changes or binding of a
very strong inhibitor.””** Interestingly, with BmrA-ES04A, the
presence of ATP increases the apparent melting temperature
by 26 °C. On the other hand, since a single ATP site is
occupied by ADP:Mg:Vi while the second site has only a
bound ADP, this heterogeneity might be reflected by the lower
T, as compared to the ATP-bound state of the ES04A mutant.

While *'P spectra confirmed by nanoDSF experiments
revealed the nature of the bound nucleotide, '*C spectroscopy
allows analyzing the conformation of the protein itself. In light
of the identification of two different ATP-binding modes in the
transition-state mimic, described in the Results section,
revealed by *'P-detected NMR spectroscopy and nanoDSF,
we revisited the '*C-detected spectra described previously.”’
This new analysis was also enabled by the recent publication of
the near-complete backbone assignment of the NBD of BmrA
in the presence of ADP as obtained by solution-state NMR.*
Indeed, Hellmich and co-workers have shown that the isolated
BmrA NBD can be studied in solution since it is stable and
conserves its structural integrity and ability to interact with
nucleotides.” Moreover, in the case of BmrA and LmrA, the
NBDs are monomeric in the absence of the TMDs, making
them particularly suitable for solution NMR studies.””* It has
been shown in several cases that solution-state NMR chemical
shifts can be transferred reasonably well to the solid-state
NMR, assuming that the structural features are maintained.***°
To resolve the remaining ambiguities and to crosscheck the
transferred assignments, 2D DARR experiments with a long
mixing time (200 ms) were employed in our case (Figure S3).
These experiments allow probing long-range correlations. The
available solution-state NMR shifts allowed us to transfer many
assignments and thereby also correct previous tentative
resonance assignments.”” Figure 7A—C shows the alanine
region of 2D DARR spectra of the prehydrolytic, transition,
and posthydrolytic states (mimicked by BmrA-ES04A:ATP,
BmrA:ADP:Vi, and BmrA:ADP, respectively) previously
recorded.”” From this region, two important observations
can be made: first, chemical shifts change quite substantially
between the prehydrolytic state (BmrA-ESO4A:ATP) and the
posthydrolytic state (BmrA:ADP), and second, as stated
previously,”” many additional peaks are observed in the
BmrA:ADP:Vi spectrum. These resonances are located in the
NBDs as shown in previously reported paramagnetic NMR
experiments.”” Figure 7 shows overlays of the four spectra.

It can be seen that in the ADP-bound state, the resonances
of the NBD residues are not drastically different from the apo
state (Figure 7A); the rather small "*C chemical-shift
perturbations (CSPs) of less than 0.3 ppm are indicative of
ADP binding not causing drastic conformational changes. This
illustrates that the apo protein and the ADP-bound state are
still in the inward-facing conformation as recently suggested
from SANS experiments.”” The small CSPs observed (Figures
7A, S4, and SSA,B for the entire aliphatic region) reflect
complete saturation of the NBDs with ADP and indicate minor
conformational changes upon ADP binding. A pronounced
shift is, for instance, observed for A371 close to the Walker A
motif (Figure 7A), supporting the assumption that the ADP
still binds to the expected ATP-binding site. This is consistent
with the rather small T, increase observed by nanoDSF in the
presence of ADP alone. In contrast, for BmrA-ES04A:ATP, the
spectrum shows not only small CSPs <0.2 ppm but also quite
large CSPs (0.6 up to 3 ppm) (Figure 7C—E).

Finally, in agreement with the results obtained from the *'P
spectra, it becomes now clear that the BmrA:ADP:Vi spectrum
is actually close to being the sum of the BmrA-ES04A:ATP and
BmrA:ADP spectra, see the resonance intensities (Figure S6),
i.e,, that part of its resonances reflects each state, resulting in
peak doubling. BmrA:ADP:Vi thus clearly represents an
asymmetric state. One NBD is occupied with a tightly bound
ADP:Vi (no chemical exchange is observed in *'P spectra), as
observed in BmrA-ES04A:ATP, and the other NBD weakly
binds ADP, as observed in BmrA:ADP. The second NBD is
affected by the same exchange process described above for the
ADP-bound state. The peaks with small CSPs resulting from
ADP binding do not display peak doubling (see Figure S4 for
other examples); however, peak doubling with large CSPs is
caused by one NBD occupied with ADP:Vi and one NBD with
ADP only, as highlighted in Figure 7D (see Figure S4 for other
examples). This is in good agreement with the conclusions
drawn from the *'P data but contradicts in part our previous
interpretation, namely, that rigidification of the NBD was
responsible for the subset of peaks appearing in BmrA:ADP:-
Vi.”” Based on the current >'P results, we can now assign this
to peak doubling, caused by the two differently occupied NBDs
in BmrA:ADP:Vi. Figure 7E shows the alanine residues
assigned in Figure 7A,B plotted on the cryo-EM structure of
the ESO4A mutant in complex with ATP/Mg*". All of them are
located in the NBDs.

The nanoDSF shown in Figure S7 allows us to rule out the
presence of two different protein—nucleotide complex
populations (i.e, one bound exclusively with ADP:vanadate
and the other one bound exclusively with ADP) upon
incubation with ATP and Vi. Indeed, when we instead started
the incubation directly with ADP:Vi, we observed two T, that
most likely reflect two different BmrA populations, one with
two bound ADP/Mg (T,, = 55.1 °C) and one with bound
ADP:Vi (one or two, T,, = 62.8 °C). A proteolysis resistance
assay was also performed on the BmrA:ADP:Vi sample
(trapped state induced with ATP incubation) to confirm this
result, as described in a previous study’’ and Figure S8. In
contrast to the inward-facing conformation, BmrA in the
outward-facing conformation is highly resistant toward limited
proteolysis by trypsin. The Vi-trapped state is resistant toward
proteolysis digestion showing that the whole sample is
homogeneous and constituted by one population displaying
an outward-facing conformation.”” We estimate that only 10%
of the sample returned to the inward-facing form after 36 h,
which is the duration of the '*C-detected 2D DARR (Figure
S8).

Together, the NMR data thus clearly reveal an asymmetric
structure of the two ATP-binding sites in the BmrA:ADP:Vi
transition-state mimic, in which one site occupied by ADP:Vi
is not accessible for an exchange process, whereas the second
site is sufficiently open to allow the exchange with nucleotides
from the solvent (as shown in Figure 6B). This tight trapping
in the presence of vanadate of a single ADP molecule per
BmrA dimer is in agreement with the trapping stoichiometry
found previously with this transporter and using a radioactive
ATP analogue.*” Likewise, the same stoichiometry of trapping
was reported for other ABC transporters in the presence of
vanadate, such as the P-glycoprotein,'® LmrA,"” or the maltose
transporter.”” In contrast, the 3D structures of the maltose
transporter and MsbA solved in the presence of ATP:Vi
strongly supIport the presence of two ADP:Vi bound per
transporter.” It was argued that this difference in stoichiom-
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Figure 8. Scheme of ATP hydrolysis by the multidrug ABC transporter BmrA. The two BmrA monomers are shown in yellow and blue and the
NBDs are shown in contours. Dashed squares indicated the states that were studied by NMR. The ES04A mutation is indicated by a white star. For
a description of the cycle, please see the text. One can see that the process adopted by BmrA results in a mixture of the two alternative models

shown in Figure 1.

etry could be due to a nonequilibrium process in the
biochemical experiments where the free nucleotides (or
analogues) had to be removed from the sample. In the present
work, however, the equilibrium between the bound and free
ADP:Vi was maintained, in a situation similar to that found in
cryo-EM or crystallography for the 3D structures mentioned
above, but the results clearly show the tight binding of a single
ADP:Vi complex to a BmrA dimer.

In the ATP-bound state (trapped using the mutant ES04A),
we have neither detected any exchange in the *'P spectra nor
any peak splitting in the '3C NMR spectra,” and thus we can
conclude that a symmetric coordination of ATP by the two
ATP-binding sites takes place. This is supported by the "*C
peak intensities of the newly appearing peaks of the NBD,
which are roughly twice as intense as those for BmrA:ADP:Vi
in which only one site is saturated by ADP:Vi (Figure S6).

The combination of *C and *'P NMR thus yields further
insight into the detailed mechanism of ATP hydrolysis in the
ABC transporter BmrA, leading to the proposed scheme shown
in Figure 8. Initially, the protein is in a symmetric apo state
(step 1), which is an inward-facing, open conformation. ATP
binding (step 2) induces a tight dimerization of the two NBDs
and switches the transporter to the outward-facing con-
formation (step 3). This state was experimentally characterized
by observing the ES504A mutant that is trapped in this
conformation and is unable to proceed (step 4). The
symmetric binding of ATP to both NBDs and the switch to
the outward-facing conformation have also been observed in
the X-ray and cryo-EM structure of the ESO4A mutant in
complex with ATP/Mg**.** The 3C NMR spectra between
(1) and (3) show significant chemical-shift differences. For the
WT protein, ATP hydrolysis from (3) to (4) proceeds. From
state 4, (i) the two NBDs could dissociate (if ATP hydrolysis

in the second ATP site is slower than the dissociation); here
the hydrolysis of one ATP molecule could be sufficient to
destabilize the dimer; or (ii) directly proceed to state § (if ATP
hydrolysis on the second state is faster than the dissociation);
here two ATP molecules are hydrolyzed to disrupt the dimer.
The addition of vanadate allows trapping of the transition state
for ATP hydrolysis (state S in complex with ADP:Vi). The
ADP coordinated to Vi is shown by NMR to be tightly bound
(trapped) and not exchanging with free ADP, while the ADP
on the more “accessible” side of the dimer is bound and
exchanges with free ADP on the millisecond time scale. The
comparison of the *C NMR spectra of state (3) with (5)
indicates that one site (with bound ADP) adopts a similar
conformation to (1), the apoprotein, while the second ATP
site (with tightly bound ADP:Vi) has a conformation that
resembles (3). The final step in this cycle leads again to a
symmetric state, to the inward-facing posthydrolytic state (6)
with two ADPs bound. *'P NMR reveals an exchange process
between bound ADP and ADP in solution for both NBD
domains on a millisecond time scale. The '*C spectra of the
ADP and the apo protein are quite similar, leading us, in
combination with limited proteolysis data, to the conclusion
that the protein adopts already the inward-facing conforma-
tion, in a§reement with SANS data obtained for BmrA in
detergent.”

B CONCLUSIONS

In summary, our NMR study did not only allow us to
characterize conformational changes during ATP hydrolysis
but also unraveled dynamical exchange phenomena funda-
mental for the functioning of such protein engines. The
asymmetry in the NBDs occurring during ATP hydrolysis
seems to be a key feature of ATP hydrolysis in BmrA and is
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only observed in the transition state, whereas the pre- and
posthydrolytic states are quite symmetric as shown by solid-
state NMR herein and for the prehydrolytic state additionally
by cryo-EM and X-ray crystallography.”” Our studies also
pinpoint the importance of studying the whole ATP-hydrolysis
cycle, which is particularly feasible by solid-state NMR due to
the simple sedimentation process used for NMR sample
preparation.
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