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Abstract: ATP-binding cassette (ABC) transporters
shuttle diverse substrates across biological membranes.
Transport is often achieved through a transition between
an inward-facing (IF) and an outward-facing (OF)
conformation of the transmembrane domains (TMDs).
Asymmetric nucleotide-binding sites (NBSs) are present
among several ABC subfamilies and their functional
role remains elusive. Here we addressed this question
using concomitant NO� NO, Mn2+� NO, and Mn2+

� Mn2+ pulsed electron–electron double-resonance spec-
troscopy of TmrAB in a time-resolved manner. This
type-IV ABC transporter undergoes a reversible tran-
sition in the presence of ATP with a significantly faster
forward transition. The impaired degenerate NBS stably
binds Mn2+� ATP, and Mn2+ is preferentially released at
the active consensus NBS. ATP hydrolysis at the
consensus NBS considerably accelerates the reverse
transition. Both NBSs fully open during each conforma-
tional cycle and the degenerate NBS may regulate the
kinetics of this process.

Introduction

Endogenous Mn2+ centers can provide structural informa-
tion for membrane protein complexes when combined with
electron spin resonance (ESR) spectroscopy.[1] Here we used
Mg2+� to� Mn2+ substitution combined with nitroxide label-
ing to perform time-resolved pulsed dipolar ESR spectro-
scopy of the ATP-binding cassette (ABC) exporter TmrAB.

ABC transporters play a crucial role in cellular physiology
by transporting a large variety of substrates, including lipids,
peptides, vitamins, and xenobiotics across cell membranes.[2]

Despite the functional diversity, their general architecture
consists of two nucleotide-binding domains (NBDs) coupled
with two transmembrane domains (TMDs). The NBDs
constitute two nucleotide-binding sites (NBSs) where ATP
binding and hydrolysis takes place, which are directly
coupled with conformational changes of the TMDs to enable
a productive transport cycle.[3]

TmrAB is a heterodimeric type IV ABC transporter
isolated from Thermus thermophilus.[4] It is a model system
for the human transporter associated with antigen process-
ing (TAP1/2) and can restore antigen presentation in TAP-
deficient human cells.[5] A series of eight different cryo-EM
structures has been solved, thereby making TmrAB an ideal
model system for mechanistic investigations.[6] In TmrAB,
deviation from the conserved sequence significantly reduces
the ATPase activity at one of the NBSs (called as
degenerate NBS, d-NBS). The catalytic glutamate at the
consensus NBS (c-NBS) is replaced by an aspartate at the d-
NBS. The presence of such asymmetric NBSs is a general
blueprint among many ABC exporters including 21 out of
29 human heterodimeric ABC proteins.[7] An asymmetric
response of the NBSs has been suggested to be relevant
even for transporters having two functional ATPase sites.[8]

The sequence of the degenerate NBS has been evolutionar-
ily conserved, suggesting that the catalytic asymmetry might
be associated with a new function.
Several ABC exporters with asymmetric NBSs were

structurally characterized.[7a,9] While the functional relevance
of asymmetric NBSs remains elusive, it is generally accepted
that it would lead to substantial differences in the mecha-
nistic details.[10] In the transport model for type IV ABC
transporters, the IF-to-OF transition (denoted as forward
transition) involves ATP binding at the two NBSs and
subsequent opening of the TMDs to the OF conformation
(in which the substrate is released). However, the OF-to-IF
transition (denoted as reverse transition) might substantially
differ between exporters with symmetric or asymmetric
NBSs. Though the exact role for a d-NBS is unclear, indirect
evidences suggest that ATP might act as a glue to keep it in
a closed conformation over several transport cycles.[11] A
direct observation of nucleotide interaction at the individual
NBSs and the related effects on the TMDs is required to
elucidate the role of catalytic asymmetry in regulating the
conformational cycle and substrate translocation.
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Here we addressed the above challenges using pulsed
electron-electron double resonance (PELDOR, also known
as DEER) spectroscopy.[13] This technique allows for precise
determination of distances between site-specifically engi-
neered spin labels within a membrane protein, even in the
cellular environment.[14] Such constraints can describe the
large-scale conformational transitions and interdomain com-
munications, even to atomistic details when sufficient
distance constraints are determined.[15] Conventionally,
PELDOR employs nitroxide (NO) spin labels and the
methanethiosulfonate spin label (MTSL, which creates the
side chain named R1) is the most preferred label for
proteins. Other spin labels based on shielded nitroxides,
Gd3+, trityl and Cu2+ are increasingly being used for
structural investigations, especially under native
environments.[16] Here, we exploited the similar size and
charge of the paramagnetic Mn2+ ions to replace the Mg2+

ions in presence of ATP.[1,17] Combining Mn2+ substitution
with an engineered nitroxide label allowed us to simulta-
neously monitor ATP binding and the conformation at the
two NBSs. Further, by introducing a nitroxide pair at the
TMDs, we observed ATP binding and its effect on both the
NBSs and the TMDs in the same sample. Though Mn2+ has
been demonstrated as a useful tag for biomolecules, a
concomitant Mn2+� NO, Mn2+� Mn2+, and NO� NO distance
measurement in the same sample has not been reported
yet.[18] Even more, by performing such experiments in a
time-resolved manner, we elucidated the differential role of
the NBSs for the forward and reverse transitions. Though
PELDOR holds great promise for time-resolved observation
of biomolecular dynamics, its application to large membrane
complexes is very challenging.[19] We exploited the thermo-
philic nature of TmrAB to resolve its dynamics by preparing
samples at a lowered temperature. These multifaceted sets
of experiments reveal that type IV ABC transporters might
use catalytic asymmetry to regulate the kinetics of the
conformational cycle.

Results and Discussion

Design and spin labeling of TmrAB cysteine variants

TmrAB transitions from an inward-facing (IF) to an out-
ward-facing (OF) conformation upon ATP binding or
vanadate trapping (see sample preparation in Supporting
Information).[15b] This equilibrium transition is driven
through an enthalpy-entropy compensation mechanism in a
temperature independent manner over a broad range (30–
60 °C).[20] Thus, different temperatures might adjust the
extent of nucleotide binding/hydrolysis and the kinetics of
the conformational transitions, but not alter the thermody-
namic basis as such. Here, we engineered single-cysteine
variants at the NBSs, where A416CA and L458CB variants
probed distances to bound Mn2+� ATP (Figure 1a). To
probe the conformation using NO� NO PELDOR we used
the V288CA-E272CB variant for the TMDs and A416CA-
L458CB and V461CA-D349CB variants for the NBSs. The
V288CA-V461CA-E272CB variant was used to concurrently

monitor both TMDs and NBSs using NO� NO, Mn2+� NO,
and Mn2+� Mn2+ PELDOR (Figure 2a). All these variants
actively hydrolyzed ATP and replacing Mg2+ with Mn2+ had
little effect on the activity (Supplementary Figure S1).
Typically, in vitro experiments with ABC transporters
employ mM concentration of nucleotides. However, when
Mg2+ is replaced with Mn2+, such a large free Mn2+

concentration will induce fast relaxation of nitroxide labels,
and distance measurements would become difficult or even
impossible. Here we overcame this issue by a fast buffer-
exchange step following incubation with Mn2+� ATP.

Mn2+� ATP is preferentially hydrolyzed at the c-NBS

At first, we determined distances between A416R1A and
Mn2+� ATP in TmrAB. As TmrAB exists in an equilibrium
in presence of ATP,[15b] this experiment could yield four
distances: distances to Mn2+� ATP bound to the c-NBS and
d-NBS in the IF (open NBSs) and OF (closed NBSs)
conformations, respectively (green and purple dashed lines
in Figure 1a). Simulations showed that the interspin dis-
tances can clearly differentiate Mn2+� ATP bound between
c-NBS and d-NBS. However, for both NBSs, the distances
did not change appreciably when the NBSs close. We
experimentally determined these distances using Mn2+� NO
PELDOR spectroscopy. This approach has earlier been
used for model compounds, RNA and soluble proteins, but
not yet for a membrane protein.[17a,18b–c,21] Briefly, incubation
with Mn2+� ATP was performed at 50 °C for 5 min, and the
sample was transferred on ice afterwards. Subsequently, the
buffer was rapidly exchanged with ice-cold buffer containing
10 mM ATP (and no Mg2+ or Mn2+, unless otherwise
specified) using a rapid gel-filtration centrifugation. PEL-
DOR samples were prepared and immediately frozen in
liquid nitrogen.
We observed only a single distance corresponding to the

d-NBS (Figure 1c, for experimental reasons, we cannot
quantify this fraction of the transporters). Thus, Mn2+ at the
c-NBS is lost, likely due to ATP hydrolysis. To further verify
this conclusion, we prepared another sample in the vana-
date-trapped state, which stabilizes the NBSs in a Mn2+

� ADP� VO4
3� state. Interestingly, the primary data revealed

an additional distance, which corresponds to the c-NBS
(also see Figure 1d). Thus, the c-NBS might rapidly hydro-
lyze ATP, whereas the d-NBS preferentially harbors an
occluded ATP. Overall, the experimental data match rather
well with the predicted distances, except that it cannot be
concluded whether the Mn2+� ATP binds to the open or
closed conformation at the NBSs. The modulation depths
for the Mn2+� NO PELDOR ranged between 5–20%
(Figures 1–3). It could reach up to 30% more under our
experimental set up for a 100%-labeled sample (pulse
settings are given in Supporting Information Table 1). For
MTSL, we obtained a good labeling efficiency (70–100%).
The decreased modulation we observed is mostly contrib-
uted by free manganese, which could not be totally removed
during the gel-filtration step, and it somewhat varied
between individual experiments. Importantly, this contribu-
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tion is identical for a particular sample set, which allows a
quantitative comparison of modulation depths between
those samples. Overall, the smaller modulation depths also
effectively suppressed any multispin contribution for the
relevant samples.[22]

As position A416R1A cannot differentiate between open
and closed conformations at the NBSs, we engineered
another spin label at position L458CB. Simulations showed
that distances from L458R1B can differentiate the two
conformations at the c-NBS. As observed with C416R1, in
presence of Mn2+� ATP, L458R1 gave only a single distance
corresponding to the d-NBS (Figure 1d). No distances were
observed corresponding to the open or closed conformation
at the c-NBS. In the vanadate-trapped state, we observed a
second distance corresponding to the closed conformation of
c-NBS. Thus, we did not observe any Mn2+� ATP binding to
the open conformation at the c-NBSs (and d-NBS as well,
see Figure 2c). Cryo-EM structures suggested that nucleo-
tides (ATP or ADP) can bind to both NBSs in the open
conformation.[6] We could not observe this interaction,
which is likely due to the differences in the experimental
conditions. Open NBSs might have a reduced affinity for
nucleotides and a large amount of ATP (as in the cryo-EM
samples, which we cannot have as that would interfere with

Mn2+� NO PELDOR) would be necessary to observe this
binding.

Concomitant observation of TMDs and NBSs: NO� NO and
Mn2+� NO PELDOR

For transporters with catalytic asymmetry, coupling between
NBSs and TMDs during the transport cycle remains
elusive.[7a,23] To further elucidate the mechanistic details, we
designed an experiment to observe the conformation of both
TMDs and NBSs within the same sample. We engineered a
triple labeled TmrAB by combining the previously used
V288CA-E272CB construct with the V461CA substitution at
the NBS (Figure 2a). Position V461CA was chosen as
simulations showed that it can clearly distinguish between
open and closed conformations at the d-NBS (Figure 2c).
This cysteine variant was labeled using MTSL with high
efficiency (>70%) and is ATPase active (Supplementary
Figure S1). We subsequently prepared samples as described
earlier after incubating with Mn2+� ATP. In this sample, the
conformation of TMDs and NBSs was observed using
NO� NO and Mn2+� NO PELDOR, respectively. The nitro-
xide spin labels engineered on the TMDs and NBS are far

Figure 1. Mn2+� ATP binding at the two NBSs. (a) MTSL labelled positions with the rotamers and Mg2+ ions are highlighted at the NBDs in the
open or closed conformation. TmrA (black), TmrB (grey), Mg2+ (in green or purple), and ATP (yellow) are highlighted. (b) Echo-detected field
sweep spectrum of MTSL labelled TmrAB with bound Mn2+� ATP. The nitroxide spectrum overlaps with the Mn2+ central transition and the
position of the pump and observer pulses for NO-NO, Mn2+� NO, and Mn2+� Mn2+ 4-pulse PELDOR at Q-band (34 GHz) are indicated. (c,d)
Mn2+� NO PELDOR data (left) and the corresponding distance distributions (right) obtained using the A416R1A or L458R1B variant as indicated (in
black). A 95% confidence interval for the probability distance distributions is shown. The simulated distances on the IF and OF structures (PDBs
6RAG and 6RAJ respectively) are overlaid (in dotted lines). Simulations were performed using the MMM program and data were analyzed using
the DeerLab platform.[12]
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Figure 2. Concomitant Mn2+� NO, NO� NO and Mn2+� Mn2+ 4-pulse PELDOR of TmrAB at Q-band. (a) MTSL labeled positions and the Mg2+ ions
are highlighted at the NBSs and TMDs in the IF and OF conformations. TmrA (black), TmrB (grey), Mg2+ (in green or purple), and ATP (yellow) are
highlighted. (b,c,d) Left, NO� NO (for V288R1A-E272R1B, simulations are shown in Figure S3), Mn2+� NO or Mn2+� Mn2+ PELDOR data and the
corresponding distance distributions (right) in the Cys-less (WT*) or the E-to-Q background (as highlighted at bottom in panel a). Simulations of
Mn2+� NO distances in the IF and OF conformations (PDBs 6RAG and 6RAJ respectively) are overlaid with dotted lines and the Mn2+� Mn2+

distance is indicated with a vertical line (in orange). Data were analyzed using the DeerLab platform.[12] For V288R1A-E272R1B, an experimentally
determined two Gaussian model corresponding to the IF (apo sample) and OF (ADP� VO43� � Mg2+ sample) conformations was used for the
analysis (Supplementary Figure S3c–d). A 95% confidence interval for the probability distance distributions is shown, which is invisible if thinner
than the linewidth.
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separated (>8–12 nm) and their interaction was too weak to
be detected within the observable time window of the
PELDOR data (Supplementary Figure S2).
First, we determined distances for samples incubated

with Mn2+� ATP. At the TMDs, NO� NO PELDOR re-
vealed a mixed population between open and closed
conformations (Figure 2b). For the NBSs, Mn2+� NO PEL-
DOR gave only a single distance corresponding to the
closed conformation at the d-NBS (Figure 2c). Yet, it is
difficult to conclude that the fraction of open TMDs
corresponds exclusively to the closed population of the d-
NBS, as the c-NBS also could be in a closed state, but
without Mn2+ (in a Mn2+ free post-hydrolytic state). The
absence of distances corresponding to the open d-NBS
conformation reveals a reduced affinity for ATP in this
conformation (as with c-NBS, Figure 1d). Next, we per-
formed similar experiments with vanadate trapped (5 min at
50 °C) TmrAB (Figure 2b–c, ADP� VO4

3� � Mg2+). NO� NO
PELDOR revealed an enhanced population of the OF
conformation at the TMDs. This is accompanied with the

presence of additional distances for the Mn2+� NO PEL-
DOR, corresponding to the closed conformation of the c-
NBS (also see Figure 1c).
Having consistently observed only a small population

corresponding to the closed c-NBS (Figure 1c–d and 2c), we
repeated the above experiments after substituting the
conserved Walker-B catalytic glutamate to glutamine (E523-
to-Q523) at the c-NBS. This substitution significantly
reduces the ATPase activity.[24] The NO� NO PELDOR of
this sample revealed an increased fraction of transporters
having TMDs in the OF conformation (Figure 2b vs. 2d,
NO-NO PELDOR). Remarkably, Mn2+� ATP binding was
substantially increased in this variant. The amplitude of the
probability distribution for Mn2+(� ATP) bound to the c-
NBS became nearly equal to the contribution from the d-
NBS Figure 2d). Thus, the E-to-Q mutation leads to a stable
occlusion of Mn2+� ATP at the c-NBS and the drastically
decreased ATP hydrolysis leads to a larger fraction of
TmrAB being trapped in the OF conformation. The Mn2+

� NO PELDOR suggested the presence of a small peak at
�2 nm, which agrees with the simulation for Mn2+� Mn2+

distances. We further characterized this distance using Mn2+

� Mn2+ PELDOR on the same sample, which confirmed the
presence of two Mn2+ atoms at the NBSs of the E-to-Q
variant (Figure 2d, Mn2+� Mn2+ PELDOR).

Reverse (OF-to-IF) transition correlates with loss of Mn2+� ATP
from the d-NBS

To delineate the relative role of the two NBSs, we
preformed additional experiments with the triple-labeled
variant. TmrAB exhibits maximal ATPase and transport
activities at ~68 °C.[4a,5] At lower temperatures, the ampli-
tude and rate of transition is significantly reduced (into the
range of several minutes). We exploited this possibility to
prepare samples in a time-resolved manner and to follow
the correlated changes for equilibrium populations between
the TMDs and NBSs using NO� NO and Mn2+� NO
PELDOR spectroscopy. Briefly, samples were incubated
with Mn2+� ATP (10 mM each) for 5 min at 50 °C and
transferred to ice. Protein was immediately gel-filtrated to
remove free ATP and Mn2+ using ice-cold buffers and the
eluate was moved to ice. At this point, samples were
transferred to preheated ESR tubes at 50 °C and incubated
for different durations up to 5 min and snap frozen in liquid
nitrogen. Due to the absence of external ATP, the system
might undergo a single reverse (OF-to-IF) transition during
the incubation. The conformational transitions in TmrAB
are strongly temperature-dependent, revealing large energy
barriers between different states. In agreement, prolonged
incubation at 4 °C or a transfer to 4 °C following incubation
at a higher temperature does not alter the equilibrium
population (Supplementary Figure S3). The NO� NO PEL-
DOR (at V288R1A-E272R1B) of the time zero sample
revealed a mixed population at the TMDs as before
(Figure 3a). Remarkably, the amount of this OF population
was reduced over time towards a small fraction within 80–
300 s. We further monitored the NBSs using Mn2+� NO

Figure 3. Reverse transition (OF-to-IF) in TmrAB. (a) Time resolved
NO-NO (for V288R1A-E272R1B) or (b) Mn2+� NO (using V461R1A) 4-
pulse PELDOR at Q-band and the corresponding distance distribu-
tions. (c) The variation of modulation depth (cyan) and the probability
amplitude (magenta) of the distance distributions (for OF conforma-
tion) are plotted against time. Data were globally analyzed using the
DeerLab platform.[12] For V288R1A-E272R1B, an experimentally deter-
mined two Gaussian model was used for the analysis as described for
Figure 2 (see Supplementary Figure S3c). A 95% confidence interval is
shown, which is invisible if thinner than the linewidth.
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PELDOR. As expected from earlier observations (Figur-
es 1c and 2c), it gave a single distance (3.20�0.15 nm,
Figure 3b), corresponding to the closed d-NBS (and a
quantitative correlation of this population with TMDs is not
possible for experimental reasons). Here, the conformation
of the c-NBS cannot be deduced except for the lack of
Mn2+. Having these samples prepared in an identical
manner, the modulation depth of these PELDOR data
provides a quantitative information on the presence of Mn2+

� ATP at the d-NBS. ATP hydrolysis or dissociation would
result in the loss of Mn2+ and thereby decrease of
modulation depth. Interestingly, correlated with the change
(closure) in the probability amplitudes of the distances at
the TMDs, the modulation depth decreased over time
(Figure 3c). Overall, in the observed fraction of the TMDs,
OF-to-IF transition is accompanied with dissociation of
Mn2+� ATP, most likely through opening of the d-NBS.

Reverse transition involves opening of both NBSs and is
accelerated by the presence of Mg2+, ADP, or substrate

To further elucidate the relative conformation of the TMDs
and the NBSs, we prepared independent sets of samples for
both NBSs and the TMDs. Initially, we followed the forward
(IF-to-OF) transition in presence of excess ATP+EDTA
(50 mM and 0.5 mM, respectively) using the V288R1A-
E272R1B variant. TmrAB gradually shifted towards the OF
conformation reaching a �60 :40 (OF: IF) population in
5 min at 50 °C. At this point free ATP� EDTA was removed
by desalting (at 4 °C, in presence of various ligands as
indicated) and the sample was transferred to ice. Subse-
quently, the reverse transition (OF-to-IF) was monitored in
the presence of EDTA (0.5 mM, to chelate any residual
Mg2+), ADP (1 mM), substrate (K5F, which is the fluoro-
phore labeled peptide RRYC(KFluorescein)STEL, 50 μM), or
Mg2+ (50 mM). In the absence of any ligands (+EDTA
sample), the TMDs returned to the IF conformation at a
much slower rate (Figure 4a, black circles and Supplemen-
tary Figures S4). Surprisingly, in the presence of excess
Mg2+, transition was enhanced and the TMDs almost

Figure 4. Forward (IF-to-OF) and reverse transition (OF-to-IF) in TmrAB and the effect of ADP, substrate (K5F) or Mg2+. (a–b) Time-resolved
NO� NO 4-pulse PELDOR was performed on the V288R1A-E272R1B variant at the TMDs in the Cys-less (WT*) or E-to-Q background at Q-band and
the distances were determined under different conditions as indicated. (c,d) Forward and reverse transitions at the consensus (A416R1A-L458R1B)
and degenerate NBS (V461R1A-D349R1B, denoted as c-NBS and d-NBS, respectively) and data for the TMDs (from panel a) are overlaid. Data were
analyzed using the DeerLab platform and normalized probability amplitudes are shown for a qualitative comparison. For V288R1A-E272R1B,
A416R1A-L458R1B and V461CA-D349CB, an experimentally determined model corresponding to the IF (apo sample) and OF (ADP� VO4

3� � Mg2+

sample) conformations was used for the analysis (see Supplementary Figures S3c–d, S4–S7). The phase memory time (TM) of the spin labels
between the open and closed conformations for the TMDs and the two NBSs were the same (data not shown). Error bars show 95% confidence
interval.
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completely resorted to the closed conformation (Figure 4a,
green circles).
We further reasoned that if ATP negatively regulates

opening of the d-NBS, the presence of an excess of ADP
might have an enhancing effect. As expected, addition of
ADP (1 mM) considerably accelerated the transition (Fig-
ure 4a, orange circles). Strikingly, a peptide substrate (K5F)
also had a similar effect on the reverse transition (Figure 4a,
magenta circles). While the effect of ADP could be
explained through a competitive replacement of ATP,
enhancement by substrate is a surprising observation. This
might involve an interaction of the substrate in a post-
hydrolysis conformation, which might stabilize the high
affinity IF conformation. Notably, in the E-to-Q variant,
K5F and ADP had little effect (Figure 4b and Supplemen-
tary Figure S5), implying that they interact in a post-hydro-
lytic state. Strikingly, the forward transition was accelerated,
and the reverse transition was significantly reduced in the E-
to-Q variant, revealing a significant alteration of the energy
landscape. The residual ATPase activity of this variant might
drive the partial reversal in presence of Mg2+, thereby
further confirming that ATP hydrolysis is necessary to
accelerate the reverse transition.
Considering the severely decreased ATPase activity of

the d-NBS, such a strong effect of Mg2+ suggested an
important role played by the c-NBS. To deduce the
conformation of the NBSs, we performed identical experi-
ments on them and compared with the TMDs. As these are
independent experiments on different cysteine variants, we
limited the analysis towards a more qualitative comparison
by normalizing the observed probability amplitudes. For
both NBSs, reverse transition (opening) was slower in the
absence of Mg2+ and appeared to be faster than the
corresponding change (closure) for the TMDs, which is
rather unlikely (Figure 4c–d and Supplementary Figures S6–
S7). These differences might be accounted by the variation
between the corresponding sample sets (spin labeling at
different positions and possible variation in the residual
amounts of ATP and or Mg2+ following desalting etc.). Most
importantly, in presence of Mg2+, both NBSs fully reversed
(opened) in perfect correlation with the closure of the
TMDs. The c-NBS variant appears to open faster than the
d-NBS in presence of Mg2+ and a more advanced sample
preparation set up would help to further resolve this
transition.

Conclusion

Here, we addressed the functional relevance of catalytic
asymmetry in ABC exporters using advanced ESR spectro-
scopy techniques combined with tailored samples prepara-
tion protocols. At high ATP concentrations, we observed an
equilibrium between IF and OF conformations. The d-NBS
showed consistent Mn2+� ATP binding, whereas at the c-
NBS Mn2+� ATP was detectable only upon vanadate trap-
ping or in the catalytically impaired E-to-Q variant
(Figures 1–3). However, from independent experiments we
found that a comparable fraction of the c-NBS as well is

closed under similar conditions (Figure 4c, forward transi-
tion, samples up to at 300 s). Therefore, preferential ATP
hydrolysis at the c-NBS might lead to an immediate release
of Mn2+ (and possibly Pi), which in effect made the closed c-
NBS conformation invisible in our Mn2+� NO PELDOR
experiments (Figure 5, step 3). Based on the cryo-EM
structures and molecular dynamic simulations of TmrAB,
such a path for release of Pi has been identified earlier.

[6]

The pronounced enhancement of reverse transition by Mg2+

/Mn2+ as well as its inhibition in the E-to-Q variant
(Figures 3–4) reveal that ATP hydrolysis at the c-NBS must
be the first step to initiate reverse transition.
For ABC transporters with asymmetric NBSs, two

unique intermediate states, which are structurally yet
uncharacterized, have been suggested. Preferential ATP
hydrolysis at the c-NBS would create an OF transporter
with partially/fully open c-NBS and closed d-NBS.[7a] This
intermediate state may transition to an IF conformation
with the d-NBS remaining fully or partially closed while the
c-NBS is open.[7a,23b] Cryo-EM structures revealed two addi-
tional structures for TmrAB; two asymmetric unlocked-
return (UR) conformations, which are similar to the OF-

Figure 5. Mechanism for substrate translocation in TmrAB. Substrate
binds to the high affinity IF conformation (1) and ATP binding induces
transition to the OF conformation and release of substrate from the
low affinity binding pocket (2). This is followed by ATP hydrolysis at the
c-NBS (3) and immediate release of Pi and Mg2+ through a previously
identified path in the closed conformation[6] (3). The TMDs may also
adopt to an occluded conformation (4) and further transition to the IF
conformation (5). This step might be regulated through opening and
loss of ATP from the d-NBS. This reverse transition (towards IF
conformation) is accelerated in presence of ADP, substrate and most
significantly under hydrolyzing conditions. Subsequently, substrate
binds to the IF conformation and replacement of Mg2+� ADP with
Mg2+� ATP resets the cycle to begin the next round of transport.
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occluded conformation with a slightly separated NBD
interface.[6] For TmrAB, we are unable to unambiguously
assign either of these conformations from the spectroscopic
data. We observed that Mn2+(� ATP) is gradually lost from
the d-NBS when the TMDs reversed to the closed (IF)
conformation (Figure 3c), which should be associated with
an opening of this NBS (Figure 4d, Mg2+ sample). Further, a
correlated movement between the two NBSs and TMDs
(Figure 4c–d) shows that both NBSs completely open during
reverse transition of the TMDs to the closed conformation
under the experimental conditions.
In type IV ABC transporters, ATP binding might be the

power stroke for forward (IF-to-OF) transition and release
of the substrate after its translocation.[23a,24a,25] Under non-
hydrolyzing conditions, the reverse transition is extremely
slow (Figure 4a). Our results shows that ATP hydrolysis at
the c-NBS is the trigger to accelerate reverse transition
(Figure 2d, 4a–b). This might create an intermediate state,
which fully reverses towards the IF conformation with an
accelerated rate (Figure 4c–d, Figure 5, step 3). Having a
drastically reduced ATPase activity, the d-NBS stably binds
ATP, (Figures 1–2). This in effect prevents complete open-
ing of (both) NBS and thereby might regulate the overall
kinetics of reverse transition (Figure 5, transition between
steps 3 to 5). This may increase the lifetime of the OF
conformation and allows substrate to be release from the
low-affinity binding pocket. Further, this would minimize
futile ATPase cycles in the absence of substrate. The overall
equilibrium might be regulated through an interplay be-
tween Mg2+� ATP, Mg2+� ADP, and substrate concentra-
tions as well as the rates for forward and reverse transitions.
Following the forward and reverse kinetics under different
conditions would provide further insights into this regulatory
mechanism, which is beyond the scope of this study. Our
observations might provide a general explanation for the
functional role of asymmetric NBSs and the spectroscopic
approach presented here offers a potential tool to further
explore catalytic (a)symmetry in related ABC transporters.
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