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ABSTRACT: ATP-binding cassette (ABC) transporters are
ATP-driven molecular machines, in which ATP binding and
hydrolysis in the nucleotide-binding domains (NBDs) is
chemomechanically coupled to large-scale, alternating access
conformational changes in the transmembrane domains
(TMDs), ultimately leading to the translocation of substrates
across biological membranes. The precise nature of the
structural dynamics behind the large-scale conformational
transition as well as the coupling of NBD and TMD motions is
still unresolved. In this work, we combine all-atom molecular
dynamics (MD) simulations with electron paramagnetic resonance (EPR) spectroscopy to unravel the atomic-level mechanism
of the dynamic conformational transitions underlying the functional working cycle of the heterodimeric ABC exporter TM287/
288. Extensive multimicrosecond simulations in an explicit membrane/water environment show how in response to ATP
binding, TM287/288 undergoes spontaneous conformational transitions from the inward-facing (IF) state via an occluded (Occ)
intermediate to an outward-facing (OF) state. The latter two states have thus far not been characterized at atomic level. ATP-
induced tightening of the NBD dimer involves closing and reorientation of the two NBD monomers concomitant with a closure
of the intracellular TMD gate, which leads to the occluded state. Subsequently, opening at the extracellular TMD gate yields the
OF conformer. The obtained mechanism imposes NBD-TMD coupling via a tight orchestration of conformational transitions,
between both the two domains and also within the TMDs, ensuring that the cytoplasmic and periplasmic gate regions are never
open simultaneously.

■ INTRODUCTION

ATP-binding cassette (ABC) transporters are ATP-driven
molecular machines that translocate substrates across biological
membranes.1−3 They are found in all kingdoms of life and can
be classified into importers and exporters. While ABC
importers are unique to bacteria, ABC exporters are found in
every organism and transport a wide range of substrates, such as
peptides, lipids, or drugs, including chemotherapeutics.
Malfunction of ABC exporters is linked to hereditary diseases,
such as cystic fibrosis and neonatal diabetes,4,5 and multidrug
resistance of cancer cells and bacteria.6,7

At the structural level, all ABC transporters have a core with
a common general architecture: a dimer of two nucleotide-
binding domains (NBDs) is connected to a dimer of two
transmembrane domains (TMDs). The NBDs contain
conserved structural motifs that bind and hydrolyze ATP.
The free energy gained from ATP binding, hydrolysis, and
product dissociation at the NBDs is transmitted to the TMDs,
which undergo large-scale alternating access type conforma-
tional changes to cycle between an inward-facing (IF) and an

outward-facing (OF) state, ultimately leading to substrate
translocation.
At a more detailed level, however, different ABC subfamilies

can differ substantially, in terms of both structure and
mechanism.8,9 While bacterial ABC exporters are often
homodimers, the majority of eukaryotic exporters are
heterodimers.10−12 Many heterodimeric ABC exporters feature
one consensus and one degenerate nucleotide binding site. In
the degenerate site, the catalytic dyad residues comprising of
Walker B glutamate and switch histidine that are essential for
ATP hydrolysis,13,14 as well as residues in the ABC signature
motif, deviate from the consensus sequence.
Current molecular understanding of ABC exporters is largely

based on X-ray crystal structures, recently reviewed by ter Beek
and co-workers,8 which provide static snapshots of different
conformations that could play a role in the functional working
cycle. However, the mechanism of ABC transporters is
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inherently dynamic. In particular, the intricate details of the
coupled motions of the NBDs (which dimerize and disengage
upon nucleotide binding and unbinding, respectively) and
TMDs (which undergo large-scale conformational transitions
between the IF and OF states) remain poorly understood at the
atomic level.
Molecular dynamics (MD) simulations can provide these

missing atomistic insights and hence appear specifically well-
suited for studying such membrane protein systems,15,16 in
combination with experimental techniques. However, fully
atomistic MD simulations of complete ABC exporters in
explicit membrane and water environment are computationally
very expensive, and have been carried out only for a few
systems, typically covering time scales up to a few hundred
nanoseconds.17−32 Unfortunately, these time scales are usually
too short for complete conformational transitions between the
IF and OF states to occur spontaneously. This limitation can be
addressed by free energy simulations in which transitions are
enforced by driving the system along predefined reaction
coordinates. Such full-fledged free energy simulations are very
demanding, and to our knowledge, a comprehensive free

energy profile for an ABC transporter has thus far only been
reported in a single study of the homodimeric exporter MsbA.33

In general, the results of free energy simulations heavily depend
on the proper choice of reaction coordinates, which is a highly
nontrivial task for systems and conformational transitions as
large and complex as ABC transporters. In addition, the
artificial biasing forces employed to induce structural transitions
in such simulations might have undesired effects on the
adopted transition pathways, which could complicate mecha-
nistic interpretations.34

The aim of this work is to characterize at the atomic level the
full dynamic pathways of the large-scale conformational
transitions in an ABC exporter. To that end, instead of using
bias potentials to drive the system along preassumed reaction
coordinates, we use extensive all-atom MD simulations, totaling
more than 50 μs of simulation time, to study the heterodimeric
ABC exporter TM287/288 from the thermophilic bacterium
Thermotoga maritima. TM287/288 is a bacterial homologue of
the eukaryotic exporters CFTR,4 which is linked to cystic
fibrosis, and TAP1/2,35 which transports peptides across the
endoplasmic reticulum membrane and is a key player in the

Figure 1. Conformational states of TM287/288 from MD simulations at 375 K. (a) Simulation system with initial inward-facing structure embedded
in a solvated lipid bilayer (TM287 orange, TM288 cyan). (b−d) Inward-facing (IF), occluded (Occ), and outward-facing (OF) state. The view in
(d) is rotated by 90° along the long axis. The distances d1, d2, d3 and d4 indicate NBD dimer tightening, movement of the coupling helices (CH),
closing of the cytoplasmic TMD gate region (TMDint), and opening of the periplasmic TMD gate (TMDext), respectively, and were measured
between Cα-atoms of residue pairs D460TM287−S363TM288, F127TM288−T227TM288, T131TM288−S248TM288 and S50TM287−S271TM287, respectively.
The blue surfaces visualize the water density inside the TMDs. The red circles indicate the regions used to analyze the changes in hydration of the
NBD dimer as well as the cytoplasmic and periplasmic gates upon the conformational transition. (e, f) Time traces of distances d1 to d4 during
representative IF-to-OF (e) and IF-to-Occ (f) transitions. (g, h) Time traces of NBD twisting angle α during during IF-to-OF (g) and IF-to-Occ (h)
transitions; α is the angle between the two vectors connecting the Cα-atoms of residues L554TM287−I452TM287 and L576TM288−I474TM288,
respectively.
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immune system. Our simulations of TM287/288 are based on
the available X-ray crystallography data from Hohl and co-
workers12,36 that show the transporter in an IF state, both for
the apo protein and with the nonhydrolyzable ATP analogue
adenosine 5′-(β,γ-imido)triphosphate (AMP-PNP) bound to
the degenerate site. As most multidrug efflux proteins, TM287/
288 exhibits a basal ATPase activity, i.e., the transporter cycles
through its conformational states in a futile manner driven by
ATP binding and hydrolysis alone. Substrates such as Hoechst
33342 and daunorubicin increase ATPase activity, but at
elevated concentrations they inhibit the process.12 The IF/OF
transition was shown by EPR to be solely triggered by different
nucleotides.37 In this work, we aimed to focus on the protein’s
conformational transition, therefore we performed the MD
simulations in the presence of ATP-Mg but in the absence of
substrate. Our MD simulations reveal how TM287/288 loaded
with two ATP-Mg molecules, i.e., one ATP-Mg bound to the
consensus site in addition to the one bound to the degenerate
site, undergoes spontaneous conformational transitions from
the known IF state via an occluded intermediate to an OF state;
the latter two states had remained elusive so far. Previous EPR
studies37 showed the conformational transition from the IF
state to an OF state resembling that of Sav1866 using six spin-
labeled pairs in detergent-solubilized transporters. Here we
validate the simulated OF structure by EPR using additional
spin-labeled pairs in membrane-reconstituted TM287/288. The
EPR data corroborates the MD simulations and highlights the
role of the membrane bilayer in the stabilization of the
extracellular gates. These results allow us to describe the large-
scale conformational transition underlying the working cycle of
the ABC exporter in atomic detail.

■ RESULTS AND DISCUSSION

We initiated one hundred 500 ns all-atom MD simulations of
TM287/288 from the inward-facing crystal structure with
nucleotide bound to the degenerate site.12,36 In all these
simulations, the transporter was inserted into an explicit POPC
lipid bilayer and a second ATP-Mg was docked into the
consensus site, see Methods. The simulations were carried out
at 375 K, because T. maritima is extremely thermophilic and
grows at temperatures up to 90 °C,38 hence an increased
temperature appears to be a natural choice. In addition, we
anticipated that a higher temperature would accelerate
structural transitions in our simulations. Control simulations
of the apo state and the state in which ATP-Mg is only bound
to the degenerate site but not to the consensus site reveal
structural stability at 375 K, see Figure S1 in Supporting
Information. All results presented are from the simulations at
375 K, unless noted otherwise. Additional control simulations
were carried out at 300 K.
In six MD simulations, the transporter transitioned

spontaneously from the initial inward-facing (IF) state to an
outward-facing (OF) conformation (Figure 1). The observed
large-scale conformational transition involves tightening of the
NBD dimer and closing of the TMD at the cytoplasmic gate
region as well as opening at the periplasmic side. Although the
simulations were not guided by any structural information on a
target structure, the final OF conformation matches the OF
crystal structure of the ABC exporter Sav186639 from S. aureus
(Figure 2). The transition to the OF state proceeded via an
occluded (Occ) intermediate state. The latter involves NBD
dimer tightening and cytoplasmic TMD closure, but no TMD
opening at the periplasmic side (Figure 1). Interestingly, the
Occ conformation found in our simulations resembles the

Figure 2. Comparison of the outward-facing and occluded states from the MD simulations to X-ray crystal structures of homologous ABC exporters.
(a) Top panel: Root-mean-square deviation (RMSD) of Cα-atoms from the OF crystal structure of Sav1866 (PDB ID code 2HYD) during a
representative IF-to-OF simulation. Bottom panel: Structural alignment of the OF state of TM287/288 (snapshot after 500 ns) onto Sav1866 (gray).
(b) Cα-RMSD from the PCAT1 crystal structure of the occluded state (PDB ID code 4S0F) during a representative IF-to-Occ simulation. Bottom
panel: Structural alignment of the Occ state (snapshot after 500 ns) onto PCAT1 (gray). All structural superposition and RMSD calculations were
performed with the align function of PyMOL, including a maximum number of 5 outlier rejection cycles. This led to the rejection of up to 10% of the
Cα-atoms to mimimize the RMSD.
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occluded crystal structures of the ABC exporters PCAT1 from
C. thermocellum40 (Figure 2), McjD from E. coli,41 and PglK
from C. jejuni.42 In the six simulations in which TM287/288
underwent a complete IF-to-OF transition, the Occ state was
visited only transiently along the pathway. However, in 11 other
simulations, the transporter transitioned to an Occ state and
remained there for the remaining simulation time. In the other
83 simulations, the transporter did not overcome the energy
barrier toward Occ during the 500 ns simulation time and
remained in the IF state. Furthermore, we initiated 30
additional 500 ns simulations from the OF and Occ state,
respectively, after removing ATP-Mg from the two binding
sites. However, we did not observe the reverse transitions. One
possible explanation for this finding is that the closed NBD
dimer, as present in the OF and Occ conformations, is a rather
deep free energy minimum and the simulations are thus
kinetically trapped on the 500 ns time scale. An alternative
explanation could be that ATP hydrolysis, including unbinding
of ADP + Pi, is required to drive the reverse transitions. A
detailed analysis of these processes would require a quantum
mechanical treatment of the chemical reaction steps, which is
beyond the scope of this work.
In the following, we describe the structural changes

associated with the conformational transitions in more detail;
we start with the IF-to-OF transition and then discuss the IF-
to-Occ transition. Figure 1a−d show snapshots obtained from
our MD simulations at 375 K. Compared to the IF state
(Figure 1b), in the OF state the periplasmic and cytoplasmic
gates have opened and closed, respectively, and the two NBD
monomers have moved toward each other, leading to a
tightened NBD dimer (Figure 1d). To analyze this conforma-
tional transition in more detail, Figure 1e shows four Cα−Cα

distances (d1 to d4) between residue pairs during a
representative IF-to-OF simulation. The residue pairs for
measuring d1, d3 and d4 have been previously shown to be
suitable for discriminating between the IF and OF states by
EPR;37 d2 describes the distance between the coupling helices
CH1 and CH2 (i.e., intracellular coupling loops ICL1 and
ICL2).
Upon the conformational transition, the NBD dimer tightens

as indicated by a change in d1 by around 0.7 nm (cyan curve).
The cytoplasmic (intracellular) region of the TMDs closes by
more than 1.5 nm (d3, magenta curve), whereas the TM helices
at the periplasmic (extracellular) TMD gate region open by
roughly the same extent (d4, black curve). The closing motion
of the coupling helices (d2, brown curve) follows that of the
cytoplasmic TMD gate region. The conformational transition
proceeds in a stepwise fashion; the different milestones along
the pathway are indicated by the bars in Figure 1e (top). First,
contraction of the NBD dimer (cyan curve) and partial closure
of the cytoplasmic TMD gate (magenta curve) occur in a
concerted manner. Concomitantly, the two NBD monomers
twist with respect to each other; i.e., they change their relative
orientation (Figure 1g). These observations underline the
collective nature of the coupled conformational motions in the
NBDs and TMDs. Furthermore, they are in line with the
“doorknob” mechanism,33 according to which the NBD twist is
a prerequisite for subsequent opening/closing TMD motions.
Finally, the above initial steps are followed by full closure of the
cytoplasmic gate and complete opening of the periplasmic
TMD gate (black curve). The other IF-to-OF transitions show
a qualitatively similar behavior, see Supporting Information
Figure S2. Snapshots of the OF and Occ conformations

obtained from the MD simulations are provided as Supporting
Information as PDB files.
All transitions to the OF state proceeded via an occluded

(Occ) state (Figure 1c and Supporting Information Figures S3,
S4). Compared to the complete IF-to-OF transition, transitions
from the IF to the Occ state were observed more frequently (in
11 simulations). In those simulations, the structure remained in
an Occ conformation, which differs from the OF structure
mainly in that the periplasmic gate stays closed (d4, black curve
in Figure 1f). The other distances (d1 to d3) as well as the
NBD−NBD twisting angle (Figure 1h) change in a qualitatively
similar manner as in the IF-to-OF transition.
Currently, there is no published X-ray crystal structure of

TM287/288 in an OF state. Thus, to check and validate the OF
state found in our simulations, Figure 2a shows a structural
alignment to the OF X-ray crystal structure of the homologous
ABC exporter Sav1866. The Cα-RMSD to Sav1866 decreases
from 0.7 nm to below 0.4 nm in the course of the simulation.
The RMSD of the TMDs is on average 0.3 nm, and the RMSD
of the NBDs fluctuates to even below 0.2 nm. We assign these
low RMSDs to mere thermal fluctuations around a stable OF
structure that, at the backbone level, is highly similar to
Sav1866, including the complete opening at the periplasmic
side. Furthermore, our MD simulations are supported by the
agreement of the Occ state obtained from our simulations to
the available Occ state X-ray crystal structures of homologous
ABC exporters. Figure 2b shows the RMSD and structural
alignment to PCAT140 as a representative Occ conformation.
As discussed above for the similarity of our TM287/288 OF
state to the Sav1866 OF X-ray structure, also the Occ
conformation identified from the simulations closely matches
the available homologous X-ray crystal structure.
Next, to more closely analyze the large-scale conformational

transitions, we counted the number of water molecules inside
spheres of 1.0 nm radius centered at the cytoplasmic gate,
periplasmic gate, and NBD regions (red circles in Figure 1b−
d). The results shown in Figure 3 corroborate the concerted
conformational transitions described above. The changes in
water accessibility of the key structural regions are very
pronounced, and hydration hence provides not only a
complementary, but maybe an even clearer picture of the
conformational transition than the one obtained from analyzing
the protein structure alone. Whereas the water count at the
cytoplasmic gate region decreases from around 100 to 30 water
molecules (Figure 3a, magenta curve), the water count at the
periplasmic gate region increases from less than 20 (i.e., almost
dry) to about 100 (brown curve). At the same time, the
hydration of the NBDs is reduced from 110 to around 80 water
molecules. In contrast to the water influx at the periplasmic gate
region observed for the OF state, the periplasmic gate in the
Occ conformer remains inaccessible to water (Figure 3b, brown
curve). Interestingly, the size of the cavity observed in the Occ
conformation suffices to harbor one daunorubicin molecule
(data not shown). Importantly, the presence of an Occ state
ensures that the putative substrate translocation pathway is not
simultaneously open to both sides of the membrane. However,
the mechanistic implications of rearranging cavity water
molecules during substrate translocation remain to be
elucidated in more detail.
Finally, we validated the IF to OF transition observed in the

MD simulations using distances between spin-labeled pairs in
the NBD and TMD regions of the transporter measured by
EPR (Figure 4). The IF state was measured in the absence of
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nucleotides; the OF-state was induced by trapping of the
posthydrolytic intermediate with vanadate and ATP-Mg or
binding of ATP-Mg (in case of E517Q mutations), which leads
to a predominant population of OF state in detergent-

solubilized transporters.37 Notably, the occluded state could
not be experimentally trapped under the investigated
conditions.
Figure 4 compares the interspin distances predicted by

MMM201543 of the apo X-ray structure of TM287/288
(shaded gray histograms) and of the OF state obtained from
our MD simulations (average over 20 snapshots, red shaded
histograms) with experimental DEER data determined with the
transporters in detergent (gray and red solid lines, respectively).
Considering the 0.3−0.4 nm intrinsic uncertainty in the
modeling of the mean interspin distances,44 the agreement
between simulated and experimental mean distances is good for
both NBDs and TMDs (Figure 4c,d and Supporting
Information Figure S5). Interestingly, for all three periplasmic
TMD pairs, the OF state systematically predicts mean interspin
distances about 1 nm longer than those experimentally
obtained in detergent (Figure 4a,b and Figure S5). To assess
whether the membrane environment, as present in the MD
simulations, can affect the opening of the extracellular TMD
wings, we reconstituted four spin-labeled pairs of TM287/288
in liposomes and remeasured the distance constraints. In this
analysis, the IF distances were found to be invariant in
detergent and liposomes (solid and dashed gray lines in Figure
4). Reproducible OF distances were also obtained in the two
environments for the NBD and TMD pairs, although their
fraction in the overall distribution was decreased due to
nonunidirectional insertion of the transporters into liposomes
(solid and dashed red lines in Figure 4). Interestingly, in
proteoliposomes, a shift toward longer distances was detected
at the extracellular region of the transporter, which is in line
with the MD simulations. This is reminiscent of what was
described for an analogous extracellular spin label pair
introduced into the heterodimeric ABC exporter TmrAB.29

Figure 3. Hydration of the NBDs and the cytoplasmic and periplasmic
gate regions during (a) IF-to-OF transition, and (b) IF-to-Occ
transition. The number of water molecules inside spheres of radius 1
nm (Figure 2b−d) were counted. For the TMD regions, the sphere
centers are defined by the center of mass of the Cα-atoms of 14
residues of each of the four inner TM helices. For the cytoplasmic and
periplasmic water analysis, these residues are at the “lower” end of TM
helices 3, 4, 9, 10 and “upper” end of TM helices 1, 6, 7, and 12,
respectively. For the NBD, the sphere is centered around the lower
part of the NBDs and the coupling helices.

Figure 4. Comparison between simulated OF structure and experimental DEER distance distributions of spin-labeled TM287/288 in detergent and
liposomes. (a−d) In the top panels, the gray-shaded histograms show interspin distances simulated using MMM2015 with the room temperature
MTSL rotamer library43 on the apo crystal structure (PDB ID code 4Q4H); the red-shaded histograms result from 20 OF structures obtained from
five 500 ns MD simulations at 300 K initiated from the final OF state obtained at 375 K. The distance distributions directly obtained from the 375 K
simulations are highly similar (not shown). The bottom panels show experimental distance distributions extracted from high power Q-band DEER
traces with DeerAnalysis2015 and normalized by area (1.5−8.0 nm range). (b, c) Spin-labeled pairs in the periplasmic TMDs (46TM287−71TM288 and
50TM287−271TM287 E517Q). (d, e) Spin-labeled pairs in the NBDs (460TM287−363TM288 E517Q) and in the cytoplasmic (TMDs 231TM287−304TM287),
respectively. Transporters were solubilized in detergent (solid lines) or reconstituted in liposomes (dashed lines). Gray lines represent apo states and
red lines ATP-Mg (E517Q mutant) or ADP-vanadate (VO) states. Detergent data for pairs 460TM287−363TM288, 231TM287−304TM287 and 50TM287−
271TM287, are shown for comparison only, and were published previously.

37 Primary data and validation of distances are found in Figure S5. (e) Spin-
labeled positions in TM287/288.
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Hence, our DEER measurements suggest a more pronounced
opening of the extracellular gate in the context of the lipid
bilayer, thereby validating the OF state observed in the MD
simulations.
The complete transition from the IF to the OF state, in

which the TMDs are fully open at the periplasmic side, was
observed in only 6 out of 100 conducted MD simulations,
whereas the transition from the IF state to the Occ state
occurred more frequently (11 times). This difference can have
(at least) two possible explanations. First, the simulation time
might not suffice to overcome the energy barrier associated
with the Occ-to-OF transition in all individual simulations, and
hence some simulations are kinetically trapped in the Occ state.
A second possible explanation is that the Occ state, and not the
OF state, is actually lower in free energy and hence the major
populated state when two nucleotides are bound. This
alternative is considered unlikely, because it contradicts data
on P-gp28 as well as the available EPR data on TM287/288,37

which showed that there is a coherent response of the NBDs
and TMDs toward an OF state in the presence of different
nucleotides and nucleotide analogues in the absence of
substrates. However, the conformational equilibria present in
TM287/288 (i.e., both IF and OF distances are detected in the
presence of nucleotides) may very well include small fractions
of occluded conformers in the ensemble. Similar equilibria have
been reported for another ABC exporter, TmrAB.45 Interest-
ingly, recent work on the antibacterial peptide exporter McjD32

showed that McjD does not adopt a stable open cavity
conformation in the presence of ATP and the transported
peptide MccJ25, but an outward-occluded structure instead.
The bound MccJ25 peptide is released by transient opening of
the cavity without large-amplitude motions of the periplasmic
TMD gate, hence preventing the influx of the exported toxic
peptide.32 It is well-conceivable that homodimeric McjD and
heterodimeric TM287/288 differ in terms of their periplasmic
gate motions, however. Although our simulations and EPR data
of membrane-reconstituted transporters show that the open OF
conformation is possible for TM287/288, further work is
needed to unveil the combined conformational motions of
substrate and TMDs required for translocation. This formidable
endeavor would greatly benefit from computing free energy
profiles in the presence of substrate, as discussed below.
The mechanism described in this work agrees with, and to

some extent it explains, the ATP switch model46 in the sense
that ATP binding, and not hydrolysis, can suffice to overcome
the energy barrier and reach the OF state. In fact, in our MD
simulations, introducing a second ATP molecule at the
consensus site in addition to the one present in the degenerate
site, suffices to trigger the IF-to-OF and IF-to-Occ transitions.
ATP hydrolysis and subsequent unbinding of Pi and ADP
would thus be required to reset the cycle, allowing the next
substrate molecule to be loaded. In a heterodimer, such as
TM287/288, this hydrolysis reaction occurs predominantly, if
not exclusively, in the consensus site. Therefore, one ATP
molecule would (almost) always remain bound to the
degenerate site and mediate interactions between the two
NBD monomers, which only partially disengage during the
working cycle.36

■ CONCLUSIONS
We investigated the large-scale conformational transition
between IF and OF states of the heterodimeric ABC exporter
TM287/288 using extensive MD simulations in explicit

membrane and water environment. The complete, spontaneous
transition to the OF state observed in our MD simulations was
validated by experimental distances between spin-labeled pairs
engineered in membrane-reconstituted transporters. The
simulations provide atomic-level insight into the structural
dynamics underlying an intricate multistep mechanism, which
involves coupled cooperative motions of NBDs and TMDs.
First, in the presence of ATP in the nucleotide binding sites, the
NBD dimer tightens by a simultaneous closing and twisting
motion, i.e., upon approaching each other the two NBD
monomers reorient to enable the formation of a fully closed
dimer. Concomitantly, the cytoplasmic gate region of the
TMDs closes, thereby forming an occluded (Occ) intermediate
state. Finally, the periplasmic TMD gate opens, yielding the OF
state that is accessible to the other side of the membrane. Our
MD results are strongly supported by the similarity of the
identified Occ and OF conformations to known X-ray crystal
structures of homologous ABC transporters. However,
although the agreement to these X-ray structures is apparently
very good at the backbone level, full structural relaxation of the
formed NBD and TMD interfaces, including the precise
arrangement of side-chains, might occur on much longer time
scales and thus require even longer simulations.
Full characterization of the complete functional working

cycle of an ABC transporter would require sampling the
structural dynamics of the IF/OF conformational transition in a
reversible manner at equilibrium and, ultimately, to explicitly
include substrate (allocrite) molecules and study their actual
translocation pathways. This has not been achieved at atomic
resolution so far, but our results provide a key step in this
direction. In particular, the conformational transitions occur
spontaneously in our simulations, thus revealing not only the
characteristics of the individual steps involved (e.g., collective
conformational transitions in NBDs and TMDs), but also the
natural sequence of events. This enables one to extract a small
but relevant set of suitable reaction coordinates for subsequent
free energy simulations of the IF/OF transition in the presence
of a translocated substrate.

■ METHODS
MD Simulations. All MD simulations were carried out with the

GROMACS program package, version 5.1.47 The Amber ff99sb-ILDN
force field48,49 was used for the protein, together with the Berger lipid
parameters50 for POPC, including the dihedral parameters of Bachar
and co-workers51 for the torsion around the bond adjacent to the cis
double bond in the unsaturated hydrocarbon tail; the lipid parameters
were obtained from Cordomi and co-workers.52 For ATP, the force
field parameters of Meagher and co-workers53 were used. The starting
structure for the simulations was taken from the 2.6 Å resolution
crystal structure of TM287/288 in an inward-facing conformation12,36

with AMP-PNP bound at the degenerate site (PDB ID code 4Q4A).
AMP-PNP was converted into ATP and a second ATP molecule was
docked into the consensus site in two steps. First, to get an initial
estimate of the position of ATP and the Mg2+ ion, the consensus site
was superimposed onto the degenerate site by least-squares fitting of
one NBD onto the other. Second, on the basis of other crystal
structures of ABC transporters with bound ATP,54−56 the ATP
position and coordination of Mg2+ was further refined. This refinement
included (i) stepwise decreasing the distance between the carbonyl
oxygen of Q436 and the Mg2+ ion to 2.0 Å (in 0.1 Å steps, each
involving steepest descent energy minimization), (ii) rotating the side
chain dihedral angle of T395 such that the Oγ-atom is in contact with
Mg2+, (iii) rotating the terminal dihedral angle of the K394 side chain
to establish two hydrogen bonds with the ATP β- and γ-phosphate
groups, and (iv) adding the missing two water molecules into the Mg2+
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coordination shell, yielding a hexa-coordinated Mg2+. Although not
explicitly enforced upon docking, the A-loop tyrosine (Y364) forms a
proper π-stack to the adenosine moiety in our final structure. The
obtained doubly ATP-loaded structure was then embedded into a pre-
equilibrated POPC lipid bilayer. As in our previous simulations of
BtuCD-F,57 the inflation-insertion-deflation protocol of Kandt and co-
workers58 was used, and the orientation and insertion depth of the
protein in the lipid bilayer was determined with the orientations of
proteins in membranes (OPM) web server.59 The system was solvated
with water such that no water molecules were introduced in the
hydrocarbon region of the bilayer. The periodic simulation box
contained 255 POPC lipids (128 lipids in one leaflet, 127 in the other
leaflet), 33 370 TIP4P/2005 water molecules,60 and Cl− ions to
neutralize the simulation box, yielding a total system size of ca.
132 000 atoms. The box dimensions were ca. 10.3 × 9.8 × 14.6 nm.
Prior to the simulations, the system was energy minimized (using
steepest descent) and equilibrated for 10 ns in the NpT ensemble with
harmonic position restraints on all protein heavy atoms (force
constants of 1000 kJ mol−1 nm−2), allowing for relaxation of the lipid
and water molecules around the protein.
In the MD simulations, short-range nonbonded Coulomb and

Lennard-Jones 6−12 interactions were treated with a buffered Verlet
pair list61 with potentials smoothly shifted to zero at a 1.0 nm cutoff.
Analytical dispersion corrections were applied for energy and pressure
to compensate for the truncation of the Lennard-Jones interactions.
Long-range electrostatic interactions were treated with the particle
mesh Ewald (PME) method62,63 with a grid spacing of 0.12 nm and
cubic spline interpolation. The SETTLE algorithm64 was used to
constrain the internal degrees of freedom of the water molecules, and
LINCS65 was used to constrain all other bond lengths. Virtual
interaction sites were used for the hydrogen atoms,66 allowing to
integrate the equations of motion with 4 fs time steps. The simulations
were carried out in the NpT ensemble. Temperature was kept constant
at the desired value (300 or 375 K) by coupling to a velocity rescaling
thermostat67 with coupling time constant 0.1 ps. For constant
pressure, semi-isotropic coupling was applied by separately coupling
the lateral (xy) and normal (z) box directions to a pressure bath at 1
bar using a Berendsen barostat68 with time constant of 2 ps and
compressibility 4.5 × 10−5 bar−1. The above setup has been shown to
be reliable for simulations of membrane proteins.69 At 375 K, 100 MD
simulations of length 500 ns were initiated from different random
seeds for the initial Maxwell velocity distribution. Simulations in which
a spontaneous conformational transition to an outward-facing state
occurred were extended up to 1 μs. One representative trajectory of an
inward-facing to occluded state transition was also extended up to 1
μs. In addition, to investigate the structural dynamics of the inward-
and outward-facing states at 300 K, five additional 500 ns simulations
were carried out for each conformer at the lower temperature used for
EPR validation; these simulations were initiated from the config-
urations obtained after 600, 700, 800, 900, and 1000 ns of the 1 μs MD
simulation at 375 K. To study the properties of the bilayer at 300 and
375 K, additional 500 ns simulations of a pure bilayer (i.e., without
protein) comprised of 256 POPC lipids, solvated by 14 966 TIP4P/
2005 water molecules, were carried out at these two temperatures. At
300 K, the average area per lipid is 0.63 nm2. The bilayer is also stable
under the simulation conditions at 375 K, with an average area per
lipid of 0.70 nm2.
Spin-Labeled Pairs and Interspin Distance Simulations. Five

previously described37 spin-labeled pairs positioned in the NBDs, as
well as in the cytoplasmic and periplasmic TMDs were used. Two new
pairs (271TM287−290TM288 and 46TM287−71TM288) were created in the
periplasmic TMDs for further validation of the OF MD structure with
following criteria: strategic position in the periplasmic TMD region,
high accessibility toward the aqueous environment, high number of
populated rotamers and distinct distances in the inward with respect to
the outward-facing models. The new periplasmic pairs were found to
be active in detergent (activities normalized to the wildtype: 81.5%
(SD 5.6%) for 271TM287−290TM288 and 56.2% (SD 2.1%) for 46TM287−
71TM288) and in proteoliposomes based on ATPase assays (Supporting
Information Figure S6). For the prediction of interspin distances, the

inward-facing crystal structure of TM287/288 in its apo state (PDB ID
code 4Q4H) and 20 models from our MD simulations at 300 K were
used as templates. Distances were simulated using the ambient
temperature rotamer library approach for side chains labeled with
MTSL ([1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl] methane-
thiosulfonate) available in the Matlab package MMM2015.43

Protein Preparation and Reconstitution. The expression,
purification and labeling protocol was described in a previous
study.37 Four variants of the transporter were reconstituted into
lipid membrane vesicles consisting of polar E. coli lipids and egg
phosphatidylcholine (Avanti Polar Lipids) mixed at a weight ratio of
3:1. The reconstitution protocol via biobeads (Biorad) followed
Geertsma and co-workers70 with minor modifications: the sonication
step before flash-freezing and extrusion was omitted; lipid/protein
ratio was 50 (w/w) to optimize the EPR signal-to-noise;
proteoliposomes were separated from the biobeads using a Pasteur
pipet. The sample was spun down at 15 000g for 20 s to eliminate
possible protein precipitate; the supernatant was then concentrated by
centrifugation at 150 000g for 1 h at 4 °C.

EPR Sample Preparation. The labeling efficiency of the double
cysteine mutants of the transporters solubilized in detergent was
measured by comparing the second integral of the continuous wave X-
band room temperature EPR spectra with a reference sample of
TEMPOL of known concentration (http://www.spintoolbox.com).
The calculated spin labeling efficiencies of all investigated mutants
ranged between 70 and 90%. For DEER measurements, 10% v/v
glycerol-d8 was added prior to snap freezing. 40 μL of sample were
loaded in quartz tubes with 3 mm outer diameter. To populate to OF
state, transporters solubilized in detergent (or reconstituted in
liposomes) were incubated with 5 mM sodium orthovanadate, 2.5
mM ATP and 2.5 mM MgCl2 at 50 °C for 3 min (4 min), incubated at
25 °C for 1−2 min and snap frozen in liquid nitrogen. To populate the
OF state in the spin-labeled mutants engineered in TM287/288
carrying the E517Q mutation, samples were directly incubated with
2.5 mM MgCl2 and 2.5 mM ATP at 25 °C for 8 min (10 min) and
snap frozen in liquid nitrogen.

DEER Experiments and Analysis. Double electron−electron
resonance (DEER) measurements were performed at 50 K on a
Bruker ELEXSYS E580Q-AWG pulse Q-band spectrometer equipped
with a 150 W TWT amplifier. A 4-pulse DEER sequence with
nonselective observer and pump pulses (12−14 ns and 32−34 ns for
rectangular and Gaussian pulses, respectively, depending on the
available B1 at the sample) with 90−100 MHz frequency separation
was used. The full width at half-maximum of the Gaussian pulses
corresponds to 13−14 ns. Phase cycling (0−π) of all observer pulses
was coupled to a 4-step phase cycling (0−π/2−π−3π/2) of the pump
π-pulse, to remove unwanted effects of running echoes from the DEER
trace due to the coherent nature of the AWG generated pulses. The
evaluation and validation of the DEER data was performed using
DeerAnalysis2015.71 The background of the primary DEER traces was
corrected using stretched exponential functions with homogeneous
dimensions of 2 to 3 for different samples. A model-free Tikhonov
regularization was used to extract distance distributions from the
background corrected form factors. A validation of the Tikhonov
regularization has been performed for the four data sets in liposomes
using following trials: background starting point from 400 to 1000 ns
with 7 steps and background fit dimension from 2 to 3 with 5 steps.
The validation was further refined with an Lprune of 1.15 which limits
the RMSD deviation of the error estimates from the experimental data
to that of the best fit by a factor of Lprune.
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