N

"
UST
http://justc.ustc.edu.cn Received: October 01, 2022; Accepted: November 04, 2022

Molecular mechanism underlying ABC exporter gating: a com-
putational study

Zi Wang, and Jielou Liao ™

Department of Chemical Physics, University of Science and Technology of China, Hefei 230026, China

>™Correspondence: Jielou Liao, E-mail: liaojl@ustc.edu.cn
© 2023 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Graphical abstract

Distance

d2

A

Time

Nonequilibrium coarse-grained (CG) molecular dynamics (MD) simulations show that the ATP-binding cassette (ABC) exporter per-
forms highly cooperative gating movements during the conformational transitions.

Public summary
m The CG-MD trajectory discloses highly cooperative gating movements in the MsbA ABC exporter protein.

m The potential mean force (PMF) is used to capture the conformational transitions between the OF, OC and IF states, and
thus, a detailed understanding of the mechanism of ABC exporter gating is achieved at a molecular level.

m On the basis of the CG-MD simulation results, a mechanistic model, which is significantly different from those pub-
lished in the literature, is proposed.
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Abstract: ATP-binding cassette (ABC) exporters are a class of molecular machines that transport substrates out of biolo-
gical membranes by gating movements leading to transitions between outward-facing (OF) and inward-facing (IF) con-
formational states. Despite significant advances in structural and functional studies, the molecular mechanism underlying
conformational gating in ABC exporters is not completely understood. A complete elucidation of the state transitions dur-
ing the transport cycle is beyond the capability of the all-atom molecular dynamics (MD) method because of the limited
time scale of MD. In the present work, a coarse-grained molecular dynamics (CG-MD) method with an improved sampling
strategy is performed for the bacterial ABC exporter MsbA. The resultant potential of the mean force (PMF) along the
center-of-mass (COM) distances, d; and d,, between the two opposing subunits of the internal and external gates, respect-
ively, are obtained, delicately showing the details of the OF — IF transition occurring via an occluded (OC) state, in which
the internal and external gates are both closed. The OC state has an important role in the unidirectionality of the transport
function of ABC exporters. Our CG-MD simulations dynamically show that upon NBD dissociation, the opening of the in-
ternal gate occurs in a highly cooperative manner with the closure of the external gate. Based on our PMF calculations and
CG-MD simulations in this paper, we proposed a mechanistic model that is significantly different from those recently pub-
lished in the literature, shedding light on the molecular mechanism by which the ABC exporter executes conformational
gating for substrate translocation.
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1 Introduction

Adenosine 5'-triphosphate (ATP)-binding cassette (ABC) ex-
porters are molecular machines that utilize the chemical en-
ergy from ATP to shuttle various substrates out of biological
membranes!”. ABC exporters are typified by two highly con-
served nucleotide-binding domains (NBDs), which bind and
hydrolyze ATP, and two transmembrane domains (TMDs)
where a pathway for substrate translocation is formed (see
Fig. 1). Whereas the NBDs are dimerized upon ATP binding,
they depart from each other after ATP is hydrolyzed and the
products are released. ABC exporters conduct important cel-
lular functions via large-scale conformational changes by al-
ternating between inward-facing (IF) and outward-facing
(OF) conformations®*. However, dysfunctional ABC export-
ers are responsible for several diseases, including adrenoleuk-
odystrophy, pseudoxanthoma elasticum, cystic fibrosis, and
cancer drug resistance®. Therefore, it is important to under-
stand the molecular mechanism of ABC exporters to develop
therapeutic agents against the abovementioned diseases.

An internal gate facing the cytoplasmic side (inward fa-
cing, IF) and an external gate facing the periplasmic side (out-
ward facing, OF) are formed in the TMDs, each of which
consists of six transmembrane helices (TMs) (labeled TMi
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and TM/', i=1-6, in Fig. 1), Each TMD links its associated
NBD with two intercellular coupling helices (ICHs, s=1, 2),
ICH1 and ICH2 on one subunit and ICH1' and ICH2' on the
other”. These ICHs are oriented roughly parallel to the mem-
brane plane. The two gates are arranged roughly perpendicu-
lar to each other™. The internal gate consists of TM1, TM3,
TM6, and the TM2-TM4 '-TMS5 ' bundle on one side, and
TM1’, TM3’, TM6', and the TM2'-TM4-TM5 bundle on the
opposite side (Fig. 1), whereas the external gate is composed
of TM1, TM3', TM6’, and the TM2-TM4'-TM5' bundle on
one side, and TM1’, TM3, TM6, and TM2'-TM4-TMS5 on the
other. Both gates share the TM2-TM4'-TM5' and TM2'-TM4-
TMS5 bundles, which serve as two gateposts on each side of
the gates, playing an important role in the semirigid-body gat-
ing movements of the protein. In an IF conformation, the ex-
ternal gate is closed, whereas the internal gate is open so that
substrates can access from the cell interior, and vice versa in
the OF state. In addition to the IF and OF states, the ABC ex-
porter also adopts an occluded (OC) state, in which two gates
are both closed.

Structural studies provide snapshots for conformational
state transitions in ABC exporters'”. Serving as a model
system, the MsbA ABC exporter has been widely used to
study the ABC exporter mechanism®'. After the high-
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Fig. 1. Three conformations of an ABC exporter. (a) Inward-facing (IF) conformation, in which the internal gate is open whereas the external gate is
closed. (b) Occluded (OC) conformation, in which both the internal and external gates are closed. (¢) Outward-facing (OF) conformation, in which the in-
ternal gate is closed whereas the external gate is open. The TMD helices, TM1-TM6 on one subunit and TM1'—-TM6’ on the other, are colored red and
blue, respectively. The intracellular coupling helices ICH1 (ICH1'), which links TM2 (TM2') and TM3 (TM3’) at its N- and C-terminus, and ICH2
(ICH2'), which links TM4 (TM4') and TM5 (TMY'), are colored green and yellow, respectively.

resolution full-length X-ray structure was first determined for
the Sav1866 ABC exporter in 20061, three MsbA crystal
structures representing an OF state and two different IF states
were reported from X-ray crystallography experiments™.
Based on these MsbA structures, a mechanistic model (see
Fig. S1 in Supporting information) was proposed, suggesting
that the NBD twisting motion drives the alternation between
the OF and IF states in the TMDs of MsbA™. This mechanistic
model was derived from the highly twisted structures of Ms-
bA in the IF states. Whether this model represents a general
mechanism for ABC exporters remains controversial, as re-
cent structural studies of MsbA have challenged this mechan-
istic view” ' (Figs. S1-S5). For example, a consensus model
was suggested for conformational changes during the ABC
transport cycle®”. The proposed model follows steps similar to
the classic alternating access between the OF and IF states™.
However, the detailed mechanism in this meachistic model
remains unclear (Fig. S3).

In principle, elucidating the conformational transition
mechanism of an ABC exporter requires the evaluation of the
free energy profile along the transition pathway (i.e., poten-
tial mean force, PMF)"*! In an early study"*, Moradi and
Tajkhorshid employed a nonequilibrium method to calculate
the PMF for the conformational state transitions in MsbA.
However, the PMF thus obtained was unable to capture the
OF and OC states (see Fig. 5 in Ref. [14]). In other words, the
PMF resulting from their modeling study captured the con-
formational transition only between the IF states of MsbA. In
our previous paper, a coarse-grained molecular dynamics
(CG-MD) method was used to obtain the PMF along the path-
way for the ABC exporter conformational transitions. The
resulting PMF can successfully elucidate the OF &1IF trans-
itions. Unfortunately, it was unable to describe the OC state
and therefore failed to capture the OF<-OC and OC« IF
state transitions. Despite extensive studies over the past dec-
ades, a detailed understanding of the molecular mechanism
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underlying ABC exporter gating remains incomplete!. To
address this issue in this work, a CG-MD approach with com-
prehensive sampling is employed for the bacterial ABC ex-
porter, MsbA.

2 Materials and methods

All simulations in this work were executed using GROMACS
5.0.5"7. A full-length cryo-EM structure of MsbA (PDB code:
7RIT!") was used as the initial structure for our simulations.
MsbA is the gram-negative bacterial ABC exporter that trans-
ports lipopolysaccharide (LPS), a potent inflammatory in-
ducer, from the cytoplasmic leaflet to the periplasmic leaflet
of the inner membrane!®. As a member of the ABC exporter
family, the structural architecture of MsbA is similar to that
of other members, as described in the previous section. In this
work, the POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine) membrane system is employed. We used the
Martini force field"**” to model the MsbA molecule. The res-
ulting CG model of MsbA was inserted into a preequilibrated
POPC lipid bilayer also modeled with the Martini force field.
In the Martini model, four water molecules are mapped to a
CG water particle, and one ion is represented by a single CG
ion particle. The MsbA-lipid system was solvated in the non-
polarizable Martini 2.2 model with 10% antifreeze-type
water beads” and neutralized with 4 sodium ions in a rectan-
gular box of 18 nm x 18 nm x 18 nm. The final system com-
prises 58379 MARTINI particles, including one MsbA pro-
tein (2452 particles), 987 POPCs, and 54940 nonpolarizable
water CG particles (Fig. S1). The Martini model describes the
van der Waals interactions with a Lennard —Jones potential
function with a cutoff of 1.2 nm, which was smoothly shifted
to zero between 0.9 and 1.2 nm, and treats charged CG
particle interactions using a Coulomb energy function with a
relative dielectric constant of 15. The long-range electrostatic
interactions were treated using the particle mesh Ewald
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(PME) method™ with a real space cutoff of 1.2 nm and a 0.12
nm Fourier grid spacing. The Verlet scheme was used for the
neighbor list update in accordance with the GROMACS
definition.

CG-MD simulations were carried out using a time step of
20 fs under periodic boundary conditions. The MsbA-lipid
system was weakly coupled to the v-rescale thermostat (v = 1
ps) and the Parrinello-Rahman barostat (z, = 12 ps) fixed at
310 K and 1 bar in all simulations unless otherwise indicated.
The total system was equilibrated after a 20000-step energy
minimization. CG-MD simulations and umbrella sampling
(US) with the weighted histogram analysis method (WHAM)
were conducted to calculate the PMF along the transition
pathway, which usually defines the reaction coordinate!.
This reaction coordinate, which is used for monitoring the
conformational changes in the protein, is critical for effective
sampling of the conformations along the transition pathway.
In Ref. [14], the angle between the roll axes of two sides of
the internal gate, o, was used as the reaction coordinate to
probe the conformational changes in the MsbA protein. It is
helpful to use this angle for measuring the extent of the in-
ternal gating as a fully rigid body, but failing in the descrip-
tion of whether the gate is close or not in the case of MsbA,
as it is a flexible protein but can perform semirigid body mo-
tion™™!. In a previous paper!”, the center-of-mass (COM) dis-
tance, d;, between the two opposing subunits of the internal
gate was applied as a reaction coordinate to sample the con-
formations along the transition pathway. The resulting PMF
captures the OF - IF transition but was not able to identify
the OC state. In a recent publication”, the difference between
two COM distances, d, — d,, was used as the reaction co-
ordinate. Here, d, is the COM distance between the two op-
posing subunits of the external gate. Although the PMF was
obtained, in which the OC state was identified, it is very diffi-
cult in practice to run the CG-MD trajectories along the reac-
tion coordinate d; — d, (i.e., trajectories with the constraint to
the reaction coordinate). To address this issue in this work,
the COM distances d; and d, are used to investigate the
dynamic correlation between these two gates during the con-
formational state transitions. To this end, a weak pulling force
was used as a probe but only to the NBDs and a small por-
tion of the TMDs at the cytoplasmic end of the internal gate.
Consequently, the COM distances, d; and d,, were gradually
changed via successive pulling and equilibration steps. Struc-
tural snapshots were then taken out from the CG-MD traject-
ory to generate the configurations for the PMF simulations
using the US method. Such a pulling approach has been
widely applied to evaluate free energy profiles for various
biological systems™ 7.

In this study, we first computed PMF vs the COM distance,
d, (2.32-4.50 nm), along which 120 conformational windows
were then generated. For each window, 60 ns CG-MD US
simulations and WHAM were executed. The 60 ns CG-MD
simulations for each window can achieve converged results,
as also shown in our previous study'. To identify the OC
state, we further took 60 configurations around the OF state
from the above COM-pulling trajectory but performed US
simulations along the d, direction (d,: 2.40-2.90 nm). There-
fore, we obtained the PMF against both d, and d, as the
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reaction coordinates (Fig.2). The total effective simulation
time was ~46.8 ps in our calculations.

3 Results and discussion

3.1 Free energy profile along the conformational trans-
ition pathway

As discussed earlier, elucidation of the molecular mechanism
of an ABC exporter needs to calculate the free energy profile
along the transition pathway (i.e., potential mean force,
PMF). In this work, both d, and d, are used as the reaction co-
ordinates discussed above in our PMF calculations. Using the
aforementioned methods, the PMF is thus obtained, as
presented in Fig. 2.

As seen in Fig. 2, there exist several minima (a—d) corres-
ponding to the OF, OC, IF,, and IF, states, respectively. Here,
IF, or IF, represents an IF state emerging at (c) or (d) in Fig. 2.
The coarse-grained structures, which represent the OF (a), OC
(b), IF, (c), and IF, (d) states, and their corresponding atom-
istic structures are obtained with the back mapping method™,
also shown in Fig. 2. The minimum point (a), where d,=2.48
nm and d,=2.83 nm, represents the OF state. Its alignment to
the 2HYD structure!® leads to a root-mean-squared deviation
(RMSD) of 2.9 A. The minimum point (b), 4,=2.61 nm and
d,=2.42 nm, identifies the OC state where the gates are both
closed, while the minimum point (¢), 4,=3.21 nm and &,=2.39
nm, corresponds to an IF conformation (IF,) with a 2.1 A
RMSD compared to the 5STV4 structure®. Intriguingly, the
backbone of this IF, conformation is similar to that of the het-
erodimeric ABC exporter TM287/TM288 (PDB code:
3QF4"") (RMSD of 3.5 A for Ca atoms). The deepest basin
(d) is found in the range of d; from 3.48 to 3.82 nm, and
d,=2.34 nm represents IF, states, whose conformations re-
semble a number of ABC exporter structures from experi-
ments, including the 7RIT"! and 4F4CP” structures. Overall,
the free energy of the OF state is relatively higher than that of

PMF (kcal/mol)

4.0

2.0 zs 9 d1(r::ﬁ1)
Fig. 2. Potential of mean force (PMF) expressed as a function of the
COM distances, d|, for the internal gate, and d5, for the external gate. (a)
d,=2.48 nm and d,=2.83 nm, (b) d,=2.61 nm and d,=2.42 nm, (c) d,=3.21
nm and 4,=2.39 nm, and (d) ¢,=3.48-3.82 nm and d,=2.34 nm represent
the OF, OC, IF,, and IF, states, respectively. The coarse-grained struc-
tures, which represent the (a) OF, (b) OC, (¢) IF,, and (d) IF, states, and
their corresponding atomistic structures are also presented.
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an IF state in the absence of nucleotides, consistent with ex-
perimental observations'”. We anticipate that the tight bind-
ing of ATP would lower the OF free energy basin and make
the OF state more stable.

Our PMF calculations demonstrate that the OC conforma-
tion represents a stable state (see (b) in Fig. 2), in agreement
with structural and biochemical experiments™. The resulting
PMF shows that the OFIF transition must proceed via the OC
state. This finding is important for the unidirectionality of the
transport function of an ABC exporter, as the external state
needs to be closed before the internal gate is open. Otherwise,
if the internal and external gates were both open, it might
cause reverse transport of substrates through the membrane
by the ABC exporter.

As shown in Fig. 2, during the OF—OC transition, d, is de-
creased by 4.1 A, whereas d, is increased by only 1.3 A. As
the free energies still change abruptly within this small dis-
tance range of d, it would be difficult to describe the de-
tailed PMF changes by including the OC state during the
OF—OC transition using only d; as the reaction coordinate.
This may offer a rationale for why the PMF fails in the de-
scription of the OC state in our previous study'. As the cal-
culated PMF provides only a static picture, it is of great in-
terest to probe how the coordinated gating movements are
achieved dynamically during the MsbA state transitions. To
this end, the trajectories from our CG-MD simulations will be
analyzed in detail as follows.

3.2 Highly cooperative dynamics in the MsbA gating
movements revealed by CG-MD simulations

NBD dissociation triggers a series of conformational trans-
itions, leading to the closure of the external gate and the open-
ing of the internal gate in the ABC exporter. In the following
discussion, the variations in the COM distances dygp, d,, and
d, are used to monitor the dissociation of two NBDs and the
movements of the internal and external gates, respectively.
The COM distances djcy; and dycy, are also presented to de-
pict the time courses of the COM distances between ICHI
and ICH1’ and between ICH2 and ICH2’, respectively. These
two pairs are inserted into the respective NBD, allowing the
TMD to bind to the NBD together.

As shown in Fig. 3, dygp (blue line) increases slowly in the
early phase of NBD dissociation, as the two NBDs are associ-
ated tightly with each other in the OF state. The COM dis-
tances dicpy, dicmp and d rise in a way similar to that of dygp.
The results show that the dissociation of the NBDs drives the
internal gate to be opened with ICHs and ICHs' (s=1, 2) that
couple the TMDs to the NBDs.

As shown in Fig. 3, d, descends gradually as d, ascends,
demonstrating that the closing of the external gate occurs in a
highly cooperative way with the opening of the internal gate.
In Fig. 3, the cross point of the d, (black) and d, (red) curves,
where d;= d,=2.5 nm, corresponds to the OC state, in which
both gates are closed (see Fig. 2). After this time point, the d;
curve continues to go upward to a point, where ¢;=3.2 nm and
d,y=2.4 nm, corresponding to the IF; state, where the external
gate is closed and the internal gate is already open. Our CG-
MD simulations dynamically capture the OC state during the
OF —IF state transition.
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The high degree of cooperativity in the gating movements
of the ABC exporter relies on the protein structure. As first
determined in the X-ray experiment, the ABC exporter
structures are characterized by a domain-swapped arrange-
ment, i.c., TM4 and TMS5 in one subunit reach across and
contact the NBD in the other subunit (Fig. 1). Therefore, TM4
and TMS5 (TM4' and TMS5') in one subunit are allowed to in-
teract tightly with TM2' (TM2) in the other subunit, forming a
rather rigid TM4-TM5-TM2' (TM4'-TM5'-TM2) bundle. As
mentioned earlier, these two bundles serve as two movable
but rigid gateposts shared by the internal and external gates,
which are arranged approximately perpendicular to each oth-
er (Fig. 1). Such a mechanical arrangement enables the pro-
tein to perform machine-like functions in a highly cooperat-
ive way. Therefore, a mechanistic model is proposed for con-
formational state transitions in the ABC exporter in the
following discussion.

3.3 Mechanistic model for conformational state trans-
itions in the ABC exporter

To probe the mechanism underlying the conformational state
transition of the MsbA exporter, several coarse-grained struc-
tures are taken out from the CG-MD trajectory, displayed in
Fig. 2.

These structures correspond to the (a) OF, (b) OC, (c) IF,,
and (d) IF, states. For clarity, only TM3 (TM3 '), TM4
(TM4"), TMS (TMS5’), and the NBDs are retained, as presen-
ted in Fig. 4A. The two subunits are presented as red and blue
solid balls, respectively. As shown in Fig. 4, TM3, TM4 and
TMS5 with an NBD from one subunit are colored red, and
TM3’, TM4' and TM5’ with another NBD from the other sub-
unit are colored blue. As shown in Fig. 4A(d) as well as
Fig. 4B(d), while TM3 (TM3 ") inserts the red NBD (blue
NBD), TM4-TMS5 (TM4'-TMS5 ") crossover and inserts the
other blue (red) NBD. This outstanding domain-swapped fea-
ture distinguishes an ABC exporter from an ABC importer™,
playing an important role in the ABC exporter machinery.

Corresponding to Fig. 4A, a mechanistic model is construc-
ted for the transitions between the OF, OC, IF,, and IF, states,

6 T T T
o
—d2
51 — dneo| |

t(ns)

Fig. 3. Time evolution of d,, d,, dxgp, dici and dicy, upon NBD dissoci-
ation.
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depicted in Fig. 4B. As elucidated in this mechanistic model,
starting from the OC state (a), NBD dissociation, which usu-
ally occurs upon ATP hydrolysis and the release of the
products from an ABC transporter”", drives the TM4-TMS5-
TM2' bundle (TM2' and TM2 not shown in Fig. 4) on one
subunit (blue) to gradually depart from its counterpart, i.e.,
the TM4'-TM5'-TM2 bundle on the other (red). Therefore,
mechanical force is generated by the NBD dissociation to
close the external gate, leading to the transition from the OF
to OC state (step 1, Fig. 4B). As the NBDs depart from each
other further, the internal gate is open, resulting in the IF,
state (step 2). The two NBDs continue to dissociate from each
other, and the IF, state emerges with the internal gate more
open and the external gate closer (step 3). The OF—IF trans-
ition occurs, and the IF, state is eventually reached. Follow-
ing a procedure similar to that in our previous study!”, the
above steps shown in Fig. 4 can be performed in reverse by
applying weak forces to push the NBDs to approach each oth-
er, mimicking NBD association in the presence of ATP. As
such, one cycle for the conformational state transitions in the
ABC exporter is completed.

The above mechanistic model for the ABC export ma-
chinery is proposed based on our PMF and CG-MD simula-
tions, demonstrating how the external gate is closed in re-
sponse to the opening of the internal gate upon NBD dissoci-

>

External gate

B)  (a) OF (b) OC

(c) IF,

ation. As shown in Fig. 4, the movement direction of the ex-
ternal gate is approximately perpendicular to that of the in-
ternal gate. This is consistent with the structural arrangement
discussed earlier, showing the structural basis for the model.
Our machinestic model is significantly different from those
popular ones presented in recent publications™**"* (Figs.
S2-S5). Unfortunately, the overwhelming majority of those
models do not capture the domain-swapped structural feature
of ABC exporters, thereby failing to elucidate the detailed
molecular mechanism underlying conformational gating in
ABC exporters.

4 Conclusions

ABC exporters extrude various substrates out of the cell
membrane through dynamic switching between the OF and IF
conformations via the OC state. However, a detailed under-
standing of the molecular mechanism underlying conforma-
tional gating in ABC exporters currently remains incomplete.
In the present study, we used the combined CG-MD meth-
od with an improved sampling approach to study the bacteri-
al ABC exporter MsbA. The resulting PMF identified the
pathway for the conformational transitions between the OF,
OC, and IF states. The OF, OC IF, and IF, structures ob-
tained from the CG-MD and PMF simulations are in agree-

(d) IF,
« External
gate
TM4'-TM5'

r

TM4-TM5

T™3'

Step 3 Internal

(d) IF,

Fig. 4. (A) Coarse-grained structures from the CG-MD simulations for the (a) OF, (b) OC, (c) IF,, and (d) IF, states and (B) a mechanistic model for con-
formational state transitions in response to NBD dissociation. For clarity, two NBDs are presented with two balls (red and blue), and only TM3 and TM4-
TMS (red) and TM3' and TM4'-TM5’ (blue) are presented with rectangular sticks. The COM distances d, and d, are displayed in (A). In (B), the wider
rectangular sticks represent TM4-TMS5 (red, TM2' not shown) and TM4'-TM5' (blue, TM2 not shown), whereas the narrower rectangular sticks represent
TM3 (red) and TM3’ (blue). In (B), symbols « and «—— represent the gate opening, whereas —+«— represents the closing of a gate.
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ment with the structural experiments. Our simulations show
that in response to NBD dissociation, the closing of the ex-
ternal gate is highly cooperative with the opening of the in-
ternal gate. The results demonstrate that the closure of the ex-
ternal gate occurs prior to the opening of the internal gate so
that the OC state is captured in both the PMF and CG-MD
simulations in this work. This is functionally important for
the transport unidirectionality of an ABC exporter. Otherwise,
a conformation in which the internal and external gates were
both open could occur, causing reverse transport of sub-
strates via an ABC exporter across the membrane. Based on
our PMF and CG-MD simulations in this work, a mechanist-
ic model is proposed for the ABC export machinery, shed-
ding light on the molecular mechanism underlying conforma-
tional gating in the ABC exporter.
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