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Upon the binding of ATP molecules to nucleotide binding
domains (NBDs), ATP-binding cassette (ABC) exporters
undergo a conformational transition from an inward-
facing (IF) to an outward-facing (OF) state. This mo-
lecular event is a typical example of chemo-mechanical
coupling. However, the underlying mechanism remains
unclear. In this study, we analyzed the IF—OF transition
of a representative ABC exporter, MsbA, by solving the
equation of motion under an elastic network model
(ENM). ATP was represented as a single node in ENM or
replaced by external forces. When two ATP nodes were
added to the ENM of the IF state protein, the two NBDs
dimerized; subsequently, the two transmembrane domains
opened toward the extracellular side, resulting in the
formation of the OF structure. Such a conformational
transition was also reproduced by applying external
forces, which caused the rotational motion of the NBDs
instead of the addition of ATP nodes. The process of the
conformational transition was analyzed in detail using
cross-correlation maps for node-node interactions. More
importantly, it was revealed that the ATP binding energy
is converted into distortion energy of several transmem-
brane helices. These results are useful for understanding
the chemo-mechanical coupling in ABC transporters.
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verted into distortion energy of several transmembrane helices.

« Significance »

Upon the binding of ATP to nucleotide binding domains (NBDs), ATP-binding cassette (ABC) exporters undergo a conformational transition from
an inward-facing (IF) to an outward-facing (OF) state. This is a typical example of chemo-mechanical coupling. Here, the IF—OF transition of an ABC
exporter, MsbA, was studied by solving the equation of motion under an elastic network model, where ATP was represented as a single node. It was
found that 1) the twisting motion of the NBDs is indispensable for causing the opening of transmembrane domains, 2) ATP binding energy is con-

Key words: ABC exporter, elastic network model, protein
conformational transition, nucleotide binding
domain, transmembrane domain

ABC transporters constitute one of the largest superfami-
lies of integral membrane proteins that are found in all three
domains of life (bacteria, archaea, and eukarya) [1-3]. These
ABC transporters are divided into importers and exporters,
which allow substrates to be imported into or exported out
of the cytoplasm, respectively. Diverse substrates are trans-
ported by ABC transporters, e.g., lipids, peptides, ions, and
drugs [2,4]. Thus, they are responsible for multidrug resis-
tance (MDR), which has recently become one of the most
important problems in medicine [5,6].

Hereafter, we focus on ABC exporters unless otherwise
noted. Canonical ABC transporters share a common structural
organization, comprising two nucleotide-binding domains
(NBDs) that bind and hydrolyze ATP in the cytoplasm and
two transmembrane domains (TMDs) that form the trans-
location pathway for substrates [7,8] (Fig. 1). The TMDs
consist of 12 transmembrane (TM) helices, and each TMD
has six TM helices. The TMDs make contact with the NBDs
through coupling helices (CHs) that are located in two intra-
cellular loops (ICL1 and ICL2) [8] (Fig. 1 and Supplemen-
tary Fig. S1). These CHs are embedded in grooves on the
surface of the NBD.
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Figure 1 Inward-facing (IF) and outward-facing (OF) structures of MsbA as a typical example of ABC exporters. Blue and yellow chains

correspond to chain A and chain B, respectively.

The basic reaction cycle of ABC exporters is thought to
consist of a series of several steps [8—12]. In an ATP-free
(open apo) state, the protein adopts an inward facing (IF)
conformation, where the two NBDs are separated and, conse-
quently, the TMDs are open to the cytoplasmic side (Fig. 1).
Upon the binding of two ATP molecules, the NBDs dimerize,
which may push the coupling helices toward each other;
consequently, the TMDs convert into an outward-facing
(OF) conformation (Fig. 1). Upon the hydrolysis of ATP, the
reverse transition occurs to reset the transporter to the ground
state for the next step: the NBD dimer opens, consequently
pulling the CHs outward and causing the conversion to an
inward-facing conformation (Fig. 1). The first half process is
thought to be driven by the free energy of ATP binding to the
NBDs and the second half by the energy of ATP hydrolysis.
However, there is much less understanding of the mechanism
by which the energy of ATP is converted into the mechanical
motions of the protein or, in other words, the mechanism of
the chemo-mechanical coupling.

Molecular dynamics (MD) simulations and free energy
calculations are powerful tools with which to investigate the
structure and mechanism of ABC transporters [13,14]. How-
ever, the IF—OF conformational transition is beyond the
timescales allowed by conventional all-atom MD. Instead,
enhanced sampling MD methods with bias potentials such
as targeted MD (tMD) [15] and umbrella sampling [16] are
useful for exploring the atomic details of a large-scale con-
formational transition if the structures of the initial and final
states are both known. An early X-ray study determined the
structures of a bacterial ABC lipid flippase, MsbA, in differ-
ent states, including IF and OF conformations [17]. Weng
et al. applied tMD to elucidate the OF—IF transition path-
way of MsbA [18]. The resultant MD trajectory revealed a
clear spatiotemporal order of the conformational movements.
Moradi and Tajkhorshid developed a novel approach based

on designing an extensive initial search for system-specific
reaction coordinates and using non-equilibrium simulations
[19] and found that the twisting motions of the NBDs are
coupled to the open-close motions of the TMDs, which sug-
gested a novel hypothesis for the conformational dynamics
of ABC exporters termed the ‘doorknob’ mechanism [20].
Another strategy to overcome the sampling problem and
describe the large-scale conformational changes of proteins
is to employ coarse-grained representations of the protein
and/or environment models such as elastic network models
(ENMs) [21,22], where the elastic forces, acting on the par-
ticles, obey Hooke’s law. Recently, Xie ef al. applied an
adaptive anisotropic network model to the problem of the
allosteric transition of MsbA and obtained results consistent
with the above doorknob mechanism [23].

The above studies based on several enhanced conforma-
tional sampling methods have provided invaluable informa-
tion on the pathway of the IF«<-OF transition of MsbA as an
example of an exporter. However, these studies provide no
direct answer to the first question about the mechanism of
the chemo-mechanical coupling in ABC transporters, in
short, the role of ATP. To answer this question, one must
elucidate how the protein responds to an external perturba-
tion from ATP. Mikhallov and his coworkers successfully
analyzed nonlinear conformational relaxation dynamics of
proteins by solving the nonlinear equation of motion under
the ENM approximation for the proteins [24-26]. In addi-
tion, they successfully analyzed how motor proteins respond
to the application of external forces. This coarse-grained
method, hereafter called nonlinear ENM, is expected to be
applicable to the problem of the large conformational transi-
tion of ABC exporters. In our recent study on the dimeriza-
tion of the NBDs of a maltose transporter, we revealed that a
large downhill free energy gradient is generated by the bind-
ing of ATP to the NBDs; in other words, a strong attractive



force is generated between the ATP-bound NBDs [27]. In
this study, we analyze the [IF—OF transition in MsbA using
the nonlinear ENM method and reveal how the force gen-
erated by ATP binding is converted into the motion of the
TMDs, leading to an outward-facing structure.

Materials and Methods

Elastic Network Model (ENM)

Each amino acid residue is represented by a bead (node),
the position of which is identical to the position of the Ca
atom. A network is specified by indicating the equilibrium
positions of all nodes. Two nodes are connected by an elastic
spring (link) if the equilibrium distance between them is
sufficiently small (<8 A). The elastic forces, acting on the
nodes, obey Hooke’s law.

To construct the ENM of MsbA, we first obtained the
X-ray structure of the IF state from PDB (3B5W). MsbA is a
homodimer that consists of two elongated chains (A and B)
that are related by two-fold molecular symmetry. Each chain
involves an NBD and a TMD that consists of six helices,
TMI1-TM6 (Table 1 and Supplementary Fig. S1). Hereafter,
the two NBDs are discriminated as NBD and NBD’, and
similarly, the structural components of chain B are discrimi-
nated by adding a prime such as TM1’. According to the
X-ray structure, the twelve helices are divided into two bun-
dles, each of which involves six helices (Fig. 1). Hereafter,
each bundle is called a “wing”. The way of dividing the
twelve helices into the two wings is different between the IF
and OF states, as shown in Table 2 and Supplementary Fig-
ure S1. In the IF state, TM1-TM3 and TM6 from chain A
and TM4’-TM5’ from chain B pack into one wing, and
TM1’-TM3’ and TM6’ from chain B and TM4-TMS5 from
chain A form the other wing. Upon going from the IF to OF
state, the packing of the TM helices is rearranged as shown

Table 1 Structural components and their corresponding
amino acid residues

amino acid residues

T™ 1 (1°) 10-57

T™M 2 (2°) 58-110
T™ 3 (3°) 121-166
TM 4 (4°) 167-213
T™M 5 (5°) 223-274
TM 6 (6°) 275-324
NBD (NBD’) 325-560

Table 2 TM helices constructing each wing in the IF and OF states

TM helices involved

IF wing® 1,2,3,6,4,5
wing}® 1’,2,3,6°,4,5

OF wing* 1,2,3,4,5,6
wing?" 1°,2,3,4,5,6
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in Table 2 and Supplementary Figure S1. Then, a consider-
able problem is encountered in our ENM. If the six helices in
each wing in the IF state are connected by elastic springs
according to the above distance criterion, the [F—OF transi-
tion (helices rearrangement) could never occur because the
springs cannot be cut. To avoid this problem, the inter-helix
connections that hinder the OF formation were removed in
advance in the IF state.

Equation of motion
In the overdamped limit, the velocity of a node is propor-
tional to the sum of elastic forces applied to it. If R? are the
equilibrium positions of the nodes and R(f) are their actual
coordinates, the dynamics can be described by [24,26]
R—-R

J _ _IRY — RO+
R_R) (R,—R| - R - R))+F, (1)

R, = -

=T Ak
where A4 is the adjacency matrix, which has the elements
A;=1,if |R? — R’ <8 A and 4,=0 otherwise. This cutoff dis-
tance value is different from that (10 A) used in the original
papers. F, is an external force that is applied to node i.
According to the original papers [26], the dependence on the
stiffness constant & of the strings and the viscous friction
coefficient y of the nodes can be removed by an appropriate
rescaling of the elastic energy and time. After such rescaling
the forces become measured in units of length (A). A force
with the strength of 1A applied to a single elastic link
induces its elongation by 1 A. Here, the molecular dynamics
step size was At=0.01 according to a previous report [25].

One can examine how the protein responds to the applica-
tion of an external force of arbitrary orientation to each sin-
gle residue in important functional regions. In the original
paper [26], conformational responses of myosin to the appli-
cation of forces to individual residues in its principal func-
tional regions were systematically investigated. As a result,
it was found that static forces applied to the myosin tail
induce opening and closing of the front door of the nucleo-
tide binding pocket. In this study, we performed similar sim-
ulations by applying the static forces given by egs. (2)—(6) to
the NBDs of MsbA.

Definition of the x-, y- and z-axes

To define the external forces below, we here define the x-,
y- and z-axes, as shown in Figure 2. The x-axis is one con-
necting the center of mass (COM) of NBD and the COM of
NBD’, and the origin of the coordinate system was placed at
the middle point of this axis. The y-axis is taken to be per-
pendicular to the x-axis through the origin and to be directed
to the hinge of the TMDs in the IF state. The z-axis was
taken to be perpendicular to the x- and y-axes through the
origin.

External forces
In our previous study on the NBDs of maltose transporter
[27], an attractive force was observed between the separated
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Figure 2 a. Definition of the x-, y- and z-axes. b. Close-up view to explain the rotation about the x-axis. The green circle indicates the COM
position of the marker residues (Asn468—Leu480) that were chosen to measure the rotation of the NBDs (see the subsection “Effect of the rotational
forces” in Results). The red line indicates the line perpendicular to the x-axis through the green circle. For convenience, the y-axis is shifted to the
intersection of this red line and the x-axis. The rotation about the x-axis was measured by the angle made between the y-axis and the red line.

NBDs by the binding of an ATP molecule to each NBD. In
this study, we show that such a force can be simulated by
sequential application of the following two types of external
forces to the NBD parts of the full MsbA.

The first is a force that causes translational motions of
NBD and NBD’ along the x-axis. Hereafter, this force is
denoted the translational force. To node i of NBD, the fol-
lowing force was applied:

NBD NBD'
—a 2"R-2"R,
- RR-EUR)

)

where a is a parameter that determines the magnitude of
force F, and was taken to be 0.002. To node i of NBD’, a
force with the same magnitude as F, was applied in the oppo-
site direction, that is, - F,. Thus, these forces are expected to
cause the closing of the two separated NBDs in the IF state
(Fig. 1).

The second force is one that causes rotation of each NBD
about the x-, y- or z-axis. Hereafter this force is denoted as
rotational force and is given by

F, =S8« X** (for node i in NBD, axis = x or y or z)

)

where X is the vector drawn from the COM of each NBD
to node i, with components of (R, R, R?). The rotational
force about the x- or z-axis in NBD’ is given by —F, and that
about the y-axis is identical to F,. The x, y and z components
of §“ are given as follows:

[ 1 0 0
S*=| 0 cosAp —sinAg 4)
L 0 sinAp cosAgp |

[ cosAp 0 sinAp ]
= 0o 1 o0 )
L —sinAp 0 cosAp

[ cosAp —sinAp 0 ]
S?=| sinAp cosAp 0 (6)
0 0 I

where Ag is the rotation angle (degree) of node i around the
x (or y or z) axis and was changed by a step of 3.0x107
degree during MD simulation.

Addition of the ATP node

In the ATP-bound state of ABC transporters, two ATP
molecules are sandwiched between two NBDs. In more
detail, each ATP molecule binds to the Walker A motif on
one NBD and to the signature motif on the other NBD
(NBD’) [8]. In the present ENM, such a bound ATP mole-
cule was considered one node. Then, we searched for the
amino acid residues that should be linked to the ATP node
as follows. In the OF structure of MsbA (PDB ID: 3B60),
AMP-PNP instead of ATP binds to the two NBDs. Accord-
ingly, we measured the distance between the C2’ atom of the
AMP-PNP molecule (Fig. 3a) and the Co atoms of its sur-
rounding amino acid residues and searched for amino acid
residues whose Co atoms are located within 8 A from the C2
atom of the AMP-PNP. As a result, we found the nine resi-
dues shown in Figure 3b and linked their nodes to the ATP
node with elastic strings. Finally, the ATP node was placed at
the COM of these nine residues. The equilibrium lengths
between the ATP node and these nine nodes were assumed to
be identical to those in the X-ray structure (PDB ID: 3B60).
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Figure 3 a: The structure of AMP-PNP and the position of the C2’
atom (orange circle). b: Nine amino acid residues located within 8 A from
the C2” atom of AMP-PNP in the X-ray structure (PDBID: 3B60). The
newly added elastic strings (links) are represented by blue dotted lines.

Correlated motion
To reveal the motional correlation between two nodes i
and j, the following cross-correlation was evaluated:

ykpk
b iV
=g @
V= R(K)-R(k-1) (k=0 ..., n) @®)

where n is the total MD steps and R (k) is the position of
node i in the kth snapshot structure, and R(0) is the initial
position at time = 0. The cross-correlation value ranges from
—1 to 1. Positive values indicate that the residues move in the
same direction, and negative values indicate that they move
in the opposite direction.

Internal energy

The internal energy of the system at a given snapshot was
defined as distortion energy measured from a given refer-
ence structure. The contribution of each node to the distor-
tion energy is given by

Rt —RJ?
_ J 7
B=3Y A5 ©)

where R} and RY, are the distances between nodes 7 and j in
the kth snapshot and the reference structure, respectively.

Root mean square deviation (RMSD)
The RMSD of a protein structure A with respect to a given

Arai et al.: ATP-induced conformational change of ABC exporter 165

reference structure B was evaluated by

RMSD(A, B) = \/ % % (4,-B) (10)

where A4, and B, are the coordinates of node i in structures A
and B, respectively.

Results

Effect of the translational forces

We first solved the equation of motion (eq. (1)), to which
the translational forces (eq. 2) were added. As expected, trans-
lational motions were observed for the two NBDs, the inter-
COM distance of which was 50 A in the initial structure
(3B5W). Consequently, the distance between the COMs of
the two NBDs was down to 30 A, which is very close to the
inter-COM distance (29.4 A) in the X-ray structure of the OF
state (PDB: 3B60). When the inter-COM distance became
shorter than 30 A, the directions of the translational forces
were reversed, resulting in an opening motion of the NBDs.
After that, when the inter-COM distance was beyond 30 A,
the forces were again reversed. Such direction changes of
the forces were repeated until the total number of MD steps
was 50x10°. Consequently, the inter-COM distance of the
NBDs converged to almost the same value as that obtained
for the experimental OF structure.

We examined what degree of opening of the TMDs is
induced solely by the translational motions of the NBDs. For
this purpose, we defined the angle () made between axis 1
on wing® and axis 2 on wing?¥, where axis 1 (2) is the axis
connecting the base and top of wing® (wing?¥), respectively,
and the base and top of each wing is the COM of the several
amino acid residues listed in Table 3.

In Figure 4, the angle 6 is plotted against MD steps, where
the blue dotted line corresponds to the angle (29.3°) observed
for the X-ray structure of the OF state. A kink appears at step
20% 105, which corresponds to the first turning point from
closing motion to opening motion of the NBDs. At the final
step of 50x 103, @is 15.4°, which is closer to that of the X-ray
IF structure (16.9°) than that of the OF state. Therefore, the
opening of the TMDs was not observed by applying only the
translational forces (eq. (2)).

Effect of addition of ATP nodes
Next, we added ATP nodes as virtual ATP molecules to the

Table 3 The amino acid residues specifying the bottom and
top of axes 1 and 2

bottom top

110(TM2), 121(TM3°), 57(TM1), 58(TM2), 166(TM3"),
213(TM4°), 223(TM5°) 167(TM4"), 274(TM5”), 275(TM6”)
axis 2 110(TM2”), 121(TM3), 57(TM1"), 58(TM2), 166(TM3),
213(TM4), 223(TM5)  167(TM4), 274(TMS5), 275(TM6)

axis 1
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Figure 4 a: Change of the angle 8 by applying translational forces (eq. 2) to the NBDs. The abscissa indicates the MD step. b: Illustration of the

initial structure (left) and the final structure (right) at step 50 10°.

elastic network of the above final structure at step 50x 107,
which is hereafter denoted as the NBD-closed structure. The
newly added elastic forces drove the system toward another
state. After 50x 103 steps of the simulation, # increased to
26.0°, which is close to the experimental value of 29.3°.
Therefore, by adding the ATP nodes, the [F—OF transition
was successfully reproduced.

Effect of the rotational forces

The above observations (Figs. 4 and 5) suggest that ATP
binding might generate a type of force that differs from the
translational force (eq. (2)) and can ultimately cause the
IF—OF transition of the TMDs. What type of NBD motions
were caused by ATP binding? Inspection of the final struc-
ture in Figure 5 indicated that rotational motions occurred
between the NBDs. To examine to what extent each NBD
was rotated around the x-, y- or z-axis, we chose a set of
amino acid residues (Asn468-Leu480) as a marker: their
COM (the green point in Fig. 2b) is fully separated from the
center of the NBD. The rotation angle ¢_around the x-axis
was measured as the angle between the line perpendicular to
the x-axis through this green point and the y-axis. The rota-
tion around the y- or z-axis was also measured in a similar
way. The results are summarized in Table 4 and Supplemen-
tary Figure S2. In both the simulation and the experimental
data, a considerable degree of rotation occurs around each
axis, which might be an origin of the opening of the TMDs.

To examine the relationship between the rotation angle ¢
and the angle 0, we tested the extent to which the angle 6
is changed by applying rotational forces (eqgs. (3)—(6)). These
forces are given as functions of the angle ¢. We changed this
variable by 3.0x10° per MD step until its total change
reached 5°, 10° or 15°. Then, the angle was fixed to the final
value, but the MD simulation was continued until the 50x 10°
th step. The results are summarized in Table 5. For example,
when the rotational force was continuously applied until the
rotation around the x-axis reached 5°, 10° or 15°, the angle 6
increased to reach 26.1°, 35.4° or 43.4°, respectively. The
TMDs opened to an angle 6 value comparable to the experi-
mental OF structure (6=29.3°) already in the case of the
smallest rotation (5°) of angle ¢. In contrast, regardless of
the final angle of ¢, the force applied about the y- or z-axis
exerted no significant influence on angle 4 relative to its ini-
tial value of 15°.

On the basis of these observations, we can conclude that
the elastic forces generated by addition of the ATP nodes
mainly causes twisting of the two NBDs around the x-axis,
leading to an increase of angle & (significant opening of the
TMDs).

Analysis of the correlated motions

To elucidate the role of ICLs and the detailed process of
the rearrangement of the TM helices (Table 2, Supplemen-
tary Fig. S1) during the IF—OF transition, we analyzed the
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Figure 5 a: Change of the angle 0 caused by the addition of ATP nodes. The abscissa indicates the MD step. The MD simulation started from
the NBD-closed structure (at step 50% 10°) in Figure 4. b: Illustration of the initial structure (left), identical to the structure in Figure 4b (right), and

the final structure at step 100x 10° (right).

Table 4 Rotation angle of NBD caused by the addition of the ATP
node and comparison with the corresponding X-ray data

Table 5 The final angle 8 (degree) reached by applying rotational
force F around the x-, y- or z-axis

Nonlinear ENM MD X-ray diffraction
NBD_[ Final> increment IF? OF*  increment
closed
o, 51.82 59.52 7.70 49.70 60.14 10.44
o, 85.97 112.40 2643 92.65 129.97 3732
o, 438 34.50 30.12 2.67 46.92 44.25

! Structure at the 50x10°th step in Figure 4. 2 Structure at the 100x10th
step in Figure 5. 3 PDB 3B5W structure. * PDB 3B60 structure.

inter-node correlated motions according to egs. (7) and (8).
Then, we divided the total MD trajectory 0~100%10° steps
(the sum of the MD steps shown in Figs. 4 and 5) into 100
intervals, which means that & in eq. (7) was taken to be
0~100. In what follows, we discuss the correlated motions at
several representative points.

Figure 6a and 6b show the correlation maps at k=3 and
21, respectively, where the abscissa and ordinate both are
partitioned into the structural units involved in both chains A
and B instead of the node numbers. At k=3, the protein does
not yet undergo significant structural change and the initial
experimental IF structure was maintained well. As shown in
Table 2, the two wings (wing]F and wingl) are formed by

Direction of Total change of angle ¢ (degree)
the applied force 5 10 15
X 26.1 354 43.4
y 15.2 14.0 12.8
z 14.1 12.6 13.6

sets of (TM1, TM2, TM3, TM6, TM4’ and TM5’) and
(TM1°, TM2’, TM3’, TM4’, TMS5 and TM6), respectively.
In accordance with these facts, strong positive correlation
(red) is found for the TM helix pair within the same wing,
while highly negative correlation (blue) is found for the TM
helix pair between the different wings (see the regions sur-
rounded by black squares). ICL1 is the loop connecting TM2
and TM3; thus, its motion has a strong positive correlation
with those of these TM helices. Similar correlation is observed
between ICL2 and helices TM4 and TMS5 linked via ICL2.
At k=21, the two NBDs closely approached each other,
whereas the TMDs remained in the IF state (Fig. 4). As a
result, the pattern of the correlated motion at this stage was
significantly changed from that at k=3 (Fig. 6b). However,
the inter-TM helix correlations remained positive within the
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Figure 7 Correlation maps at k=51 (a), 54 (b), 75 (c) and 100 (d).

same wing and negative between different wings. ICL1 and
ICL2 also had correlation patterns essentially similar to
those at k=3 as mentioned above. A correlation pattern sim-
ilar to Figure 6b was maintained until the translational forces
were put off at step 50x10°.

Immediately after the ATP node was added (k=51, Fig.
7a), a new feature appeared in the interactions between the
ICLs and the NBD regions (yellow square). In the exporters,
the ICL2s are domain-swapped, that is, ICL2 from chain A
interacts with the NBD of chain B and vice versa (Supple-
mentary Fig. S1) [8]. Due to this fact, there are likely posi-
tive correlations between the ICL2 of chain A and the NBD
of chain B and between the ICL2 of chain B and the NBD of
chain A. This suggests that the NBD and its partner ICL2

were dynamically coupled; thus, this coupling might exert
an influence on the motion of the TMDs. However, the
inter-TM helix correlation is still positive within each wing
in the IF state (wing[" or wingJF), but it is negative between
these wings. These correlation patterns are identical to those
found for £<50, which is consistent with the observation that
the TMD structures had not yet changed (Fig. 5a).

At k=54 (Fig. 7b), there appears a strong positive correla-
tion between ICL1 and its partner NBD in both chains A and
B (yellow square). This indicates that the contact between
ICL1 and its partner NBD becomes stronger, which implies
that the protein is ready for the transmission of the NBD’s
motions to the TM helices. Indeed, the TM helices exhibited
characteristic correlation patterns that match neither the pat-



tern expected for the wings in the IF state nor that expected
for the OF state. In particular, the behavior of TM3 is unique:
a part of TM3 has positive correlations (red) with other TM
helices, and its residual part has negative correlations (blue)
with them. This indicates that the motion of TM3 is no
longer a rigid body-like motion, which may suggest that the
flexible motion of this helix is a trigger for the rearrange-
ment of the helix bundle.

At k=75 (Fig. 7c), drastic changes occurred among the
TM helices: the inter-TM helix correlation became positive
within each wing of the OF state (wing®F or wingf¥), but it is
negative between these wings. This is quite consistent with
the observation that the protein structure was mostly tran-
sitioned into the OF structure at this stage (75x 10%th step in
Fig. 5). After the complete transition into the OF state
(k=100, Fig. 7d), the above correlation patterns were, of
course, maintained. Interestingly, at k=75 and 100, the ICLs
have positive correlations with their directly linking TM
helices: between ICL1 and its two side helices (TM2 and
TM3) and between ICL2 and its two side helices (TM4 and
TMY). This is in contrast to the cases of k=51 and 54, where
the ICLs have positive correlation with their partner NBDs
as mentioned above. These observations indicate that the
effect of addition of the ATP node is propagated gradually
from the NBDs to the TMDs via the ICLs. Another finding is
that the intra-NBD correlation pattern is subdivided into
three parts at these final stages. In Figure 7c and d (k=75 and
100), the intra- and inter-NBD interactions both are roughly
divided into six subdivided regions, except for the mirror
image on the upper (or lower) triangle. This is in marked
contrast to Figure 7b, where the intra- and inter-NBD inter-
actions are almost entirely positive (red) and negative (blue),
respectively. In ABC transporters, each NBD has a consecu-
tive domain arrangement of RecA subdomain—a-helical
subdomain—RecA subdomain. In the OF structure (at k&=100),
the correlation between the a-helical subdomain and each of
the RecA subdomains is negative (blue), whereas that between
the two RecA subdomains is positive (red). These observa-
tions suggest that the intra- and inter-NBD motions become
highly organized as a result of the dimerization of the two
NBD:s.

Energy accumulation in the TM helices

The above results indicate that the IF—OF transition is
induced by addition of the ATP nodes; in other words, it is
driven by the free energy gain from ATP binding. If so, the
ATP energy should be converted into the internal energy of
the protein. To examine this, we calculated the distortion
energy defined by eq. (9) for each TM helix in the OF state.
Then, the structure at k=50 (immediately before addition of
the ATP nodes) was chosen as the reference structure. The
results for helices TM2~TM6 are shown in Figure 8a, where
the calculation for TM1 was not performed because its helix
length was too short to contribute to the internal energy. The
energy levels of TM2 and TMS increased in the early time
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Figure 8 Time evolution of the distortion energy (a) and RMSD
(b) of the TM helices.

period (~53x10° step) but thereafter, their energy is rapidly
released. As a result, the net energy accumulation in these
helices is very small. In the case of TM3, a slight energy
accumulation and its immediate release occurred within an
early short period (51~52x10° step), and after that, the
energy continuously increased until the protein reached the
complete OF state. The rapid energy change in the early
period might originate from non-rigid body motion that would
induce the rearrangement of the TM helices as described in
the analysis of correlated motions (Fig. 7b). In the cases of
TM4 and TM6, the energy accumulated in the early period is
still substantially stored in the OF state: in particular, TM6 is
the maximal contributor to the energy accumulation.

To examine the origin of the energy accumulated by each
TM helix, we calculated the RMSD of each helix, where the
reference structure was taken to be the same as in the calcu-
lation of the distortion energy. As seen from the comparison
between Figures 8a and 8b, the behavior of the distortion
energy of the TM helices correlates well with that of RMSD,
although the amount of energy accumulated in TM4 may be
smaller than expected from the change in RMSD. The struc-
tural distortions are relatively large in TM3 and TM6. This is
consistent with the X-ray structure of MsbA (PDBID: 3B60),
where TM3 and TM6 are bent significantly. In contrast, TM2
and TMS both are not explicitly bent in the experimental
structure. Therefore, our coarse-grained model successfully
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reproduces the features of the experimental structure of
MsbA, and the tendencies of the overall distortion energy
changes in the TM helices are thought to be reliable.

Taken together, it can be concluded that the OF state has a
higher internal energy than the IF state and that this energy
increment comes from the ATP binding energy.

Discussion and Conclusion

Recently, experimental studies based on X-ray diffraction
analysis and cryo-electron microscopy have revealed the
structures of ABC transporters in various reaction states
such as ATP-bound, ADP-bound, and ATP-free [8, 28-31].
However, from these snapshot structures alone, it is difficult
to understand the mechanism by which the binding of ATP
and its hydrolysis cause the functional motions such as
IF—OF and OF—IF transitions, in other words, the chemo-
mechanical coupling. To address this issue, we examined
how the protein responds to the application of an external
perturbation from ATP by solving the nonlinear equation of
motion based on ENM. In particular, we focused on the
analysis of the [IF—OF transition caused by the binding of
ATP molecules.

Because of observations that the [IF—OF conformational
“switch” is dependent on ATP binding at the NBDs, this step
is often referred to as the “power stroke” of substrate export
[32-36]. Despite the major advances in our understanding of
the molecular mechanism of ABC exporters, the process of
conformational coupling between the NBDs and TMDs
during the power stroke remains unclear. Does the [F—OF
transition really occur only by ATP binding at the NBDs
without ATP hydrolysis?

Here, we showed that ATP binding alone is sufficient for
the occurrence of the IF—OF transition. First, it was found
that external force along the x-axis led to their dimerization
but never caused motions of the TMDs toward the OF state.
Second, the addition of ATP nodes caused opening motions
of the TMDs comparable to the experimental structure accom-
panied by twisting of the NBDs about the x-axis. This result
suggests that the interactions of the bound ATP with its sur-
rounding amino acid residues bring about the rotation force
about the x-axis. To confirm this, we solved the equation of
motion with applying such a force about the x-axis and suc-
cessfully reproduced the opening of the TMDs. Analysis
of the correlated motions suggested that such a rotational
motion is transmitted to the ICLs from the NBDs, which in
turn causes a rearrangement of the helix bundles and the
concomitant opening motion of the TMDs. The first sign of
the helix rearrangement was seen in non-rigid body motions
of TM3. According to our internal energy evaluation, the OF
state is higher than the IF state, which implies that the ATP
binding energy is converted into elastic energy of several
TM helices, mainly TM3, TM4 and TM6. Net energy accu-
mulation was not observed for TM2 or TMS. These results
propose an interesting empirical rule: the elastic energy is

accumulated mainly in the helices (TM3, TM4 and TM6)
that move from one wing to another wing during the helix
bundle rearrangement, while no apparent energy accumula-
tion was observed for TM2 and TMS5, which stay in their
original wing during the rearrangement. It is likely that the
helix rearrangement is driven by the elastic energy accumu-
lated in TM3, TM4 and TM6.

The above results indicate that the conformational changes
of NBDs are propagated to the TMDs via the intracellular
loops. This is a kind of allosteric communication. Then, the
twisting motion of the NBDs plays an important role in the
rearrangement of the TM helix bundles and the resultant
TMD opening. The importance of twisting motion of the
NBDs has already been noted in several previous studies. As
described in the introduction, Moradi and Tajkhorshid pro-
posed a ‘doorknob’ mechanism, which indicates that during
the OF—IF transition of MsbA, the opening of the cytoplas-
mic gate is disfavored when the periplasmic gate is open and
facilitated by a twisting motion of the NBDs that involves a
dramatic change in their relative orientation [20]. A coarse-
grained simulation based on an adaptive anisotropic network
model also provided the result that the twisting motion of the
NBDs is essential for the occurrence of the IF—OF transi-
tion [23]. A new finding from the present study is that rota-
tion of the NBDs around the x-axis is particularly important
for the conformational transition. This is consistent with our
recent study showing that coupling helix 2 (CH2) of MsbA
plays an important role in the occurrence of the “nodding-
like” motion, corresponding to the rotation of the NBDs
around the x-axis [37]. Another new finding is that the ATP
binding energy is converted into distortion energy of several
transmembrane helices as described above.

Our present calculations are based on ENM and thus the
main results should originate from the inter-residue contact
topology. Since most of the ABC exporters have the same
structural topology as MsbA, the present results are helpful
for understanding the transport mechanism of the other
exporters.
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