
Gate-controlled proton diffusion and protonation-
induced ratchet motion in the stator of the bacterial
flagellar motor
Yasutaka Nishihara (西原 泰孝)a and Akio Kitao (北尾 彰朗)b,1

aGraduate School of Arts and Sciences, The University of Tokyo, Tokyo 153-8902, Japan; and bInstitute of Molecular and Cellular Biosciences, The University
of Tokyo, Tokyo 113-0032, Japan

Edited by Howard C. Berg, Harvard University, Cambridge, MA, and approved May 12, 2015 (received for review February 16, 2015)

The proton permeation process of the stator complex MotA/B in the
flagellar motor of Escherichia coliwas investigated. The atomic model
structure of the transmembrane part of MotA/B was constructed
based on the previously published disulfide cross-linking and trypto-
phan scanning mutations. The dynamic permeation of hydronium/
sodium ions and water molecule through the channel formed in
MotA/B was observed using a steered molecular dynamics simula-
tion. During the simulation, Leu46 of MotB acts as the gate for hy-
dronium ion permeation, which induced the formation of water wire
that may mediate the proton transfer to Asp32 on MotB. Free energy
profiles for permeation were calculated by umbrella sampling. The
free energy barrier for H3O

+ permeation was consistent with the
proton transfer rate deduced from the flagellar rotational speed
and number of protons per rotation, which suggests that the gating
is the rate-limiting step. Structure and dynamics of the MotA/B with
nonprotonated and protonated Asp32, Val43Met, and Val43Leu mu-
tants in MotB were investigated using molecular dynamics simula-
tion. A narrowing of the channel was observed in the mutants,
which is consistent with the size-dependent ion selectivity. In
MotA/B with the nonprotonated Asp32, the A3 segment in MotA
maintained a kink whereas the protonation induced a straighter
shape. Assuming that the cytoplasmic domain not included in the
atomic model moves as a rigid body, the protonation/deprotonation
of Asp32 is inferred to induce a ratchet motion of the cytoplasmic
domain, which may be correlated to the motion of the flagellar rotor.

proton transfer | bacterial flagellar motor | channel gating | ratchet
motion | molecular dynamics

Bacterial flagella are multifuel engines that convert ion motive
force to molecular motor rotation. Escherichia coli has a few

proton-driven flagellar motors with stators (protein MotA/B com-
plex) in the inner membrane that act as proton channels (1–5). In
addition, Vibrio alginolyticus has a polar flagellum powered by so-
dium ions (6). Bacillus alcalophilus has motors driven by rubidium
(Rb+), potassium (K+), and sodium ions (Na+) that can be con-
verted to Na+-driven motors by a single mutation (7).
The proton transfer mechanism in membrane proteins is associ-

ated with water wire and/or a hydrogen bond chain (HBC) (8, 9).
The water wire comprises water molecules aligned in a protein
channel, where protons are transferred by hopping along the wire.
Protons are conducted through the hydrogen bonds formed by the
polar amino acid residues and water molecules along the proton
transfer pathway in the HBC. Protons can also be transferred by
diffusion of hydronium ions (H3O

+). The diffusion distance in a
hydrophilic environment is short in a liquid (the lifetime in water is
ca. 1 ps) (10, 11), but it should be longer in a more hydrophobic
environment. H3O

+ forms a hydrogen bond (H bond) with the
nearest neighbor water molecules and the carbonyl groups, and
proton hopping along the H bonds is faster than diffusion of Na+

and K+ in the ion channel of Gramicidin A (12, 13).
These flagellar motors can rotate in both clockwise (CW) and

counterclockwise (CCW) directions (viewed from the outside of
the cell), and the swimming pattern of the bacteria is controlled

by reversal of the motor rotation (14). In E. coli, the FliG, FliM,
FliN, MotA, and MotB proteins are involved with torque gen-
eration (Fig. 1A) (14, 15). FliG, FliM, and FliN constitute the
flagellar rotor and are also involved with the CW/CCW switch-
ing. Each rotor is typically surrounded by 10 stators that consist
of two membrane proteins, MotA and MotB (PomA and PomB
in V. alginolyticus). Each stator is composed of four MotA and
two MotB proteins, and can independently produce torque for
flagellar rotation.
Systematic Cys and Trp mutagenesis (16–20) has provided

essential information on the structure and function of the fla-
gellar motor. Each MotA (295 residues) contains four trans-
membrane (TM) alpha helical segments (A1–A4), two short
loops in the periplasm, and two long segments (residues 61–160
and 228–295) in the cytoplasm (Fig. 1B) (3, 21). Arg90 and
Glu98 on the MotA cytoplasmic domain interact with the polar
residues on the rotor protein, FliG, during the rotation of the
motor (22, 23). It has been suggested that Pro173 and Pro222 at
the cytoplasmic sides of A3 and A4 regulate the conformational
changes required for torque generation (24). MotB (308 resi-
dues) is composed of a short N-terminal cytoplasimic segment,
one TM helix (B), and a large C-terminal periplasmic domain
(Fig. 1B) (4, 5). Asp32, which is situated near the cytoplasmic
end of the B segment, is conserved across the species and consid-
ered to be the most plausible proton binding site (25). The B seg-
ment is expected to form a proton channel together with A3 and A4
(Fig. 1C) (17). Only a few polar residues have been identified in the
predicted TM segments of MotA/B (19, 20), which implies that the
channel surface should be relatively hydrophobic. The periplasmic
region of MotB has a peptidoglycan binding motif, which anchors
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the stator complex to the peptidoglycan layer around the rotor (5,
26). Deletion of residues 52–65 just after the B segment causes
proton leakage and cell growth arrest, which suggests that this
fragment acts as a plug to suppress proton leakage (27). The gen-
eration of torque is hypothesized to originate from the conforma-
tional changes of the MotA cytoplasmic domain upon proton
association/dissociation at the carboxyl group of Asp32 on MotB
and by the interaction with FliG in the rotor (28–31).
In the present study, the mechanism for proton permeation in

MotA/B was investigated (Fig. S1). The atomic structure of MotA/B
was constructed based on the disulfide cross-linking (16–18) and
tryptophan scanning mutations (19, 20). The dynamic permeation
of hydronium ions, sodium ions, and water molecules was observed
using a steered molecular dynamics (SMD) simulation (32–34), and
free energy profiles for ion/water permeation were calculated by
umbrella sampling. The effects of amino acid substitutions related
to ion selectivity was investigated, and the possible ratchet motion of
the cytoplasmic domain induced by protonation/deprotonation cy-
cle of Asp32 was examined.

Results and Discussion
Structure Modeling. The TM regions of the MotA/B complex (res-
idues 1–61 and 160–228 of MotA and 19–54 of MotB) were con-
sidered. The former residues are equivalent to the A1–A4 segments,
two loops, connecting A1 to A2 and A3 to A4, and the additional
five residues at the ends of A1–A4 (Fig. 1B). The latter corresponds
to the B segment and the additional five residues at both ends. The
MotA/B complex structure was constructed based on disulfide
cross-linking (16–18) and Trp scanning mutations (19, 20) by a
method similar to the NMR structure determination with distance
restraints (35); however, a more careful procedure was conducted to
avoid overfitting and to examine possible inconsistencies that can be
caused by potential ambiguities in the structural information. The
side-chain to side-chain restraints were applied to the cross-linked
residue pairs with significantly high yields (S-S restraints hereafter;
41 Cys mutations, 83 restraints, Dataset S1) using weak restraint
forces, which allow relatively large distance violations (SI Text). The
remaining cross-linking information (164 Cys mutations, 882 distance
pairs, Dataset S1) and the effects of 67 Trp mutations on E. coli
swarming rates (Dataset S1) were solely used to examine consistency

upon selection of the optimal structure. The TM segments were
initially arranged in a similar way to that for the model reported by
Kim et al. (Fig. 1C) (18) and the A1−A2 and A3−A4 loops were
modeled. Double Cys mutants of MotA were yielded as their dimers
and tetramers (17, 18). The MotA/B complex contains four MotA
proteins; therefore, all of the possible combinations of the TM seg-
ment pairs were considered for the dimer-forming S-S restraints,
which resulted in eight distinct initial models (groups 1–8; see Fig. S2
and Dataset S1). The S-S pairs that produced the dimers and tetra-
mers are expected to be relatively close in space, although their
possible distance ranges are not obvious. Therefore, weak restraint
forces with respect to the typical NMR structure determination were
applied to all of the distance restraints (SI Text), which allow rela-
tively large distance violation. In total, 356 distance restraints were
applied to the main-chain hydrogen bonds of the helical segments
predicted by ClustalX (18, 36) (H-bond restraints; Fig. S3 and
Dataset S1). The distance restraints were imposed between both ends
of the A1−A4 and A2−A3 helix pairs (E-E restraints).
The outline of the simulations steps is summarized in Fig. S1.

In the first stage of the modeling (initial modeling), simulated
annealing and isothermal molecular dynamics (MD) simulations
were conducted in vacuo with the S-S, H-bond, and E-E restraint
energies, the bond, angle, and torsion energies, and the repulsive
part of the Lennard−Jones energy. The use of the geometric
conditions without full nonbonded energy terms in this stage
simplifies protein energy surface and enables more-efficient
sampling. The principal component analysis of the generated
structures indicated that the probability distributions along all of
the principal components were almost Gaussian (Fig. S4), which
can be understood as a realization of the Gaussian law of error
(the central limit theorem), and suggested an overall consistency
among the restraints. The root-mean-square fluctuations from
the average structures were well converged (0.85 ± 0.15 Å) with
no attractive nonbonded energies, which suggests that the mu-
tation data are sufficient for the structure modeling. The ar-
rangements of the inner TM segments (A3, A4, and B segments)
were almost the same among groups 1–8, whereas those of the
outer TM segments (A1 and A2) were significantly different. The
calculated models with the lowest violation energies fulfilled all
of the S-S restraints within ca. 10 Å. The S-S restraint energies

Fig. 1. Overall structure of MotA/B. (A) Schematic views of the flagellar motors of E. coli (Left) and V. alginolyticus (Right), (B) TM regions modeled, and (C)
TM helix arrangement in the initial modeling of MotA/B in E. coli. The obtained atomic model structure viewed parallel to the membrane (D) and from the
periplasmic side (E). Spheres denote P atoms in the lipid head groups. MotA/B cross sections of the area enclosed by magenta in E around a channel at the
levels of Leu46 (F) and Asp32 (G). x, y, and z axes are defined as in D and E.
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indicated that groups 3, 5, and 6 were significantly better than
the others (Fig. S5). The structures from these three groups were
selected for the next step of the modeling. The generated
structures were also consistent with the interresidue distances
that were not used for the S-S restraints (Fig. S5B). The Trp
contact number analysis (SI Text) also showed the advantage of
the group 3, 5, and 6 structures (Fig. S6). The best model
structure in each of these groups was selected as the lowest
S-S restraint energy conformation from 100 energy-minimized
structures. The best structures from groups 3 and 5 also had the
best Trp contact number, and that from group 6 had the third-
best Trp contact number, which indicates high consistency be-
tween the S-S restraint and Trp contact. The three selected
structures were further refined using all-atom MD simulations in
the membrane and solution for 6 ns with the restraints, and after
100 ns without restraints (i.e., refinement MD; Fig. S7). The
snapshots in the last 75-ns trajectories of the refinement MD
fulfilled both the S-S restraints and Trp conditions well, although
no restraints were applied (Figs. S8 and S9). The overall shapes
of the group 3 and 5 structures were deformed from the initial
modeling during the refinement MD because the interactions
among A2, A3, and A4 were not well maintained and some water
molecules (group 3, Fig. S7 A and D) and lipids (group 5, Fig. S7
B and E) entered into the gaps between these segments. Groups
3 and 5 had another problem in that no channels were clearly
identified. The refinement did not cause a large conformational
change in the group 6 structure but rather induced better
packing of A1 and A2 around A3 and A4 (Fig. S7 C and F). The
group 6 structure maintained a compact shape and possessed two
channels surrounded by B, A3, and A4, which was selected as the
best structure (Fig. 1 D–G). The selected structure can be con-
sidered to have twofold symmetry because the root-mean-square
deviation of the structure rotated 180° from the original was
1.5 Å for a core part, B, A3, and A4 segments (2.2 Å for the whole
segments), which is in the range of thermal fluctuation. The TM
arrangement (Fig. 1 D and E) was consistent with the already sug-
gested model (16–18).

Structure of MotA/B TM Regions. The proton binding site, Asp32 in
B, faces the channel, as does nearby Pro173 in A3 (Figs. 2A and
1G), both of which are essential for motor function (24). The
narrowest part of the channel is situated close to the periplasm
around Val184 (A3 segment), Thr209 (A4), Leu42, and Leu46
(B) (Figs. 2A and 1F). No water molecule completely penetrated
through the channels during the 100-ns refinement MD simu-
lation without the restraints. To examine if the distance re-
straints overdetermined the channel structure, a set of water
permeation SMDs through the channels (SMD1) was conducted
starting from the best snapshot obtained during the refinement
MD. The forward (periplasm to cytoplasm) SMD was repeated
20 times, alternating between the two channels. Starting from the
last snapshot, additional 100-ns MD simulations (sampling MD)
were performed for the models with the protonated Asp32 as
well as for the default charged model (last 75-ns trajectory of the
analysis was used). The model structure was stable during SMD1
and sampling MD (Fig. S7G). The protonation state of Asp32
was kept fixed during the simulations. It was confirmed that the
permeations in SMD1 did not shift the channel structure sig-
nificantly and no water molecules completely penetrated through
the channels during the sampling MD. This result implies that
the TM segments are usually in the closed state.

Protonation of Asp32 Induces Channel Expansion and A3 Straightening.
At equilibrium, MotA/B with nonprotonated Asp32 (B) forms
channels with a radius of 1.0–2.3 Å (Fig. 3A). The channel radius
increases gradually from the narrowest part around Leu46 (radius:
1.0 ± 0.3 Å) to the cytoplasm. The protonation of Asp32 caused an
increase of the channel radius near the periplasm and cytoplasm but

did not affect the radius of the narrowest part (1.0 ± 0.2 Å). The
former increase can accelerate proton entry and release, whereas
the latter may maintain ion selectivity upon protonation. The 100-ns
MD trajectory analysis shows that the protonated Asp32 formed an
H bond with the main-chain O of Asp170 (A3) just below Pro173
(A3) at around 50 ns, which induced a straighter shape of the A3
segment (Fig. 2B). In contrast, the A3 segment maintained a kink
starting from Pro173 when Asp32 was not protonated. This in-
dicates that Pro173 is crucial for the flexibility of the cytoplasmic
side of A3, which is also consistent with the influence of Pro173
mutations on the torque of the motor and motor rotation (24). A
similar relationship between the kink in A3 and protonated Asp32
was also suggested by Blair and coworkers (24, 37).

Mutations Affect Channel Radius and Ion Selectivity. Terahara et al.
(7) reported that MotPS of B. alcalophilus is the stator driven by
Rb+, K+, and Na+, whereas the Met33Leu mutant (equivalent of
residue 43 in E. coli) on MotS selectively uses Na+. H+-driven
motors commonly have Val at the equivalent positions of MotB,
and Na+-driven motors have Leu instead, such as in V. alginolyticus.
The 100-ns sampling MD was also conducted for the Val43Met and
Val43Leu mutants. The wild-type Val43 (B) formed the interface
with the A4 segment, whereas Met43 and Leu43 in the Val43Met
and Val43Leu mutants were more exposed to the channel, and the
channel radius at the narrowest point was reduced in the order Val
(1.0 ± 0.3 Å) ≈ Met (0.9 ± 0.2 Å) > Leu (0.7 ± 0.4 Å) (Fig. 3A).
The differences in channel size are consistent with the ion selectivity
of the wild type and mutants because the order of the Lennard−
Jones radii for the ions is Rb+ ≈H3O

+ > K+ > Na+, which suggests
the ion permeation is sensitive to the channel size.
The mutations on Phe33 and Phe40 (B) and Ala180 (A3) reduce

the mobility of E. coli by ca. 50% (16, 17). In the obtained model
structure, Phe33 (B) was close to a regulator residue (Pro173) in the
A3 segment of the subunit that does not form the channel (hereafter
nonchannel subunit). Phe40 (B) and Ala180 (A3) of the nonchannel
subunit are close; therefore a mutation on one of these may change
the mutual interaction. The channel-forming residues near the peri-
plasmic side have not been well examined in mutational studies.
Leu46(B), Val184(A3), Leu188(A3), Thr209(A4), and Ile213(A4)

Fig. 2. Key residues, conformational change, and water molecules in the
MotA/B channel. (A) Key residues. (B) Conformational change of A3 and B in-
duced by the Asp32 protonation and its H-bond formation with Asp170 in A3.
Representative snapshots of (C) water distribution in the channel during the
sampling MD and (D) water wire formed during H3O

+ permeation in SMD2.
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are suggested as possible candidates for mutational experiments to
examine the effects on the channel activity near the periplasmic side
as well as the validity of the model structure.

Gating/Reorientation of H3O
+ and Formation of Water Wire During

Permeation. The equilibrium water distribution in the channel of
the nonprotonated MotA/B during the sampling MD (Fig. 2C)
shows that four water molecules can enter the channel from the

cytoplasmic side. One water molecule was trapped near the peri-
plasimic side and formed a hydrogen bond with Thr209 (A4). Three
other water molecules migrated through the large space of the cy-
toplasmic side and were exchanged with the bulk water. Water
molecules interacted with Asp170 (A3) and Asp32 (B) near the
cytoplasmic end of the channel.
To observe the transient MotA/B response, H3O

+/Na+/H2O
permeations through the channel were simulated by another set
of SMD simulations (SMD2, Movies S1–S3). During SMD2, the
permeated H2O was mainly H-bonded with MotA/B in three re-
gions; the region just beyond the gate [Oγ of Thr209 (A4) and the
main-chain O of Leu42 (B)], the middle part [main-chain O of
Ala39 (B)] and the region around the binding site [Oδ of Asp170
(A4) and Asp32 (B), and the main-chain O of Gly169 (A4)] (Fig.
3B). The permeated H3O

+ formed fewer H bonds with MotA/B
in the middle of the channel (Fig. 3B) and was mainly H-bonded
with water molecules (Fig. 3C). In addition, H3O

+ formed H bonds
with main-chain O at Ala39 and Leu42. To create an H bond with
Ala39, the permeated H3O

+ pushed out water molecules already
H-bonded with Ala39.
The side-chain dihedral angle, χ1, of Leu46 (B) is clearly corre-

lated with ion/water permeation (Fig. 3D and Movies S1–S3), which
implies that Leu46 is responsible for the channel gating. Possible
H-bonding sites in the MotA/B channel are significantly separated
by the gate; therefore, protons are expected to be transported with
H3O

+ diffusion around the gate rather than by the HBC mecha-
nism. The entry of H3O

+ and Na+ was followed by a few bulk water
molecules. At Z ≈ −5, the water molecules that entered from both
the periplasmic and cytoplasmic sides became wired with H3O

+ and
Na+ (Figs. 2D and 3C). When H3O

+ and Na+ migrated into the
range Z > 5, the water wire from the periplasmic to the cytoplasmic
sides was broken and water molecules near the periplasmic side
escaped to the bulk solution. In contrast, the permeated H2O did
not induce wire formation.
The permeated H2O largely changed its orientation at Z ≈ −5

to −4 upon exchange of the H-bonding partner from Leu42 (B)
and Thr209 (A4) to Ala39 (B), as shown by the angles between
the dipole moment of the permeated molecules and the mem-
brane normal (Fig. 3E). The angle for H3O

+ was also reversed by
the interaction with Ala39 but more gradually from Z = −6 to
+2. Concomitantly, generation of the water wire occurred. Thus,
the reorientation induced by Ala39 is important for water wire
formation. The Ala39Val mutant disrupts the swarming motility;
however, this was recovered by the double mutant in combina-
tion with the Met206Ser (A4) mutation (38). The former single
mutation may affect the reorientation of H3O

+ and H2O, as well
as their diffusion with the larger side-chain of Val. The effect of
Met206Ser is not clear because it is situated near the periplasmic
side and separated from Ala39 by ca. 12 Å.

Free Energy Profile for Ion Permeation and Ion Selectivity. Free
energy minima during H3O

+ and Na+ permeation are situated at
the proton binding site Asp32 (B) around Z = 10–12 Å, and the
highest energy barriers are found at the gate Leu46 (Z ≈ −12 Å to
−6 Å) (Fig. 3 F andG). The barrier height for H2O permeation was
lower than that for the others, probably because only H2O can form
an H bond with Thr209 (A4). The free energy profile for H2O
shows a minimum around Z ≈ −1, where the water molecule
formed a stable H bond with the carbonyl O of Ala39 (B). The
negative free energy value upon binding of both H3O

+ and Na+ to
Asp32 (Z ≈ 10 Å) relative to the zero value at around the periplasm
(Z ≈ −20 Å) indicates that these ions can spontaneously move from
the periplasmic to cytoplasmic sides. This is consistent with the
chimera study that suggests that both protons and sodium ions can
permeate the TM region of MotA/B; the MotA/MomB7 motor
functions in V. alginolyticus under a Na+ gradient, where MomB7 is
a chimera of the TM N-terminal region of MotB from E. coli and
the periplasmic C-terminal domain of PomB from V. alginolyticus

Fig. 3. Ion/water permeation properties as a function of the z axis. (A) Average
channel radii during the sampling MD of the nonprotonated and protonated
Asp32, Val43Met, and Val43Leu. (B) Number of H bonds (or Na+−O interactions)
between MotA/B and H3O

+, Na+, and H2O during permeation. (C) Water dis-
tribution in the channel during H3O

+ permeation at Z = 0, ±5, and ±10. (D) Side-
chain χ1 angle of Leu46 (MotB) during H3O

+ permeation. (E) Angles between the
membrane normal and the dipole moment of H3O

+ and H2O. The values in B–E
are averaged over 10 SMD2 trajectories. (F) Free energy profiles for H3O

+, Na+,
and H2O permeation. (G) Free energy barrier heights ΔG and rate constants for
water/ion permeation, k and k′. Here k’ was deduced from experimental values
with ω = 300 s−1, n = 1,240 (*), and N = 10 for Streptococcus (40), n/2N = 50 for
E. coli (41) (†), and n/2N = 65 for E. coli (42) (‡).
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(39). H3O
+ permeation to Asp32 lowered the free energy down to

−4.5 kcal/mol, whereas that for Na+ reached only −1.9 kcal/mol,
which indicates that the MotA/B TM region is more optimized for
proton transfer. Hosking et al. suggested that the plug involved with
the channel opening/closing is an amphipathic α-helix that makes
contact with the hydrophobic core of the membrane to close the
channels (27); however, the expected length of the helical plug is
estimated to be too short (<15 Å) to reach the membrane.
The ion permeation rate constants through the gate, k, were

calculated using the equation k= ðkBT=hÞ  expð−ΔG=kBTÞ from
the free energy barrier height ΔG, the Boltzmann constant kB,
temperature T, and Planck’s constant h, and assuming that one
of the two channels works (Fig. 3G). This rate is comparable
to the rate of proton transfer k′, estimated by k’ =ω× n=2N,
where ω is the rotational speed of the flagella, n is the number
of transferred protons per revolution, and N is the number of
stators per flagellum (40–42) (Fig. 3G). The rate constant k for
H3O

+ permeation of 2.6× 104 s−1 was consistent with k′, which
indicates that the gating is the rate-limiting step. If both of the
channels work, then all of the rates are doubled. The consis-
tency between the rates deduced from the calculated energy
barrier and those from the experimental values still holds,
and is independent of the number of channels used for the
proton transfer. H2O can enter the gate more frequently;
however, it cannot induce formation of the water wire to enable
proton transfer.

Validity of the Model and Possible Proton Permeation Mechanism.
The validity of the obtained model structure is supported by
(i) good convergence of the structure ensembles in the initial
modeling, (ii) no discrepancies among the restraints, (iii) con-
sistency with the Trp mutations and unused Cys mutations,
(iv) stability of the structure during SMD1 and sampling MD,
(v) consistency between the calculated free energy barrier for
H3O

+ permeation and the proton transfer rate deduced from
experimental values, (vi) rational explanations for the relation
between mutation-dependent channel size and ion selectivity,
and (vii) the severe mutational effects on Ala39 (B) and Pro173
(A3). Considering these features, the validity of the structure
was determined to be high. The structure of the core part (B,
A3, and A4) that is important for ion permeation was especially
well determined.
A possible proton transfer mechanism suggested from the sim-

ulations is as follows. A proton can be transported into the channel
entrance from the periplasmic side with the water wire or by the
diffusion of H3O

+, as implied by the water accessibility of the
channel entrance (Fig. 3A; Z = −20 to −14). A proton should pass
through the gate of Leu46 (B) by H3O

+ diffusion as shown in
SMD2 because the vicinity of the gate is hydrophobic. The size-
dependent ion selectivity (7) is consistent with the mutation-induced
change in channel size and the gating of H3O

+. The SMD2 result
showed that H3O

+ changes its orientation upon H-bonding with
Ala39 (B) and generates a water wire. Further proton transfer to
Asp32 can occur by either proton hopping through the wire or
H3O

+ diffusion; however, the former is more probable because it is
much faster (12). The water wire disappears when H3O

+ reaches
Z = 5 Å, which implies that entry of the first proton may not directly
cause entry of the next proton.

Protonation/Deprotonation Induces Ratchet Motion of Cytoplasmic
Domain. The cytoplasmic domain of MotA (residues 61–160)
situated between A2 and A3, which includes the rotor protein
FliG binding sites Arg90 and Glu98 (22, 23), was not contained
in the atomic structure; however, its possible motion was pre-
dicted by a simple model, where the cytoplasmic domain is
assumed to move as a rigid body. The FliG binding site was
assumed to be situated at 25 Å from the middle of the cyto-
plasmic ends of A2 and A3 (Fig. 4A), and its positional shift was

estimated by comparison of the MotA/B structures in the last
50-ns MD trajectories with the nonprotonated and protonated
Asp32. Protonation caused a 5-Å shift of the FliG binding site
on average (11 Å at maximum; Fig. 4B), which indicates that
the protonation/deprotonation cycle can induce a ratchet mo-
tion of the cytoplasmic domain. Although the position of the
FliG binding site was assumed arbitrarily, the expected ratchet
motion should be significantly large and independent of the
binding site position when it is situated relatively distant from
the cytoplasmic ends of A2 and A3. Finally, the mechanism for
the protonation/deprotonation-induced ratchet motion of the
cytoplasmic domain motion is summarized (Fig. 4C). When
H3O

+ passes through the Leu46 gate, a proton is transferred
from H3O

+ via a water wire to Asp32 or by H3O
+ diffusion. The

protonated Asp32 forms an H bond with Asp170 (A3), which
moves A2, A3, and the cytoplasmic domain. After deprotona-
tion of Asp32, the cytoplasmic domain moves back to the
original position, which causes the ratchet motion of the cyto-
plasmic domain during the protonation/deprotonation cycle.
This ratchet motion may be correlated to the motion of the
flagellar rotor.

Comparison with Other Proton Transfer Proteins. The bacterial re-
action center and bacteriorhodopsin are believed to use the
HBC mechanism for proton transfer. In the bacterial reaction
center of Rhodobacter sphaeroides, protons are transferred from
the H through L and M subunits to quinone via bridging water
molecules, and several charged and polar residues (43), whereas
MotA/B have only a few charged residues in the TM regions.
Gramicidin A is a dimer of small hydrophobic polypeptides

Fig. 4. Ratchet motion of the cytoplasmic domain. (A) The MotA/B conforma-
tions with the nonprotonated and protonated Asp32. A conceptual cytoplasmic
domain is represented by the cylinders. The yellow dots at the tips of the cyl-
inders represent arbitrary FliG binding sites. (B) Positional differences of the FliG
binding site in the cytoplasmic domain with the nonprotonated (snapshots, cyan;
average, pink) and protonated Asp32 (snapshots, blue; average, red) in equi-
librium. (C) Ratchet motion of the cytoplasmic domain motion induced by the
protonation/deprotonation cycle.
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that form a channel with a radius of 2 Å (44), and protons can be
transferred through the water wire in the channel without a gat-
ing (12, 13). The M2 protein tetramer of the influenza A virus
forms a channel with a radius of 0.7–3.3 Å (45), of which the
residues are hydrophobic, except for Ser31 and His37 (46). The
presence of the gate is similar to that for MotA/B, although this
channel is regulated by protonation of the gate residue, His37. In
MotA/B, the gate Leu46 (B) is hydrophobic, and gate opening is
correlated with the side-chain rotations.

Materials and Methods
Modeling and Molecular Dynamics. The initial modeling was performed with the
GROMACS (47) using the CHARMM36 force field (48). The refinement and sam-
plingMD simulations were performedwith the NAMD (49) using the CHARMM36
force field (48) and TIP3P water model (50) (SI Text).

SMD and Free Energy Calculation. A pulled molecule, such as H2O, H3O
+, or

Na+ (referred to as the SMD molecule), was set to pass through one of the
two channels according to the constant velocity pulling scheme (32–34). For H3O

+,
a four-point charge model based on TIP3P was used (13). SMD1 was conducted for
H2O permeation. SMD2 was performed 10 times for H3O

+, H2O, and Na+ as SMD
molecules for one of the channels. The umbrella sampling technique was used to
calculate the free energy profile (SI Text).
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