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Flagellar motor proteins, MotA/B and PomA/B, are
essential for the motility of Escherichia coli and Vibrio
alginolyticus, respectively. Those complexes work as a H+

and a Na+ channel, respectively and play important roles
in torque generation as the stators of the flagellar
motors. Although Asp32 of MotB and Asp24 of PomB
are believed to function as ion binding site(s), the ion
flux pathway from the periplasm to the cytoplasm is still
unclear. Conserved residues, Ala39 of MotB and Cys31
of PomB, are located on the same sides as Asp32 of
MotB and Asp24 of PomB, respectively, in a helical
wheel diagram. In this study, a series of mutations were
introduced into the Ala39 residue of MotB and the
Cys31 residue of PomB. The motility of mutant cells
were markedly decreased as the volume of the side chain
increased. The loss of function due to the MotB(A39V)
and PomB(L28A/C31A) mutations was suppressed by
mutations of MotA(M206S) and PomA(L183F), respec-
tively, and the increase in the volume caused by the
MotB(A39V) mutation was close to the decrease in the
volume caused by the MotA(M206S) mutation. These
results demonstrate that Ala39 of MotB and Cys31 of
PomB form part of the ion flux pathway and pore with
Met206 of MotA and Leu183 of PomA in the MotA/B
and PomA/B stator units, respectively.
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Flagellar motors are molecular machines powered by the
electrochemical potential gradient of specific ions across
the membrane1,2, and are classified by the respective cou-
pling ion. For some bacteria, such as Escherichia coli and
Salmonella enterica, the flagellar motor is driven by the H+

motive force, while the motors of alkalophilic Bacillus and
marine Vibrio species are driven by the Na+ motive force1.
Transmembrane proteins, MotA and MotB from E. coli3 and
PomA and PomB from Vibrio alginolyticus, are essential for
the motility of those bacteria1,4. In 2000, Sato and Homma
purified the PomA/B complex and reconstituted it in lipo-
somes5. Interestingly, those proteoliposomes were shown to
have sodium-conducting activity in vitro5 and the complex
was predicted to have a 4A:2B stoichiometry6. A cysteine-
crosslinking study of MotB gave evidence that two MotB
molecules are involved in each MotA/B complex7. Thus the
complexes, MotA/B and PomA/B, work as H+ and Na+

channels, respectively, and play important roles in torque
generation as the stators of the bacterial flagellar motors.
Blair and coworkers proposed an initial model of

MotA4MotB2 (PomA4PomB2) organization
8, in which a

dimer of MotB transmembrane segments is located at the
center of the complex. Transmembrane segments 3 (TM3)
and 4 (TM4) of four MotA molecules are arranged in the
inner layer around the MotB segments, and TM1 and TM2
are located on the outside. Thus TM3 and TM4 of MotA
(PomA) are in close proximity to TM of MotB (PomB)
(Figure 1). Only one carboxylic acid residue, Asp32 of
MotB and Asp24 of PomB, exists in the predicted trans-
membrane regions of MotA/B and PomA/B, respectively
(Figure 1). Because the D32N mutant of MotB9 and the
D24C mutant of PomB10 do not mediate the flagellar motor
rotation, those aspartic residues are believed to form a H+
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binding site(s) of the MotA/B complex and a Na+ binding
site(s) of the PomA/B complex. However, the ion flux path-
ways from the periplasm to the cytoplasm through these
critical aspartate residues are still unclear. The ion flux
mechanism of these protein complexes become a focus of
great interest, in part because of its importance to the gen-
eral understanding of the ion flux mechanism in membrane
proteins, about which little is known.
To determine the residues which form the ion flux path-

way(s) in the stator units of the H+ and Na+ driven flagellar
motors, we have now analyzed the relationship between the
motility of the cells and the volume of the side chains of
amino acid residues that are predicted to be located inside
the channel pore. Conserved residues, Cys31 in PomB and
Ala39 in MotB10, are located on the same sides as Asp24 for
PomB and Asp32 for MotB in a helical wheel diagram (Fig-
ure 1). In this study we introduced mutations at those sites,
and measured the motility of cells containing the mutated
proteins. We predicted that mutants having a bulky amino
acid residue would hamper ion flux and disrupt the rotation
of the flagellum depending on the volume of the amino
acids introduced. In fact, it has been reported that the A39V
mutant of MotB has a dominant and non-functional prop-

erty11. In the present work, we compared the swimming
speed against the volume of the amino acid side chain(s)
between MotA/B and PomA/B. We conclude that Cys31 of
PomB and Ala39 of MotB form ion flux pathways in the
PomA/B and the MotA/B stator units of flagellar motors,
respectively.

Materials and methods

Bacterial strains, plasmids, media and growth conditions

Escherichia coli strain DH5α or JM109 was used for
DNA manipulations. The Vibrio alginolyticus strain
NMB191 (ΔpomAB)12 and the E. coli strain RP6894
(ΔmotAB)13 were used in this study for the swimming assay.
Mutant genes were constructed by PCR using the
QuikChange site-directed mutagenesis method (Stratagene).
All constructed plasmids were confirmed using an auto-
mated sequencer. V. alginolyticus cells were cultured at
30°C in VC medium (0.5% polypeptone, 0.5% yeast
extract, 0.4% K2HPO4, 3% NaCl, 0.2% glucose) or in
VPG500 medium (1% polypeptone, 0.4% K2HPO4, 500 mM
NaCl, 0.5% glycerol). E. coli cells were cultured at 37°C in
LB medium (1% Bacto tryptone, 0.5% yeast extract, and
0.5% NaCl) or at 30°C in TG medium (1% Bacto tryptone,
0.5% NaCl, and 0.5% glycerol). When necessary, kana-
mycin and ampicillin were added to final concentrations of
100 μg/ml and 50 μg/ml, respectively.

Swarming assay

Aliquots (1 μL) of overnight cultures in VC medium (for
V. alginolyticus) or LB medium (for E. coli) were spotted
onto VPG500 (for V. alginolyticus) or TG (for E. coli) plates
containing 0.26% agar and 100 μg/ml kanamycin (for V.
alginolyticus) or 50 μg/ml ampicillin (for E. coli) and were
incubated at 30°C.

Measurements of swimming speed of V. alginolyticus and 

data processing

An overnight culture of V. alginolyticus in VC medium
was incubated in VPG500 medium at a 100-fold dilution
and cells were grown at 30°C to exponential growth phase.
Cells were centrifuged at 3,500×g for 3 min, and the sedi-
mented cells were resuspended in TMN50 (50 mM Tris-
HCl, pH 7.5, 5 mM MgSO

4, 5 mM glucose, 50 mM NaCl
and 450 mM KCl). Cell suspensions were diluted 50-fold
with TMN medium containing various concentrations of
NaCl (ionic strength was kept constant to 500 mM by KCl),
and the motility of cells were observed immediately using a
dark-field microscope. Swimming speeds were determined
from at least 200 individual cells as described previously14.
Briefly, the speeds were calculated from individual cell
tracks measured by a computer-assisted motion analysis
program (MetaMorph). It should be noted that the swim-
ming speeds and apparent K

m values estimated here are 2~3
fold lower and 7-fold higher, respectively, than the values

Figure 1 Putative membrane topology of stator proteins,
PomA/B, MotA and MotB. Amino acid residues marked by a circle in
the transmembrane helix of the B subunit are the sites of attention in
this study. Abbreviations: VP, Vibrio parahaemolyticus; VC, Vibrio
cholera; SWA, Shewanella oneidensis; RSH, Rhodobacter sphaeroides;
Pae, Pseudomonas aeruginosa; EC, Escherichia coli.
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reported previously10. This resulted from differences in the
data collection method. In this study, we employed software
(CellTrack 1.2 beta) that could easily and rapidly analyze
the motility of large numbers of cells14,15, and the error bars
in Figures 3 and 4 are much smaller than those previously
reported. Using this analysis, the data contains slow motile
and stop-and-go-motion of the cells, and therefore the
swimming speeds and apparent Km values were decreased
and increased, respectively. It should also be noted that the
speeds and Km values become almost identical when highly
motile cells showing straight swimming behavior during the
measurements were selected and analyzed (data not shown).

Detection of PomA, PomB, MotA and MotB

Cells were cultured in VPG500 medium (for PomA and
PomB) or in TG medium in the presence of 0.04% arabi-
nose (for MotA and MotB) at the log phase of growth
(optical density at 660 nm, ~0.5). Each cell suspension was
dissolved in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer containing 5%
2-mercaptoethanol and was subjected to SDS-PAGE.
Immunoblotting was performed using an anti-PomA anti-
body (PomA1312) and an anti-PomB antibody (PomB93)
as described previously12. For immunoblotting, anti-E. coli
MotA and anti-E. coli MotB antibodies, called MotA266
and MotB2, respectively, were raised against synthetic pep-
tides (NH2-GCSERPSFIELEEHVRAVKN-OH for MotA266
and NH2-KNQAHPIIVVKRRKAKSHGC-OH for MotB2)
which correspond to partial sequences of E. coli MotA
(MotA Ser268 to Asn285) and MotB (MotB Lys2 to
Gly20), and were affinity purified (Biologica Co.) prior to
use.

Results

Effect of MotB A39X and PomB C31X mutations on the 

motility of E. coli and V. alginolyticus, respectively

Some critical residues of MotA, MotB, PomA and PomB
that are involved in torque generation have been reported2,3.
In particular, Asp32 of MotB and Asp24 of PomB (Figure
1), which are unique acidic residues in the transmembrane
segment, are expected to function in conveying H+ and Na+,
respectively3. Two conserved residues, Cys31 in PomB and
Ala39 in MotB, are located in the membrane-spanning
region and are on the same sides as Asp24 for PomB and
Asp32 for MotB in a helical wheel diagram (Figure 1). Fig-
ure 2a shows the swarming abilities of wild-type (WT)
MotA/B, MotA/B(A39G), MotA/B(A39V), MotA/B(A39C),
MotA/B(A39S), MotA/B(A39T), MotA/B(A39Y) and
MotA/B(A39W). MotA/B(A39C) (C) and MotA/B(A39S)
(S) showed no significant reduction in swarm size com-
pared with WT MotA/B, whereas MotA/B(A39G) (G)
and MotA/B(A39T) (T) reduced the swarming ability,
and MotA/B(A39V) (V), MotA/B(A39Y) (Y) and
MotA/B(A39W) (W) completely disrupted the swarming

ability. Previously, Blair and coworkers demonstrated that
the A39V mutant of MotB was dominant and non-
functional11, which is consistent with our results. The

Figure 2 Motility of MotB and PomB mutants on soft-agar plates
(a)(c), and western blotting analysis of the proteins (b) (d). (a) Swarms
of RP6894 (ΔmotAB) cells harboring a plasmid that express WT
MotA/B, MotA/B(A39G) (G), MotA/B(A39V) (V), MotA/B(A39C)
(C), MotA/B(A39S) (S), MotA/B(A39T) (T), MotA/B(A39Y) (Y) or
MotA/B(A39W) (W). Transformants were cultured in liquid medium
overnight, and aliquots were spotted onto a plate containing TG and
0.26% agar. Plates were incubated in the presence of 0.04% arabinose
at 30°C for 10 hr. Vec. means a pBAD24 plasmid vector. (b) Western
blotting analysis of MotA (left panel) and MotB (right panel) in whole
cell extracts. Proteins were detected with an anti-MotA266 antibody
and an anti-MotB2 antibody. (c) Swarms of NMB191 (ΔpomAB) cells
harboring a plasmid that express WT PomA/B, PomA/B(C31G) (G),
PomA/B(C31A) (A), PomA/B(C31S) (S), PomA/B(C31V) (V),
PomA/B(C31T) (T), PomA/B(C31M) (M), PomA/B(C31I) (I),
PomA/B(C31Y) (Y) or PomA/B(C31W) (W). Transformants were
cultured in liquid medium overnight, and aliquots were spotted onto a
plate containing VPG500 and 0.26% agar. Plates were incubated at
30°C for 6 hr. Vec. means a pSU41 plasmid vector. (b) Western blot-
ting analysis of PomA (left panel) and PomB (right panel) in whole
cell extracts. Proteins were detected with an anti-PomA1312 antibody
and an anti-PomB93 antibody.
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expression level of the proteins was examined by Western
blotting analysis. As shown in Figure 2b, protein expression
levels of MotB mutants were almost the same as those of
the WT, except for MotB(A39G) and MotB(A39V) mutants
where amounts of MotB were reduced, while the amounts
of MotA were not affected by any of the MotB mutations.
Figure 2c shows the swarming abilities of the WT PomA/B,
PomA/B(C31G), PomA/B(C31A), PomA/B(C31S),
PomA/B(C31V), PomA/B(C31T), PomA/B(C31M),
PomA/B(C31I), PomA/B(C31Y) and PomA/B(C31W).
PomA/B(C31S) (S) and PomA/B(C31T) (T) showed no
significant reduction in swarm size compared with WT
PomA/B, whereas PomA/B(C31G) (G), PomA/B(C31A)
(A) and PomA/B(C31V) (V) reduced the swarming ability,
and PomA/B(C31M) (M), PomA/B(C31Y) (Y) and
PomA/B(C31W) (W) completely disrupted the swarming
ability. The reduction of the swarming size caused by C31A
has been reported previously by Yorimitsu and coworkers16.
The expression level of the proteins was examined by
Western blotting analysis. As shown in Figure 2d, protein
expression levels of PomB C31G, C31A, A31T, C31V and
C31M mutants were almost the same as those of the WT
PomB, whereas levels of PomB(C31S) and PomB(C31I)
were reduced by the mutations, and PomB(C31Y) and
PomB(C31W) did not show any PomB expression. As for
C31Y, PomA was also not expressed. These results suggest
that the introduction of a large residue (e.g. Tyr or Trp) into
the Cys31 position disrupts protein folding or its insertion
into the membrane. In any case, the side chain volumes at
positions 39 of MotB and 31 of PomB seem to be important
for function. To confirm this, we plotted the swarming rate
against the volume of the introduced amino acid side chain
(Figure 3a).
It is well-known that swarming size is affected not only

by ion flux, but also by chemotactic responses of the cells18.
To simply evaluate the motility, the swimming speeds of
cells expressing the mutant proteins were measured by the
software CellTrack beta 1.2 and were plotted against the
volume of the introduced amino acid side chains (Figure
3b). The shapes of the graph were almost identical to that of
Figure3a, indicating that the mutations do not affect the
chemotactic signal transduction pathway. These results sug-
gest that Ala39 of MotB and Cys31 of PomB are located on
the ion flux pathway of the stators of the H+ and the Na+

driven flagellar motors, respectively.

Apparent K
m
 values for Na+ in the PomA/B complex and 

ion selectivity of MotA/B and PomA/B mutants

The Na+-driven motor has some advantages distinct from
the H+-driven type. Namely, the apparent Km values for Na

+

are easily estimated by measurements of swimming speeds
at various NaCl concentrations10. Figure 4 shows the swim-
ming speeds of cells containing WT or mutant PomA/B at
various NaCl concentrations (Figure 4). The order the
mutant stators in the Na+ affinity corresponds to the order of

both the swarming rate and the swimming speed as shown
in Figure 3, indicating that the differences in the swarming
rate and the swimming speed originate from the Na+ affinity
of PomA/B. The data fit well to the Michaelis-Menten
equation (Figure 4), and the calculated kinetic parameters,
K

m and Vmax. The Km values were estimated as 33±4 mM
for WT, 73±16 mM for C31S, 75±20 mM for C31T,
82±23 mM for C31V, 89±23 mM for C31A and
102±24 mM for C31G. The V

max values were estimated as
28±1 μm/sec for WT, 24±2 μm/sec for C31S, 24±2 μm/sec
for C31T, 18±2 μm/sec for C31V, 22±2 μm/sec for C31A
and 8±1 μm/sec for C31G. The mutants having a bulky
amino acid residue show small K

m and Vmax values, suggest-
ing that mutations hamper ion flux and disrupt the rotation

Figure 3 (a) Relationship between the volume of the side chain of
introduced amino acid residues and the relative swarming size as esti-
mated from Figure 2. Circles colored blue or red show the WT
MotA/B and its mutants or WT PomA/B and its mutants, respectively.
Three independent experiments were averaged. (b) Relationship
between the volume of the side chain of introduced amino acid resi-
dues and the relative swimming speed of cells in TG medium for
MotA/B expressing E. coli, or in TMN50 medium for PomA/B
expressing V. alginolyticus. Circles colored blue or red show the WT
MotA/B and its mutants or the WT PomA/B and its mutants, respec-
tively. Three to 5 independent experiments were averaged.



Sudo et al.: An ion flux pathway in stator units 49

of the flagellum depending on the volume of the amino
acids introduced. These results support a model in which
Cys31 faces toward the Na+ flux pathway in the PomA/B
complex.
It has been reported that the V. alginolyticus polar flagellar

motor can couple not only with Na+, but also with Li+,
although the motility of cells in Li+ solutions as a cation is
much lower than that in Na+ solutions19. Therefore, we
investigated the effect of various monovalent cations on the
motility of cells to test the ion selectively of the MotA/B
and PomA/B mutants, and the results are listed in Table 1.
The motility of the cells by the H+ flux was judged by
inhibition of their swimming in buffer containing CCCP.
However, the ion selectivity was not converted between H+

and Na+, as judged by their swarming and swimming speeds
in buffers containing H+, Li+ or K+ ions, which implies that
the ion selectivity is controlled by other site(s).

Estimation of the counterpart of Ala39 (MotB) and 

Cys31 (PomB).

Blair and coworkers deduced the arrangement of core
membrane segments of the MotA/B complex in E. coli
using systematic cysteine-scanning mutagenesis and tryp-
tophan replacement techniques7,8,20,21. On the basis of those
reports, the side chain of Met206 in MotA (which corre-
sponds to Leu183 in PomA) is thought to be located opposite
to Ala39 in the channel. Here, randomized mutations were
introduced in M206 of MotA in the A39V MotB mutant
background. We chose A39V because valine is the smallest
residue with non-motile behavior (Figures 2 and 3). As
shown in Figure 5a, the loss of function caused by the A39V
mutation was rescued by an additional mutation in MotA
(M206S, M206G, M206A or M206T), and the increase of
volume at position 39 by Val (50 Å3, compared to Ala) is
close to the decrease of volume at position 206 by the sub-
stitution to Ser (72 Å3, compared to Met). Although volume
difference between Met and Thr was much closer to the
difference between Met and Ser, the recovery of the func-
tion by Met to Thr replacement is not so much. Therefore
the orientation of the side chain of introduced amino acids
may also be important for the ion flux. The protein expres-
sion level of MotA was not affected by any mutation at
M206, although that of MotB was slightly affected by the
mutations (Figure 5b). Similar experiments were carried out
for PomA/B, and similar results were obtained. As shown in
Figure 5c, the PomB(L28A/C31A) double mutant shows a
slow-motile phenotype, whereas the function was rescued
by an additional mutation of PomA(L183F). We confirmed
that the protein expression level of PomA and PomB was
not affected by any of the mutations (Figure 5d). Thus, we
demonstrate here that Cys31 of PomB and Ala39 of MotB
are located at the ion flux pathways, facing Leu183 of
PomA (for PomB) and Met206 of MotA (for MotB) in the
channel pores of the PomA/B and MotA/B stator units of
the flagellar motors.

Discussion

Flagellar motor proteins participate in the energy trans-
duction from the electrochemical potential to a mechanical
output, i.e. the rotation of the flagellum. The MotA/B

Figure 4 Estimation of apparent Na+ binding affinity with WT
PomA/B and PomB mutants. The swimming speeds of cells (WT;
wild-type PomA/B, Ala; C31A, Thr; C31T, Gly; C31G, Met; C31M,
Val; C31V, Ile; C31I, Ser; C31S) were plotted against NaCl concentra-
tions. Data were fit by the Michaelis-Menten equation.

Table 1 Ion dependence of the swimming motility of E. coli MotB mutants and V. alginolyticus PomB mutants

Na+ Li+ K+  H+

WT-MotA/B − − − ++

MotB(A39G) − − − ++

(A39T) − − − ++

WT-PomA/B ++ + − −

PomB(C31G) ++ + − −

(C31V) ++ + − −

(C31L) + +/− − −

The E. coli strain RP6894 (ΔmotAB) and the Vibrio alginolyticus strain NMB191 (ΔpomAB) were used as the host cell. 
++, Vigorous swimming motility; +, slow swimming motility; +/−, very slow swimming motility; −, nonmotile.
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complex and the PomA/B complex work as the stators and
ion conductors in the H+-driven and Na+-driven flagellar
motors, respectively. The interactions between MotA/B
and H+, and between PomA/B and Na+ are critical for the
flagellar motor rotation. Cation (H+, Na+, K+, Ca2+, etc.)
channels work not only as energy converters like PomA/B,
but also as systems to maintain ion concentrations inside
cells22. Therefore, the ion flux mechanism has become a
focus of much interest. In this study, we showed lines of
evidence suggesting that Cys31 of PomB and Ala39 of
MotB are located at the ion flux pathway with Leu183 of
PomA and Met206 of MotA, respectively. Although, in gen-
eral, systematic cysteine-scanning and tryptophan-scanning
mutagenesis are highly effective approaches to investigate
arrangements of membrane segments, the systematic point
mutagenesis technique used here is also effective in analyz-
ing the ion flux pathway within membrane protein com-
plexes.
Where and how do the motor proteins recognize the

coupling ion? Many mutations that impair motor function
have been reported2,3. However, the roles of the residues are
unclear. We expected that ion specificity might be affected
by the mutations of Ala39 of MotB and Cys31 of PomB
because these two residues construct ion channel wall.
However, no change in ion specificity was observed in any
of the mutants examined in this study (Table 1). This may
be reasonable because neither of these two residues corre-
sponds to any of the three residues within the membrane
segment of B. clausii MotB that converted the H+-driven
flagellar motor into the Na+-driven flagellar motor23.
Interestingly, however, replacement of the corresponding
three residues in PomA/B did not influence ion selectivity
(unpublished data). It was also reported that replacement of
the C-terminal region of Rhodobacter sphaeroides MotB
with that of V. alginolyticus PomB converted the H+-driven
flagellar motor into the Na+-driven one, suggesting that the
peptidoglycan-binding domain is also a candidate region for
determining ion specificity24. Thus, the ion selective mecha-
nism remains unclear. Further studies are needed for the
understanding of ion specificity determinants of the stator
units.
On the basis of our results combined with previous

studies, we propose a model of the ion flux pathway through
MotA/B and PomA/B ion channels (Figure 6). Asp24 of
PomB and Asp32 of MotB form a Na+ and a H+ binding site,
respectively. Residues conserved in the Na+-driven flagellar
motors include Cys (Cys31 of PomB) and those in the H+-
driven ones include Ala (Ala39 of MotB). Those residues
are located at the periplasmic side of the membrane span-
ning domain of each subunit (Figure 1), and are important
for ion translocation (Figures 2, 3 and 4). These results
support a model in which Cys31 of PomB and Ala39 of
MotB face toward the Na+ and H+ flux pathways in the
complex, respectively. The loss of function caused by the
MotB(A39V) and PomB(L28A/C31A) mutations was sup-

Figure 5 (a) Swarms of RP6894 (ΔmotAB) cells harboring plas-
mids that express MotA/B(A39V) (A39V), MotA(M206G)/B(A39V)
(A39V/M206G), MotA(M206A)/B(A39V) (A39V/M206A),
MotA(M206S)/B(A39V) (A39V/M206S) or MotA(M206T)/B(A39V)
(A39V/M206T). Transformants were cultured in liquid medium over-
night, and aliquots were spotted onto a plate containing TG and 0.26%
agar. Plates were incubated in the presence of 0.04% arabinose at 30°C
for 20 hr. Vec. means a pBAD24 plasmid vector. (b) Western blotting
analysis of MotA (left panel) and MotB (right panel) in whole cell
extracts. Proteins were detected with an anti-MotA266 antibody and
an anti-MotB2 antibody. (c) Swarms of NMB191 (ΔpomAB) cells har-
boring a plasmid that express PomA/B (WT), PomA/B(C31A) (C31A),
PomA/B(L28A/C31A) (L28A/C31A) or PomA(L183F)/B(L28A/C31A)
(L28A/C31A/L183F). Transformants were cultured in liquid medium
overnight, and aliquots were spotted onto a plate containing VPG10
(1% polypeptone, 0.4% K

2
HPO

4
, 10 mM NaCl, 490 mM KCl, 0.5%

glycerol) and 0.25% agar. Plates were incubated in the presence of
0.04% arabinose and 2.5 μg/ml chloramphenicol at 30°C for 12 hr.
Vec. means a pBAD33 plasmid vector. (d) Western blotting analysis of
PomA (left panel) and PomB (right panel) in whole cell extracts. Pro-
teins were detected with an anti-PomA1312 antibody and an anti-
PomB93 antibody.
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pressed by the MotA(M206S) and PomA(L183F) mutations,
respectively, and the increase in the side chain volume
caused by MotB(A39V) (50 Å3) was close to the decrease
caused by MotA-M206S (72 Å3) (Figure 5), which implies
that Met206 of MotA and Leu183 of PomA form the ion
channel pore with Ala39 of MotB and Cys31 of PomB,
respectively (Figure 6).
In 2000, Kojima et al. reported that the motility of the

PomA(D31C) mutant showed a sharp dependence on the
NaCl concentration, with a threshold at 38 mM25. We
assume that a Na+ sensor exists at the periplasmic surface of
PomA/B and propose a model in which PomB(Cys31)-
PomA(Leu183) and MotB(Ala39)-MotA(Met206) regulate
Na+ and H+ flux, respectively. Cys31 (Ala39) and Leu183
(Met206) are located in the transmembrane region of
PomB (MotB) and the 4th transmembrane region of PomA
(MotA), respectively. This is consistent with an earlier study
by Blair and coworkers8, who reported that the transmem-
brane region of MotB is located near the third and fourth
transmembrane region of MotA using a systematic cysteine-
scanning mutagenesis approach, which is often used to
study the structure and function of membrane proteins for
which no three-dimensional structure is available. Using
site-directed cysteine mutagenesis, Yakushi et al. reported
that TM3 of PomA is in close proximity to the TM of
PomB10.
It has been thought that ion flux drives the interactions

and structural changes between MotA/B and FliG as well as
PomA/B and FliG3. We believe that it would be structural

changes of the rotor protein FliG that drive the flagellar
motor rotation. The relationship between ion flux and struc-
tural changes of FliG is the next focus of our studies.
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