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S

almonella enterica can swim in liquid environments by rotating
several flagella, which arise randomly over the cell surface. The
flagellum consists of at least three parts: the basal body (rotary
motor), the hook (universal joint), and the filament (helical propeller). The Salmonella flagellar motor, which is embedded within
the cell membranes, is powered by proton motive force (PMF)
across the cytoplasmic membrane and can rotate in both counterclockwise and clockwise directions (1, 2).
The flagellar motor converts the energy of proton flow by the
PMF across the cytoplasmic membrane into the mechanical work
required for toque generation. Five flagellar proteins—MotA,
MotB, FliG, FliM, and FliN—are involved in motor performance
(1, 2). MotA and MotB form the stator complex with four copies
of MotA and two copies of MotB in the cytoplasmic membrane
(3–5). The stator complex forms a proton channel to couple the
proton flow with torque generation (6–11). At least 11 stators
surround the rotor in a fully functional motor (12). FliG, FliM,
and FliN form the C ring on the cytoplasmic face of the basal body
MS ring (13). The MS-C ring complex acts as the rotor. FliG, FliM,
and FliN are responsible not only for torque generation but also
for switching the direction of motor rotation and flagellar assembly (14). The N-terminal region of FliG directly binds to the MS
ring (15). Because a specific interaction of the C-terminal domain
of FliG (FliGC) with MotA are required not only for flagellar motor rotation (16, 17) but also for stator assembly around the rotor
(18–20), FliGC is believed to be located at the upper part of the C
ring (Fig. 1). The FliG ring is believed to have the 26-fold rotational symmetry (21), in agreement with direct observations that
the motor containing a single stator unit rotates with 26 steps per
revolution (22, 23). FliM and FliN form a stable complex with one
copy of FliM and four copies of FliN in solution (24). The FliMFliN ring complex has the rotational symmetry that varies from
32- to 36-fold (25). The crystal structures of FliG (26–29), FliM
(30), and FliN (24) and a crystal structure of the FliG-FliM
complex (31) have been solved and possible models for their organization have been proposed (28–32). However, because the
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resolution of the MS-C ring structure obtained by electron cryomicroscopy and single particle image analysis is still limited (25),
these models still remain ambiguous.
Arg90 and Glu98, which are located in a cytoplasmic loop between transmembrane helices 2 and 3 of MotA, are highly conserved residues among the MotA orthologues and are of primary
importance for motor function (16). The MotA(R90E) mutation
is partially suppressed by the FliG(D289A) and FliG(D289K) mutations but not by replacement with the other amino acids. The
MotA(E98K) mutation is partially suppressed by the FliG(R281V)
and FliG(R281W) mutations but not by replacement with the
others (17). Thus, these suppressor mutations display allele specificity, suggesting that the interactions between MotA-Arg90 and
FliG-Asp289 and those between MotA-Glu98 and FliG-Arg281
are important for motor function (Fig. 1) (17). It has been shown
that the R90E and E98K mutations considerably affect the assembly of green fluorescent protein (GFP)-labeled MotA/B complexes
around the rotor, suggesting that these electrostatic interactions
are critical for stator assembly to activate the motor (18). This
opens the question of whether these interactions are directly involved in the torque generation process.
The motA(R90E) and motA(E98K) mutants are nonmotile (17,
18). However, an increase in the expression level of the
MotA(R90E)/B complex by ⬎10-fold makes 70% of the cells motile, and their swimming speed reaches ca. 60% of the wild-type
level. The motA(E98K) allele is still nonfunctional even under
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Electrostatic interactions between the stator protein MotA and the rotor protein FliG are important for bacterial flagellar motor
rotation. Arg90 and Glu98 of MotA are required not only for torque generation but also for stator assembly around the rotor,
but their actual roles remain unknown. Here we analyzed the roles of functionally important charged residues at the MotA-FliG
interface in motor performance. About 75% of the motA(R90E) cells and 45% of the motA(E98K) cells showed no fluorescent
spots of green fluorescent protein (GFP)-MotB, indicating reduced efficiency of stator assembly around the rotor. The
FliG(D289K) and FliG(R281V) mutations, which restore the motility of the motA(R90E) and motA(E98K) mutants, respectively,
showed reduced numbers and intensity of GFP-MotB spots as well. The FliG(D289K) mutation significantly recovered the localization of GFP-MotB to the motor in the motA(R90E) mutant, whereas the FliG(R281V) mutation did not recover the GFP-MotB
localization in the motA(E98K) mutant. These results suggest that the MotA-Arg90-FliG-Asp289 interaction is critical for the
proper positioning of the stators around the rotor, whereas the MotA-Glu98-FliG-Arg281 interaction is more important for
torque generation.

Roles of Charged Residues at the MotA-FliG Interface

stator interface. The stator complex consists of four copies of MotA and two
copies of MotB. FliG is a rotor protein and is postulated to occupy the upper
part of the C ring. The interactions between MotA-Arg90 and FliG-Asp289
and between MotA-Glu98 and FliG-Arg281 are important for motor function
(17).

RESULTS

high-expression conditions (18). These results raise the possibility
that MotA-Arg90 and MotA-Glu98 would play distinct roles in
motor function. To investigate the roles of these residues in motor
rotation in more detail, we characterized the motA(R90E) and
motA(E98K) mutants in the presence of the extragenic FliG(D289K)
and FliG(R281V) suppressor mutations, respectively. We show that
the FliG(D289K) mutation significantly improves the subcellular localization of GFP-MotB in the motA(R90E) mutant, suggesting that
the restoration of the swimming motility is due to the improvement
in the stator assembly process. However, it is not the case for the
motility restoration of the motA(E98K) mutant by the FliG(R281V)
mutation. We will discuss the distinct roles of these residues in flagellar motor rotation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids
used in the present study are listed in Table 1. To introduce the
MotA(R90E), MotA(E98K), FliG(R281D), FliG(R281V), or FliG(D289K)
mutation into the Salmonella gfp-motB strain, the fliG or motA gene on
the chromosome was replaced by the motA(R90E), motA(E98K),
fliG(R281D), fliG(R281V), or fliG(D289K) allele, respectively, using the 
Red homologous recombination system (37). P22-mediated transduction
was carried out as described by Yamaguchi et al. (33). Procedures for DNA
manipulations were carried out as described previously (38). QuikChange
site-directed mutagenesis was performed as described in the manufacturer’s
instructions (Stratagene). DNA sequencing was carried out as described
previously (39). L broth (LB) and motility medium were prepared as
described previously (40, 41).
Bead assays. Bead assays using polystyrene beads with diameters of
1.5, 1.0, 0.8, and 0.5 m (Invitrogen) were performed as described previously (42). Torque calculations were done as described previously (42,
43). To produce speed histograms, the rotation rate of each motor labeled
with 1.0-m bead was sampled at 1 kHz for 10 s, and the average speed was
determined from a power spectrum using 1-s data windows at 0.1-s intervals as described before (12, 18, 23).
Intracellular pH measurement. The intracellular pH of Salmonella
YSC2302 strain transformed with pYC20, pYC20(R90E), or
pYC20(E98K) was measured using the pHluorin probe, which is a ratiometric pH indicator with excitation wavelengths at 410 and 470 nm and
an emission wavelength at 508 nm (44), as described previously (36).
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Effect of the MotA(R90E) mutation on torque generation. The
Salmonella motA(R90E) mutant is nonmotile. However, the overexpression of the MotA(R90E)/B complex makes most of the mutant cells swim in liquid media at ca. 60% of the wild-type swimming speed (18). In contrast, the motA(E98K) mutant is
nonmotile even under high-induction conditions (18). This raises
the possibility that the E98K mutation abolishes an actual torque
generation step at the MotA-FliG interface, whereas the R90E muTABLE 1 Strains and plasmids used in this study
Strain or plasmid

Relevant characteristics

Source or
reference

Salmonella strains
SJW1103
SJW2241
YSC2123
YSC2302
YVM003
YVM012
YVM031
YVM032
YVM033
YVM034
YVM035
YVM036
YVM037
YVM039
YVM046
YVM047
YVM048

Wild type for motility and chemotaxis
⌬motA-motB
⌬motA-motB ⌬cheY ⌬fimA fliC(⌬204-292)
⌬motA-motB ⌬fliC::pHluorin
gfp-motB
gfp-motB fliC(⌬204-292)
motA(R90E) gfp-motB
motA(E98K) gfp-motB
gfp-motB fliG(D289K)
gfp-motB fliG(R281V)
motA(R90E) gfp-motB fliG(D289K)
motA(E98K) gfp-motB fliG(R281V)
gfp-motB fliG(R281D)
motA(E98K) gfp-motB fliG(R281D)
fliG(R281V)
motA(E98K)
motA(E98K) fliG(R281V)

33
34
This study
This study
18
This study
18
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Plasmids
pBAD24
pYC20
pYC20(R90E)
pYC20(E98K)
pYC109
pYC109(R90E)
pYC109(E98K)

Expression vector
pBAD24/MotA⫹MotB
pBAD24/MotA(R90E)⫹MotB
pBAD24/MotA(E98K)⫹MotB
pBAD24/MotA⫹MotB(⌬52-71)
pBAD24/MotA(R90E)⫹MotB (⌬52-71)
pBAD24/MotA(E98K)⫹MotB (⌬52-71)

35
36
18
18
36
This study
This study
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FIG 1 Schematic diagram of possible electrostatic interactions at the rotor-

Preparation of whole-cell proteins and immunoblotting. Salmonella
cells were grown overnight at 30°C in LB with shaking. Cell pellets were
suspended in sodium dodecyl sulfate (SDS) loading buffer and normalized by cell density to give a constant amount of cells. After SDS-PAGE,
immunoblotting with polyclonal anti-FliG or anti-MotB antibody was
carried out as described previously (40).
Measurements of free-swimming speeds of motile Salmonella cells.
For measurements of swimming speeds, Salmonella cells were observed
under a phase-contrast microscope (CH40; Olympus) at room temperature. The swimming speed of individual cells was analyzed as described
previously (41).
Fluorescence microscopy. Salmonella cell bodies and the epifluorescence of GFP were observed as described previously (18). GFP fluorescence images were captured by an electron-multiplying charge-coupled
device camera (C9100-02; Hamamatsu Photonics) with a 2-s exposure.
Fluorescence image processing was carried out with the ImageJ version
1.43 software (National Institutes of Health). To quantify the fluorescence
intensity of each GFP-MotB spot, integral fluorescence of a certain region
containing a single fluorescent spot was measured, and then the intensity
of a nearby spot-less cellular region of the same cell was subtracted as the
background intensity. The number of GFP-MotB spots was counted
above the arbitrary threshold value in each cell.
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tation simply reduces the number of stators around the rotor. To
test this hypothesis, we analyzed the torque-speed relationship of
fully induced wild-type MotA/B and MotA(R90E)/B motor
(Fig. 2A). The R90E mutation reduced both torque and speed only
slightly for a wide range of load, suggesting that MotA-Arg90 is
not so critical for torque generation.
It has been shown that a single stator unit rotates 1.0-m bead
attached to a motor at ⬃7 Hz (12, 23). To estimate the stator
number in the MotA(R90E) mutant motor, the averaged rotation
rates were determined (Fig. 2B). The wild-type motor showed a
distribution in the speed histogram with the speed ranging from
63 to 84 Hz. The mutant motor also rotated at the speed ranging
from 56 to 84 Hz, but most of them showed the highest peak at 56
Hz, indicating that the stator number is slightly less in the fully
induced MotA(R90E) motor than in the wild-type motor. These
results suggest that the R90E mutation significantly reduces the
efficiency of stator assembly into the motor. It is also possible that
the MotA(R90E) mutant stator turns the motor at ca. 80% of the
wild-type speed and that the stator numbers are similar in fully
induced wild-type and MotA(R90E) mutant motors.
Effect of the MotA(R90E) and MotA(E98K) mutations on
proton conductivity. It has been reported that several mutations
of charged residues in a cytoplasmic loop of PomA, which is a
MotA homolog, reduce the sodium ion channel activity of the
unplugged PomA/B stator complex of the sodium-driven flagellar
motor in Vibrio alginolyticus (20). To test whether the
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MotA(R90E) and MotA(E98K) mutations affect the proton conductivity of the MotA/B stator complex, we measured the intracellular pH of the Salmonella ⌬motA-motB ⌬fliC::pHluorin strain
expressing either MotA/B, MotA/B(⌬52-71), MotA(R90E)/
B(⌬52-71), or MotA(E98K)/B(⌬52-71) using the pHluorin probe
(44).
Residues 52 to 71 of MotB are postulated to act as a plug that
prevent the MotA/B complex from leaking protons when it is not
assembled into a motor, and the MotA/B(⌬52-71) complex made
by deleting these residues is unplugged to show full proton channel activity, causing proton leakage and decreasing intracellular
pH considerably, whereas the MotB(D33N) mutation suppresses
proton leakage through the unplugged, activated MotA/B(⌬5271) proton channel (36, 45). Since the proton conductivity of the
MotA/B(⌬52-71) complex is estimated to be 2 orders of magnitude higher than that of the wild-type MotA/B complex (36), it is
easy to examine the effect of MotA mutations on proton conductivity by using MotB(⌬52-71) as the partner.
In agreement with a previous report (36, 45), the expression of
the MotA/B(⌬52-71) complex decreased the intracellular pH by
ca. 0.7 pH units after arabinose induction compared to the wildtype MotA/B complex (Fig. 3). The R90E and E98K mutations still
allowed the MotA/B(⌬52-71) complex to decrease the intracellular pH by ⬃0.7 pH units (Fig. 3). This indicates that these MotA
mutant proteins still form a proton channel complex along with
MotB(⌬52-71) to conduct protons through the unplugged, activated proton channel.
Effect of the FliG(D289K) and FliG(R281V) mutations
on motility and stator assembly. The FliG(D289K) and
FliG(R281V) mutations partially suppress the loss-of-function
phenotype of the motA(R90E) and motA(E98K) mutants, respectively, suggesting that MotA-Arg90 and MotA-Glu98 interact
with FliG-Asp289 and FliG-Arg281, respectively (17). MotAArg90 and MotA-Glu98 are required for stator assembly (18),
raising the possibility that FliG-Asp289 and FliG-Arg281 are involved in stator assembly around the rotor. To test this, we introduced the FliG(D289K) and FliG(R281V) mutations to a Salmo-
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FIG 2 Effect of the MotA(R90E) mutation on torque generation by the flagellar motor. (A) Torque-speed curve of fully induced wild-type and
MotA(R90E) mutant motor. The Salmonella YSC2122 strain [⌬motA-motB,
fliC(⌬204-292)] was transformed with pYC20 (wild-type MotA/B [WT]) or
pYC20(R90E) [MotA(R90E)/B, abbreviated as R90E], and the resulting transformants were grown in LB containing 100 g of ampicillin/ml and 100 M
arabinose for 5 h at 30°C. Rotation measurements of individual flagellar motors were carried out by tracking the position of 1.5-m (circle), 1.0-m (triangle), 0.8-m (square), or 0.5-m (diamond) beads attached to the sticky
flagellar filament. All of the measurements were made at around 23°C. (B)
Speed histogram of fully induced wild-type (left) or MotA(R90E) mutant motor (right). Rotation rate of each flagellar motor labeled with 1.0-m bead was
determined using 1-s data windows at an interval of 0.1 s. The number labels
above the data represent the units corresponding to multiples of 7 Hz.

FIG 3 Effect of MotA(R90E) and MotA(E98K) mutations on the proton conductivity of the unplugged, activated MotA/B(⌬52-71) proton channel. Intracellular pH of YSC2123 cells (⌬motA-motB ⌬fliC::pHluorin) was measured
using pHluorin expressed in the cytoplasm after the induction of MotA/B
(WT), MotA/B(⌬52-71) (⌬52-71), MotA(R90E)/B(⌬52-71) (R90E/⌬52-71),
or MotA(E98K)/B(⌬52-71) (E98K/⌬52-71) at an external pH of 5.5. The data
that exhibited a statistically significant differences (***, P ⬍ 0.001) compared
to the wild-type MotA/B (#) are highlighted with asterisks.

Roles of Charged Residues at the MotA-FliG Interface

fraction and speed of free-swimming cells are indicated for the following
strains: YVM003 (WT/WT), YVM033 (WT/D289K), YVM034 (WT/R281V),
YVM037 (WT/R281D), YVM031 (R90E/WT), YVM032 (E98K/WT),
YVM035 (R90E/D289K), YVM036 (E98K/R281V), and YVM039 (E98K/
R281D). The swimming fraction is the fraction of swimming cells. The swimming speed is the average speed of ⬎40 cells, and vertical lines indicate the
standard deviations. If the fraction of motile cells was ⬍5% of the total cells,
the swimming speed is presented as zero. Measurements were made at around
23°C.

FIG 5 Effect of FliG and MotA mutations on the subcellular localization of GFP-MotB. (A) Bright-field (BF) and epifluorescence (EPI) images of YVM003
(WT/WT), YVM033 (WT/D289K), YVM034 (WT/R281V), YVM037 (WT/R281D), YVM031 (R90E/WT), YVM032 (E98K/WT), YVM035 (R90E/D289K),
YVM036 (E98K/R281V), and YVM039 (E98K/R281D). The cells were incubated at 30°C for 16 h in LB and then observed by fluorescence microscopy.
Measurements were made at around 23°C. (B) Population fraction of the cells with different numbers of GFP-MotB spots in each strain described above. More
than 400 cells were counted.
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FIG 4 Effect of FliG and MotA mutations on free-swimming motility. The

nella gfp-motB strain using the  Red homologous recombination
system (37). These mutations did not affect either protein stability
of FliG (see Fig. S1A, upper panel, lanes 1 to 3, in the supplemental
material) or flagellar formation (see Fig. S1B in the supplemental
material).
E. coli fliG(D289K) and fliG(R281V) mutants are nonmotile
(17). However, because there are some differences between E. coli
and Salmonella flagellar motors (46), we measured free-swimming speeds of the fliG(D289K) and fliG(R281V) mutants in liquid media (Fig. 4). The FliG(D289K) and FliG(R281V) mutations
did not affect the expression level of GFP-MotB, as judged by
immunoblotting with polyclonal anti-MotB antibody (see Fig.
S1A, lower panel, lanes 1 to 3, in the supplemental material). The
Salmonella fliG(D289K) gfp-motB strain was nonmotile as in E.
coli. In contrast to the E. coli fliG(R281V) mutant, ca. 90% of the
Salmonella fliG(R281V) gfp-motB cells were motile, and their
swimming speed was about two-thirds that of the wild-type cells
(Fig. 4). To test whether the GFP tag affects the function of
FliG(R281V), we carried out P22-mdeiated transduction to replace the gfp-motB allele by the wild-type motB gene. The
fliG(R281V) mutant also swam in soft agar, although not at the
wild-type level (see Fig. S2A in the supplemental material). Because the E. coli fliG(R281V) mutant is nonmotile (17), the Salmonella motor is more robust against the FliG(R281V) mutation
than the E. coli one.
To test whether the FliG(D289K) and FliG(R281V) mutations
affect stator assembly into a motor, we analyzed the subcellular
localization of GFP-MotB by epi-illumination fluorescence microscopy (Fig. 5A) and measured the number and intensity of
fluorescent spots of GFP-MotB (Fig. 5B). More than 90% of the
wild-type fliG gfp-motB cells had more than one fluorescent spot,
and the average intensity was 50 ⫾ 20 arbitrary units (AU) (n ⫽
50). With the FliG(D289K) mutation, ca. 70% of the cells showed

Morimoto et al.

(WT) transformed with pYC20 (MotAB), YVM033 (D289K) harboring pYC20, and YVM034 (R281V) carrying pYC20. The swimming fraction is the fraction
of swimming cells. The cells were incubated at 30°C for 5 h in LB with 0.2, 0.02, or 0.002% arabinose. Measurements were made at around 23°C.

no spots, and only 30% had the spots with an average intensity of
20 ⫾ 11 AU (n ⫽ 50). With the FliG(R281V) mutation, ca. 75% of
the cells had the spots but the average intensity was 28 ⫾ 17 AU
(n ⫽ 50). Such drastic reduction in both the number and intensity
of GFP-MotB spots indicates that both FliG-Asp289 and FliGArg281 are required for stator assembly into the motor. Therefore,
the impaired motility of these fliG mutants seems to be due to
poor stator assembly around the rotor at a relatively low expression level of the MotA/B complex from the chromosome.
Multicopy effect of the MotA/B complex on motility of the
fliG(D289K) and fliG(R281V) mutants. It has been shown that
the overexpression of the MotA(R90E)/B complex significantly
improves motor performance while that of the MotA(E98K)/B
complex does not (18). Therefore, we investigated whether the
overexpression of the MotA/B complex affects motility of the
fliG(D289K) and fliG(R281V) mutants. We introduced a
pBAD24-based plasmid encoding wild-type MotA and MotB into
the fliG(D289K) gfp-motB and fliG(R281V) gfp-motB strains and
measured free-swimming speeds of the resulting transformants in
the presence of arabinose. We used the gfp-motB strain as a positive control. It has been shown that GFP-MotB is less functional
than wild-type MotB (18). In agreement with this, bead assays
revealed that the GFP tag reduces not only the zero-speed torque
by half of the wild-type level but also the zero-torque speed by ca.
60% of the wild-type speed (see Fig. S3 in the supplemental material). An increment in the expression level of the MotA/B complex increased the swimming speed of the gfp-motB strain from
about 20 to 30 m/s (Fig. 6). Although most of the fliG(D289K)
gfp-motB cells were nonmotile (Fig. 4), when the expression level
of the MotA/B complex was increased by adding arabinose, ⬎80%
of the cells were motile, and their swimming speeds reached to ca.
70% of the wild-type levels (Fig. 6). This suggests that the impaired motility of the fliG(D289K) mutant is most likely due to a
drastic decrease in the number of the stator units around the rotor.
In contrast, for the fliG(R281V) gfp-motB strain, an increase in the

478

jb.asm.org

expression level of the MotA/B complex markedly reduced the
fraction of swimming cells as well as the swimming speed (Fig. 6).
The overexpression of the MotA/B complex did not affect flagellar
formation (data not shown). These results suggest that loss of
function by the FliG(R281V) mutation is observed only when the
motor has more than a critical number of stator units. Somehow,
the MotA/B stator complexes around the rotor interfere with one
another to impair the torque generation process when FliG has the
R281V mutation.
To investigate the effect of GFP-MotB on torque generation by
the fliG(R281V) mutant, we analyzed free-swimming motility of
the fliG(R281V) mutant in liquid media (see Fig. S2B in the
supplemental material). Like the fliG(R281V) gfp-motB strain,
ca. 75% of the fliG(R281V) mutant cells swam at ca. 40% of the
wild-type speed (see Fig. S2B in the supplemental material).
However, the overexpression of the MotA/B complex did not
reduce the swimming speed of the fliG(R281V) mutant (see Fig.
S2C in the supplemental material). These results suggest that
the GFP directly affects the torque generation process when
many wild-type MotA/B complexes are installed around the
FliG(R281V) rotor.
To test whether FliG-Arg281 is required for an actual torque
generation step by the stator-rotor interactions, we introduced
another mutation, FliG(R281D), into the gfp-motB strain and analyzed the subcellular localization of GFP-MotB. The R281D mutation did not affect either its protein stability (see Fig. S1A, lane 4,
in the supplemental material) or flagellar formation (see Fig. S1B
in the supplemental material). In contrast to the fliG(R281V) gfpmotB strain, the R281D mutation allowed no motility (Fig. 4),
indicating that this mutation totally interferes with motor function. About 50% of the fliG(R281D) gfp-motB cells had more than
one GFP-MotB spots (Fig. 5), and the average fluorescence intensity of the GFP-MotB spots was 29 ⫾ 12 AU (n ⫽ 50). Thus, the
R281D mutation affects stator assembly more severely than the
R281V mutation, but this reduction in the efficiency of stator
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FIG 6 Multicopy effect of the wild-type MotA/B complex on free-swimming motility of fliG mutants. The fraction and speed of free-swimming cells of YVM003

Roles of Charged Residues at the MotA-FliG Interface

DISCUSSION

In MotA, Arg90 and Glu98 are the most important charged residues for motor function, as are Arg281, Asp288, and Asp289 in
FliG (16, 17). Electrostatic interactions between MotA-Arg90 and
FliG-Asp289 and between MotA-Glu98 and FliG-Arg281 are required for motor function (Fig. 1) (17). However, because the
MotA(R90E) and MotA(E98K) mutations significantly reduce the
efficiency of stator assembly into a motor (18), it remained unclear whether these interactions are directly involved in the torque
generation process. Here, we analyzed the torque-speed curve of
the motor with fully induced MotA(R90E)/B mutant stator complex and found that this MotA mutation does not affect motor
performance very substantially (Fig. 2A). The MotA(R90E) mutation significantly reduced the subcellular localization of GFP-
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MotB to the flagellar motor (Fig. 5), a finding in agreement with a
previous report (18). We also found that the FliG(D289K) mutation, which suppresses the MotA(R90E) defect, reduced the number and intensity of GFP-MotB spots in a way similar to the
MotA(R90E) mutation (Fig. 5), indicating that the D289K mutation affects stator assembly into the motor as well. This is supported by our observation that the overexpression of the MotA/B
complex significantly improves the free-swimming motility of the
fliG(D289K) mutant, although not to the wild-type level (Fig. 6).
These results suggest that the FliG(D289K) mutation significantly
reduces the binding affinity of FliG for the MotA/B complex. Because the fliG(D289K) mutant was nonmotile (Fig. 4), its loss of
motility seems to be the consequence of poor assembly of the
MotA/B complex around the rotor when the MotA/B complex is
expressed from the chromosome. When both MotA(R90E) and
FliG(D289K) mutations were present, the number and intensity
of fluorescent spots of GFP-MotB were significantly increased,
and the motility was restored considerably (Fig. 4 and 5). Taken
together, we propose that an electrostatic interaction between
MotA-Arg90 and FliG-Asp289 is important for efficient process of
stator assembly into the motor and is clearly not of primary importance for torque generation but could nevertheless contribute
something.
The MotA(E98K) mutation also reduced the number and intensity of GFP-MotB spots (Fig. 5), in agreement with a previous
report (18). The FliG(R281V) mutation, which suppresses the
MotA(E98K) defect, reduced the number and intensity of GFPMotB spots as well (Fig. 5). These results suggest that an interaction between MotA-Glu98 and FliG-Arg281 is required for efficient stator assembly around the rotor as well. Careful comparison
of these mutants indicated that the effects of the MotA(E98K) and
FliG(R281V) mutations on the subcellular localization of GFPMotB are much smaller than those of the MotA(R90E) and
FliG(D289K) mutations (Fig. 5B). This implies that the electrostatic interaction between MotA-Glu98 and FliG-Arg281 may
play a secondary role in stator assembly. The FliG(R281V) mutation restored the motility of the motA(E98K) mutant (Fig. 4 and
see Fig. S2B in the supplemental material) but not the subcellular
localization of GFP-MotB at all (Fig. 5). This indicates that the
FliG(R281V) mutation recovers the torque generation process
rather than stator assembly around the rotor. Therefore, we suggest that the MotA-Arg90-FliG-Asp289 interaction is more important for torque generation.
The E. coli motA fliG double mutant expressing MotA and
FliG(R281V) from plasmids was nonmotile (17). In contrast, the
Salmonella fliG(R281V) mutant was motile (Fig. 4 and see Fig. S2
in the supplemental material), and the overexpression of the
MotA/B complex did not abolish the motility of the fliG(R281V)
mutant (see Fig. S2 in the supplemental material). However,
when the MotA/B complex was overexpressed in the gfp-motB
fliG(R281V) strain, the motility was decreased considerably
(Fig. 6). The GFP tag reduced both the zero-speed torque at
high loads and the zero-torque speed at low loads (see Fig. S3 in
the supplemental material), suggesting that the GFP causes
some misalignment of the stator complex relative to the rotor,
affecting the function of the stator complex. Therefore, it is
possible that the loss of motility of the gfp-motB fliG(R281V)
strain caused by the overexpression of the MotA/B complex
results from a failure of the MotA/GFP-MotB complex to co-
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assembly do not explain the total loss of swimming motility. These
observations suggest that FliG-Arg281 is more important for
torque generation than FliG-Asp289.
Effect of the fliG mutations on the subcellular localization
of GFP-labeled mutant stators. To test how the FliG(D289K)
and FliG(R281V) mutations suppress the MotA(R90E) and
MotA(E98K) defects, respectively, we introduced the motA(R90E)
and motA(E98K) alleles into the fliG(D289K) gfp-motB and
fliG(R281V) gfp-motB strains, respectively. We also constructed
the motA(R90E) gfp-motB and motA(E98K) gfp-motB strains as
controls. In agreement with a previous report (18), the
motA(R90E) gfp-motB and motA(E98K) gfp-motB strains were
nonmotile in liquid media (Fig. 4), although the expression level
of GFP-MotB was not changed by these motA mutations (see Fig.
S1A, lower panel, lanes 5 and 6, in the supplemental material).
Like the fliG(D289K) gfp-motB strain, ca. 75% of the motA(R90E)
gfp-motB cells showed no fluorescent spots of GFP-MotB (Fig. 5),
and the rest had one or two spots with an average intensity of 17 ⫾
10 AU (n ⫽ 50). When the FliG(D289K) mutation was present
in the motA(R90E) gfp-motB strain, this FliG mutation allowed
40% of the cells to swim at ca. 50% of the wild-type speed (Fig.
4). Epifluorescent images revealed that more than 60% of the
cells had more than one GFP-MotB spots with the average
intensity increased to 21 ⫾ 10 AU (n ⫽ 50) (Fig. 5). These
results suggest that the FliG(D289K) mutation increases the
probability of assembly of the MotA(R90E)/B mutant stator
complex into the motor.
For the motA(E98K) gfp-motB strain, ca. 45% of the cells
showed no fluorescent spots, and the rest had more than one spot
with an average intensity of 19 ⫾ 15 AU (n ⫽ 50) (Fig. 5). This
indicates that the effect of the MotA(E98K) mutation on the subcellular localization of GFP-MotB was milder than that of the
MotA(R90E) mutation. The FliG(R281V) suppressor mutation
significantly improved the motility of the motA(E98K) gfp-motB
strain (Fig. 4), but neither the number nor the intensity of GFPMotB spots was increased (Fig. 5). The FliG(R281D) mutation
recovered neither the motility (Fig. 4) nor the subcellular localization of GFP-MotB of the motA(E98K) gfp-motB strain (Fig. 5).
Interestingly, the number and intensity of the GFP-MotB spots
seen in the motA(E98K) fliG(R281D) gfp-motB cells were essentially the same as those observed in the motA(E98K) fliG(R281V)
gfp-motB cells (Fig. 5). This indicates that stator assembly occurs
at the same level in these two mutant cells. Therefore, we suggest
that the FliG(R281V) mutation restores torque generation by the
motA(E98K) mutant, whereas FliG(R281D) does not.

Morimoto et al.

operatively work along with the wild-type one when the
FliG(R281V) mutation is present.
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