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To investigate the Na�-driven flagellar motor of Vibrio alginolyticus, we attempted to isolate its C-ring
structure. FliG but not FliM copurified with the basal bodies. FliM proteins may be easily dissociated from the
basal body. We could detect FliG on the MS ring surface of the basal bodies.

The basal body, which is the part of the rotor, is composed
of four rings and a rod that penetrates them. Three of these
rings, the L, P, and MS rings, are embedded in the outer
membrane, peptidoglycan layer and in the inner membrane,
respectively (1), while the C-ring of Salmonella species is at-
tached to the cytoplasmic side of the basal body (3). The C-ring
is composed of the proteins FliG, FliM, and FliN (25), and
genetic evidence indicates that the C-ring is important for
flagellar assembly, torque generation, and regulation of rota-
tional direction (33, 34). FliG, 26 molecules of which are in-
corporated into the motor, appears to be the protein that is
most directly involved in torque generation (15). Mutational
analysis suggests that electrostatic interactions between con-
served charged residues in the C-terminal domain of FliG and
the cytoplasmic domain of MotA are important in torque gen-
eration (14), although this may not be the case for the Na�-
type motor of Vibrio alginolyticus (32, 35, 36). FliM interacts
with the chemotactic signaling protein CheY in its phosphory-
lated form (CheY-P) to regulate rotational direction (30). It
has been reported that 33 to 35 copies of FliM assemble into a
ring structure (28, 29). FliN contributes mostly to forming the
C-ring structure (37). The crystal structure of FliN revealed a
hydrophobic patch formed by several well-conserved hydro-
phobic residues (2). Mutational analysis showed that this patch
is important for flagellar assembly and rotational switching (23,
24). The association state of FliN in solution was studied by
analytical ultracentrifugation, which provided clues to the
higher-level organization of the protein. Thermotoga maritima
FliN exists primarily as a dimer in solution, and T. maritima
FliN and FliM together formed a stable FliM1-FliN4 complex
(2). The spatial distribution of these proteins in the C-ring of
Salmonella species was investigated using three-dimensional
reconstitution analysis with electron microscopy (28). How-
ever, the correct positioning has still not been clarified.

The Na�-driven motor requires two additional proteins, MotX
and MotY, for torque generation (19–21, 22). These proteins
form a unique ring structure, the T ring, located below the LP ring
in the polar flagellum of V. alginolyticus (9, 26). It has been
suggested that MotX interacts with MotY and PomB (11, 27).

Unlike peritrichously flagellated Escherichia coli and Salmonella
species, V. alginolyticus has two different flagellar systems adapted
for locomotion under different circumstances. A single, sheathed
polar flagellum is used for motility in low-viscosity environments
such as seawater (18). As described above, it is driven by a Na�-
type motor. However, in high-viscosity environments, such as the
mucus-coated surfaces of fish bodies, cells induce numerous un-
sheathed lateral flagella that have H�-driven motors (7, 8). We
have been focusing on the Na�-driven polar flagellar motor, since
there are certain advantages to studying its mechanism of torque
generation over the H�-type motor: sodium motive force can
be easily manipulated by controlling the Na� concentration in the
medium, and motor rotation can be specifically inhibited using
phenamil (10). Moreover, its rotation rate is surprisingly high, up
to 1,700 rps (compared to �200 rps and �300 rps for Salmonella
species flagella and E. coli flagella, respectively) (12, 16, 17).

Although understanding the C-ring structure and function is
essential for clarifying the mechanism of motor rotation, there
is no information about the C-ring of the polar flagellar motor
of Vibrio species or the flagella of any genus other than Sal-
monella. Since Vibrio species have all of the genes coding for
C-ring components, we would expect its location to be on the
cytoplasmic side of the MS ring, as in Salmonella species. In
this study, we attempted to isolate the polar flagellar basal
body with the C-ring attached and investigate whether it is
organized similarly to the H�-driven flagellar motor of Salmo-
nella enterica serovar Typhimurium.

Isolation of the Na�-driven flagellar basal bodies from V.
alginolyticus. The C-ring of species of Salmonella has been
isolated with the flagellar basal body using a previously estab-
lished mild isolation protocol (3). In the purification of the
Na�-driven flagellar basal bodies, we used MotY, which is an
essential protein for rotation and a component of the T ring, as
the marker protein for the basal body. To detect the C-ring
during isolation, FliG and FliM were used as the marker pro-
teins. The proteins were detected by immunoblotting using
anti-MotY (MotYB0079) (31), anti-FliG (see below), and
anti-E. coli FliM (gifts from David Blair, University of Utah)
antibodies. The antibody raised against FliG of V. alginolyticus
was prepared as follows. FliG was expressed in BL21(DE3)/
pLysS cells harboring pJN309, which encodes His6-tagged FliG
(FliG-His6) in pET3d. Cells were collected and broken by
using a French press. FliG-His6 was purified from the cytoplas-
mic fraction using Ni-nitrilotriacetic acid (NTA) agarose
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(Qiagen), a HiTrap Q column (GE Healthcare), and Superdex
200HR 10/30 (GE Healthcare). Purified FliG was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), stained with Coomassie blue R250, and excised
for immunization. Rabbit anti-FliG antibody was produced by
Biogate Co., Ltd. (Gifu, Japan).

We applied the Salmonella protocol to V. alginolyticus strain
KK148, which produces multiple polar flagella (13), expecting
to isolate more basal bodies from KK148 than from the wild-
type strain used previously (26). However, we could not detect
any FliG and FliM signals in the basal body fraction. When the
basal body fraction was observed by electron microscopy, we
could detect the basal body structure, but no structures could
be seen on the cytoplasmic side of the MS ring where the
C-ring is expected to be located (data not shown). In this
protocol, which was optimized to isolate the C-ring of Salmo-
nella, the C-ring of V. alginolyticus seems to have dissociated
from the basal body. We therefore suspected that the deter-
gent, Triton X-100, is not suitable for maintaining the associ-
ation between the Vibrio C-ring structure and the basal body.

Screening for optimal solubilization conditions for the flagel-
lar basal body. To find the optimal conditions for isolating the
C-ring of V. alginolyticus, 72 detergents were screened at sev-

eral concentrations. Cells from 100-ml cultures were harvested,
and spheroplasts were prepared as described above. The
spheroplast solution (1 ml) was transferred to an Eppendorf
tube, and spheroplasts were lysed by adding detergent to a final
concentration of around 0.5 to 2% (wt/vol) to each tube
(Hampton Research). After the solution became clear, MgSO4

was added to a 10 mM final concentration, the mixture was
incubated on ice for 30 min, and EDTA was added to 5 mM
(final). Thus, unlysed cells and cell debris were removed by
centrifugation at 6,000 � g for 5 min, and the supernatant
fraction was subjected to ultracentrifugation at 100,000 � g for
30 min. The pellet was resuspended in TE buffer (10 mM
Tris-HCl [pH 8.0], 5 mM EDTA) and SDS sampling buffer.
The FliG and FliM proteins were analyzed by immunoblotting.
FliG signals were detected when the following detergents were
used: 0.1% Triton X-100, 0.5% CHAPS (3-[(3-chloramidopro-
pyl)-dimethylammonio]-1-propanesulfonate), 1% octyl glu-
coside, 0.1% Fos-choline 12, 0.5% sodium cholate, and 0.5%
sodium deoxycholate. FliM, however, was not detected by us-
ing any of the tested detergents. SDS-PAGE and immunoblots
of fractions of CHAPS-solubilized samples are shown in Fig. 1.
Solubilization with 0.5% (wt/vol) CHAPS seemed to be the
best condition for isolating basal bodies containing FliG.
CHAPS also gave good results for purifying the stator complex
composed of PomA and PomB in V. alginolyticus (5).

To improve the conditions used for isolating the C-ring, we
examined the effects of several reagents on the isolation of
FliG or FliM along with the basal bodies (data not shown).
Prior to solubilization by 0.5% CHAPS, various reagents (KCl,
NaCl, or glycerol) were added. FliM signals were not detected
with the basal body fraction under any of the tested conditions.
On the other hand, addition of 100 mM NaCl or 25% glycerol
to the cell suspension resulted in stronger FliG signals.

FliG proteins associate with isolated Vibrio flagellar basal
bodies. To confirm that FliG associates with the basal bodies,
the basal body fraction obtained after solubilization by CHAPS
with 100 mM NaCl was separated using sucrose density gradi-
ent centrifugation. To identify the fractions containing basal
bodies, we used the T-ring protein MotY as the basal body
marker. MotY was detected in fractions 13 to 15 (Fig. 2). FliG
signals were detected in a broader range of fractions than
MotY. FliG was detected in the upper fractions (1 to 5) and

FIG. 1. Isolation of V. alginolyticus basal bodies solubilized using
CHAPS. (a) Coomassie blue-stained SDS-PAGE of proteins in the puri-
fication steps using CHAPS. Lane 1, whole-cell lysate. Lane 2, superna-
tant fraction from low-speed centrifugation. Lane 3, supernatant fraction
from ultracentrifugation. Lane 4, precipitate fraction from ultracentrifu-
gation. (b) The proteins in the purification steps were detected by immu-
noblotting using anti-MotY, anti-FliG, and anti-FliM antibodies. Frac-
tionated samples were loaded in the same order as in panel a.

FIG. 2. Fractionation by sucrose density gradient centrifugation. The
preparation of basal bodies was applied to a 20 to 60% (wt/wt) stepwise
sucrose gradient in TEC (TE buffer containing 0.5% CHAPS). After
centrifugation at 72,000 � g for 90 min at 4°C, the gradient was divided
into 20 fractions from the top to the bottom. For observation by electron
microscopy, basal bodies in some fractions were collected by ultracentrif-
ugation at 100,000 � g for 30 min and the pellet was resuspended using
TEC. The proteins in each fraction were separated by SDS-PAGE and
detected by immunoblotting using anti-MotY and anti-FliG antibodies.
HBB indicates the basal body fraction before the sucrose density gradient
centrifugation. The underlined fraction was used for electron microscopy.
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also in the fractions containing basal bodies (13 to 15) (Fig. 2).
When the purified recombinant FliG proteins, which were
prepared from BL21(DE3)/pLysS cells harboring FliG/pCold
encoding His6-tagged FliG (His6-FliG) in pColdI, were frac-
tionated in the same way, all FliG signals were detected in the
upper fractions (data not shown).

The fractions containing both MotY and FliG were observed
by electron microscopy (Fig. 3). In these samples we could detect
the basal bodies and an additional structure at the cytoplasmic
side of the MS ring (Fig. 3a). We also identified a structural
difference between isolated basal bodies solubilized by CHAPS

and Triton X-100 (Fig. 3a, lower panels). When immunoelectron
microscopic observation was performed using anti-FliG antibody
followed by immunogold labeling, we could detect basal bodies
with immunogold dots on the cytoplasmic side of the MS ring
(Fig. 3b). This indicates that FliG assembled on the MS ring.

In this study, we attempted to isolate flagellar basal bodies
from the Na�-driven polar flagellar motor of Vibrio alginolyti-
cus, with the C-ring structure attached. All of the genes en-
coding C-ring components (fliG, fliM and fliN) identified in
Salmonella exist in the genome of V. alginolyticus, and previous
studies showed that GFP-fused FliG, which is functional, lo-
calized at the base of the single polar flagellum (4). Therefore
the C-ring structure is believed to be located on the cytoplas-
mic side of the MS ring, and to have important roles in assem-
bly, rotational switching and motor function, as has been
shown in Salmonella and E. coli.

Stability of FliG with the basal body. To examine the sta-
bility of FliG on the MS ring of the basal body, the isolated
basal bodies were treated with acidic or alkaline buffer, or with
Triton X-100. The treated samples were fractionated by ultra-
centrifugation (Fig. 4a). Following alkaline treatment (pHs of
9.0, 9.9, and 11), MotY and FliG signals were detected in both
the supernatant and pellet fractions, whereas after acidic treat-
ment (pHs of 2.5 and 3.3), MotY and FliG signals were de-
tected only in the pellet fractions. Basal bodies treated at pH
2.5 were further fractionated by sucrose density gradient cen-
trifugation. MotY and FliG signals were detected in the same
fractions as the control samples without acid treatment (Fig.
4b). This may indicate that the interaction between FliG and
the MS ring of Vibrio flagella is relatively stable under acidic
conditions. Following Triton X-100 treatment, little or no FliG
signal was detected in the pellet fractions (Fig. 4a).

The FliG signal was detected in the upper fractions follow-

FIG. 3. Electron micrographs of basal bodies isolated using CHAPS.
(a) Comparison of electron micrographs of basal bodies isolated by
CHAPS (right) and by Triton X-100 (left). Six representative images are
shown for CHAPS-solubilized basal bodies in fraction 13 (Fig. 2) of
sucrose density gradient (upper and middle). Enlarged images of the
middle panel corresponding to the dotted frame are shown in the lower
panels. Arrowheads indicate the MS rings. The samples containing flagel-
lar structures were put on a hydrophilic-treated carbon-coated copper
grid. The grids were washed with TE buffer, negatively stained with 3%
uranyl acetate and observed with a JEM-1200EX or JEM-2010 electron
microscope (JEOL, Japan). Bar, 20 nm. (b) Immunogold labeling of the
basal bodies isolated by CHAPS (right) and by Triton X-100 (left) using
anti-FliG antibody. 3 �l of the basal body suspension was mixed with 1 �l
of buffer A (10 mM Tris, 5 mM EDTA, 600 mM NaCl at pH 8.0) and with
1 �l of the antibody solution diluted 20-fold with buffer B (10 mM Tris, 5
mM EDTA, 150 mM NaCl at pH 8.0). The mixture was kept on ice for 10
min. One �l of 5-nm colloidal gold-conjugated anti-rabbit IgG antibody
diluted 2-fold with buffer C (10 mM Tris, 5 mM EDTA, 300 mM NaCl at
pH 8.0) was then added to this mixture and it was left at room tempera-
ture for 30 min. Next, the mixture was put on a hydrophilic-treated
carbon-coated copper grid. The grids were washed twice with buffer (10
mM Tris-HCl [pH 8.0], 5 mM EDTA), negatively stained with 3% uranyl
acetate, and observed with a JEM-1200EX or JEM-2010 electron micro-
scope (JEOL, Japan). Bar, 20 nm.

FIG. 4. The effect of pH on the association of FliG with basal
bodies. (a) After isolating the basal bodies by solubilization using 0.5%
CHAPS, they were treated with several pH buffers (pH 2.5 to 11) and
1% Triton X-100, or were left untreated (Control). After the basal
bodies were separated by ultracentrifugation into the supernatant frac-
tion (S) and the precipitate fraction (P), the proteins in the separated
fractions as well as in the original fraction (HBB) were separated by
SDS-PAGE and detected by immunoblotting using anti-MotY and
anti-FliG antibodies. (b) The basal bodies treated with pH 2.5 (HBB)
were separated by sucrose density gradient centrifugation. The pro-
teins in each fraction were separated by SDS-PAGE and detected by
immunoblotting using anti-MotY and anti-FliG antibodies.
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ing sucrose density gradient centrifugation, indicating that
some FliG still dissociated from the basal body even in the
improved protocol. Therefore, more delicate treatment and
special caution are required to isolate the whole C-ring struc-
ture. The complete C-ring of Salmonella can be isolated and
purified with the basal body. In this case, FliM could be dis-
sociated from the basal body by treatment with acid (pH 4.5) or
by CsCl density gradient centrifugation, but FliG dissociated
only from the basal body when the pH was lowered to 2.5 (3).
We found that FliG was still associated with the basal body of
Vibrio isolates even when they were exposed to acidic buffer at
pH 2.5. This suggests that the FliF-FliG interaction is retained
under acidic conditions in Vibrio. Although we do not have any
biochemical evidence for interactions between FliG, FliM, and
FliN in Vibrio isolates, it is plausible that they form a C-ring
structure as seen in Salmonella. In the present study, we iso-
lated FliG proteins together with the Na�-driven flagellar
basal bodies from V. alginolyticus for the first time. This pro-
tocol will be a very useful tool for analyzing various mutant
FliG proteins and their interaction with the basal bodies. We
hope to determine the structural features of the C-terminal
region of FliG that is thought to associate with the stator
proteins. For example, isolating basal bodies from V. algino-
lyticus cells that are expressing a functional FliG-GFP fusion
(35) will contribute to structural analysis of the FliG region
involved in flagellar rotation. Recently, we were able to dem-
onstrate that the stator complex is dynamically assembled and
disassembled in the plasma membrane depending on the flow
of Na� through the stator, but that the switch protein, FliG,
did not show such dynamic behavior (6).
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