
Supplementary Figure S1. A model of MS-ring formation made up of FliF
proteins. SflA may interact with signal recognition particle (SRP) to prevent FliF
from interacting with the SPR recognition particle. FlhF dominates the SflA
protection process. FlhF may assist FliF in inserting the Sec translocon machinery.
FliG supports the MS-ring formation by FliF.
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Supplementary Figure S2. His-tagged purification of MS-ring. The membrane
lysate (A) or the soluble cytoplasmic lysate (B) solubilized in dodecyl maltoside
(DDM) was loaded onto a 5 mL HiTrap TALON column washed with a buffer
containing 10 mM imidazole, and the proteins were eluted with the linear gradient of
10 mM–300 mM imidazole. The proteins that were obtained in the fractions 14, 16,
and 18 of (A) or the fractions 12, 14, 16 of (B) were separated using SDS-PAGE,
stained with coomassie brilliant blue (CBB), and shown at the side of the elution
profiles of (A) and (B).
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and is involved in determining the number of flagella [19,20]. No other genes homologous to flhF have been reported in 
E. coli or Salmonella. Deletion of flhF results in the inability of Vibrio to form polar flagella [19], and deletion of the sflA 
gene [21], which encodes a transmembrane protein containing the cytoplasmic DnaJ motif and the periplasmic TRP motif, 
results in FlhFG-deficient cells forming flagella from any location outside the polar region [22,23]. Based on these 
experimental facts, SflA has been speculated to inhibit FliF from forming an MS-ring (Supplementary Figure S1). 

In this study, based on the report of the functional FliF–FliG fusion protein in S. enterica [7], we successfully cloned 
the V. alginolyticus fliF–fliG fusion gene into the pCold vector and overexpressed it in E. coli. We aimed to purify the 
fusion protein and investigate its function and structure. 
 
Materials and Methods  
 
Bacterial Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Supplementary Table S1. E. coli was cultured in LB 
broth [1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl]. Ampicillin was added at a final 
concentration of 100 µg/mL to the E. coli culture.  
 
Construction of the FliFG Fusion Mutant 

A one-step PCR-based method was used to clone the fliF and fliG genes into a pCold vector [18]. To fuse fliF and fliG, 
a deletion was introduced at the desired position using the QuikChange site-directed mutagenesis method described by 
Stratagene [15] 

 
MS-ring Purification 

E. coli BL21(DE3) cells housing the pRO101 or its derivatives (for expression of FliF or its deletions) were inoculated 
from a frozen stock into a plate containing the appropriate antibiotics, and the colonies were inoculated into 3 mL of LB 
broth and cultured overnight with shaking at 37°C. Then, the overnight culture was added to LB broth containing 
ampicillin at 50-fold dilution and cultured at 37°C with shaking until the OD600 value was approximately 0.5. Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) (0.5 mM) was then added. The cells were subjected to cold shock by placing in ice-
cold water for 20 min and cultured with shaking at 16 °C overnight. The cells were collected (4,600×g, 10 min) and 
suspended in 30 mL of 20TK200 buffer (20 mM Tris–HCl [pH 8.0], 200 mM KCl) containing 1 mM 
ethylenediaminetetraacetic acid (EDTA). The cells were then sonicated (large probe, power=6, 60 s, three times, duty 
cycle 50%). The unbroken cells were removed through centrifugation at 10,000×g for 10 min at 4°C, and the cells were 
resuspended in 20 mL of 20TK200 containing 1 mM EDTA; the sonication process was repeated. The resulting 
supernatants were collected, and 2 mM and 20 mM of MgCl2 and imidazole, respectively, were added. Centrifugation 
was performed at 12,000×g for 10 min at 4°C, and the supernatant was further ultracentrifuged at 154,000×g for 60 min 
at 4°C. The supernatant and pellet were defined as the soluble cytoplasmic and membrane fractions, respectively. The 
precipitate of the membrane fraction was suspended in 20 mL of 20TK200 and shaken overnight in a cold room. Then, 2 
mL of 10% dodecyl maltoside (DDM) solution or 1 mL of 10% Lauryl Maltose Neopentyl Glycol (LMNG) and 100 µL 
of 2 M imidazole were added and centrifuged at 10,000×g for 10 min. The supernatant was used for Ni-affinity 
purification using a His-tag. 

The sample was loaded onto a HiTrap TALON column (5 mL, GE Healthcare) connected to an ÄKTAprime system 
(GE Healthcare) and washed with 20TK200 buffer containing 0.05% DDM or 0.01% LMNG and 10 mM imidazole. The 
proteins were eluted and collected using an imidazole linear gradient of 10–300 mM. The peak fractions were 
concentrated through centrifuging in a 100 K Amicon device (Millipore). The samples were subjected to size-exclusion 
chromatography using Superose 6 column 10/300 with 20TN150 containing 1 mM MgCl2 and 0.05% DDM or 20TK100 
with 0.0025% LMNG at a flow rate of 0.5 mL/min. 
 
Observation Using Electron Microscopy 

The purified MS-ring was observed after negative staining under an electron microscope. After hydrophilizing the 
carbon-coated copper grids, 2.5 µL of the sample solution was placed on the grids and stained with 2% (w/v) 
phosphotungstic acid (pH 7.2) or 2% (w/v) uranyl acetate. The grid was observed under a transmission electron 
microscope (JEM-1010, JEOL) at 100 kV. 
 
High-Speed-Atomic-Force-Microscope (HS-AFM) Observation and Image Analysis 

HS-AFM imaging was performed using a laboratory-built HS-AFM operated in tapping mode [24]. The AFM cantilever 
was AC7 purchased from Olympus (spring constant approximately 0.2 N/m and resonance frequency approximately 700 
kHz in a solution). The AFM tip was fabricated by forming carbon pillars on the cantilever end using electron beam 
deposition, followed by plasma etching in an Ar environment to obtain the small end necessary for high-resolution 
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Introduction 
 

The marine bacterium Vibrio alginolyticus possesses a single flagellum for propulsion in an aqueous environment, 
which functions as a motility organ at the cell pole [1]. The flagellum is rotated by an ion-driven force of Na+ flow. A 
motor or force-generating complex at the base of the flagella acts as a power engine. The motor comprises a stator which 
is the ion energy conversion unit, and a rotor that generates torque through interaction with the stator. Earlier, the flagellar 
motor thought to be the basal body of the flagellar structure; however, a new structure has been discovered at the base of 
the flagella in the membrane [2]. Additionally, adenosine triphosphate (ATP) had been considered the energy source for 
the flagellar motor. In the basal body of gram-negative bacteria, the LP-ring corresponds to the outer 
membrane/peptidoglycan layer, whereas the MS-ring corresponds to the inner membrane [2]. An axial structure at the 
center known as the rod connects the ring structures (Figure 1). The MS-ring, which possesses a double-ring structure, is 
the main motor component that generates torque, and FliF was shown to be at least a constituent protein of the M-ring 
[3]. The earlier hypothesis was that the M- and S-rings were composed of distinct proteins and rotation occurred between 
these two ring structures [4]. Subsequently, the MS-ring was revealed to be a complex two-ring structure composed solely 
of the FliF protein [5]. FliG, FliM, and FliN form a C-ring just below the MS-ring [6-8]. FliG is one of the most important 
proteins in the C-ring that directly generates torque, and the C-terminal charged residues of FliG interact with the charged 
residues of the stator composed of the motor membrane proteins MotA and MotB or PomA and PomB [9-12]. Recently, 
a direct interaction between the stator and rotor has been detected [13].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The construction scheme for flagellar motors was proposed more than 40 years ago after isolating intermediate 

structures from flagellar-deficient mutants [14]; this basic structure formation model is still used today [1]. However, the 
mechanism underlying the initiation of flagellar structure assembly and control of the assembly pathway remains unclear. 
The MS-ring, which is embedded in the membrane at the flagellar base, is probably the initial component produced during 
flagellar formation. The overexpression of Salmonella FliF in E. coli results in the formation of numerous MS-rings [5]. 
However, when Vibrio FliF was overexpressed in E. coli, the MS-ring was not isolated and most proteins were purified 
as soluble protein complexes [15]. We showed that this complex had the ability to interact with FliG, which is a component 
protein of the C-ring, and the N-terminal region of FliG interacted with the C-terminal region of FliF. 

As mentioned earlier, the Salmonella FliF forms an M-ring structure when overexpressed in E. coli. Therefore, this 
system was utilized to purify the MS-ring, and its structure was elucidated using cryo-electron microscopy [16]. However, 
the M-ring region could not be resolved at the atomic level, probably because of its flexible structure. The 34 molecules 
of FliF two-transmembrane protein, whose molecular weight is approximately 64 kDa, are assembled into an MS-ring 
within the membrane. Based on the FliF crystal structure, the M-ring region was inferred to be in proximity to the C-ring 
except for the corresponding portion in the transmembrane region [17]. Vibrio FliF does not form the MS-ring structure 
when they are overexpressed in E. coli, but co-expression of Vibrio FliF with either Vibrio FliG or FlhF promotes the 
MS-ring formation in E. coli [18]. FliG seems to promote the ring formation of FliF in the cytoplasmic membrane. FlhF 
appears to be involved in the transport of FliF to the membrane and is an essential factor in the generation of polar flagella 

Figure 1  Flagellar motor structure and the component genes. 
(A) The genomic context of the flagellar genes around fliF 
and fliG. (B) The longitudinal section image of the flagellar 
motor. The C-ring is composed of FliG, FliM, and FliN. The 
MS-ring is composed of FliF. The stator is composed of 
PomA and PomB. FliF and FliG are indicated in red. (C) The 
primary structure of FliF and FliG. The distinctive regions of 
the protein are represented by the squares painted with 
different patterns. The dark box, stripe box, and filled box 
indicate the transmembrane (TM) region, M-ring region and 
S-ring region, respectively, for FliF. The stripe box, dark 
box, and filled box indicate the N-terminal region, the middle 
region, and C-terminal region, respectively, for FliG. The 
numbers indicate the amino acid residues. 
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Supplementary Figure S3. Electron microscopic observation of MS-ring composed of
FliFG fusion proteins. E. coli BL21 (DE3) cells housing pRO301 were cultured, and
the MS-ring was isolated. The MS-ring was observed with an electron microscope in
the membrane fraction (A) and the gel-filtration fraction (B). The scale bars; 50 nm.
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and is involved in determining the number of flagella [19,20]. No other genes homologous to flhF have been reported in 
E. coli or Salmonella. Deletion of flhF results in the inability of Vibrio to form polar flagella [19], and deletion of the sflA 
gene [21], which encodes a transmembrane protein containing the cytoplasmic DnaJ motif and the periplasmic TRP motif, 
results in FlhFG-deficient cells forming flagella from any location outside the polar region [22,23]. Based on these 
experimental facts, SflA has been speculated to inhibit FliF from forming an MS-ring (Supplementary Figure S1). 

In this study, based on the report of the functional FliF–FliG fusion protein in S. enterica [7], we successfully cloned 
the V. alginolyticus fliF–fliG fusion gene into the pCold vector and overexpressed it in E. coli. We aimed to purify the 
fusion protein and investigate its function and structure. 
 
Materials and Methods  
 
Bacterial Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Supplementary Table S1. E. coli was cultured in LB 
broth [1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl]. Ampicillin was added at a final 
concentration of 100 µg/mL to the E. coli culture.  
 
Construction of the FliFG Fusion Mutant 

A one-step PCR-based method was used to clone the fliF and fliG genes into a pCold vector [18]. To fuse fliF and fliG, 
a deletion was introduced at the desired position using the QuikChange site-directed mutagenesis method described by 
Stratagene [15] 

 
MS-ring Purification 

E. coli BL21(DE3) cells housing the pRO101 or its derivatives (for expression of FliF or its deletions) were inoculated 
from a frozen stock into a plate containing the appropriate antibiotics, and the colonies were inoculated into 3 mL of LB 
broth and cultured overnight with shaking at 37°C. Then, the overnight culture was added to LB broth containing 
ampicillin at 50-fold dilution and cultured at 37°C with shaking until the OD600 value was approximately 0.5. Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) (0.5 mM) was then added. The cells were subjected to cold shock by placing in ice-
cold water for 20 min and cultured with shaking at 16 °C overnight. The cells were collected (4,600×g, 10 min) and 
suspended in 30 mL of 20TK200 buffer (20 mM Tris–HCl [pH 8.0], 200 mM KCl) containing 1 mM 
ethylenediaminetetraacetic acid (EDTA). The cells were then sonicated (large probe, power=6, 60 s, three times, duty 
cycle 50%). The unbroken cells were removed through centrifugation at 10,000×g for 10 min at 4°C, and the cells were 
resuspended in 20 mL of 20TK200 containing 1 mM EDTA; the sonication process was repeated. The resulting 
supernatants were collected, and 2 mM and 20 mM of MgCl2 and imidazole, respectively, were added. Centrifugation 
was performed at 12,000×g for 10 min at 4°C, and the supernatant was further ultracentrifuged at 154,000×g for 60 min 
at 4°C. The supernatant and pellet were defined as the soluble cytoplasmic and membrane fractions, respectively. The 
precipitate of the membrane fraction was suspended in 20 mL of 20TK200 and shaken overnight in a cold room. Then, 2 
mL of 10% dodecyl maltoside (DDM) solution or 1 mL of 10% Lauryl Maltose Neopentyl Glycol (LMNG) and 100 µL 
of 2 M imidazole were added and centrifuged at 10,000×g for 10 min. The supernatant was used for Ni-affinity 
purification using a His-tag. 

The sample was loaded onto a HiTrap TALON column (5 mL, GE Healthcare) connected to an ÄKTAprime system 
(GE Healthcare) and washed with 20TK200 buffer containing 0.05% DDM or 0.01% LMNG and 10 mM imidazole. The 
proteins were eluted and collected using an imidazole linear gradient of 10–300 mM. The peak fractions were 
concentrated through centrifuging in a 100 K Amicon device (Millipore). The samples were subjected to size-exclusion 
chromatography using Superose 6 column 10/300 with 20TN150 containing 1 mM MgCl2 and 0.05% DDM or 20TK100 
with 0.0025% LMNG at a flow rate of 0.5 mL/min. 
 
Observation Using Electron Microscopy 

The purified MS-ring was observed after negative staining under an electron microscope. After hydrophilizing the 
carbon-coated copper grids, 2.5 µL of the sample solution was placed on the grids and stained with 2% (w/v) 
phosphotungstic acid (pH 7.2) or 2% (w/v) uranyl acetate. The grid was observed under a transmission electron 
microscope (JEM-1010, JEOL) at 100 kV. 
 
High-Speed-Atomic-Force-Microscope (HS-AFM) Observation and Image Analysis 

HS-AFM imaging was performed using a laboratory-built HS-AFM operated in tapping mode [24]. The AFM cantilever 
was AC7 purchased from Olympus (spring constant approximately 0.2 N/m and resonance frequency approximately 700 
kHz in a solution). The AFM tip was fabricated by forming carbon pillars on the cantilever end using electron beam 
deposition, followed by plasma etching in an Ar environment to obtain the small end necessary for high-resolution 
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which functions as a motility organ at the cell pole [1]. The flagellum is rotated by an ion-driven force of Na+ flow. A 
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center known as the rod connects the ring structures (Figure 1). The MS-ring, which possesses a double-ring structure, is 
the main motor component that generates torque, and FliF was shown to be at least a constituent protein of the M-ring 
[3]. The earlier hypothesis was that the M- and S-rings were composed of distinct proteins and rotation occurred between 
these two ring structures [4]. Subsequently, the MS-ring was revealed to be a complex two-ring structure composed solely 
of the FliF protein [5]. FliG, FliM, and FliN form a C-ring just below the MS-ring [6-8]. FliG is one of the most important 
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The MS-ring, which is embedded in the membrane at the flagellar base, is probably the initial component produced during 
flagellar formation. The overexpression of Salmonella FliF in E. coli results in the formation of numerous MS-rings [5]. 
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As mentioned earlier, the Salmonella FliF forms an M-ring structure when overexpressed in E. coli. Therefore, this 
system was utilized to purify the MS-ring, and its structure was elucidated using cryo-electron microscopy [16]. However, 
the M-ring region could not be resolved at the atomic level, probably because of its flexible structure. The 34 molecules 
of FliF two-transmembrane protein, whose molecular weight is approximately 64 kDa, are assembled into an MS-ring 
within the membrane. Based on the FliF crystal structure, the M-ring region was inferred to be in proximity to the C-ring 
except for the corresponding portion in the transmembrane region [17]. Vibrio FliF does not form the MS-ring structure 
when they are overexpressed in E. coli, but co-expression of Vibrio FliF with either Vibrio FliG or FlhF promotes the 
MS-ring formation in E. coli [18]. FliG seems to promote the ring formation of FliF in the cytoplasmic membrane. FlhF 
appears to be involved in the transport of FliF to the membrane and is an essential factor in the generation of polar flagella 

Figure 1  Flagellar motor structure and the component genes. 
(A) The genomic context of the flagellar genes around fliF 
and fliG. (B) The longitudinal section image of the flagellar 
motor. The C-ring is composed of FliG, FliM, and FliN. The 
MS-ring is composed of FliF. The stator is composed of 
PomA and PomB. FliF and FliG are indicated in red. (C) The 
primary structure of FliF and FliG. The distinctive regions of 
the protein are represented by the squares painted with 
different patterns. The dark box, stripe box, and filled box 
indicate the transmembrane (TM) region, M-ring region and 
S-ring region, respectively, for FliF. The stripe box, dark 
box, and filled box indicate the N-terminal region, the middle 
region, and C-terminal region, respectively, for FliG. The 
numbers indicate the amino acid residues. 

Biophysics and Physicobiology Vol. 20

e200028_2

3



Supplementary Figure S4. AFM image of the (approximately) 350 kDa fraction.
The peak fraction containing FliFG fusion protein at (approximately) 350 kDa using
gel filtration and observed using HS-AFM.
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and is involved in determining the number of flagella [19,20]. No other genes homologous to flhF have been reported in 
E. coli or Salmonella. Deletion of flhF results in the inability of Vibrio to form polar flagella [19], and deletion of the sflA 
gene [21], which encodes a transmembrane protein containing the cytoplasmic DnaJ motif and the periplasmic TRP motif, 
results in FlhFG-deficient cells forming flagella from any location outside the polar region [22,23]. Based on these 
experimental facts, SflA has been speculated to inhibit FliF from forming an MS-ring (Supplementary Figure S1). 

In this study, based on the report of the functional FliF–FliG fusion protein in S. enterica [7], we successfully cloned 
the V. alginolyticus fliF–fliG fusion gene into the pCold vector and overexpressed it in E. coli. We aimed to purify the 
fusion protein and investigate its function and structure. 
 
Materials and Methods  
 
Bacterial Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Supplementary Table S1. E. coli was cultured in LB 
broth [1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl]. Ampicillin was added at a final 
concentration of 100 µg/mL to the E. coli culture.  
 
Construction of the FliFG Fusion Mutant 

A one-step PCR-based method was used to clone the fliF and fliG genes into a pCold vector [18]. To fuse fliF and fliG, 
a deletion was introduced at the desired position using the QuikChange site-directed mutagenesis method described by 
Stratagene [15] 

 
MS-ring Purification 

E. coli BL21(DE3) cells housing the pRO101 or its derivatives (for expression of FliF or its deletions) were inoculated 
from a frozen stock into a plate containing the appropriate antibiotics, and the colonies were inoculated into 3 mL of LB 
broth and cultured overnight with shaking at 37°C. Then, the overnight culture was added to LB broth containing 
ampicillin at 50-fold dilution and cultured at 37°C with shaking until the OD600 value was approximately 0.5. Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) (0.5 mM) was then added. The cells were subjected to cold shock by placing in ice-
cold water for 20 min and cultured with shaking at 16 °C overnight. The cells were collected (4,600×g, 10 min) and 
suspended in 30 mL of 20TK200 buffer (20 mM Tris–HCl [pH 8.0], 200 mM KCl) containing 1 mM 
ethylenediaminetetraacetic acid (EDTA). The cells were then sonicated (large probe, power=6, 60 s, three times, duty 
cycle 50%). The unbroken cells were removed through centrifugation at 10,000×g for 10 min at 4°C, and the cells were 
resuspended in 20 mL of 20TK200 containing 1 mM EDTA; the sonication process was repeated. The resulting 
supernatants were collected, and 2 mM and 20 mM of MgCl2 and imidazole, respectively, were added. Centrifugation 
was performed at 12,000×g for 10 min at 4°C, and the supernatant was further ultracentrifuged at 154,000×g for 60 min 
at 4°C. The supernatant and pellet were defined as the soluble cytoplasmic and membrane fractions, respectively. The 
precipitate of the membrane fraction was suspended in 20 mL of 20TK200 and shaken overnight in a cold room. Then, 2 
mL of 10% dodecyl maltoside (DDM) solution or 1 mL of 10% Lauryl Maltose Neopentyl Glycol (LMNG) and 100 µL 
of 2 M imidazole were added and centrifuged at 10,000×g for 10 min. The supernatant was used for Ni-affinity 
purification using a His-tag. 

The sample was loaded onto a HiTrap TALON column (5 mL, GE Healthcare) connected to an ÄKTAprime system 
(GE Healthcare) and washed with 20TK200 buffer containing 0.05% DDM or 0.01% LMNG and 10 mM imidazole. The 
proteins were eluted and collected using an imidazole linear gradient of 10–300 mM. The peak fractions were 
concentrated through centrifuging in a 100 K Amicon device (Millipore). The samples were subjected to size-exclusion 
chromatography using Superose 6 column 10/300 with 20TN150 containing 1 mM MgCl2 and 0.05% DDM or 20TK100 
with 0.0025% LMNG at a flow rate of 0.5 mL/min. 
 
Observation Using Electron Microscopy 

The purified MS-ring was observed after negative staining under an electron microscope. After hydrophilizing the 
carbon-coated copper grids, 2.5 µL of the sample solution was placed on the grids and stained with 2% (w/v) 
phosphotungstic acid (pH 7.2) or 2% (w/v) uranyl acetate. The grid was observed under a transmission electron 
microscope (JEM-1010, JEOL) at 100 kV. 
 
High-Speed-Atomic-Force-Microscope (HS-AFM) Observation and Image Analysis 

HS-AFM imaging was performed using a laboratory-built HS-AFM operated in tapping mode [24]. The AFM cantilever 
was AC7 purchased from Olympus (spring constant approximately 0.2 N/m and resonance frequency approximately 700 
kHz in a solution). The AFM tip was fabricated by forming carbon pillars on the cantilever end using electron beam 
deposition, followed by plasma etching in an Ar environment to obtain the small end necessary for high-resolution 
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MS-ring is composed of FliF. The stator is composed of 
PomA and PomB. FliF and FliG are indicated in red. (C) The 
primary structure of FliF and FliG. The distinctive regions of 
the protein are represented by the squares painted with 
different patterns. The dark box, stripe box, and filled box 
indicate the transmembrane (TM) region, M-ring region and 
S-ring region, respectively, for FliF. The stripe box, dark 
box, and filled box indicate the N-terminal region, the middle 
region, and C-terminal region, respectively, for FliG. The 
numbers indicate the amino acid residues. 
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Supplementary Figure S4. AFM image of the (approximately) 350 kDa fraction.
The peak fraction containing FliFG fusion protein at (approximately) 350 kDa using
gel filtration and observed using HS-AFM.

Supplementary Figure S5. HS-AFM image of MS-ring comprising FliFG fusion
proteins (A) or FliF proteins (B). (C) The cross-sectional profiles of solid line and
dotted line, along the white lines on the image of (A) and (B), respectively.

(A) (B)

(C)
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and is involved in determining the number of flagella [19,20]. No other genes homologous to flhF have been reported in 
E. coli or Salmonella. Deletion of flhF results in the inability of Vibrio to form polar flagella [19], and deletion of the sflA 
gene [21], which encodes a transmembrane protein containing the cytoplasmic DnaJ motif and the periplasmic TRP motif, 
results in FlhFG-deficient cells forming flagella from any location outside the polar region [22,23]. Based on these 
experimental facts, SflA has been speculated to inhibit FliF from forming an MS-ring (Supplementary Figure S1). 

In this study, based on the report of the functional FliF–FliG fusion protein in S. enterica [7], we successfully cloned 
the V. alginolyticus fliF–fliG fusion gene into the pCold vector and overexpressed it in E. coli. We aimed to purify the 
fusion protein and investigate its function and structure. 
 
Materials and Methods  
 
Bacterial Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Supplementary Table S1. E. coli was cultured in LB 
broth [1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl]. Ampicillin was added at a final 
concentration of 100 µg/mL to the E. coli culture.  
 
Construction of the FliFG Fusion Mutant 

A one-step PCR-based method was used to clone the fliF and fliG genes into a pCold vector [18]. To fuse fliF and fliG, 
a deletion was introduced at the desired position using the QuikChange site-directed mutagenesis method described by 
Stratagene [15] 

 
MS-ring Purification 

E. coli BL21(DE3) cells housing the pRO101 or its derivatives (for expression of FliF or its deletions) were inoculated 
from a frozen stock into a plate containing the appropriate antibiotics, and the colonies were inoculated into 3 mL of LB 
broth and cultured overnight with shaking at 37°C. Then, the overnight culture was added to LB broth containing 
ampicillin at 50-fold dilution and cultured at 37°C with shaking until the OD600 value was approximately 0.5. Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) (0.5 mM) was then added. The cells were subjected to cold shock by placing in ice-
cold water for 20 min and cultured with shaking at 16 °C overnight. The cells were collected (4,600×g, 10 min) and 
suspended in 30 mL of 20TK200 buffer (20 mM Tris–HCl [pH 8.0], 200 mM KCl) containing 1 mM 
ethylenediaminetetraacetic acid (EDTA). The cells were then sonicated (large probe, power=6, 60 s, three times, duty 
cycle 50%). The unbroken cells were removed through centrifugation at 10,000×g for 10 min at 4°C, and the cells were 
resuspended in 20 mL of 20TK200 containing 1 mM EDTA; the sonication process was repeated. The resulting 
supernatants were collected, and 2 mM and 20 mM of MgCl2 and imidazole, respectively, were added. Centrifugation 
was performed at 12,000×g for 10 min at 4°C, and the supernatant was further ultracentrifuged at 154,000×g for 60 min 
at 4°C. The supernatant and pellet were defined as the soluble cytoplasmic and membrane fractions, respectively. The 
precipitate of the membrane fraction was suspended in 20 mL of 20TK200 and shaken overnight in a cold room. Then, 2 
mL of 10% dodecyl maltoside (DDM) solution or 1 mL of 10% Lauryl Maltose Neopentyl Glycol (LMNG) and 100 µL 
of 2 M imidazole were added and centrifuged at 10,000×g for 10 min. The supernatant was used for Ni-affinity 
purification using a His-tag. 

The sample was loaded onto a HiTrap TALON column (5 mL, GE Healthcare) connected to an ÄKTAprime system 
(GE Healthcare) and washed with 20TK200 buffer containing 0.05% DDM or 0.01% LMNG and 10 mM imidazole. The 
proteins were eluted and collected using an imidazole linear gradient of 10–300 mM. The peak fractions were 
concentrated through centrifuging in a 100 K Amicon device (Millipore). The samples were subjected to size-exclusion 
chromatography using Superose 6 column 10/300 with 20TN150 containing 1 mM MgCl2 and 0.05% DDM or 20TK100 
with 0.0025% LMNG at a flow rate of 0.5 mL/min. 
 
Observation Using Electron Microscopy 

The purified MS-ring was observed after negative staining under an electron microscope. After hydrophilizing the 
carbon-coated copper grids, 2.5 µL of the sample solution was placed on the grids and stained with 2% (w/v) 
phosphotungstic acid (pH 7.2) or 2% (w/v) uranyl acetate. The grid was observed under a transmission electron 
microscope (JEM-1010, JEOL) at 100 kV. 
 
High-Speed-Atomic-Force-Microscope (HS-AFM) Observation and Image Analysis 

HS-AFM imaging was performed using a laboratory-built HS-AFM operated in tapping mode [24]. The AFM cantilever 
was AC7 purchased from Olympus (spring constant approximately 0.2 N/m and resonance frequency approximately 700 
kHz in a solution). The AFM tip was fabricated by forming carbon pillars on the cantilever end using electron beam 
deposition, followed by plasma etching in an Ar environment to obtain the small end necessary for high-resolution 
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Introduction 
 

The marine bacterium Vibrio alginolyticus possesses a single flagellum for propulsion in an aqueous environment, 
which functions as a motility organ at the cell pole [1]. The flagellum is rotated by an ion-driven force of Na+ flow. A 
motor or force-generating complex at the base of the flagella acts as a power engine. The motor comprises a stator which 
is the ion energy conversion unit, and a rotor that generates torque through interaction with the stator. Earlier, the flagellar 
motor thought to be the basal body of the flagellar structure; however, a new structure has been discovered at the base of 
the flagella in the membrane [2]. Additionally, adenosine triphosphate (ATP) had been considered the energy source for 
the flagellar motor. In the basal body of gram-negative bacteria, the LP-ring corresponds to the outer 
membrane/peptidoglycan layer, whereas the MS-ring corresponds to the inner membrane [2]. An axial structure at the 
center known as the rod connects the ring structures (Figure 1). The MS-ring, which possesses a double-ring structure, is 
the main motor component that generates torque, and FliF was shown to be at least a constituent protein of the M-ring 
[3]. The earlier hypothesis was that the M- and S-rings were composed of distinct proteins and rotation occurred between 
these two ring structures [4]. Subsequently, the MS-ring was revealed to be a complex two-ring structure composed solely 
of the FliF protein [5]. FliG, FliM, and FliN form a C-ring just below the MS-ring [6-8]. FliG is one of the most important 
proteins in the C-ring that directly generates torque, and the C-terminal charged residues of FliG interact with the charged 
residues of the stator composed of the motor membrane proteins MotA and MotB or PomA and PomB [9-12]. Recently, 
a direct interaction between the stator and rotor has been detected [13].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The construction scheme for flagellar motors was proposed more than 40 years ago after isolating intermediate 

structures from flagellar-deficient mutants [14]; this basic structure formation model is still used today [1]. However, the 
mechanism underlying the initiation of flagellar structure assembly and control of the assembly pathway remains unclear. 
The MS-ring, which is embedded in the membrane at the flagellar base, is probably the initial component produced during 
flagellar formation. The overexpression of Salmonella FliF in E. coli results in the formation of numerous MS-rings [5]. 
However, when Vibrio FliF was overexpressed in E. coli, the MS-ring was not isolated and most proteins were purified 
as soluble protein complexes [15]. We showed that this complex had the ability to interact with FliG, which is a component 
protein of the C-ring, and the N-terminal region of FliG interacted with the C-terminal region of FliF. 

As mentioned earlier, the Salmonella FliF forms an M-ring structure when overexpressed in E. coli. Therefore, this 
system was utilized to purify the MS-ring, and its structure was elucidated using cryo-electron microscopy [16]. However, 
the M-ring region could not be resolved at the atomic level, probably because of its flexible structure. The 34 molecules 
of FliF two-transmembrane protein, whose molecular weight is approximately 64 kDa, are assembled into an MS-ring 
within the membrane. Based on the FliF crystal structure, the M-ring region was inferred to be in proximity to the C-ring 
except for the corresponding portion in the transmembrane region [17]. Vibrio FliF does not form the MS-ring structure 
when they are overexpressed in E. coli, but co-expression of Vibrio FliF with either Vibrio FliG or FlhF promotes the 
MS-ring formation in E. coli [18]. FliG seems to promote the ring formation of FliF in the cytoplasmic membrane. FlhF 
appears to be involved in the transport of FliF to the membrane and is an essential factor in the generation of polar flagella 

Figure 1  Flagellar motor structure and the component genes. 
(A) The genomic context of the flagellar genes around fliF 
and fliG. (B) The longitudinal section image of the flagellar 
motor. The C-ring is composed of FliG, FliM, and FliN. The 
MS-ring is composed of FliF. The stator is composed of 
PomA and PomB. FliF and FliG are indicated in red. (C) The 
primary structure of FliF and FliG. The distinctive regions of 
the protein are represented by the squares painted with 
different patterns. The dark box, stripe box, and filled box 
indicate the transmembrane (TM) region, M-ring region and 
S-ring region, respectively, for FliF. The stripe box, dark 
box, and filled box indicate the N-terminal region, the middle 
region, and C-terminal region, respectively, for FliG. The 
numbers indicate the amino acid residues. 
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Supplementary Figure S6. (A) A image of MS-ring comprising FliFG fusion proteins
by HS-AFM. (B) The correlation coefficients of ROI 1 and ROI 2 were plotted at the
time of the image aquisition in the field of Region1 and Region2.

(A)

(B)

Supplementary Table S1. Bacterial strains and plasmids used in this study 

Strain or plasmid Genotype or description Reference or source 
E. coli 
DH5α 
BL21(DE3) 
 
Plasmids 
pCold I 
pRO101 
pTSK137 
pRO301 

 
Recipient for DNA manipulation 
expression host 
 
 
Ampr, PcspA 

pCold I-his-fliF 
pCold I-his-fliFG 
pCold I-his-fliFG fusion 

 
 
Novagen 
 
 
Takara 
[1] 
[2] 
This study 

Ampr, ampicillin-resistant; Cmr, chloramphenicol-resistant 
 

[1] Ogawa, R., Abe-Yoshizumi, R., Kishi, T., Homma, M., Kojima, S. Interaction of the 
C-terminal tail of FliF with FliG from the Na+-driven flagellar motor of Vibrio 
alginolyticus. J. Bacteriol. 197, 63-72 (2015). https://doi.org/10.1128/jb.02271-14 

 
[2] Terashima, H., Hirano, K., Inoue, Y., Tokano, T., Kawamoto, A., Kato, T., et al. 

Assembly mechanism of a supramolecular MS-ring complex to initiate bacterial 
flagellar biogenesis in Vibrio species. J. Bacteriol. 202, e00236-20 (2020). 
https://doi.org/10.1128/jb.00236-20 

 
 
 
 
Supplementary Movie S1. High-speed atomic force microscopy (HS-AFM) movies of MS-
ring composed of FliFG fusion proteins. Real-time play speed: 0.15 s/frame.  
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and is involved in determining the number of flagella [19,20]. No other genes homologous to flhF have been reported in 
E. coli or Salmonella. Deletion of flhF results in the inability of Vibrio to form polar flagella [19], and deletion of the sflA 
gene [21], which encodes a transmembrane protein containing the cytoplasmic DnaJ motif and the periplasmic TRP motif, 
results in FlhFG-deficient cells forming flagella from any location outside the polar region [22,23]. Based on these 
experimental facts, SflA has been speculated to inhibit FliF from forming an MS-ring (Supplementary Figure S1). 

In this study, based on the report of the functional FliF–FliG fusion protein in S. enterica [7], we successfully cloned 
the V. alginolyticus fliF–fliG fusion gene into the pCold vector and overexpressed it in E. coli. We aimed to purify the 
fusion protein and investigate its function and structure. 
 
Materials and Methods  
 
Bacterial Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Supplementary Table S1. E. coli was cultured in LB 
broth [1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl]. Ampicillin was added at a final 
concentration of 100 µg/mL to the E. coli culture.  
 
Construction of the FliFG Fusion Mutant 

A one-step PCR-based method was used to clone the fliF and fliG genes into a pCold vector [18]. To fuse fliF and fliG, 
a deletion was introduced at the desired position using the QuikChange site-directed mutagenesis method described by 
Stratagene [15] 

 
MS-ring Purification 

E. coli BL21(DE3) cells housing the pRO101 or its derivatives (for expression of FliF or its deletions) were inoculated 
from a frozen stock into a plate containing the appropriate antibiotics, and the colonies were inoculated into 3 mL of LB 
broth and cultured overnight with shaking at 37°C. Then, the overnight culture was added to LB broth containing 
ampicillin at 50-fold dilution and cultured at 37°C with shaking until the OD600 value was approximately 0.5. Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) (0.5 mM) was then added. The cells were subjected to cold shock by placing in ice-
cold water for 20 min and cultured with shaking at 16 °C overnight. The cells were collected (4,600×g, 10 min) and 
suspended in 30 mL of 20TK200 buffer (20 mM Tris–HCl [pH 8.0], 200 mM KCl) containing 1 mM 
ethylenediaminetetraacetic acid (EDTA). The cells were then sonicated (large probe, power=6, 60 s, three times, duty 
cycle 50%). The unbroken cells were removed through centrifugation at 10,000×g for 10 min at 4°C, and the cells were 
resuspended in 20 mL of 20TK200 containing 1 mM EDTA; the sonication process was repeated. The resulting 
supernatants were collected, and 2 mM and 20 mM of MgCl2 and imidazole, respectively, were added. Centrifugation 
was performed at 12,000×g for 10 min at 4°C, and the supernatant was further ultracentrifuged at 154,000×g for 60 min 
at 4°C. The supernatant and pellet were defined as the soluble cytoplasmic and membrane fractions, respectively. The 
precipitate of the membrane fraction was suspended in 20 mL of 20TK200 and shaken overnight in a cold room. Then, 2 
mL of 10% dodecyl maltoside (DDM) solution or 1 mL of 10% Lauryl Maltose Neopentyl Glycol (LMNG) and 100 µL 
of 2 M imidazole were added and centrifuged at 10,000×g for 10 min. The supernatant was used for Ni-affinity 
purification using a His-tag. 

The sample was loaded onto a HiTrap TALON column (5 mL, GE Healthcare) connected to an ÄKTAprime system 
(GE Healthcare) and washed with 20TK200 buffer containing 0.05% DDM or 0.01% LMNG and 10 mM imidazole. The 
proteins were eluted and collected using an imidazole linear gradient of 10–300 mM. The peak fractions were 
concentrated through centrifuging in a 100 K Amicon device (Millipore). The samples were subjected to size-exclusion 
chromatography using Superose 6 column 10/300 with 20TN150 containing 1 mM MgCl2 and 0.05% DDM or 20TK100 
with 0.0025% LMNG at a flow rate of 0.5 mL/min. 
 
Observation Using Electron Microscopy 

The purified MS-ring was observed after negative staining under an electron microscope. After hydrophilizing the 
carbon-coated copper grids, 2.5 µL of the sample solution was placed on the grids and stained with 2% (w/v) 
phosphotungstic acid (pH 7.2) or 2% (w/v) uranyl acetate. The grid was observed under a transmission electron 
microscope (JEM-1010, JEOL) at 100 kV. 
 
High-Speed-Atomic-Force-Microscope (HS-AFM) Observation and Image Analysis 

HS-AFM imaging was performed using a laboratory-built HS-AFM operated in tapping mode [24]. The AFM cantilever 
was AC7 purchased from Olympus (spring constant approximately 0.2 N/m and resonance frequency approximately 700 
kHz in a solution). The AFM tip was fabricated by forming carbon pillars on the cantilever end using electron beam 
deposition, followed by plasma etching in an Ar environment to obtain the small end necessary for high-resolution 
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Introduction 
 

The marine bacterium Vibrio alginolyticus possesses a single flagellum for propulsion in an aqueous environment, 
which functions as a motility organ at the cell pole [1]. The flagellum is rotated by an ion-driven force of Na+ flow. A 
motor or force-generating complex at the base of the flagella acts as a power engine. The motor comprises a stator which 
is the ion energy conversion unit, and a rotor that generates torque through interaction with the stator. Earlier, the flagellar 
motor thought to be the basal body of the flagellar structure; however, a new structure has been discovered at the base of 
the flagella in the membrane [2]. Additionally, adenosine triphosphate (ATP) had been considered the energy source for 
the flagellar motor. In the basal body of gram-negative bacteria, the LP-ring corresponds to the outer 
membrane/peptidoglycan layer, whereas the MS-ring corresponds to the inner membrane [2]. An axial structure at the 
center known as the rod connects the ring structures (Figure 1). The MS-ring, which possesses a double-ring structure, is 
the main motor component that generates torque, and FliF was shown to be at least a constituent protein of the M-ring 
[3]. The earlier hypothesis was that the M- and S-rings were composed of distinct proteins and rotation occurred between 
these two ring structures [4]. Subsequently, the MS-ring was revealed to be a complex two-ring structure composed solely 
of the FliF protein [5]. FliG, FliM, and FliN form a C-ring just below the MS-ring [6-8]. FliG is one of the most important 
proteins in the C-ring that directly generates torque, and the C-terminal charged residues of FliG interact with the charged 
residues of the stator composed of the motor membrane proteins MotA and MotB or PomA and PomB [9-12]. Recently, 
a direct interaction between the stator and rotor has been detected [13].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The construction scheme for flagellar motors was proposed more than 40 years ago after isolating intermediate 

structures from flagellar-deficient mutants [14]; this basic structure formation model is still used today [1]. However, the 
mechanism underlying the initiation of flagellar structure assembly and control of the assembly pathway remains unclear. 
The MS-ring, which is embedded in the membrane at the flagellar base, is probably the initial component produced during 
flagellar formation. The overexpression of Salmonella FliF in E. coli results in the formation of numerous MS-rings [5]. 
However, when Vibrio FliF was overexpressed in E. coli, the MS-ring was not isolated and most proteins were purified 
as soluble protein complexes [15]. We showed that this complex had the ability to interact with FliG, which is a component 
protein of the C-ring, and the N-terminal region of FliG interacted with the C-terminal region of FliF. 

As mentioned earlier, the Salmonella FliF forms an M-ring structure when overexpressed in E. coli. Therefore, this 
system was utilized to purify the MS-ring, and its structure was elucidated using cryo-electron microscopy [16]. However, 
the M-ring region could not be resolved at the atomic level, probably because of its flexible structure. The 34 molecules 
of FliF two-transmembrane protein, whose molecular weight is approximately 64 kDa, are assembled into an MS-ring 
within the membrane. Based on the FliF crystal structure, the M-ring region was inferred to be in proximity to the C-ring 
except for the corresponding portion in the transmembrane region [17]. Vibrio FliF does not form the MS-ring structure 
when they are overexpressed in E. coli, but co-expression of Vibrio FliF with either Vibrio FliG or FlhF promotes the 
MS-ring formation in E. coli [18]. FliG seems to promote the ring formation of FliF in the cytoplasmic membrane. FlhF 
appears to be involved in the transport of FliF to the membrane and is an essential factor in the generation of polar flagella 

Figure 1  Flagellar motor structure and the component genes. 
(A) The genomic context of the flagellar genes around fliF 
and fliG. (B) The longitudinal section image of the flagellar 
motor. The C-ring is composed of FliG, FliM, and FliN. The 
MS-ring is composed of FliF. The stator is composed of 
PomA and PomB. FliF and FliG are indicated in red. (C) The 
primary structure of FliF and FliG. The distinctive regions of 
the protein are represented by the squares painted with 
different patterns. The dark box, stripe box, and filled box 
indicate the transmembrane (TM) region, M-ring region and 
S-ring region, respectively, for FliF. The stripe box, dark 
box, and filled box indicate the N-terminal region, the middle 
region, and C-terminal region, respectively, for FliG. The 
numbers indicate the amino acid residues. 
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Supplementary Figure S6. (A) A image of MS-ring comprising FliFG fusion proteins
by HS-AFM. (B) The correlation coefficients of ROI 1 and ROI 2 were plotted at the
time of the image aquisition in the field of Region1 and Region2.
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Strain or plasmid Genotype or description Reference or source 
E. coli 
DH5α 
BL21(DE3) 
 
Plasmids 
pCold I 
pRO101 
pTSK137 
pRO301 

 
Recipient for DNA manipulation 
expression host 
 
 
Ampr, PcspA 

pCold I-his-fliF 
pCold I-his-fliFG 
pCold I-his-fliFG fusion 

 
 
Novagen 
 
 
Takara 
[1] 
[2] 
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Ampr, ampicillin-resistant; Cmr, chloramphenicol-resistant 
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ring composed of FliFG fusion proteins. Real-time play speed: 0.15 s/frame.  
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and is involved in determining the number of flagella [19,20]. No other genes homologous to flhF have been reported in 
E. coli or Salmonella. Deletion of flhF results in the inability of Vibrio to form polar flagella [19], and deletion of the sflA 
gene [21], which encodes a transmembrane protein containing the cytoplasmic DnaJ motif and the periplasmic TRP motif, 
results in FlhFG-deficient cells forming flagella from any location outside the polar region [22,23]. Based on these 
experimental facts, SflA has been speculated to inhibit FliF from forming an MS-ring (Supplementary Figure S1). 

In this study, based on the report of the functional FliF–FliG fusion protein in S. enterica [7], we successfully cloned 
the V. alginolyticus fliF–fliG fusion gene into the pCold vector and overexpressed it in E. coli. We aimed to purify the 
fusion protein and investigate its function and structure. 
 
Materials and Methods  
 
Bacterial Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Supplementary Table S1. E. coli was cultured in LB 
broth [1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, and 0.5% (w/v) NaCl]. Ampicillin was added at a final 
concentration of 100 µg/mL to the E. coli culture.  
 
Construction of the FliFG Fusion Mutant 

A one-step PCR-based method was used to clone the fliF and fliG genes into a pCold vector [18]. To fuse fliF and fliG, 
a deletion was introduced at the desired position using the QuikChange site-directed mutagenesis method described by 
Stratagene [15] 

 
MS-ring Purification 

E. coli BL21(DE3) cells housing the pRO101 or its derivatives (for expression of FliF or its deletions) were inoculated 
from a frozen stock into a plate containing the appropriate antibiotics, and the colonies were inoculated into 3 mL of LB 
broth and cultured overnight with shaking at 37°C. Then, the overnight culture was added to LB broth containing 
ampicillin at 50-fold dilution and cultured at 37°C with shaking until the OD600 value was approximately 0.5. Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) (0.5 mM) was then added. The cells were subjected to cold shock by placing in ice-
cold water for 20 min and cultured with shaking at 16 °C overnight. The cells were collected (4,600×g, 10 min) and 
suspended in 30 mL of 20TK200 buffer (20 mM Tris–HCl [pH 8.0], 200 mM KCl) containing 1 mM 
ethylenediaminetetraacetic acid (EDTA). The cells were then sonicated (large probe, power=6, 60 s, three times, duty 
cycle 50%). The unbroken cells were removed through centrifugation at 10,000×g for 10 min at 4°C, and the cells were 
resuspended in 20 mL of 20TK200 containing 1 mM EDTA; the sonication process was repeated. The resulting 
supernatants were collected, and 2 mM and 20 mM of MgCl2 and imidazole, respectively, were added. Centrifugation 
was performed at 12,000×g for 10 min at 4°C, and the supernatant was further ultracentrifuged at 154,000×g for 60 min 
at 4°C. The supernatant and pellet were defined as the soluble cytoplasmic and membrane fractions, respectively. The 
precipitate of the membrane fraction was suspended in 20 mL of 20TK200 and shaken overnight in a cold room. Then, 2 
mL of 10% dodecyl maltoside (DDM) solution or 1 mL of 10% Lauryl Maltose Neopentyl Glycol (LMNG) and 100 µL 
of 2 M imidazole were added and centrifuged at 10,000×g for 10 min. The supernatant was used for Ni-affinity 
purification using a His-tag. 

The sample was loaded onto a HiTrap TALON column (5 mL, GE Healthcare) connected to an ÄKTAprime system 
(GE Healthcare) and washed with 20TK200 buffer containing 0.05% DDM or 0.01% LMNG and 10 mM imidazole. The 
proteins were eluted and collected using an imidazole linear gradient of 10–300 mM. The peak fractions were 
concentrated through centrifuging in a 100 K Amicon device (Millipore). The samples were subjected to size-exclusion 
chromatography using Superose 6 column 10/300 with 20TN150 containing 1 mM MgCl2 and 0.05% DDM or 20TK100 
with 0.0025% LMNG at a flow rate of 0.5 mL/min. 
 
Observation Using Electron Microscopy 

The purified MS-ring was observed after negative staining under an electron microscope. After hydrophilizing the 
carbon-coated copper grids, 2.5 µL of the sample solution was placed on the grids and stained with 2% (w/v) 
phosphotungstic acid (pH 7.2) or 2% (w/v) uranyl acetate. The grid was observed under a transmission electron 
microscope (JEM-1010, JEOL) at 100 kV. 
 
High-Speed-Atomic-Force-Microscope (HS-AFM) Observation and Image Analysis 

HS-AFM imaging was performed using a laboratory-built HS-AFM operated in tapping mode [24]. The AFM cantilever 
was AC7 purchased from Olympus (spring constant approximately 0.2 N/m and resonance frequency approximately 700 
kHz in a solution). The AFM tip was fabricated by forming carbon pillars on the cantilever end using electron beam 
deposition, followed by plasma etching in an Ar environment to obtain the small end necessary for high-resolution 
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Introduction 
 

The marine bacterium Vibrio alginolyticus possesses a single flagellum for propulsion in an aqueous environment, 
which functions as a motility organ at the cell pole [1]. The flagellum is rotated by an ion-driven force of Na+ flow. A 
motor or force-generating complex at the base of the flagella acts as a power engine. The motor comprises a stator which 
is the ion energy conversion unit, and a rotor that generates torque through interaction with the stator. Earlier, the flagellar 
motor thought to be the basal body of the flagellar structure; however, a new structure has been discovered at the base of 
the flagella in the membrane [2]. Additionally, adenosine triphosphate (ATP) had been considered the energy source for 
the flagellar motor. In the basal body of gram-negative bacteria, the LP-ring corresponds to the outer 
membrane/peptidoglycan layer, whereas the MS-ring corresponds to the inner membrane [2]. An axial structure at the 
center known as the rod connects the ring structures (Figure 1). The MS-ring, which possesses a double-ring structure, is 
the main motor component that generates torque, and FliF was shown to be at least a constituent protein of the M-ring 
[3]. The earlier hypothesis was that the M- and S-rings were composed of distinct proteins and rotation occurred between 
these two ring structures [4]. Subsequently, the MS-ring was revealed to be a complex two-ring structure composed solely 
of the FliF protein [5]. FliG, FliM, and FliN form a C-ring just below the MS-ring [6-8]. FliG is one of the most important 
proteins in the C-ring that directly generates torque, and the C-terminal charged residues of FliG interact with the charged 
residues of the stator composed of the motor membrane proteins MotA and MotB or PomA and PomB [9-12]. Recently, 
a direct interaction between the stator and rotor has been detected [13].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The construction scheme for flagellar motors was proposed more than 40 years ago after isolating intermediate 

structures from flagellar-deficient mutants [14]; this basic structure formation model is still used today [1]. However, the 
mechanism underlying the initiation of flagellar structure assembly and control of the assembly pathway remains unclear. 
The MS-ring, which is embedded in the membrane at the flagellar base, is probably the initial component produced during 
flagellar formation. The overexpression of Salmonella FliF in E. coli results in the formation of numerous MS-rings [5]. 
However, when Vibrio FliF was overexpressed in E. coli, the MS-ring was not isolated and most proteins were purified 
as soluble protein complexes [15]. We showed that this complex had the ability to interact with FliG, which is a component 
protein of the C-ring, and the N-terminal region of FliG interacted with the C-terminal region of FliF. 

As mentioned earlier, the Salmonella FliF forms an M-ring structure when overexpressed in E. coli. Therefore, this 
system was utilized to purify the MS-ring, and its structure was elucidated using cryo-electron microscopy [16]. However, 
the M-ring region could not be resolved at the atomic level, probably because of its flexible structure. The 34 molecules 
of FliF two-transmembrane protein, whose molecular weight is approximately 64 kDa, are assembled into an MS-ring 
within the membrane. Based on the FliF crystal structure, the M-ring region was inferred to be in proximity to the C-ring 
except for the corresponding portion in the transmembrane region [17]. Vibrio FliF does not form the MS-ring structure 
when they are overexpressed in E. coli, but co-expression of Vibrio FliF with either Vibrio FliG or FlhF promotes the 
MS-ring formation in E. coli [18]. FliG seems to promote the ring formation of FliF in the cytoplasmic membrane. FlhF 
appears to be involved in the transport of FliF to the membrane and is an essential factor in the generation of polar flagella 

Figure 1  Flagellar motor structure and the component genes. 
(A) The genomic context of the flagellar genes around fliF 
and fliG. (B) The longitudinal section image of the flagellar 
motor. The C-ring is composed of FliG, FliM, and FliN. The 
MS-ring is composed of FliF. The stator is composed of 
PomA and PomB. FliF and FliG are indicated in red. (C) The 
primary structure of FliF and FliG. The distinctive regions of 
the protein are represented by the squares painted with 
different patterns. The dark box, stripe box, and filled box 
indicate the transmembrane (TM) region, M-ring region and 
S-ring region, respectively, for FliF. The stripe box, dark 
box, and filled box indicate the N-terminal region, the middle 
region, and C-terminal region, respectively, for FliG. The 
numbers indicate the amino acid residues. 
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