AMERICAN

Journal of
SOCIETY FOR . ®
MICROBIOLOGY Bacterlology

A

RESEARCH ARTICLE

L)

Check for
updates
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Interaction Surfaces in a Hybrid Bacterial Flagellar Motor
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ABSTRACT The bacterial flagellum is the motility organelle powered by a rotary
motor. The rotor and stator elements of the motor are located in the cytoplasmic
membrane and cytoplasm. The stator units assemble around the rotor, and an ion
flux (typically H* or Na*) conducted through a channel of the stator induces confor-
mational changes that generate rotor torque. Electrostatic interactions between the
stator protein PomA in Vibrio (MotA in Escherichia coli) and the rotor protein FliG
have been shown by genetic analyses but have not been demonstrated biochemi-
cally. Here, we used site-directed photo-cross-linking and disulfide cross-linking to
provide direct evidence for the interaction. We introduced a UV-reactive amino acid,
p-benzoyl-.-phenylalanine (pBPA), into the cytoplasmic region of PomA or the C-ter-
minal region of FliG in intact cells. After UV irradiation, pBPA inserted at a number of
positions in PomA and formed a cross-link with FliG. PomA residue K89 gave the
highest yield of cross-links, suggesting that it is the PomA residue nearest to FIiG.
UV-induced cross-linking stopped motor rotation, and the isolated hook-basal body
contained the cross-linked products. pBPA inserted to replace residue R281 or D288
in FliG formed cross-links with the Escherichia coli stator protein, MotA. A cysteine
residue introduced in place of PomA K89 formed disulfide cross-links with cysteine
inserted in place of FliG residues R281 and D288 and some other flanking positions.
These results provide the first demonstration of direct physical interaction between
specific residues in FliG and PomA/MotA.

IMPORTANCE The bacterial flagellum is a unique organelle that functions as a rotary
motor. The interaction between the stator and rotor is indispensable for stator as-
sembly into the motor and the generation of motor torque. However, the interface
of the stator-rotor interaction has only been defined by mutational analysis. Here,
we detected the stator-rotor interaction using site-directed photo-cross-linking and
disulfide cross-linking approaches. We identified several residues in the PomA stator,
especially K89, that are in close proximity to the rotor. Moreover, we identified sev-
eral pairs of stator and rotor residues that interact. This study directly demonstrates
the nature of the stator-rotor interaction and suggests how stator units assemble
around the rotor and generate torque in the bacterial flagellar motor.
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-type ATP synthase, V/A-type ATPase, and the bacterial flagellum are well-known

examples of ion-driven molecular rotary motors (1, 2). The flagella of bacteria other
than spirochetes each have a helical filament that extends from the cell surface and
functions as a rotary screw to propel swimming. The rotary motor of the bacterial flagellum
consists of a rotor surrounded by a varied numbers of stator units, with both the rotor and
stator embedded in the cytoplasmic membrane (3-6). The rotor contains a transmembrane
MS-ring and an attached cytoplasmic C-ring below the MS-ring (7, 8). In many bacteria, the
C-ring contains the three proteins FliG, FliM, and FliN. Mutations in the genes encoding
these proteins can confer fla, mot, and che phenotypes, corresponding to deficiencies in
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flagellar formation, motor rotation, or the switching between counterclockwise (CCW) and
clockwise (CW) rotation (5, 9). FliG is thought to interact with the stator units to generate
torque (10, 11).

MotA and MotB in Escherichia coli and PomA and PomB in Vibrio species are the
membrane proteins that comprise the stator complex (12-16). The A subunit has four
transmembrane segments (TMs) and a large cytoplasmic region between TM2 and
TM3. The B subunit has one TM in its N-terminal region and a peptidoglycan-binding
(PGB) domain in its C-terminal region (17-19). In E. coli, at least 11 stator units can
assemble around, and interact with, the rotor. They are anchored at the proper posi-
tion by the PGB domain, and once incorporated, the stator unit is activated for ion con-
duction and motor rotation (20-25). The coupling ion is a proton in the E. coli motor
and a sodium ion in the Vibrio motor; it is conducted to the cytoplasm through an ion-
transporting pathway in the stator complex (26, 27). A conserved aspartate residue in
the TM of the B subunit receives the coupling ion from outside the cytoplasm, and the
ion then dissociates into the cytoplasm (28-30). The ion binding and release cycle
induces conformational changes in the stator complex that change the interactions
between the A subunit of the stator and FliG of the rotor (31, 32).

Earlier biochemical studies demonstrated the stator-rotor interaction using a His
tag pulldown assay (33). Stator interactions with the rotor protein have been examined
in detail in E. coli using genetic analysis (34-36). MotA and FIliG in E. coli have well-con-
served charged residues, R90 and E98 in MotA and R281, D288, and D289 in the C-ter-
minal domain of FliG (see Fig. STA and B in the supplemental material). Charge neutral-
ization or inversion of these residues leads to defects in motility, and the proper
combinations of charge reversals between MotA and FliG synergistically rescue motil-
ity. The conserved charged residues in the A subunit are important for torque genera-
tion and assembly of the stator units into the motor (24, 25, 37). In contrast, charge
neutralization or inversion of the corresponding residues in Vibrio alginolyticus did not
abolish motility, suggesting that the charged residues are important, but not essential,
for flagellar rotation in V. alginolyticus (Fig. STA and B) (38, 39). This result implies that
additional residues contribute to motor rotation. Since the stator-rotor interaction in
the Vibrio flagellar motor is likely to be more extensive than that in E. coli (25, 40),
Vibrio PomA is better suited for the examination of interactions between the stator A
subunit and FIliG of the rotor.

Structural information is indispensable for understanding the mechanism that pro-
duces rotation of the bacterial flagellar motor. Until recently, we had only low-resolution
density maps of the stator unit obtained through single-particle analysis using electron
microscopy (41, 42). However, atomic resolution structures of MotA/MotB from
Campylobacter jejuni, Clostridium sporogenes, Bacillus subtilis, and other species have
been reported recently (43, 44). The structures resemble the structure of ExbB/ExbD
(45-47). MotA and PomA share a weak sequence homology with ExbB of the Ton bacte-
rial transport system, which transports relatively large molecules, such as siderophores
and vitamin B,,, into the cell (43, 44). The MotA/MotB and PomA/PomB complexes exist
as a 5:2 heteroheptamer, although the stoichiometry was previously proposed as a 4:2
heterohexamer (14, 16, 42). The atomic resolution structures of the stator provide insight
into its organization and its contribution to flagellar rotation. Dynamic interactions
between the stator and rotor generate torque that rotates the flagellum. However, the
molecular details of the stator-rotor interaction remain obscure.

In this study, we probed residues of PomA for the ability to cross-link with FliG
using a site-directed in vivo photo-cross-linking technique. This technique allows p-
benzoyl-L.-phenylalanine (pBPA), a phenylalanine derivative containing a UV-reactive
benzophenone group, to be charged to an amber suppressor tRNA in vivo by a
mutated tyrosyl-tRNA synthase from Methanococcus jannaschii. pBPA can be incorpo-
rated into any protein of interest by introducing an amber codon into the target posi-
tion (48). The pBPA incorporated into the protein forms a covalent bond with a close
C-H bond upon UV irradiation. Another approach utilizes disulfide bond formation
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FIG 1 Photo-cross-linking between plasmid-encoded V. alginolyticus PomA and endogenous E. coli FliG. (A) V. alginolyticus
PomA and chimeric PotB were expressed from plasmid pYS3, and the amber suppressor tRNA and the mutated tyrosyl-
tRNA synthase were expressed from plasmid pEVOL-pBpF in the E. coli AmotAB strain, RP6894. After photo-cross-linking,
whole-cell lysates were prepared and analyzed by immunoblotting. The top and bottom images show immunoblots with
anti-PomA and anti-FliG antibodies, respectively. The cross-linked products are indicated by arrowheads. We show an
image of the photo-cross-linked product of PomA E96-pBPA in Fig. S3C in the supplemental material, because we did not
detect it in this immunoblot. Bands with a higher molecular weight were derived from nonspecific cross-linking between
stator units or nonspecific cross-linking of PomA with other proteins. (B) Motile fractions of E. coli RP6894 cells expressing
PomA/PotB before and after UV irradiation in free-swimming assays. The gray boxes show the motile fractions before UV
irradiation. The black boxes show the motile fractions after UV irradiation. A movie of more than 10s in length was
captured for each mutant before and after UV irradiation. At least 30 freely suspended cells were analyzed for each
mutant with dark-field microscopy. Immobile cells, such as those stuck to the glass, were excluded. n.m., nonmotile.

between cysteine residues inserted at desired positions in two interacting proteins.
Here, we report that photo-cross-linked and disulfide cross-linked products are formed
between targeted residues of PomA and FliG. This work provides the first direct evi-
dence to show which residues in the stator and rotor are in close juxtaposition and
suggests interactions that are responsible for stator assembly and torque generation in
the flagellar motor.

RESULTS

Effect of PomA with pBPA on E. coli cell motility. Because we were unable to
adapt the technique for introducing pBPA into V. alginolyticus, we performed a photo-
cross-linking experiment in E. coli using a chimeric PomA/PotB stator unit that func-
tions in E. coli. PotB is a chimeric protein in which the N-terminal region of V. alginolyti-
cus PomB is fused to the C-terminal region of E. coli MotB (49). We introduced pBPA at
each position in PomA from E74 to F104. This region contains the important charged
residues, R88 and E96, which are proposed to interact with FliG (see Fig. STA and C in
the supplemental material) (24, 25, 34-36). First, we examined whether PomA with the
pBPA insertions confers motility to an E. coli AmotAB null strain. The pBPA substitutions
at L76, 177, 180, A84, G91, L95, N102, and F104 caused loss of motility (see Fig. S2).
None of these proteins other than the one with a substitution at L95 was detected in
the cells (see Fig. S3). PomA was detected in the pBPA substitution mutants that
retained motility (Fig. S3). PomA with substitutions at A87, R88, and E96 supported
much less motility than wild-type PomA (Fig. S2). These results suggest that residues
A87, R88, L95, and E96 are at, or are very close to, the sites that are important for motor
function.

Detection of photo-cross-linked products of PomA and FliG. We UV-irradiated
cells expressing PomA in which pBPA was introduced at each position from E74 to
F104 and then probed by immunoblotting with anti-FliG antibody for cross-linked
products. A higher-molecular-weight band was observed when pBPA replaced the resi-
dues D85, R88, K89, G90, F92, L93, and E96, whereas it was not observed in the vector
control or with wild-type PomA (Fig. 1A, bottom; for the complete set of mutants, see
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FIG 2 Photo-cross-linking between plasmid-borne V. alginolyticus PomA and endogenous E. coli FliG
in the isolated hook-basal body. V. alginolyticus PomA and chimeric PotB were expressed from
plasmid pYS3, and the amber suppressor tRNA and the mutated tyrosyl-tRNA synthase were
expressed from plasmid pEVOL-pBpF in the E. coli AmotAB strain RP6894. The panel shows
immunoblot images visualized with an anti-FliG antibody. The cross-linked products are indicated by
arrowheads. Asterisks indicate nonspecific signals.

Fig. S3). This result indicates that PomA with pBPA formed photo-cross-links with FliG.
The only cross-linked product identified by probing with anti-PomA antibody was
observed when pBPA replaced K89, presumably because of the low titer of the anti-
PomA antibody (Fig. 1A, top). Consistent with this result, the signal intensity of cross-
linked products detected by the anti-FliG antibody was strongest when pBPA replaced
K89 (Fig. 1A).

We determined the fraction of motile cells before and after UV irradiation, because
we expected that the PomA-FliG cross-link would block motor function. With wild-type
PomA, almost the same fractions of cells swam before as after UV irradiation.
Irradiation of the cells containing pBPA replacing R88, K89, L93, and E96 did not swim
after UV irradiation, and cells with pBPA replacing G90 and F92 mutants had a lower
motile fraction (Fig. 1B). These results suggest that the residues R88, K89, G90, F92,
L93, and E96 of PomA are close enough to the rotor C-ring to form cross-links with
FliG.

pBPA-labeled PomA binds to the C-ring after photo-cross-linking. Most of the
photo-cross-linked products described above could have arisen through cross-linking
between PomA freely diffusing in the cytoplasmic membrane and FIliG freely diffusing
in the cytoplasm (please see Fig. S4, as described below). Therefore, we examined
whether photo-cross-linked PomA was associated with the isolated hook-basal body
(HBB) fraction. After UV irradiation of cells expressing PomA with pBPA replacing D85,
R88, K89, G90, F92, L93, or E96, the cells were solubilized using Triton X-100, and then
HBBs were isolated using ultracentrifugation. In immunoblots developed using the
anti-FliG antibody, the HBB fractions contained a small fraction of photo-cross-linked
products when pBPA replaced D85, R88, K89, and L93 (Fig. 2). The cross-linked prod-
ucts were most evident when pBPA replaced PomA K89. Unfortunately, we could not
see PomA/PotB bound to the C-ring in electron micrographs. The immunoblot analysis
of the isolated HBB fractions confirms that the PomA/PotB complex associates with
FliG assembled into the rotor and supports the suggestion that that K89 is the closest
in proximity to FliG.

pBPA-labeled PomA binds to FliG diffusing freely in the cytoplasm. We next
examined whether PomA/PotB interacts with freely diffusing FliG. We expressed PomA
with pBPA replacing D85, R88, K89, G90, F92, L93, or E96, PotB, and E. coli FliG from
plasmid pTSK170 in E. coli AflhDC cells, which lack all flagellar proteins. After UV irradia-
tion of these cells, we probed the photo-cross-linked products by immunoblotting
with anti-PomA and anti-FliG antibodies. PomA with pBPA replacing K89 produced a
large amount of cross-linked product, whereas the other proteins showed fewer cross-
linked products (Fig. S4). We speculate that photo-cross-linked products could be
detected in this experiment using the anti-PomA antibody because FliG was produced
in great excess.

FliG residues that interact with MotA. Residues R281 and D288 of E. coli FliG
have been implicated in interacting with MotA. First, we investigated whether FliG
with pBPA introduced at these two positions formed cross-linked products with
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FIG 3 Photo-cross-linking between plasmid-borne E. coli FliG and endogenous E. coli MotA. E. coli
FliG was expressed from plasmid pTY801, and the amber suppressor tRNA and the mutated tyrosyl-
tRNA synthase were expressed from plasmid pEVOL-pBpF in the E. coli AfliG strain DFB225. The top
and bottom images show immunoblots with anti-MotA and anti-E. coli FliG antibodies, respectively.
The cross-linked products are indicated by arrowheads. Bands with a higher molecular weight in the
immunoblot with anti-FliG antibody were derived from nonspecific interactions of FliG with other
proteins.

endogenous E. coli MotA (Fig. 3; Fig. S1B). Indeed, when these proteins were expressed as
the sole FliG, we detected cross-linked FliG-MotA using anti-MotA antibody, whereas the
vector control and wild-type FliG did not form the cross-linked product. Furthermore, FliG
with pBPA replacing K264, D289, and R297, which are additional conserved charged resi-
dues, did not support motility (K264amber was only barely motile) and did not form the
cross-linked products. This result suggests that R281 and D288 are in close proximity to
MotA.

Interaction pair between PomA and FIliG residues. Next, we investigated whether
PomA containing cysteine replacements for residues K89 and L93 could form disulfide
cross-links with FliG containing cysteine replacements at critical residues. Previous
genetic studies (25) suggested that PomA K89 interacts with residues R301, D308, and
D309 of V. alginolyticus FliG. Therefore, we coexpressed PomA K89C/PotB together
with the Q280C, R281C, A282C, D288C, or D289C variants of E. coli FliG in a AmotA
AfliG E. coli mutant. These FIliG residues correspond to K300, R301, A302, D308, and
D309 of V. alginolyticus. We also expressed PomA L93C/PotB with 1285C and L286C var-
iants of E. coli FliG. 1285 and L286 are hydrophobic residues located between R281 and
D288 (Fig. S1B). Cells expressing only R281C FliG or L93C PomA lost motility in soft
agar (see Fig. S5), suggesting that these residues are critical for motor function. Cells
expressing K89C PomA with wild-type FliG and Q280C, A282C, D288C, or D289C FIliG
with wild-type PomA retained motility (Fig. S5). Cells coexpressing PomA K89C and
FliG Q280C, A282C, or D288C had reduced maotility (Fig. S5).

We next tried to detect disulfide cross-linked products between PomA and FIiG.
After oxidation with copper phenanthroline, we detected disulfide cross-linked prod-
ucts of PomA K89C with FliG Q280C, R281C, A282C, and D288C with anti-PomA or anti-
FliG antibody (Fig. 4). The cross-linked products disappeared upon treatment with the
reducing agent B-mercaptoethanol (see Fig. S6). In contrast, PomA L93C did not form
disulfide cross-links with either FliG 1285C or L286C (Fig. 4).

Effect of the conserved aspartate residue in the B subunit on cross-linking
efficiency. Flagellar rotation is powered by conformational changes of the stator units
that are driven by ion conduction. Therefore, we thought that the interaction pattern
between PomA and FliG might be different in the presence and absence of Na*. We
expressed PomA with various pBPA substitutions and PotB in E. coli AmotAB cells and irra-
diated these cells with UV in the presence of Na* or K*, followed by immunoblotting.
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FIG 4 Disulfide cross-linking between plasmid-borne V. alginolyticus PomA and E. coli FliG. V.
alginolyticus PomA, chimeric PotB, and E. coli FliG were coexpressed from plasmid pTSK170 in the E.
coli AmotA AfliG strain DFB245. Top and bottom images show immunoblots with anti-PomA and anti-
FliG antibodies, respectively.

Unfortunately, there were no reproducible differences in cross-linking (see Fig. S7). Next,
we examined photo-cross-linking when the pBPA-substituted PomA proteins were coex-
pressed with PotB D24N, which has no ability to bind Na™ or support ion flow (30). The
equivalent D32N substitution in E. coli (D33N in Salmonella) confers a dominant negative
effect on motility (28, 31, 50, 51). It has been speculated that aspartate-to-asparagine sub-
stitution mimics the protonated or Na*-bound state of the aspartyl residue. The cross-link-
ing patterns with D24N PotB were similar to those seen with wild-type PotB (Fig. 5; see
also Fig. S8), but the signal intensities of the cross-linked products with PotB D24N were
stronger than those seen with wild-type PotB, implying that the stator with the D24N mu-
tant interacts with FliG more stably (Fig. 5).

DISCUSSION

Previous genetic studies in E. coli and Salmonella showed that electrostatic interac-
tions between the conserved charged residues of the stator A subunit and FliG in the
rotor are important both for assembly of stator units into the motor and for torque
generation (24, 34-37). Similar studies in Vibrio alginolyticus suggested that interac-
tions in addition to the electrostatic interactions contribute to motor rotation (25,
38-40, 52). In this study, we used two different chemical cross-linking approaches to
identify the residues in the V. alginolyticus PomA subunit that are in close proximity to
FliG and the residues in E. coli FliG that are in close proximity to PomA. Cross-linked
products were found in the isolated hook-basal body, indicating that cross-linking
occurred in the intact motor. We also observed motility defects caused by photo-cross-
linking, indicating that the cross-linking occurred, at least in part, within the motor.

The three-dimensional structure of the A subunit at an atomic resolution has been
revealed by two independent groups (43, 44). The PDB structural data for MotA/MotB
in C. jejuni were kindly supplied by N. M. I. Taylor before being available to the general
public (Fig. 6). The residues corresponding to L76, 177, 180, A84, L95, N102, and F104, at
which substitution with pBPA led to a complete loss of motility, were at positions inter-
nal to the MotA structure, suggesting that they are important for proper folding and
stability. The residues corresponding to D85, R88, K89, G90, F92, L93, and E96 in PomA,
which showed photo-cross-linking with FliG when replaced with pBPA, were arrayed
on helices H1 and H2 and the H1-H2 linker. These residues are located on the most
external and membrane-distal portion of MotA/PomA bound to the B subunit (see Fig.
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FIG 5 Photo-cross-linking between plasmid-borne V. alginolyticus PomA and endogenous E. coli FliG
in the presence of PotB D24N. V. alginolyticus PomA and chimeric PotB were expressed from plasmid
pYS3, and the amber suppressor tRNA and the mutated tyrosyl-tRNA synthase were expressed from
plasmid pEVOL-pBpF in the E. coli AmotAB strain RP6894. Top and bottom images show immunoblots
of whole-cell lysates with anti-PomA and anti-FliG antibodies, respectively. The cross-linked products
are indicated by arrowheads.

S1C in the supplemental material). The cross-linking data indicate that this surface
interacts closely with FliG and is important for stator assembly and motor rotation.

Cross-linking was also observed between FliG and PomA in nonflagellated cells
overexpressing soluble FliG, showing that stators freely diffusing in the cytoplasmic
membrane interact with cytoplasmic FliG that is not assembled into a C-ring. Once the
C-ring forms, FliG molecules in the C-ring do not exchange with cytoplasmic FliG
monomers (53). Therefore, it is unlikely that the stator unit binds to the cytoplasmic
FliG before the stator-FliG complex assembles into the motor. This result implies that a
region around K89 is the first site in PomA to have access to FliG assembled into the
rotor. Since PomA with pBPA replacing R88 in the chimeric PomA/PotB stator conferred
a severe motility defect, we speculate that the stator complex containing PomA with
PBPA replacing R88 assembles poorly into the motor. Previous studies have also sug-
gested that the region around PomA R88 and K89 seems to be important for stator as-
sembly into the motor rather than for torque generation (24, 25).

We found that the conserved motif RXXGO®XLE, which spans the region from
PomA R88 to PomA E96, is important for motility (Fig. STA). The motif contains a com-
pletely conserved G91 residue followed by two hydrophobic residues (®). Leucine (or,

(A) (B)

,@ (R281) EfB ) ;
A302 / 41 i D308  R301

K~
(A282) 9 = (D288) (R281)

CM

D308 P E5gM k300 ke Ao s
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FIG 6 Model for the interaction between the C-ring and PomA from a top view (A) and a side view (B).
The model incorporates a schematic of the PomA pentamer based on the cryo-electron microscopy (cryo-
EM) structure (43). One PomA subunit is shown in rainbow colors, and the other four PomA subunits are
outlined in gray. The C-ring of Vibrio alginolyticus is based on a model previously reported (56). The
positions of R88, K89, and E96 are indicated by arrows. FliG residues K300, R301, and A302 in V.
alginolyticus, corresponding to residues Q280, R281, and A282 in E. coli (the residue numbers for E. coli
FIiG are given in brackets), are shown as cyan, blue, and red spheres, respectively. CM, cytoplasmic
membrane.
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less often, isoleucine) at residue 95 is also highly conserved, and when it was replaced
with pBPA, motility was abolished, suggesting that an aliphatic residue at this position
is important for motor rotation. The hydrophobic residues F92 and L93 as well as the
charged residues seem to contribute to the stator-rotor interaction. PomA with pBPA
replacing L93 still supported motility, whereas the PomA L93C mutant did not support
motility, suggesting that hydrophobicity at residue 93 is important for motor function.
We showed the strong disulfide cross-linking between V. alginolyticus PomA K89C and
E. coli FIiG R281C or D288C. This result is consistent with the idea that electrostatic
repulsion and attraction between K89 in PomA and R281 and D288, respectively, con-
tribute to torque generation. However, the residue at the position corresponding to
K89 in PomA is Q in E. coli and Salmonella MotA, suggesting that these electrostatic
interactions are not essential for motility in all cases. Overall, it seems that both electro-
static and hydrophobic interactions between the stator and rotor contribute to torque
generation.

The coupling ion for motility binds to an absolutely conserved aspartate residue in
the B subunit. Substitution of this residue with asparagine, the D24N replacement in V.
alginolyticus PomA, may mimic the electrically neutral protonated state of MotA/MotB
or the Na™-bound state of PomA/PomB. Therefore, the stator with the D24N mutation
may not undergo conformational changes accompanied by Na* binding or Na™ release
from the aspartate residue. The chimeric PomA/PotB stator with the D24N variant of PotB
formed a more-cross-linked product with FliG than the stator containing the wild-type
form of PotB. This result may imply that the D24N stator interaction with FIiG is more sta-
ble than that with the wild-type stator due to less movement in the region of the A subu-
nit that interacts with FliG. However, this increased cross-linking may also reflect interac-
tions of PomA/PotB D24N freely diffusing in the cytoplasmic membrane with cytoplasmic
FliG.

Because we detected the interaction between E. coli FliG and V. alginolyticus PomA
within E. coli cells using the chimeric stator system, we cannot rule out the unlikely
possibility that the residues in PomA and FliG that we have identified are not in close
proximity in V. alginolyticus cells. The multiple alignment of C-terminal regions of FliG
from E. coli and V. alginolyticus showed that they are quite similar; therefore, we
assumed V. alginolyticus FliG interacts with PomA in a similar manner (Fig. S1B). To fur-
ther investigate this, we would need to do comprehensive disulfide cross-linking
experiments with cysteine-substituted PomA and FliG in V. alginolyticus cells.

Recently, a rotational gear model for stator function has been proposed by several
groups (43, 44, 54). A similar rotational model has been reported for ExbB/ExbD in the
Ton molecular motor. ExbB/ExbD shares a weak homology with MotA/MotB and
PomA/PomB (43-47, 55). In the rotational gear model, the A subunit pentamer rotates
around the B subunit dimer, and this rotation transmits torque to the rotor via interac-
tion with the FliG ring. Based on our results, we can suggest which residues at the
PomA (MotA) interface with FliG are involved in the interaction. We predicted that
PomA K89 interacts with both R281 and D288 in E. coli FliG. We speculate that PomA
residues R88 and K89 first interact with FIiG D288 (D308 in V. alginolyticus FliG) during
assembly of a stator unit into the motor. This interaction activates ion conduction
through the stator (24) and brings PomA E96 close to FliG R281 (R301 in V. alginolyti-
cus). Next, the A subunit begins to rotate in response to ion influx. Finally, PomA resi-
dues R88 and K89 repel the positive charge of FliG R281, and PomA E96 repels the neg-
ative charge of FliG D288 (D308 in V. alginolyticus). As the stator rotation proceeds, the
next PomA subunit interacts with the next FliG subunit on the C-ring (Fig. 6; see also
Fig. S9). PomA residue L93 may also contribute to torque generation through hydro-
phobic interactions with FliG.

In summary, we provide the first biochemical evidence for the close proximity of spe-
cific residues in the PomA/MotA stator with specific residues of FliG in the C-ring rotor.
The presence of both charged and hydrophobic residues at these positions suggests that
both electrostatic and hydrophobic interactions contribute to stator assembly and the
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generation of rotation. These results provide insight into the fundamental molecular
mechanisms of stator assembly around the rotor and torque generation within the flagel-
lar motor.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids are listed in Table S1 in the sup-
plemental material. E. coli was cultured in LB broth (1% [wt/vol] Bacto tryptone, 0.5% [wt/vol] yeast
extract, 0.5% [wt/vol] NaCl), and TG broth (1% [wt/vol] Bacto tryptone, 0.5% [wt/vol] NaCl, 0.5% [wt/vol]
glycerol). Chloramphenicol was added to a final concentration of 25 ug/ml for E. coli. Ampicillin was
added to a final concentration of 100 ug/ml for E. coli.

Swimming assay in semisoft agar. E. coli RP6894 cells harboring both pYS3 and pEVOL-pBpF, or E.
coli DFB245 cells harboring pTSK170, were plated on LB agar with antibiotics. A single colony from the
LB plate was inoculated onto TG agar plates (TG containing 0.3% [wt/vol] Bacto agar and 0.02% [wt/vol]
arabinose) and incubated at 30°C for 24 h. For the dominant negative experiment with PotB D24N, E. coli
RP437 cells expressing PomA/PotB D24N were precultured in LB broth with 0.2% (wt/vol) arabinose
overnight at 30°C, and then 1 ul of the overnight cell culture was inoculated in TG semisoft agar (TG con-
taining 0.3% [wt/vol] Bacto agar and 0.2% [wt/vol] arabinose) at 30°C for 7 h.

Photo-cross-linking experiment. E. coli cells harboring two different plasmids, pEVOL-pBpF and
a pBAD24-based plasmid, were cultured in TG broth containing 1 mM p-benzoyl-L.-phenylalanine
(pBPA) (Bachem AG, Switzerland) at 30°C for 2 h from an initial optical density at 600 nm (ODy,,) of
0.1. Arabinose was added to a final concentration of 0.02% (wt/vol) to express mutated tyrosyl-tRNA
synthase, amber suppressor tRNA, and PomA/PotB and/or FliG and further cultivated for 4 h. The
cells were collected by centrifugation (3,400 x g, 5 min), resuspended in phosphate-buffered saline
(PBS; 137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.76 mM KH,PO,), recollected by centrifugation,
and resuspended in PBS. In the experiment shown in Fig. S7, we used sodium buffer (20 mM Tris-HCI
[pH 8.0], 150 mM NaCl) or potassium buffer (20 mM Tris-HCI [pH 8.0], 150 mM KCl) instead of PBS. UV
irradiation was performed with a B-T00AP UV lamp (Analytik Jena US, Upland, CA, USA) for 5 min.
The cells were collected by centrifugation (3,400 x g, 5 min) and resuspended in sodium dodecyl sul-
fate (SDS) loading buffer (62.5 mM Tris-HCI [pH 6.8], 2% [wt/vol] SDS, 10% [wt/vol] glycerol, 0.01%
[wt/vol] bromophenol blue) containing 5% (vol/vol) B-mercaptoethanol. The samples were sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene diflu-
oride membranes. The proteins were detected using rabbit anti-PomA antibody and rabbit anti-
Salmonella FliG antibody (a gift from T. Minamino at Osaka University). For the experiment shown in
Fig. 3, rabbit anti-E. coli FliG antibody (a gift from D. F. Blair at University of Utah) was used. The rab-
bit anti-Salmonella FliG antibody cross-reacts with E. coli FliG and can detect E. coli FliG at chromo-
somal levels.

Purification of the hook-basal body complex. The hook-basal body complex was isolated as
described previously (8), with several modifications. After UV irradiation for photo-cross-linking, the cells
were suspended in 100 ul sucrose solution (0.5 M sucrose, 50 mM Tris-HCl [pH 8.0]). EDTA, lysozyme, and
DNase were added to final concentrations of 10 mM, 1 mg/ml, and 1 mg/ml, respectively. The suspension
was left on ice for 30 min, and then spheroplasts were lysed by adding Triton X-100 and MgSO, to final
concentrations of 1% (wt/vol) and 15 mM, respectively. The lysate was then incubated on ice for 1h.
After removal of the cell debris by centrifugation at 15,000 x g for 10 min, hook-basal bodies were pre-
cipitated by centrifugation at 60,000 x g for 60 min. The precipitate was resuspended in the SDS loading
buffer.

Disulfide cross-linking experiment. E. coli DFB245 strain harboring the pTSK170 plasmid was cul-
tured in TG broth containing arabinose at a final concentration of 0.02% (wt/vol) at 30°C for 5h from an
initial ODy,, of 0.05. The cells were collected by centrifugation (3,400 x g, 5min), resuspended in PBS,
collected by centrifugation, and resuspended in PBS. To form the disulfide cross-link, 1 mM copper phe-
nanthroline was added to the cell suspension, which was then incubated for 5min. To stop the cross-
linking, 3 mM N-methylmaleimide was added to the cell suspension and further incubated for 5 min. The
cells were then collected by centrifugation (3,400 x g, 5min) and suspended in the SDS loading buffer
without B-mercaptoethanol. The procedures for SDS-PAGE and immunoblotting were the same as those
used in the photo-cross-linking experiment.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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