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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 embedded in the cytoplasmic membrane. The
stator units assemble around the rotor, and an ion flux (typically H* or Na*) conducted
through a channel of the stator induces conformational 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 suggested by genetic analyses,
but have not been demonstrated directly. Here, we used site-directed photo- and
disulfide-crosslinking to provide direct evidence for the interaction. We introduced a UV-
reactive amino acid, p-benzoyl-L-phenylalanine (pBPA), into the cytoplasmic region of
PomA or the C-terminal region of FliG in intact cells. After UV irradiation, pBPA inserted
at a number of positions formed a crosslink with FliG. PomA residue K89 gave the
highest yield of crosslinks, suggesting that it is the PomA residue nearest to FliG. UV-
induced crosslinking stopped motor rotation, and the isolated hook-basal body
contained the crosslinked products. pBPA inserted to replace residues R281 or D288 in
FliG formed crosslinks with the Escherichia coli stator protein, MotA. A cysteine residue
introduced in place of PomA K89 formed disulfide crosslinks 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
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interaction between the stator and rotor is indispensable for stator assembly into the
motor and the generation of motor torque. However, the interface of the stator-rotor
interaction has only been defined indirectly by mutational analysis. Here, we detected
the stator-rotor interaction using site-directed photo- and disulfide-crosslinking
approaches. We identified several residues in the PomA stator, especially K89, that are
in close proximity to the rotor. Moreover, we identified several 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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Introduction

F-type ATP synthase, V/A-type ATPase, and the bacterial flagellum are well-known
examples of ion-driven molecular rotary motors (1, 2). The flagellum of bacteria other
than spirochetes has 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 varying 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 flagellar formation, motor rotation, or the switching
between CCW and CW rotation (5, 9). FIiG is thought to interact with the stator units to
generate torque (10, 11).

MotA and MotB in Escherichia coli (E. 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 (TM) 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 position
by the PGB domain, and once incorporated, the stator unit is activated for ion
conduction 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
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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 FIiG of the rotor (31, 32).

Earlier biochemical studies demonstrated the stator-rotor interaction using a His-tag
pull-down assay (33). Stator interactions with the rotor protein have been examined in
detail in E. coli using genetic analysis (34-36). MotA and FIiG in E. coli have well-
conserved charged residues, R90 and E98 in MotA and R281, D288 and D289 in the C-
terminal domain of FliG (Fig. S1A, S1B). Charge neutralization or inversion of these
residues leads to defects in motility, and the proper combinations of charge reversals
between MotA and FIiG synergistically rescue motility. The conserved charged residues
in the A subunit are important for torque generation and assembly of the stator units into
the motor (24, 25, 37). In contrast, charge neutralization or inversion of the
corresponding residues in Vibrio did not abolish motility, suggesting that the charged
residues are important, but not critical, for flagellar rotation in Vibrio (Fig. S1A, S1B) (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 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
produces 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
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96  Campylobacter jejuni, Clostridium sporogenes, Bacillus subtilis and other species have
97  been reported recently (43, 44). The structures resemble the structure of ExbB (45-47).
98  MotA and PomA share a weak sequence homology with ExbB of the Ton bacterial
99 transport system, which transports relatively large molecules, such as siderophores and
100  vitamin Biz, into the cell (43, 44). The MotA/MotB and PomA/PomB complexes exist as
101  a 5:2 hetero-heptamer, although the stoichiometry was previously proposed as a 4:2
102  hetero-hexamer (14, 16, 42). The atomic resolution structures of the stator provide
103  insight into its organization and its contribution to flagellar rotation. Dynamic interactions
104  between the stator and rotor generate torque that rotates the flagellum. However, the
105  molecular details of the stator-rotor interaction remain obscure.
106 In this study, we probed residues of PomA for the ability to crosslink with FliG using
107  a site-directed in vivo photo-crosslinking technique. This technique allows pBPA, a
108  phenylalanine derivative containing a UV-reactive benzophenone group, to be charged
109 to an amber suppressor tRNA in vivo by a mutated tyrosyl-tRNA synthase from
110  Methanococcus jannaschii. pBPA can be incorporated into any protein of interest by
111  introducing an amber codon into the target position (48). The pBPA incorporated into the
112 protein forms a covalent bond with a close C-H bond upon UV irradiation. Another
113 approach utilizes disulfide bond formation between cysteine residues inserted at desired
114  positions in two interacting proteins. Here, we report that photo-crosslinked and
115  disulfide-crosslinked products are formed between targeted residues of PomA and FIiG.
116  This work provides the first direct evidence to show which residues in the stator and
117  rotor are in close juxtaposition and suggests interactions that are responsible for stator

118 assembly and torque generation in the flagellar motor.


https://doi.org/10.1101/2021.01.07.425829
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.07.425829; this version posted January 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

119

120  Results

121  Effect of PomA with pBPA on E. coli cell motility. Because we were unable to adapt
122  the technique for introducing pBPA into Vibrio, we performed a photo-crosslinking

123 experiment in E. coli using a chimeric PomA/PotB stator unit that functions in E. coli.
124 PotB is a chimeric protein in which the N-terminal region of PomB is fused to the C-
125 terminal region of E. coli MotB (49). We introduced pBPA at each position in PomA from
126  E74 to F104. This region contains the important charged residues, R88 and E96, which
127  are proposed to interact with FIiG (Fig. S1A, S1C). First, we examined whether PomA
128  with the pBPA insertions confers motility to an E. coli AmotAB null strain. The pBPA
129  substitutions at L76, 177, 180, A84, G91, L95, N102 and F104 caused loss of motility
130  (Fig. S2). None of these proteins other than the one with a substitution at L95 could be
131  detected in the cells (Fig. S3). PomA could be detected in all the motile cells (Fig. S3).
132 PomA with substitutions at A87, R88 and E96 support much less maotility than wild-type
133 PomA (Fig. S2). These results suggest that residues A87, R88, L95 and E96 are at, or
134  are very close to, the sites that are important for motor function.

135

136  Detection of photo-crosslinked products of PomA and FliG. We UV-irradiated cells
137  expressing PomA containing pBPA and then probed by immunoblotting with anti-FIliG
138  antibody for crosslinked products. Crosslinking was observed when pBPA replaced the
139  residues D85, R88, K89, G90, F92, L93 and E96, whereas it was not observed in the
140  vector control or with wild-type PomA (Fig. 1A lower panels; for the complete set of

141  mutants, see Fig. S3). This result indicates that PomA with pBPA formed photo-
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142  crosslinks with FliG. The only crosslinked product identified by probing with anti-PomA
143  antibody was observed when pBPA replaced K89, presumably because of the low titer
144  of the anti-PomA antibody (Fig. 1A, upper panels). Consistent with this result, the signal
145  intensity of crosslinked products detected by the anti-FIiG antibody was strongest when
146 pBPAreplaced K89 (Fig. 1A).

147 We determined the fraction of motile cells before and after UV irradiation because
148  we expected that the PomA-FIliG crosslink would block motor function. With wild-type
149  PomA, almost the same fraction of cells swam before and after UV irradiation.

150 Irradiation of the cells containing pBPA replacing R88, K89, L93 and E96 did not swim
151 after UV irradiation, and cells with pBPA replacing G90 and F92 mutants had a lower
152  motile fraction (Fig. 1B). These results suggest that the residues R88, K89, G90, F92,
153  L93 and E96 of PomA are close enough to the rotor C-ring to form crosslinks with FliG.
154

155 pBPA-labeled PomA binds to the C-ring after photo-crosslinking. Most of the

156  photo-crosslinked products described above could have arisen through crosslinking
157 between PomA freely diffusing in the cytoplasmic membrane and FIiG freely diffusing in
158 the cytoplasm (please see Fig. S4, as described below). Therefore, we examined

159  whether photo-crosslinked PomA was associated with the isolated hook-basal body
160  (HBB) fraction. After UV irradiation of cells expressing PomA with pBPA replacing D85,
161 R88, K89, G90, F92, L93 or E96, the cells were solubilized using TritonX-100, and then
162  HBBs were isolated using ultra-centrifugation. In immunoblots developed using the anti-
163  FliG antibody, the HBB fractions contained photo-crosslinked products when pBPA

164 replaced D85, R88, K89, and L93 (Fig. 2). The crosslinked products were most evident


https://doi.org/10.1101/2021.01.07.425829
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.07.425829; this version posted January 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

165 when pBPA replaced PomA K89. Unfortunately, we could not see PomA/PotB bound to
166  the C-ring in electron micrographs. These results confirm that the PomA/PotB complex
167  associates with FliG assembled into the rotor and support the suggestion that that K89
168 isin the closest proximity to FliG.

169

170  pBPA-labeled PomA binds to FliG diffusing freely in the cytoplasm. We next

171  examined whether PomA/PotB interacts with freely diffusing FIiG. We expressed PomA
172 with pBPA replacing D85, R88, K89, G90, F92, L93 or E96 and PotB from plasmid

173  pTSK170 in E. coli AflnDC cells, which lack all flagellar proteins. We co-expressed E.
174  coli FliG in these cells. After UV irradiation of these cells, we probed the photo-

175  crosslinked products by immunoblotting with anti-PomA and anti-FIliG antibodies. PomA
176  with pBPA replacing K89 produced a large amount of crosslinked product, whereas the
177  other proteins showed fewer crosslinked products (Fig. S4). We speculate that photo-
178  crosslinked products could be detected in this experiment using the anti-PomA antibody
179  because we produced FliG in great excess.

180

181  FIliG residues that interact with PomA. Residues R281 and D288 of E. coli FIiG have
182  been implicated in interacting with MotA. First, we investigated whether FIliG with pBPA
183  introduced at these two positions formed crosslinked products with endogenous E. coli
184  MotA (Fig. 3, S1B). Indeed, when these proteins were expressed as the sole FliG, we
185  detected crosslinked FliG-MotA using anti-MotA antibody, whereas the vector control
186  and wild-type FIiG did not form the crosslinked product. Further, FliG with pBPA

187  replacing K264, D289 and R297 also did not form the crosslinked products. This result
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188  suggests that R281 and D288 are in close proximity to MotA.

189 Next, we investigated whether PomA containing cysteine replacements for residues
190 K89 and L93 could form disulfide crosslinks with FIiG containing cysteine replacements
191 at critical residues. Previous genetic studies (25) suggested that PomA K89 interacts
192 with residues R301, D308 and D309 of Vibrio FliG. Therefore, we co-expressed PomA
193  K89C/PotB together with the Q280C, R281C, A282C, D288C or D289C variants of E.
194  coli FIiG in a AmotA/AfliG E. coli mutant. These FIiG residues correspond to K300,

195 R301, A302, D308, and D309 of Vibrio. We also expressed PomA L93C/PotB with

196 1285C and L286C variants of E. coli FliG. 1285 and L286 are hydrophobic residues

197 located between R281 and D288 (Fig. S1B). Cells expressing only R281C FIliG or L93C
198  PomA lost motility in soft agar (Fig. S5), suggesting that these residues are critical for
199  motor function. Cells expressing K89C PomA with wild-type FliG and Q280C, A282C,
200 D288C or D289C FIliG with wild-type PomA retained motility (Fig. S5). Cells co-

201  expressing PomA K89C and FIliG Q280C, A282C or D288C had reduced moaotility (Fig.
202 S5).

203 We next tried to detect disulfide-crosslinked products between PomA and FIliG. After
204  oxidation with copper phenanthroline, we detected disulfide-crosslinked products of

205 PomA K89C with FIIG Q280C, R281C, A282C and D288C with anti-PomA or anti-FIiG
206 antibody (Fig. 4). The crosslinked products disappeared upon treatment with the

207  reducing agent B-mercaptoethanol (Fig. S6). In contrast, PomA L93C did not form

208  disulfide crosslinks with either FIiG 1285C or L286C (Fig. 4).

209

210  Effect of the conserved aspartate residue in the B subunit on crosslinking

10
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211  efficiency. Flagellar rotation is powered by conformational changes of the stator units
212 that are driven by ion conduction. Therefore, we thought that the interaction pattern

213 between PomA and FliG might be different in the presence and absence of Na*. We
214  expressed PomA with various pBPA substitutions and PotB in E. coli AmotAB cells and
215 irradiated these cells with UV in the presence of Na* or K*, followed by immunoblotting.
216  There were no reproducible differences in crosslinking (Fig. S7). Next, we examined
217  photo-crosslinking when the pBPA-substituted PomA proteins were co-expressed with
218  PotB D24N, which has no ability to bind Na* or support ion flow (30). The equivalent
219  D32N substitution in E. coli (D33N in Salmonella) confers a dominant-negative effect on
220  motility (28, 31, 50, 51). It has been speculated that aspartate to asparagine substitution
221  mimics the protonated or Na*-bound state of the aspartyl residue. The crosslinking

222  patterns with D24N PotB were similar to those seen with wild-type PotB (Fig. 5, S8), but
223 the signal intensities of the crosslinked products with PotB D24N were stronger than
224 those seen with wild-type PotB (Fig. 5).

225

226  Discussion

227 Previous genetic studies in E. coli and Salmonella showed that electrostatic

228 interactions between the conserved charged residues of the stator A subunit and FIiG in
229  the rotor are important both for assembly of stator units into the motor and for torque
230 generation (24, 34-37). Similar studies in Vibrio alginolyticus suggested that interactions
231 in addition to the electrostatic interactions contribute to motor rotation (25, 38-40, 52). In
232 this study, we used two different chemical crosslinking approaches to identify the

233 residues in the Vibrio PomA subunit that are in close proximity to FliG, and the residues

11
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234 in E. coli FIiG that are in close proximity to PomA. Crosslinked products were found in
235 the isolated hook-basal body, indicating that crosslinking occurred in the intact motor.
236  We also observed motility defects caused by photo-crosslinking, indicating that the
237  crosslinking occurred, at least in part, within the motor.

238 Crosslinking was also observed between FIiG and PomA in non-flagellated cells
239  overexpressing soluble FliG, showing that stators freely diffusing in the cytoplasmic
240  membrane interact with cytoplasmic FliG that is not assembled into a C-ring. Once the
241  C-ring forms, FliG molecules in the C-ring do not exchange with cytoplasmic FliG

242 monomers (53). Therefore, it is unlikely that the stator unit binds to the cytoplasmic FliG
243  before the stator-FIiG complex assembles into the motor. This result implies that a

244  region around K89 is the first site in PomA to have access to FliG assembled into the
245  rotor. Since PomA with pBPA replacing R88 in the chimeric PomA/PotB stator conferred
246  a severe motility defect, we speculate that the stator complex containing PomA with
247  pBPAreplacing R88 assembles poorly into the motor. Previous studies too have

248  suggested that the region around PomA R88 and K89 seems to be important for stator
249  assembly into the motor rather than for torque generation (24, 25).

250 We found that the conserved motif RxxGODxLE, which spans the region from

251 PomA R88 to POmA E96, is important for motility (Fig. S1A). The motif contains a

252 completely conserved G91 residue followed by two hydrophobic residues (®). Leucine
253  (or less often isoleucine) at residue 95 is also highly conserved, and when it was

254 replaced with pBPA, motility was abolished, suggesting that an aliphatic residue at this
255  position is important for motor rotation. The hydrophobic residues F92 and L93 as well

256  as the charged residues seem to contribute to the stator-rotor interaction. PomA with

12
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257  pBPAeplacing L93 still supported motility, whereas the PomA L93C mutant did not

258  support motility, suggesting that hydrophobicity at residue 93 is important for motor

259  function. We showed the strong disulfide-crosslinking between Vibrio PomA K89C and
260 E. coli FliG R281C or D288C. This result is consistent with the idea that electrostatic
261  repulsion and attraction, respectively, between K89 in PomA and R281 and D288

262  contribute to torque generation. However, the residue at the position corresponding to
263 K89 in PomAis Q in E. coli and Salmonella MotA, suggesting that these electrostatic
264  interactions are not essential for motility in all cases. Overall, it seems that both

265  electrostatic and hydrophobic interactions between the stator and rotor contribute to
266  torque generation.

267 The three-dimensional structure at atomic resolution of the A subunit has been

268 revealed by two independent groups (43, 44). The PDB structural data for MotA/MotB in
269  C. jejuni were kindly supplied by Dr. Taylor before being available to the general public
270  (Fig. 6). The residues corresponding to L76, 177, 180, A84, L95, N102 and F104, at

271  which substitution with pBPA led to a complete loss of motility, were at positions internal
272  to the MotA structure, suggesting that they are important for proper folding and stability.
273  The residues corresponding to D85, R88, K89, G90, F92, L93 and E96 in PomA, which
274  showed photo-crosslinking with FliG when replaced with pBPA, were arrayed on helices
275  H1 and H2 and the H1-H2 linker. These residues are located on the most external and
276  membrane-distal portion of MotA/PomA bound to the B subunit (Fig. S1C). The

277  crosslinking data indicate that this surface, which contains the RxxGO®PxLE motif,

278 interacts closely with FliG and is important for stator assembly and motor rotation.

279 The coupling ion for motility binds to an absolutely conserved aspartate residue in

13
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280  the B subunit. Substitution of this residue with asparagine, the D24N replacement in

281  Vibrio, PomA may mimic the electrically neutral protonated state of MotA/MotB or the
282  Na*-bound state of PomA/PomB. Therefore, the stator with the D24N mutation may not
283  undergo conformational changes accompanied by Na*-binding or Na*-release from the
284  aspartate residue. The chimeric PomA/PotB stator with the D24N variant of PotB formed
285  the more crosslinked product with FliG than the stator containing the wild-type form of
286  PotB. This result may imply that the D24N stator interacts with FIiG more stable than the
287  wild-type stator due to less movement in the region of the A subunit that interacts with
288  FliG. However, this increased crosslinking may also reflect interactions of PomA/PotB
289  D24N freely diffusing in the cytoplasmic membrane with cytoplasmic FIiG.

290 Because we detected the interaction between E. coli FliG and Vibrio PomA within E.
291  coli cells using the chimeric stator system, we cannot rule out the unlikely possibility that
292  the residues in PomA and FIliG that we have identified are not in close proximity in Vibrio
293  cells. Eliminating this uncertainty would require comprehensive disulfide-crosslinking
294  experiments with cysteine-substituted PomA and FIliG in Vibrio.

295 Recently, a rotational gear model for stator function has been proposed by several
296  groups (43, 44, 54). A similar rotational model has been reported for ExoB/ExbD in the
297  Ton molecular motor. ExbB/ExbD shares a weak homology with MotA/MotB and

298 PomA/PomB (43-47, 55). In the rotational gear model, the A subunit pentamer rotates
299 around the B subunit dimer, and this rotation transmits torque to the rotor via interaction
300 with the FIiG ring. Based on our results, we can suggest which residues at the PomA
301 (MotA) interface with FIiG are involved in the interaction. We predicted that PomA K89

302 interacts with both R281 and D288 in E. coli FliG. We speculate that PomA residues
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303 R88 and K89 first interact with FIiG D288 (D308 in Vibrio FliG) during assembly of a
304  stator unit into the motor. This interaction activates ion conduction through the stator
305 (24) and brings PomA E96 close to FIiG R281 (R301 in Vibrio). Next, the A subunit

306 begins to rotate in response to ion influx. Finally, PomA residues R88 and K89 repel the
307 positive charge of FIiG R281, and PomA E96 repels the negative charge of FliG D288
308 (D308 in Vibrio). As the stator rotation proceeds, the next PomA subunit interacts with
309 the next FliG subunit on the C-ring (Fig. 6, S9). PomA residue L93 may also contribute
310 to torque generation through hydrophobic interactions with FliG.

311 In summary, we provide the first biochemical evidence for close proximity of specific
312 residues in the PomA/MotA stator with specific residues of FliG in the C-ring rotor. The
313  presence of both charged and hydrophobic residues at these positions suggests that
314  both electrostatic and hydrophobic interactions contribute to stator assembly and

315 generation of rotation. These results provide insight into the fundamental molecular
316 mechanisms of stator assembly around the rotor and torque generation within the

317  flagellar motor.

318

319  Materials and Methods.

320 Bacterial strains and plasmids. The bacterial strains and plasmids are listed in Table
321 S1. E. coli was cultured in LB broth [1% (w/v) bactotryptone, 0.5% (w/v) yeast extract,
322 0.5% (w/v) NaCl], and TG broth [1% (w/v) bactotryptone, 0.5% (w/v) NaCl, 0.5% (w/v)
323  glycerol]. Chloramphenicol was added to a final concentration of 25 pug/mL for E. coli.
324  Ampicillin was added to a final concentration of 100 pg/mL for E. coli.

325
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326 Swimming assay in semi-soft agar. E. coli RP6894 cells harboring both pYS3 and
327 pEVOL-pBpF, or E. coli DFB245 cells harboring pTSK170, were plated on LB agar with
328 antibiotics. A single colony from the LB plate was inoculated onto TG agar plates [TG
329  containing 0.3% (w/v) bactoagar and 0.02% (w/v) arabinose] and incubated at 30 °C for
330 24 hrs. For the dominant-negative experiment with PotB D24N, E. coli RP437 cells

331  expressing PomA/PotB D24N were pre-cultured in LB broth with 0.2% (w/v) arabinose
332 overnight at 30 °C, then 1 uL overnight cell culture was inoculated in TG semi-soft agar
333  [TG containing 0.3% (w/v) bactoagar and 0.2% (w/v) arabinose] at 30 °C for 7 hrs.

334

335 Photo-crosslinking experiment. E. coli cells harboring two different plasmids, pEVOL-
336 pBpF and a pBAD24-based plasmid, were cultured in TG broth containing 1 mM p-

337  benzoyl-L-phenylalanine (pBPA) (Bachem AG, Switzerland) at 30 °C for 2 hrs from an
338 initial ODeoo of 0.1. Arabinose was added to a final concentration of 0.02% (w/v) to

339  express mutated tyrosyl-tRNA synthase, amber suppressor tRNA, and PomA/PotB

340 and/or FliG, and further cultivated for 4 hrs. The cells were collected by centrifugation
341 (3,400 x g, 5 min), resuspended in PBS buffer [137 mM NacCl, 2.7 mM KCI, 10 mM

342 NazHPO4, 1.76 mM KH2PO4], re-collected by centrifugation, and resuspended in PBS
343  buffer. In the experiment shown in Fig. S7, we used sodium buffer [20 mM Tris-HCI pH
344 8.0, 150 mM NacCl] or potassium buffer [20 mM Tris-HCI pH 8.0, 150 mM KCI] instead of
345 PBS. UV irradiation was performed with a B-100AP UV lamp (Analytik Jena US, Upland,
346  CA, USA) for 5 min. The cells were collected by centrifugation (3,400 x g, 5 min) and
347 resuspended in sodium dodecyl sulfate (SDS) loading buffer [62.5 mM Tris-HCI pH 6.8,

348 2% (w/v) SDS, 10% (w/v) glycerol, 0.01% (w/v) bromophenol blue] containing 5% (v/v)
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349  B-mercaptoethanol. The samples were separated by SDS-polyacrylamide gel

350 electrophoresis (SDS-PAGE) and transferred to poly-vinylidene di-fluoride membrane.
351 The proteins were detected using rabbit anti-PomA antibody and rabbit anti-Salmonella
352 FIliG antibody (a gift from Dr. Minamino at Osaka University). For the experiment shown
353 in Figure 3, rabbit anti-E. coli FliG antibody (a gift from Dr. Blair at University of Utah)
354  was used. The rabbit anti-Salmonella FIiG antibody cross-reacts with E. coli FIiG and
355 can detect E. coli FliG at chromosomal levels.

356

357  Purification of the hook-basal body complex. The hook-basal body complex was
358 isolated as described previously, with several modifications (8). After UV irradiation for
359  photo-crosslinking, the cells were suspended in 100 pL sucrose solution [0.5 M sucrose,
360 50 mM Tris-HCI pH 8.0]. EDTA, lysozyme and DNase were added to final

361  concentrations of 10 mM, 1 mg/mL and 1 mg/mL, respectively. The suspension was left
362 onice for 30 min, and then spheroplasts were lysed by adding Triton X-100 and MgSOa4
363  to final concentrations of 1% (w/v) and 15 mM, respectively. The lysate was then

364 incubated on ice for 1 hr. After removal of the cell debris by centrifugation at 15,000 x g
365 for 10 min, hook-basal bodies were precipitated by centrifugation at 60,000 x g for 60
366  min. The precipitate was resuspended in the SDS-loading buffer.

367

368 Disulfide-crosslinking experiment. E. coli DFB245 strain harboring the pTSK170

369 plasmid was cultured in TG broth containing arabinose at a final concentration of 0.02%
370  (wlv) at 30 °C for 5 hrs from an initial ODsoo of 0.05. The cells were collected by

371  centrifugation (3,400 x g, 5 min), resuspended in PBS buffer, collected by centrifugation,
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372 and resuspended in PBS buffer. To form the disulfide crosslink, 1 mM copper

373  phenanthroline was added to the cell suspension, which was then incubated for 5 min.
374  To stop the crosslinking, 3 mM N-methylmaleimide was added to the cell suspension
375 and further incubated for 5 min. The cells were then collected by centrifugation (3,400
376  x g, 5 min) and suspended in the SDS-loading buffer without B-mercaptoethanol. The
377  procedure for SDS-PAGE and immunoblotting was the same as that used in the photo-
378  crosslinking experiment.

379

380
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Fig. 1. Photo-crosslinking between plasmid-encoded Vibrio PomA and endogenous E.
coli FliG. (A) Vibrio 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-
crosslinking, whole-cell lysates were prepared and analyzed using immunoblotting. The
upper and lower panels show immunoblot images produced with anti-PomA and anti-
FliG antibodies, respectively. The crosslinked products are indicated by black
arrowheads. We showed the image of the photo-crosslinked product of PomA E96pBPA
in Fig. S3C because we could not detect it in this immunoblot. Bands with higher
molecular weight were derived from non-specific crosslinking between stator units or
non-specific crosslinking of PomA with other proteins. (B) The motile fraction of E. coli
RP6894 cells expressing PomA/PotB before and after UV irradiation in free-swimming.
The gray box shows the motile fraction before UV irradiation. The black box shows the
motile fraction after UV irradiation. At least 30 freely suspended cells were analyzed for

each mutant with dark-field microscopy. Abbreviations: n.m., nonmotile.
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585  Fig. 2. Photo-crosslinking between plasmid-borne Vibrio PomA and endogenous E. coli

586  FIliG in the isolated hook-basal body. Vibrio PomA and chimeric PotB were expressed
587  from plasmid pYS3, and the amber suppressor tRNA and the mutated tyrosyl-tRNA
588 synthase were expressed from plasmid pEVOL-pBpF in the E. coli AmotAB strain
589 RP6894. The panel shows immunoblot images visualized with an anti-FIiG antibody.
590  The crosslinked products are indicated by black arrowheads.
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Fig. 3. Photo-crosslinking 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 upper and lower panels show immunoblot
images made using anti-MotA and anti-E. coli FliG antibodies, respectively. The
crosslinked products are indicated by black arrowheads. Bands with higher molecular
weight in the immunoblot with anti-FliG antibody were derived from non-specific

interactions of FliG with other proteins.
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601  Fig. 4. Disulfide-crosslinking between plasmid-borne Vibrio PomA and E. coli FliG.

602  Vibrio PomA, chimeric PotB and E. coli FliG were co-expressed from plasmid pTSK170
603 in the E. coli AmotAAfliG strain DFB245. The upper and lower panels show immunoblot
604 images made using anti-PomA and anti-FIiG antibodies, respectively.

605

30


https://doi.org/10.1101/2021.01.07.425829
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.07.425829; this version posted January 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

WT D24N PotB
- © ®m © o PBPA position
s € 3 € 9 inPomA
-4+ =4+ =+ =+ = + UV
75 - :
58 1 3 » |« PomA-FIiG
46 7 "= < PomA dimer
32 1
25 4
2?2 -1 GRS <« PomA
(x-PomA)
754 ’
58 1 " >  pem po= | PomA-FIiG
46 -
kDa (c-FliG)

606  Fig. 5. Photo-crosslinking between plasmid-borne Vibrio PomA and endogenous E. coli
607  FIliG in the presence of PotB D24N. Vibrio PomA and chimeric PotB were expressed
608 from plasmid pYS3, and the amber suppressor tRNA and the mutated tyrosyl-tRNA
609 synthase were expressed from plasmid pEVOL-pBpF in the E. coli AmotAB strain

610 RP6894. The upper and lower panels show immunoblot images of whole-cell lysates
611 made using anti-PomA and anti-FIiG antibodies, respectively. The crosslinked products
612 are indicated by black arrowheads.
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(B)
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D308  R301
(D288) (R281)

Fig. 6. A 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-EM structure (43). One PomA subunit is shown in rainbow color, 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 Vibrio, corresponding to residues
Q280, R281 and A282 in E. coli (the residue numbers for E. coli FIliG are given in
brackets), are shown as cyan, blue and red spheres, respectively. CM: cytoplasmic

membrane.
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Va PomA 73 PEDLIAKIVEMADAARKGG!IA EEMEINNTFM 105 Va_FliG 281 KALE‘(GADDSL‘REKVFMS};AAEMEREDIEMMW 319
So PomA 73 PEDLIEQSVTMADAARKGGETATEEAQISNSFM 105 So FliG 277 KALKGADDOLKDKILGNMSKRAAELLRDDLEAMGPIRIS 315
SQ:MotA 71 LNERAEFLIEIAGDVRKGG! . LSTEDKIDQIDDP 103 Pa FliG 267 LALKGSDEATREKVFKNMSKRAAELLRDDLEAKGPVRVS 305
Pa MotC 74 LSGGIDRIVSWSMTARKEGLIGLESIADAEPDP 106 Bs_FliG 266 LSLKVASEEVKEIVFNNMSQRMVETFKEEMEFMGPVRLK 304
Pa MotA 74 YLEVLGMLYEILNKSRREG!MATEADIEDPAAS 106 St FliG 261 IALKGAEPPLREKFLRNMSORAADILRDDLANRGPVRLS 299
Bs_MotA 75 IEELIPMFSEWAQLARREGLIALEASIEDVDDA 107 Ec FliG 261 IALKGAEQPLREKFLRNMSQRAADILRDDLANRGPVRLS 299
Bs MotP 79 VKDLVKTFVSLSDHARKHG!.TSTDDQAREIKDP 111 Cj_FliG 272 IGLKGASEELKQKFLANMSTRASEAFLEEMGFLGAVRVK 310
St MotA 75 YMDLLATLLYRIMAKSRQQGMI'SL.ERDIENPKES 107 Hp_F]_‘i_G 273 LALKTSTKDLTDKFLNNMSSRAAEQFVEEMOYIGAVKIK 311
Ec:MotA 75 YMDLLALLYRIMAKSROMGHFSTERDIENPRES 107 Bb FliG 272 KALKSVDIPVQEKIFKNMSKRAASMLKEDMEFLGPTRRK 310
Cj MotA 74 LPERIAQLIEFAITIARRDGLIALESRTSEIENE 106 Tm F1iG 263 LALKGASDELKEKIFKNMSKRAAALIKDELEYMGPVRLK 301

Hp MotA 74 LNETIKNLVELATLARKDGVL.SLEGRVAQIEDD 106 Aa FliG 264 IALLGAPEDIKQKFLSNMSKRAAKIFLEDMEAIGPVKKS 302
Bb MotA 74 KVSIIKILVELSEKARKEGLLSILDDELEQINDP 106
Tm MotA 74 HVSLIQTMVSFSEKARREGLILSLEENLESIEDP 106
Aa MotA 73 LNDVIETIGEIASKVRKEGIIALEGDIELYYQK 105
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624  Fig. S1. (A, B) Alignments of the amino acid sequences of PomA and MotA (A) and FIiG
625  (B) from various species. The charged residues thought to be important for the motor
626  function were shown in blue (positive) and red (negative). The conserved hydrophobic
627  residues in the RxxGOOXLE motif were shown in orange. Abbreviations: @,

628 hydrophobic residues; Va, Vibrio alginolyticus VIO5; So, Shewanella oneidensis MR-1;
629 Pa, Pseudomonas aeruginosa PAOL1; Bs, Bacillus subtilis subsp. subtilis 168; St,

630 Salmonella enterica subsp. enterica serovar Typhimurium LT2; Ec, Escherichia coli K-12
631 MG1655; Cj, Campylobacter jejuni subsp. jejuni NCTC 11168; Hp, Helicobacter pylori
632  26695; Bb, Borreliella burgdorferi B31; Tm, Thermotoga maritima MSB8; Aa, Aquifex
633  aeolicus VF5. (C) The schematic drawing of the PomA monomer based on the cryo-EM
634  structure of C. jejuni MotA/MotB complex (43). It was shown as a cartoon model in

635 rainbow color. The mutations were introduced in H1, H1-H2 linker, H2 and H2-H3 linker.
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636  The C-terminal region of FIiG from A.aeolicus was shown as a cartoon model (PDB ID:
637  3HJL). The important charged residues corresponding to Vibrio FIiG K300, R301, D308
638 and D309, were shown in blue (positive) and red (negative) spheres. TM1~TM4:
639 transmembrane segments, CI: cytosolic interface helix, H1~H4: cytosolic helices.

640
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Fig. S2. Motility of E. coli AmotAB cells expressing pBPA-incorporated Vibrio PomA and
chimeric PotB in a soft-agar plate. The cells were inoculated in TG 0.3% (w/v) bactoagar
with 0.02% (w/v) arabinose plate at 30 °C for 24 hrs. The E. coli AmotAB strain is
RP6894. The vector plasmid is pBAD24. PomA/PotB were expressed from pYS3 that
harbors pomA and potB genes in pBAD24 backbone. pBPA-incorporation into an amber
codon was carried out by the amber suppressor tRNA and the mutated tyrosyl-tRNA

synthase expressed from pEVOL-pBpF.
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Fig. S3. Protein expression of pBPA-introduced, plasmid-borne Vibrio PomA and photo-
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650  crosslinking between those PomA and endogenous E. coli FIiG (A-C). SDS-PAGE

651 samples were prepared from whole cell lysates. Vibrio PomA and chimeric PotB were
652  expressed from plasmid pYS3, and the amber suppressor tRNA and the mutated

653  tyrosyl-tRNA synthase were expressed from plasmid pEVOL-pBpF, in the E. coli

654  AmotAB strain, RP6894. Upper and lower panels showed immunoblot images by using
655 anti-PomA and anti-FIiG antibodies, respectively. The crosslinked products were marked
656 by black arrow head.

657
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Fig. S4. Photo-crosslinking between plasmid-borne Vibrio PomA and E. coli FliG in the
E. coli AflhDC strain, RP3098. E. coli FliG, Vibrio PomA, chimeric PotB and E. coli
FliG were co-expressed from plasmid pTSK170, and the amber suppressor tRNA and
the mutated tyrosyl-tRNA synthase were expressed from plasmid pEVOL-pBpF. Upper
and lower panels showed immunoblot images by using anti-PomA and anti-FIliG

antibodies, respectively. The crosslinked products were marked by black arrow head.
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Fig. S5. Motility of E. coli AmotAAfliG cells expressed Vibrio PomA, and chimeric PotB

and E. coli FliG in a soft-agar plate. The cells were inoculated in TG 0.3% (w/v)
bactoagar with 0.02% (w/v) arabinose plate, and incubated at 30 °C for 24 hrs. The E.
coli AmotAAfliG strain is DFB245. The vector plasmid is pBAD24. PomA, PotB and FliG
were expressed from pTSK170, in which pomA, potB and fliG genes were cloned into

pBAD24.
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Fig. S6. Immunoblotting of the disulfide crosslinked samples with reduced treatment by
B-mercaptoethanol. Vibrio PomA, chimeric PotB and E. coli FliG were expressed from
plasmid pTSK170, in the E. coli AmotAAfliG strain, DFB245. Upper and lower panels
showed immunoblot images by using anti-PomA and anti-FIliG antibodies, respectively.
A small amount of the crosslink product of FliG A282C/PomA K89C was detected even

upon treatment with reducing agent.
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679  Fig. S7. Photo-crosslinking between plasmid-borne Vibrio PomA and endogenous E.
680 coli FIiG in the presence of sodium buffer or potassium buffer. Vibrio PomA and chimeric
681 PotB were expressed from plasmid pYS3, and the amber suppressor tRNA and the

682  mutated tyrosyl-tRNA synthase were expressed from plasmid pEVOL-pBpF, into the E.
683  coli AmotAB strain, RP6894. Upper and lower panels showed immunoblot images by
684  using anti-PomA and anti-FliG antibodies, respectively.
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Fig. S8. Photo-crosslinking between plasmid-borne Vibrio PomA and endogenous E.
coli FliG in the background of PotB D24N. Vibrio 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, into the E. coli
AmotAB strain, RP6894. Upper and lower panels showed immunoblot images by using
anti-PomA and anti-FIliG antibodies, respectively. The crosslinked products were marked

by black arrow head.
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694  Fig. S9. The interaction model between C-ring and PomA. The schematic diagram of
695 the PomA pentamer based on the cryo-EM structure (43) was shown from the top view.
696  The C-ring model of Vibrio alginolyticus was based on the model previously reported
697  (56) is shown from the top view. The positions of PomA K89 and E96 were shown in
698  blue and red circles, respectively. FIiG R301 and D308 in Vibrio corresponding to R281
699 and D288 in E. coli were shown by space filling residues.
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Table S1. Bacterial strains and plasmids used in this study

Strain or
Genotype or description Reference or source
plasmid
E. coli
F- ®80dlacZz AM15 A(lacZYA-
argF)U169 deoR recAl endAl
DH5a (57)
hsdR17(r«", mk*) phoA supE44 X\
thi-1 gyrA96 relAl
RP437 Wild-type strain (58)
RP6894 motA and motB null strain (59)
RP3098 flnD and fIhC null strain (60)
DFB245 motA and fliG null strain (34)
DFB225 fliG null strain (20)
Plasmids
pBR322-derived vector, araBAD
pBAD24 (61)
promoter, Amp’
pACYC-derived vector, araBAD
pBAD33 (61)
promoter, Cm’
Vibrio pomA and chimeric potB in
pYS3 (40)
pBAD24
E. coli fliG, Vibrio pomA and
pTSK170 This study
chimeric potB in pBAD24
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pTY801 E. coli fliG in pBAD24 This study

Plasmid for the incorporation of
pPEVOL-pBpF photo-reactive amino acid, pBPA, (48)

into the amber codon.

Amp", ampicillin-resistant; Cm", chloramphenicol-resistant.
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