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29  Abstract

30  The bacterial flagellar MS ring is a transmembrane complex acting as the core of the
31  flagellar motor. It not only acts as the template for rod and C ring assembly but also
32 housesthetypelll protein export gate for assembly of the rod, hook and filament. The
33 cytoplasmic C ring, involved in torque generation and rotation switch, is directly
34  attached to the MS ring, and a symmetry mismatch between 26-fold MS ring and
35  34-fold C ring had been a long puzzle as to whether this would play some role in motor
36  function. Although this puzzle seemed to have been resolved by the recent
37  high-resolution structure of the MS ring with 33-fold symmetry with a variation from
38  32-fold to 35-fold because the C ring also shows a similar symmetry variation, it still
39 remained ambiguous whether their symmetries are matched in the native motor
40  structure. Here we show that the native MS ring structure formed by full-length FliF is
41 34-fold with no symmetry variation whereas the C ring has a small symmetry variation,
42 indicating a flexibility in C ring assembly to generate small symmetry mismatches. We
43 also show two conformations of FliF in part of its periplasmic region to form the
44 34-subunit ring with 23-fold and 11-fold subsymmetriesin the inner and middle M ring,
45  respectively, to accommodate the export gate at the center of the M ring.

46

47

48  Bacteria actively swim in liquid environments by rotating long, helical filamentous organelle
49  called the flagellum. The bacterial flagellum is supramolecular motility machinery consisting
50  of the basal body that acts as a bi-directional rotary motor, the filament that functions as a
51  helical propeller, and the hook as a universal joint connecting the basal body and the filament
52  to transmit motor torque to the filament™ . The basal body consists of the MS ring, C ring, LP
53  ring and the rod (Fig. 1a). The MS ring is a transmembrane protein complex made of FliF and
54 is the base for flagellar structure, assembly and function. The MS ring is not only the
55  mounting platform for the C ring, which is the cytoplasmic part of the basal body formed by
56  the switch proteins FliG, FliM and FliN and acts as a bi-directional rotor of the flagellar
57  motor as well as the switch regulator of the rotation direction, but is also a housing for the
58  type III protein export apparatus that exports flagellar axial proteins for their assembly at the
59  distal growing end of the ﬂagellum2'4. The rod is a drive shaft of the motor, transmitting
60  motor torque to the hook and filament and is a helical assembly of four different rod proteins,
61  FlgB, FlgC, FIgF and FlgG. The LP ring is a bushing tightly embedded in the peptidoglycan

62 layer as well as the outer membrane and surrounds the distal, thicker tubular part of the rod
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63  formed mainly by FlgG5’6 to stabilize the high speed rotation of the motor>. Motor torque
64 is generated by cyclic interactions and dissociation of FliG at the top end of the C ring with
65  the cytoplasmic domain of the transmembrane stator complex formed by MotA and MotB,
66  which also acts as a proton channel to couple proton influx across the membrane with torque
67 generation7, where multiple number of stator units surround the rotor to become active
68  depending on the external load®.

69 For a long time until recently, the MS ring had been believed to have 26-fold rotational
70  symmetry whereas the C ring has 34-fold symmetry with some minor variations based on
71 biochemical and structural studies”. This symmetry mismatch between the two rotor
72 complexes had been a focus of debates on its possible role in the C ring assembly, torque
73  generation and stepping rotation and the basis for the mechanistic understanding of torque

11,14,15

74  generation mechanism . This puzzle was sort of resolved by the recent high-resolution

75  structure of the MS ring with 33-fold symmetry with a variation from 32 to 35 (ref. 16)
76 because the C ring also shows a similar symmetry variation peaked around 34- or 35-fold***’.
77 However, it still remained ambiguous whether their symmetries are actually matched in the
78 native motor structure, because the distributions of the symmetry variations are clearly

12,17

79  different between the two rings, with a peak around 34- or 35-fold for the C ring and

80  33-fold for the MS ring™®. Also, the MS ring structures were analyzed for those formed by
81  overexpressed FIiF with some C-terminal truncations'®, which may have produced the
82  observed symmetry variation.

83 There is also another interesting symmetry mismatch between the MS ring and the rod,
84  which assembles directly on the MS ring while having a helical tubular structure with 11
85  protofilaments, with a helical symmetry of about 5.5 subunits per one turn of helix. The core
86  structure of the type III protein export gate composed of FliP, FliQ and FIiR" is likely to be
87  located inside the MS ring with a helical nature in their assembly to be directly connected
88  with the proximal part of the rod formed by FlgB, FlgC and FlgF via an adapter protein F liE™.
89  However, it remains unknown how the symmetry mismatch between the protein export
90  gate-rod and the MS ring is resolved to make flagellar assembly possible by the MS ring as
91  the assembly template.

92 Here we report electron cryomiscroscopy (cryoEM) structural analyses of the flagellar
93  basal body and the MS ring formed by full-length FIiF from Salmonella enterica serovar
94  Typhimurium (hereafter referred to Salmonella) and that the symmetry of the native MS ring
95 is 34-fold with no variation. Our own symmetry analysis of the C ring of the basal body

96 showed a variation with a peak at 34-fold in agreement with the previous observation'?,
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97  indicating that there are still small symmetry mismatches between the two rings possibly

98  generated by some flexibility in the initiation of C ring assembly by FliG around the MS ring.

99  The MS ring structure also showed 23-fold and 11-fold symmetries in the inner and middle
100 parts of the M ring, respectively, possibly to accommodate the type I1I protein export gate to
101 assemble at the center of the MS ring. The structure of the S ring and cylindrical collar in the
102 upper part of the MS ring is now resolved at high resolution, and mutational analyses show
103 that conserved residues of FliF are responsible not only for MS ring formation by stabilizing
104 intersubunit interactions but also for the assembly of the type III protein export apparatus and
105  the rod within the MS ring. Thus, it is now clear that the MS ring and C ring are tightly bound
106  to each other to act as a rotor unit of the flagellar motor to generate and transmit torque to the

107 rod, hook and filament for bacterial motility.

108
109  CryoEM structural analysis of the basal body

110  We isolated the flagellar basal body from a Salmonella mutant strain HK1003 [fIgEA(9-20)
111 AclpP::Cm deletion mutant], in which the number of the basal body was increased by the
112 deletion of the ClpP protease”, and analyzed the structure by cryoEM image analysis. Most
113 of the isolated basal bodies are missing the LP ring because the LP ring easily dissociates
114  from the rod in the absence of the hook (Fig. 1b, Extended Data Fig. 1a). This structure is
115  called a rivet because of its shape, and this partial basal body structure is advantageous for
116  visualizing the symmetry of the MS ring in the end-on view because the LP ring normally
117 above the MS ring disturbs the visualization of the MS ring image. The two-dimensional (2D)
118  class average images of its end-on views thus allowed the determination of the MS ring
119  symmetry (Fig. 1c, Extended Data Fig. 1b). Of the 34,896 particle images of the basal body
120  that were picked up from the 1,578 cryoEM micrographs, 23,104 particle images were near
121 end-on views, separated into four classes with slight differences in the orientation, where each
122 of the four class images clearly showed the 34-fold rotational symmetry (Fig. 1c). So the MS
123 ring structure in the native flagellar basal body is composed of 34 FIiF subunits.

124 We also analyzed the symmetry of the C ring of the native flagellar basal body. Although
125 the symmetry of the C ring in the basal body has already been studied by cryoEM image
126 analysis, the previous study used an indirect method in which side view images of the C ring
127 were subjected to multireference alignment against projections of three-dimensional (3D)
128  models with symmetries from 32- to 36-fold to sort the particle images into different
129  rotational symmetrieslz, and this may have produced some errors by misalignment and

130 possible deformation of the C ring from a perfect cylinder. We therefore used only end-on
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131 views of the C ring that show blobs of subunits and analyzed the rotational symmetry
132 (Extended Data Fig. lc). Since the flagellar motor can switch the rotation between the
133 counter-clockwise (CCW) and clockwise (CW) direction, we looked at both CCW and CW
134 locked C ring structures. As shown in Fig. 1d, the C ring symmetry has a certain range of
135  variation from 32- to 35-fold for CCW and 33- to 36-fold for CW, but about two thirds are
136 34-fold symmetry with rather minor populations of non 34-fold symmetries (CCW: 32-fold,
137 2%; 33-fold, 20%; 34-fold, 66%; 35-fold, 13%, 36-fold, 0%; CW: 32-fold, 0%; 33-fold, 13%;
138 34-fold, 68%; 35-fold, 20%; 36-fold, 1%). This is in marked contrast to much higher
139 populations of non 34-fold symmetries (32-fold, 2%; 33-fold, 17%; 34-fold, 42%; 35-fold,
140 30%; 36-fold, 7%) estimated in the previous study™. Thus, although the symmetry mismatch
141  between the MS ring and C ring is present, the probabilities of C ring assembly around the
142 MS ring with extra or less FIiG subunits to the FIiF subunits is small, and the number of extra
143 or less FliG subunits is mostly up to one, indicating that the flexibility in the template driven
144 C ring assembly by FliG around the 34 FliF-subunit MS ring that causes a symmetry

145  mismatch between these two rings is not so high.

146
147 CryoEM structural analysis of the MSring formed by overexpressed FliF

148 We overexpressed full-length Salmonella FIiF in E. coli and isolated the MS ring from the
149  membrane fraction by sucrose gradient purification (Extended Data Fig. 2a,b). Although the
150  ring-shaped particles were clearly observed in negative stained EM images (Extended Data
1561 Fig. 2c¢), it was difficult to determinate the structure of the MS ring by cryoEM image analysis
152 because most of the particles were attached to the edge of carbon holes. To alleviate such
1563 awkward characteristics of the MS ring, we optimized the purification procedure using
154  LMNG as a detergent, which drastically improved the particle dispersion and density in the
155  holes and allowed high quality image data collection in sufficient particle numbers. A total of
156 339,861 particles were extracted from 1,589 micrographs and were analyzed. Representative
157 2D class averages showed homogeneous ring particles with clear 34-fold symmetry (Fig. 2a,
158  Extended Data Fig. 3 and 4). We did not observe any other symmetries in the 2D class
159  averages, indicating that the MS ring formed by full length FIiF consists of 34 subunits and
160  shows no variation in the ring stoichiometry, just as we observed for the MS ring in the native
161  basal body structure as described above.

162 We then carried out 3D image reconstruction of the MS ring, but the resolution did not
163  extend beyond 10 A without rotational symmetry. We therefore performed iterative 3D

164  refinement with 34-fold rotational symmetry. This process dramatically improved the
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165  resolution of the 3D map to 3.7 A resolution (Extended Data Fig. 3) and enabled us to
166  construct the atomic model of the S ring and collar (Fig. 2b,c). Unfortunately, however, a
167  large part of the M ring was somehow disordered in this particular construct.

168 The S-ring and collar is formed by residues 228-438 of Salmonella FliF (Fig. 2d), which
169  correspond to the latter half of the periplasmic region. The monomeric structure consists of
170 two structural regions: a globular domain with affafp motif that is known as a ring building
171 motif (RBM) (residues 228-270 and 382438 designated as RBM3 in Fig. 2b); and a long,
172 extended up-and-down P structure (residues 271-381) consisting of a set of antiparallel chains
173 and a set of antiparallel § strands, B3 and 4, forming a  hairpin with invisible 51 residues
174 possibly forming a flexible loop (Fig. 2b). The chain connecting 3 and B4 at the top of the
175 collar (residues 305-354) was not modeled due to the poor density (Fig. 2b—d). The S ring is
176 made up of 34 RBM3 domains horizontally packed with their major axis oriented in the radial
177 direction to form a ring with a diameter of 24 nm. The long [ hairpins in the upper part of the
178  collar are vertically lined up to form a 68-stranded cylindrical B-barrel structure. The two
179  extended antiparallel chains connecting the RBM3 domain and the vertical B hairpin are
180  inclined about 30 degrees from the ring axis. The model was nearly identical to the
181  corresponding part of the recent MS ring structure with 34-fold symmetryle.

182 The overall structure of the S-ring and collar resembles the SpollIAG structure® despite
183 the low sequence identity (<15%) (Extended Data Fig. 5a,b). The unique large p-barrel
184  structure composed of vertically arranged B-strands is present in the SpollIAG ring. The ring
185  arrangement of the RBM3 domains is also similar to that of the SpollIAG, although the RBM
186 domain of the SpollIAG ring is tilted about 14 degrees compared with the nearly horizontal
187  orientation of that of the S ring (Extended Data Fig. 5a,b). The ring formation through the
188 RBM domain is commonly found in the T3SS injectisome, and the domain arrangement of
189  the S ring is similar to those in the T3SS ring except for the D2 domain of Prgsz'ZG.

190 The chain folding arrangement of FIiF in the collar is also similar to those seen in the
191  secretin rings of the type III secretion system (T3SS) of bacterial pathogens®’. Unlike them,
192 however, only a small number of hydrogen bonds are formed between these two chains in the
193 flagellar MS ring because the two antiparallel chains are twisted and apart from each other
194  toward the bottom of the cylindrical B-barrel structure, even though the phi-psi angles of each
195  residue in these extend chain are mainly those of the B type conformation. Residues 283293
196  connecting to B3 of the vertical B hairpin is looping out to form a structure that looks like a
197  saucer to the cup upon assembly into the ring. The two antiparallel chains are swapped right

198  and left before connecting to the vertical B hairpin in the upper part of the collar (Extended
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199  Data Fig. 5¢).

200

201 Mutation analysisof FliF for the M Sring formation

202 We examined whether the atomic model of the S ring represents the structure of the
203 physiologically functional MS ring of the flagellar basal body by mutations of FliF followed
204 by assays of cell motility, flagellar protein export and assembly of the basal body and MS ring.
205  The subunit interface of the RBM3 domains in the S ring is mainly mediated by the
206 hydrophobic interactions. Ile-252, Leu-253, and Val-266 are relatively well conserved
207 between FIiF and SpollIAG* (Fig. 3a). Ile-107 and Val-120 of SpollIAG corresponds to
208  Ile-252 and Val-266 of FliF, respectively, and the replacement of each residue by Arg inhibits
209 SpollIAG ring formation. We therefore replaced Ile-252, Leu-253 and Val-266 by Ala or Arg
210  and analyzed the effects of these mutations on cell motility in soft agar to test whether these
211 three residues are involved in MS ring formation (Fig. 3b). These substitutions did not
212 significantly affect the steady cellular level of FIiF as judged by immunoblotting with
213 polyclonal anti-FIiF antibody (Fig. 3c). Wild-type FIiF fully restored motility of a AfliF
214 mutant. The V266A mutant variant complemented the AfliF mutant to the wild-type level, and
215 the L253 A mutant variant restored the motility to a considerable degree, but the 1252 A mutant
216  variant did so only poorly. The [252R, L253R and V266R mutant variants did not
217 complement the AfliF mutant at all (Fig. 3b). In agreement with this, the 1252A and L253A
218 mutants formed a few flagellar filaments but the 1252R, L253R and V266R mutants did not at
219 all (Fig. 3d).

220 The MS ring is also a housing for the flagellar type III protein export apparatuszs'zg.
221 Therefore, we tested whether the poor flagellar formation by the fliF(I252A) and fliF(L253A)
222 mutant strains compared with the wild-type and fliF(V266A) mutant strains is a consequence
223 of their reduced protein export activity. We examined the secretion levels of the hook-capping
224 protein FlgD, the hook protein FIgE and the filament protein FliC as representative export
225  substrates and found that the reduction in their secretion levels was well correlated with the
226 reduction in the levels of flagellar formation (Fig. 3d,e). These two mutants produced
227 hook-basal bodies (Fig. 3d), indicating that these two mutations do not affect MS ring
228  formation so significantly. Therefore, these results suggest that the 1252A and L253A
229  mutations affect the assembly of the type III protein export apparatus into the MS ring. The
230  I252R, L253R and V266R mutations abolished flagellar protein export (Fig. 3¢), explaining
231  the complete loss of motility of these mutant strains (Fig. 3b).

232 The cytoplasmic face of the MS ring is the template for assembly of the C ring by the
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233 switch proteins FliG, FliM and FIiN?“. Because the C ring is also a housing of the
234 cytoplasmic part of the type III protein export apparatus and the loss of C ring considerably
235 reduces the flagellar protein export activity and thereby impairs the cell motility28, we tested
236 whether the FIiF mutations we examined above also affect C ring formation to cause the
237  reduction in cell motility. If the C ring is formed normally on the cytoplasmic face of the MS
238 ring, FliG, FliM and FliN should be detected in the membrane fraction of the cells because the
239  MS ring is a transmembrane complex. Only a very small amount of FliN was found in the
240  membrane fraction of the AfliF mutant as expected, but large amounts of FIiN were detected
241  in the membrane fractions of all the fliF mutant cells just as observed for wild-type cells (Fig
242 3c). This suggests that these FIiF mutations do not affect C ring formation at all and that
243 mutations of Ile-252, Leu-253 and Val-266 have direct effects on the assembly of the type III
244 protein export gate within the MS ring.

245 To examine the effect of these FIiF mutations on the stability of the MS ring, we purified
246 the MS rings from E. coli cells overexpressing these mutant variants of FIiF and observed
247  them by negative staining EM. All the FIiF mutations significantly affected the stability, and
248 most of the ring-shaped particles of the size of the MS ring were not completely closed (Fig.
249 3f). Ile-252 is located at the interface between FIiF subunits whereas Leu-253 and Val-266 are
250  not, suggesting that Ile-252 is responsible for intermolecular interactions between FIiF
251 subunits whereas Leu-253 and Val-266 are involved in proper folding of each FIiF subunit to
252 form the S ring. To further confirm this, we carried out in vitro disulfide cross-linking
253 experiments.

254 Since His-263 and Ala-388 are in close proximity to Ile-252 in the atomic model of the S
255  ring (Fig. 3a), we replaced Ile-252, His-263 and Ala-388 by Cys and analyzed cell motility in
256  soft agar plates. Cys mutation of each residue did not drastically affect cell motility. The
257  H263C variant complemented the AfliF mutant to the wild-type level, and the 1252C and
2568  A388C variants restored the motility to a considerable degree although not to the wild-type
259  level (Fig. 3g). However, neither 1252C/H263C nor 1252C/A388C double mutation variant
260  complemented the AfliF mutant to restore cell motility, suggesting that crosslinked FIiF
261  subunits in the MS ring may have impaired its function, such as insertion of the type III
262  protein export gate into the MS ring. Intersubunit disulfide crosslinking of FliF by the double
263 Cys mutations was confirmed by higher-order oligomeric species observed in the membrane
264  fraction isolated from the fliF(1252C/H263C) mutant upon inducing disulfide crosslinking by
265  adding iodine (Fig. 31, red dots), confirming that the atomic model of the S ring we built here

266  is a physiological one. Such oligomers were observed neither for the wild-type, 1252C nor
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267  H263C mutant (Fig. 3i). The appearance of an extra band of FliF monomer with a slightly
268  faster mobility in the SDS-PAGE gel (Fig. 31, blue dot) can be due to intramolecular disulfide
269  crosslink, suggesting a significantly different conformation of FIiF monomer before its
270 assembly into the MS ring. It is also possible that the conformational change of FliF monomer
271 by intramolecular disulfide crosslink disturbs the proper assembly of the MS ring. The
272 replacement of Cys-263 by Tyr in this double Cys FIliF mutant considerably restored the
273 motility (Fig. 3h), suggesting a requirement of flexibility in the MS ring structure for its
274  proper function.

275

276 Internal structure of the MSring with 23-fold and 11-fold subsymmetries

277 The 3D reconstruction of the basal body at about 6.8 A resolution (Fig. 4a-c, Extended
278  Data Fig. 6) from cryoEM image data shown in Fig. 1b revealed interesting features in the
279  inner core of the M ring in addition to the 34-fold rotational symmetry of the S ring (Fig. 1c).
280  The inner part of the M ring is a flat ring with clear 23-fold symmetry, and its central hole
281 accommodates a helical assembly of many rod-shaped densities possibly representing
282 a-helices, which looks very similar to the structure of the export gate complex formed by FIiP,
283  FliQ and FIiR™. As we stated earlier, cryoEM 3D reconstruction of the MS ring structure
284  from an FIiF overexpression construct had a large part of the M ring density disordered and
285  therefore not showing its internal feature in detail (Extended Data Fig. 3), but the MS ring
286  formed by FliF overexpressed from another construct produced the entire MS ring density
287  that can be identified in the basal body (Fig. 4c,e, Extended Data Fig. 7). We identified an
288 11-fold symmetry density features just outside the inner M ring with 23-fold symmetry. Even
289 2D class average images showed the 11-fold symmetry just outside the collar (Fig. 4d,
290  Extended Data Fig. 7). We therefore enforced 11-fold symmetry on the entire MS ring
291  structure to see which parts of the MS ring have 11-fold symmetry (Fig. 4c). The outer part of
292 the M ring was featureless but the middle part just outside the inner M ring with 23-fold
293 symmetry showed a strong 11-fold symmetry feature as a hinge connecting to the outer M
294  ring. These structural features indicate that the MS ring is formed by 34 FIliF subunits with
295  two distinct conformations. All the 34 subunits contribute their RBM3 in the latter half of the
296  periplasmic region of FIiF to the S ring and collar, but 23 copies form the inner M ring and 11
297  copies form the hinge with their RBM1 and RBM2 in the former half of the periplasmic
298  region (Fig. 2 and 4c).

299 CryoEM structural analysis of the export gate complex formed by FliP, FliQ and FliR
300  overexpressed in E. coli has revealed a helical nature of multi-subunit assembly of the
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301 FliPsFliQ4FliR (10 subunits) and FliPsFliQ4FIiR,FIhB; (11 subunits) complexes'®®, and the
302  helical parameter is similar to those of the flagellar axial structures, such as the rod, hook and
303  filament, with about 5.5 subunits per turn of the 1-start helix, which can also be regarded as a
304  tubular structure with 11 protofilaments. However, the 11-fold symmetry feature of the
305 internal part of the M ring is not the one directly associated with the export gate at the center
306  of the M ring. It is the 23-fold symmetry internal core ring of the M ring that forms a hole of
307  the right size to accommodate the export gate at the center of the M ring over a symmetry
308  mismatch.

309

310 Discussion

311 The long-term puzzle on the role of symmetry mismatch between the MS ring with 26-fold
312 rotational symmetry and the C ring with 34-fold symmetryg"13 had produced much debate on

313 its role in the C ring assembly, torque generation and stepping rotation™**°

. This puzzle was
314  sort of resolved by the recent high-resolution structure of the MS ring with 33-fold symmetry
315  with a variation from 32- to 35-fold'® because the C ring also shows a similar symmetry
316  variation around 34- or 35-fold**'". However, it was still not clear whether the symmetries of
317  these two rings are actually matched in the native motor structure, because the distributions of
318  the symmetry variations are clearly different between the two rings, with a peak around 34- or
319 35-fold for the C ring'®*’ and around 33-fold for the MS ring™®.

320 By cryoEM structural analyses of the flagellar basal body isolated from Salmonella cells
321  and the MS ring formed by overexpressed full-length FliF of Salmonella, we determined the
322 rotational symmetry of the native MS ring structure to be 34-fold with no variation (Fig. 1).
323 The recent high-resolution structures of the MS ring with 33-fold symmetry with some
324  variation would therefore be an artifact, possibly produced by the C-terminal truncations of
325  FIiF™®. We also carried out the symmetry analysis of the basal body C ring in a more direct
326  manner than the previous study12 by looking at enface views of the ring revealing subunit
327  blobs (Extended Data Fig. 1c) and showed a symmetry variation to have a peak at 34-fold
328  with much less populations of non 34-fold symmetry rings. So, the symmetries of the two
329  rings are matched in the majority of the flagellar basal body albeit there are still minor
330  populations having symmetry mismatches of one more or one less subunit in the C ring. The
331  C ring assembly is thought to be initiated by co-folding of the C-terminal chain of FIliF
332 extending out on the circumference of the MS ring in the cytoplasm and the N-terminal
333 domain of the FIiG®*. Also, mutation studies of Salmonella flagella have identified two

334 types of FliF-FliG fusion proteins that are functional in motilityss. These results predicted a
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335  rather strict 1:1 stoichiometry of FIiF and FliG in the C ring assembly around the MS ring.
336  However, our present structural analysis clearly shows symmetry mismatches between the
337  two rings albeit rather small, suggesting a certain level of flexibility in FliG ring assembly
338 around the MS ring to initiate the entire C ring assembly together with the other switch
339  proteins FliM and FIiN.

340 The structure of the S ring and cylindrical collar in the upper part of the MS ring is now
341  resolved at high resolution (Fig. 2), and mutation analyses based on the atomic model show
342 that conserved hydrophobic residues of FIiF located at the intersubunit interface are
343 responsible not only for MS ring formation by stabilizing intersubunit interactions but also for
344  the assembly of the type III protein export apparatus and the rod within the MS ring (Fig. 3).
345  Interestingly, The structures of the basal body and MS ring also showed 23-fold and 11-fold
346 symmetries in the inner part of the M ring and a density feature at the center that looks exactly
347  like the protein export gate complex formed by FIiP, FliQ and FliR" (Fig. 4). Contributing
348 only 23 copies of RBM1-2 of total 34 to the formation of the inner core M ring would
349  possibly be to form the central hole of an appropriate size for the protein export gate to
350  efficiently assemble at the center of the MS ring. Thus, it is now clear that FIiF is folded into
351  two distinct conformations to build the MS ring structure with different symmetries in
352 different parts for its multiple functions. This was also suggested by the recent high-resolution
353  structures albeit their detailed features were unfortunately non-physiological ones possibly
354  due to the C-terminal truncations of FIiF'®. The folding and assembly of 34 FIliF subunits
355  forming the multi-symmetry structure of the native MS ring will be described elsewhere. It is
356 at least confirmed now that the MS ring and C ring are tightly bound to each other to act as a
357  rotor unit of the flagellar motor to generate and transmit torque to the rod, hook and filament
358  for bacterial motility.

359

360

361  Methods

362  Bacterial strains, plasmids and media

363  Bacterial strains and plasmids used in this study are listed in Table 1. L-broth and soft
364  tryptone agar plates were prepared as described previously28’34. Ampicillin was added at a
365  final concentration of 100 pg/ml.

366

367  Purification of the basal body
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368  Salmonella HK1003 [flgEA(9-20) AclpP::Cm] (CCW motor) and TMO022 [fIgEA(9-20)
369  AclpP::CmfliGAPAA®] (CW motor) mutant cells, in which the number of the basal body was
370  increased by the deletion of the ClpP protease”’, were grown in 5 1 of L-broth [1% (w/v)
371  tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl] at 37°C until the cell had reached a
372 late-logarithmic stage. The cells were harvested by centrifugation at 4,600 x g for 10 min. The
373 pellets were suspended in 240 ml of 50 mM Tris-HCI buffer at pH 8.0 containing 0.5 M
374  sucrose in an ice bath. EDTA and lysozyme were added to final concentrations of 10 mM and
375 0.1 mg'ml™’, respectively, and the mixture was stirred for 30 min to convert cells to
376  spheroplasts. Triton X-100 and MgSO, was added to the mixture to final concentrations of
377 1% and 10 mM, respectively. After stirring in the ice bath for 1 h, the mixture was centrifuged
378 at 15,000 x g for 20 min to remove insoluble debris. An aliquot of 5 M NaOH was added to
379  the supernatant to adjust pH to 10.5. The solution was centrifuged at 60,000 x g for 60 min,
380  and the pellet was suspended in a buffer containing 10 mM Tris-HCI pHS8.0, 5 mM EDTA and
381 1% Triton X-100. After repeating the above procedure twice, the basal body was purified by
382 sucrose density gradient centrifugation at 68,000 x g for 14 h. Fractions with 20-50% sucrose
383  were collected and centrifuged at 60,000 x g for 60 min. The pellet was suspended in Buffer S
384 (25 mM Tris-HCI pH 8.0, 1 mM EDTA, 50 mM NaCl) containing 0.05% Triton X-100 and
385  0.05% LMNG or Buffer I (50 mM Tris-HCI pH 8.0, 50 mM NacCl, 25 mM imidazole, 0.05%
386  Triton X-100 and 0.05% LMNG).

387

388 Overexpression of FliF and purification of theMSring

389  E. coli BL21 (DE3) strain carrying either pKOT112 (ref. 36) (for data set 1) or pKOT105 (ref.
390 37) (for data set 2) was grown overnight in 20 ml of a cell culture medium containing 0.1 g
391  tryptone, 0.05 g yeast extract, 0.05 g NaCl, 50 pg/ml of ampicillin and 30 pg/ml of
392 chloramphenicol in a shaker at 37°C. A 20 ml of overnight culture was added to a 2 1 of a cell
393 culture medium containing 10 g tryptone, 5 g yeast extract, 5 g NaCl, 50 pg/ml of ampicillin
394  and 30 pg/ml of chloramphenicol and the cells were grown in a 37°C orbital shaker (100 rpm)
395  until the culture density reached an OD600 of 0.5~0.7. An aliquot of 0.5 M isopropyl
396  B-D-1-thiogalactopyranoside (IPTG) was added to 2 L cell culture medium to a final
397  concentration of 0.5 mM, and the growth was continued in a 30°C orbital shaker (100 rpm)
398  for 4 h. The cells were collected by centrifugation at 4,600 x g for 10 min at 4°C. Harvested
399  cells were resuspended in 40 ml of a French press buffer (50 mM Tris-HCI1 pH 8.0, 5 mM
400  EDTA-NaOH, 50 mM NacCl) containing a protease inhibitor cocktail (Complete, EDTA-free)

401  and were disrupted using a French press at a pressure level of 10,000 psi. After cell debris and
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402  undisrupted cells were removed by centrifugation (20,000 x g, 20 min, 4°C), the crude
403 membrane fraction was isolated by ultracentrifugation (90,000 % g, 60 min, 4°C). The pellet
404  was solubilized in 40 ml of Alkaline buffer (50 mM CAPS-NaOH pH 11.0, 5 mM
405  EDTA-NaOH, 50 mM NaCl, 1% TritonX-100) by mechanical shearing with a 1 ml plastic
406  syringe with 20 gauge needle and was incubated at 4°C for 1 h. After insoluble material was
407  removed by centrifugation (20,000 x g, 20 min, 4°C), solubilized proteins were collected by
408  ultracentrifugation (90,000 x g, 60 min, 4°C). The pellet was resuspended in 3 ml of Buffer S
409  containing 0.1% Triton X-100 by mechanical shearing as above, and the sample was loaded
410 onto a 15-40% (w/w) continuous sucrose density gradient in Buffer C (10 mM Tris-HCl pH
411 8.0, 5 mM EDTA-NaOH, 1% TritonX-100) and spun by centrifugation in a swing rotor
412 (49,100 x g, 13 h, 4°C). Density fractions with a volume of 700 pl each were collected by a
413 gradient fractionator (BIOCOMP, NB, Canada) and a fraction collector and analyzed by
414 SDS-PAGE for a band of FIiF. Peak fractions were collected, and the MS ring was further
415 concentrated by ultracentrifugation (90,000 x g, 60 min, 4°C). The pellet was resuspended in
416 30 pl of Buffer S containing 0.05% LMNG.

417

418  Samplevitrification and cryoEM data acquisition

419  For the basal body sample, Quantifoil Mo 200 mesh R0.6/1.0 holey carbon grids (Quantifoil)
420  were glow discharged on a glass slide for 10 sec. A 2.5 pL aliquot of the sample solution was
421 applied to the grid and blotted by a filter paper for 3 s x 2 times with 2 sec drain time at 100%
422 humidity and 4°C. For the MS ring sample, Quantifoil Cu 200 mesh R0.6/1.0 holey carbon
423  grids were glow discharged on a glass slide for 30 sec. A 2.6 pul aliquot of the sample solution
424  was applied onto the grid and blotted by a filter paper for 7 sec at 100% humidity and 4°C,
425  The grids were quickly frozen by rapidly plunging into liquid ethane using a Vitrobot Mark
426 1III quick freezing device (Thermo Fisher Scientific). The grids were inserted into a Titan
427  Krios transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV, with
428  the cryo specimen stage cooled with liquid nitrogen. CryoEM images were recorded with a
429  Falcon II 4k x 4k CMOS direct electron detector (Thermo Fisher Scientific) at a nominal
430  magnification of x75,000 for the FIiF ring data 1, corresponding to an image pixel size of
431 1.07 A for high-resolution image analysis, or x59,000 for the FIiF ring data 2 and the basal
432 body, corresponding to an image pixel size of 1.4 A (Extended Data Table 2), using the EPU
433 software package (Thermo Fisher Scientific). Movie frames were recorded at a dose rate of 45

434 e/pix/sec over an exposure time of 2 sec. The total accumulated dose of 90 e¢/A* was
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435  fractionated into 7 frames. Image data sets of 1,589 (data set 1) and 806 micrographs (data set
436 2) were collected for the FIiF ring, and 1,589 (for 2D classification) and 18,256 (for 3D
437 reconstruction) micrographs for the basal body, using a defocus range between 1.0 and 3.0
438 pm.

439

440  Symmetry analysis of the M Sring of the basal body

441 Many of the basal body particles in cryoEM images showed end-on views. The particle
442 images were picked up using an in-house particle picking program applying a deep learning
443 method based on YOLO neural network™. About 2,000 particles were manually picked from
444 200 micrographs and were used for a training of the neural network. In total 34,896 particles
445  were extracted from 1,578 micrographs. 2D classifications were carried out using Relion-2.1
446 (ref. *). After 2™ 2D classification, class average images showing the rivet-like structure
447  with the MS ring and the rod were used for rotational symmetry analysis of the MS ring. The
448  outer part of the ring images was converted from Cartesian to polar coordinates, the
449  autocorrelation function was calculated, and the rotational symmetry was analyzed by Fourier
450  transformation (Extended Data Fig. 1b).

451

452 3D reconstruction of the basal body

453 The basal body in Buffer I was used for 3D structural analysis of the basal body. The particle
454 images were picked up using an in-house particle picking program as mentioned above. About
455 2,000 particles were manually picked up from 200 micrographs and were used for training. In
456 total 385,803 particles were extracted from 18,256 micrographs. 2D and 3D classifications
457 and 3D reconstruction were carried out using Relion-2.1 (ref. *°) or Relion-3.0 (ref. 40). We
458 used a 3D map of the basal body in a previous study® as the initial 3D model. After
459  subtracting the C-ring density, 275,548 good particle images were used to construct 3D
460  images in five classes. The two best 3D classes were individually refined and then merged for
461  the final 3D refinement. The final 3D map was reconstructed using 149,341 particles at a
462  resolution of 6.8 A.

463

464  Symmetry analysisof the C ring

465  CryoEM images of the wild-type (CCW) and CW mutant basal bodies were collected using a
466  JEM-3200FSC electron cryomicroscope (JEOL) equipped with a liquid-nitrogen cooled

467  specimen stage, an Q-type energy filter and a field-emission electron gun, operated at an
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468  accelerating voltage of 200 kV. The images were captured by an F415mp CCD camera
469  (TVIPS) at a magnification of 88,800x corresponding to a pixel size of 1.69 A, a defocus
470 range of 1.0-2.5 um and an electron dose of 40 /A, Defocus and astigmatism of the images
471 were determined using CTFFIND3 (ref. 42). To estimate the symmetry of the C ring, end-on
472 view images of the basal bodies were boxed out by BOXER™. The C ring part of each end-on
473 view image was converted from the Cartesian to polar coordinates, the autocorrelation
474 function was calculated, and the rotational symmetry was analyzed by Fourier transformation
475  (Extended Data Fig. 1c). The end-on view images with distinct rotational symmetries were
476 also classified, aligned and averaged to show the C ring images with different symmetries in
477  Extended Data Fig. 1c.

478

479 Image processing of the M Sring formed by overexpressed FliF

480  Image processing procedures of the MS ring are described in Extended Data Fig. 3 and 7. The
481  movie frames were aligned to correct for beam-induced movement and drift by MotionCor2
482 (ref. **), and the parameters of the contrast transfer function (CTF) were estimated by Getf™.
483 For the FIiF ring data set 1 with the outer M ring part disordered, in total 339,861 particle
484  images were automatically picked up from 1,589 micrographs using Gautomatch
485  (http://www.mrc-lmb.cam.ac.uk/kzhang/), and then 2D and 3D classifications were performed
486  using Relion-2.1 (ref. 39) and 3.0 (ref. 40) . Particle images from good 2D class average images
487  were selected for the initial 3D model using CryoSPARC2 (ref. “%). In total, 99,560 particles
488  from the best 3D class were subjected to ab initio reconstruction and hetero refinement, and
489  finally 38,889 particles from the best hetero refinement model were subjected to non-uniform
490  refinement with C34 rotational symmetry using CryoSPARC2 (ref. 46). The final refinement
491  yielded a 3D map with a global resolution of 3.70 A and a B factor of -197.5 A* according to
492 0.143 criterion of the Fourier shell correlation (FSC). The local resolution was estimated
493 using CryoSPARC2 (ref. 46). The processing strategy is described in Extended Data Fig. 3,
494 and the model refinement statistics in Extended Data Table 2.

495 For the FIiF ring data set 2 with the M ring part well ordered, in total 156,459 particle
496  images were automatically picked from 806 micrographs using Gautomatch
497  (http://www.mrc-Imb.cam.ac.uk/kzhang/), and 2D and 3D classifications were performed

498  using Relion-2.1 (ref. %

). Particle images from good 2D class average images were selected
499  for the initial 3D model using CryoSPARC2 (ref. ). In total, 18,883 particles from the best
500 3D class were subjected to 3D refinement with C1, C11 and C34 rotational symmetry using
501  Relion-2.1 (ref. *°). The final refinement and postprocessing yielded a 3D map with a global
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502  resolution and a B-factor of 12 A and -35 A% for C1, 9.0 A and -495 A% for C11 and 7.4 A and
503 -450 A? for C34, according to 0.143 criterion of the FSC. The processing strategy is described
504  in Extended Data Fig. 7, and the model refinement statistics in Extended Data Table 2.

505

506  Model building and refinement of the Sring structure

507  The atomic model of the S ring was constructed using Coot*’ and refined with real space
508  refinement based on the cryoEM map (EMD-30612) using Phenix*® under NCS constrains of
509  34-fold rotational symmetry and secondary structure restraints. The refinement statistics are
510  summarized in Extended Data Table 2.

511

512  Sitedirected mutagenesis

513  Site-directed mutagenesis was carried out using the QuickChange site-directed mutagenesis
514  method (Stratagene). All of the fliF mutations were confirmed by DNA sequencing. DNA
515  sequencing reactions were carried out using BigDye v3.1 (Applied Biosystems) and then the
516  reaction mixtures were analyzed by a 3130 Genetic Analyzer (Applied Biosystems).

517

518  Motility assays

519  We transformed a Salmonella fliF null mutant strain, TH12415 (AfliF), with pET22b-based
520  plasmids, and the resulting transformants were inoculated onto soft tryptone agar plates
521  containing 100 pg/ml ampicillin and incubated at 30°C.

522

523 Fractionation of cell membrane. Salmonella TH12415 cells harbouring an appropriate
524  plasmid were grown exponentially in 30 ml L-broth at 30°C with shaking. The cells were
525  harvested, resuspended in 3 ml PBS, and sonicated. After the cell debris was removed by
526 low-speed centrifugation, the cell lysates were ultracentrifuged (100,000 x g, 60 min, 4°C).
527 After carefully removing the soluble fractions, membranes were resuspended in 300 pl of
528  SDS-loading buffer and heated at 95°C for 3 min. After SDS-PAGE, immunoblotting with
529  polyclonal anti-FIiF or anti-FIiN antibody was carried out as described previously*®. An ECL
530  prime immunoblotting detection kit (GE Healthcare) was used to detect target bands.
531  Chemiluminescence signals were detected by a Luminoimage analyzer, LAS-3000 (GE
532  Healthcare).

533

534  Flagellar protein export assay.
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535  Details of sample preparations have been described previously49. Both whole cellular proteins
536  and culture supernatants were normalized to a cell density of each culture to give a constant
537  number of Salmonella cells. After SDS-PAGE, immunoblotting with polyclonal anti-FigD,
538  anti-FIgE or anti-F1iC antibody was performed.

539

540  invivo disulfide crosslinking

541  Salmonella TH12415 cells harboring pMMiF001, pMMiF008, pMMiF009 or pMMiFO011
542 were exponentially grown in L-broth containing 100 pg/ml ampicillin at 30°C with shaking.
543 Aliquots of the cultures containing a constant number of cells were centrifuged to harvest the
544  cells. The membrane fraction was prepared as described previouslySO. Disulfide crosslinking
545  were induced by adding iodine as described before®. After SDS-PAGE using 4-15%
546  Mini-PROTEAN TGX Precast gels (Bio-Rad), immunoblotting with polyclonal anti-FliG
547  antibody was carried out as described previouslyzg.

548

549  Data availability

550  The cryoEM volume has been deposited in the Electron Microscopy Data Bank under
551  accession code EMD-30612, EMD-30613, EMD-30360, EMD-30361, EMD-30363 and the
552 atomic coordinates have been deposited in the Protein Data Bank under accession code 7D84.
553  Other data are available from the corresponding author upon reasonable request.

554
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716

717 Fig. 1 Schematic diagram and cryoEM image analysis of the flagellar basal body. a, Schematic
718  diagram of the flagellar basal body. IM: inner membrane; PG: peptidoglycan layer; OM: outer

719 membrane. b, Representative 2D class average images in the first round. The upper row images show
720  end-on views of the MS ring with rod called rivet (see Extended Data Fig. 1a) except for the second
721 from the right; in the lower row, the two panels on the left show the rivet with the C ring attached. c,
722 Images showing the rotational symmetry of the S ring are extracted from the second round of 2D class
723 average of the rivet class images and magnified. The rotational symmetries obtained by image analysis
724  as shown in Extended Data Fig. 1 are indicated below, presenting direct evidence for the 34-fold

725  symmetry of the native MS ring. d, The rotational symmetry distributions of the C ring: CCW in yellow is
726  the wild-type motor in the CCW state (98 particles in total); and CW in blue is the CW-locked motor by
727 FliG APAA mutation (75 particles in total).
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729 Fig. 2 Structure of the S ring and collar of the MS ring formed by full-length FIiF. a,

730 Representative 2D class average images. b, Ca. ribbon representation of the RBM3 domain model

731  forming the S ring and collar in two orthogonal side views. ¢, CryoEM 3D image reconstruction of the S
732 ring and collar (left) and Ca. ribbon diagram of the atomic model (right) in end-on (upper) and side

733 (lower) views. d, Domain organization of Salmonella FliF, indicating the region forming the S ring and
734 collar. TM1 and TM2: transmembrane regions; numbers above the bars: residue numbers in the FliF
735 sequence.

736

23


https://doi.org/10.1101/2020.10.11.334888

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.11.334888; this version posted October 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

"R,

///a/ ‘

A\ 1252
1252 1263 A388 'L253

WT 1252A L253A
1252A L253A
1252R L253R V266R f
. L 1252A L253A V266A
30°C,8 h 44
c

AfliF - WT_ 1252A 1252R L253A L253R V266A V266R

S MSM S MSMSMSMSMSM

— — — — - o —=. | -4 FIiF

— — — T — T e, gy e T e s o, | < FIIN

e
rJP & & i
¢ FELFES ¢ FEEEES .
Cell Sup 1252R L253R L266R
|- s — ——— —.." r—p— . — I“FIgD
T — —— — _— IdFIgE o0
©
—-—— @ — e ,- - b qunc o = c’\,z,"'lr
h ; & & & &
I kpa ‘
wT 1 O W
250 i ' 11
. ' 1 1 4 .
150 !
-
1252C/ 1252C/ ' ' ;
H263C H263Y 100 ! g
1252C/ .!\Zlfgscé 0 a ! :
H263C <

v -

30°C, 7 h 30°C,7.5h
737

738 Fig. 3. Mutational analysis of conserved lle-252, Leu-253 and Val-266. a, Molecular interface
739 between FIliF subunits. lle-252, Leu-253 and Val-266 residues are located at an interface between FIliF
740 subunits. His-263 and Ala-388 are in close proximity to lle-252. b, Motility assay of Salmonella
741 TH12415 cells harboring pET3c (AfliF), pMMiF001 (WT), pMMiF002 (1252A), pMMiF003 (I1252R),
742 pMMIiF004 (L253A), pMMiF005 (L253R), pMMIiF006 (V266A) or pMMiF007 (V266R) in soft agar. The
743 plate was incubated at 30 °C for 8 hours. ¢, Membrane localization of the MS ring protein FliF and the C
744 ring protein FIiN. The membrane fractions of the above transformants were prepared after sonication
745  and ultracentrifugation. Then, the membrane fractions were subjected to SDS-PAGE and analyzed by
746 immunoblotting with polyclonal anti-FIiF or anti-FliN antibody. Positions of FliF and FIiN are indicated by

24


https://doi.org/10.1101/2020.10.11.334888

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.11.334888; this version posted October 11, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

747  arrow heads. d, Electron micrographs of cells of TH12415 cells harboring pET3c (AfliF), pMMiF001
748  (WT), pMMIiF002 (1252A), pMMIiF003 (1252R), pMMiF004 (L253A) or pMMIiF005 (L253R) and purified
749 hook-basal bodies isolated from WT, 1252A and L253A cells. e, Secretion assays. Whole cell proteins
750 (Cell) and culture supernatant fractions (Sup) were prepared from the above strains. An 8 pl solution of
751 each protein sample, which was normalized to an optical density of ODggp, was subjected to
752 SDS-PAGE, followed by immunoblotting with polyclonal anti-FIgD (first row), anti-FIgE (second row) or
753  anti-FIiC (third row) antibody. f, Negative-stain EM images of the MS rings isolated from the six FIliF
754  mutants. g, Motility assay of Salmonella TH12415 cells harboring pET3c (AfliF), pMMiF001 (WT),
755  pMMIF008 (1252C), pMMiF009 (H263C), pMMiF010 (A388C), pMMiF011 (1252C/H263C) or pMMiF012
756 (1252C/A388C) in soft agar. The plate was incubated at 30 °C for 7 hours. h, Isolation of
757 pseudorevertants from the 1252C/H263C mutant cells. Motility assay of Salmonella TH12415 cells
758  harboring pET3c (AfliF), pMMiFO01 (WT), pMMIF008 (1252C), pMMiF011 (12562C/H263C) or
759 pMMIiF011SP-1 (1252C/H263Y) in soft agar. The plate was incubated at 30 °C for 7.5 hours. i, Disulfide
760  crosslinking of FliF-FIiF interface. The membrane fractions were prepared from TH12415 cells
761 expressing wild-type FIiF FliF(1252C), FIiF(H263C) or FliF(1252C/H263C), and disulfide crosslinking
762  were induced by adding iodine. Then, each sample, which was normalized to an optical density of
763  ODggo, Was treated with N-ethylmaleimide, followed by non-reducing SDS-PAGE with a 4-15% gradient
764  SDS-gel and finally immunoblotting with polyclonal anti-FliF antibody. Oligomeric and monomeric forms
765  are indicated by red dots and an arrow, respectively. A blue dot presumably indicates FliF monomers

766 with an intramolecular disulfide bond. Molecular mass markers are shown on the left.

767
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Fig. 4 CryoEM structure of the 34-subunits MS ring with 23-fold and 11-fold subsymmetries. a, b,
End-on views of the S ring (a) and inner part of the M ring (b) of the basal body, showing the 34-fold
and 23-fold rotational symmetries, respectively. The dot- and rod-like densities at the center of the rings
represent the structure of the type Il protein export gate formed by FIiP, FliQ and FliR. ¢, 3D
reconstructions of the basal body (left) and the MS ring formed by full-length FIiF (right) in side (upper)
and end-on (lower) views. d, 2D class average image of the MS ring in end-on view, revealing the
11-fold rotational symmetry in the M ring. e, A central section of the MS ring density through the axis
(blue) is well superimposed on that of the basal body density, indicating the structural identity of the MS

ring formed by full-length FIiF with that of the basal body.
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Extended Data Fig. 1 CryoEM single particle 2D Image analyses of the basal body M
ring and Cring. a, 2D class average images of the basal body in the first round with
identification of the types of substructures schematically depicted below. b, The upper panel
shows the second round 2D class average for the images of the rivet class (pink boxes in a).
The rotational symmetry of the S ring was analyzed by image analysis described in the lower panels.
¢, Symmetry analysis of the C ring with end-on view images. The upper panel describes how
the image analysis is done, and the lower panels show C ring images of different rotational
symmetries. WT: the wild-type motor in the CCW state; and CW: the CW-locked motor by FliG APAA
mutation®. The image presented here are averages of many particles for easy recognition of their
symmetries, but the actual symmetry analysis was done with individual particle images used in a

previous study®.
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Extended Data Fig. 2 Purification of the MS ring formed by full-length FliF. a, The
sucrose gradient for purification of the MS ring with fraction numbers on the right. b,
SDS-PAGE band pattern of each fraction of the sucrose gradient shown in a. c,
Negative-stain EM image of the purified MS rings.
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811 by FIiF expressed from a plasmid pKOT112(ref. *°) (data set 1).

Extended Data Fig. 3 CryoEM single particle 3D image analysis of the MS ring formed

812
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Extended Data Fig. 4 CryoEM single particle 2D image analyses of the MS ring. Upper
three panels show 2D class average images of the MS ring in end-on views with slightly
different orientation, which all clearly indicate 34-fold rotational symmetry of the S ring and collar,

as analyzed by converting the images into the polar coordinates as shown in the lower panel.
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819

820  Extended Data Fig. 5 Structural comparison of the S ring and SpolllAG. a, the Sring; b,
821  SpolllAG (PDB ID: 5SWC3) in Co ribbon representation with rainbow color according to the
822  sequence from the N-terminus in blue to the C-terminus in red. ¢, Magnified views of part of
823  FIiF forming the collar above the S ring, as indicated by the square box in a.

824
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826  Extended Data Fig. 6 CryoEM single particle 3D image analysis of the flagellar basal

827  body focusing on the MS ring and rod.
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831  Extended Data Fig. 7 CryoEM single particle 3D image analysis of the MS ring formed

832 by FIiF expressed from a plasmid pKOT105 (ref. ) (data set 2).
833
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834

835
836

837

Extended Data Table 1. Strains and plasmids used in this study

Strains and Plasmids

Relevant characteristics

Source or reference

Escherichia coli

BL21 Star (DE3)

Salmonella
TH12415
HK1003
T™O022

Plasmids
pKOT105
pKOT112*
pET3c
pMMIiF001
pMMIiF001TH
pMMIiF002
pMMIiFO0TH
pMMIiF003
pMMIiF003TH
pMMIiF004
pMMIiF004TH
pMMIiF005
pMMIiF005TH
pMMIF006
pMMIiF006TH
pMMIiF007
pMMIiF007TH
pMMIiF008
pPMMIF009
pMMIiF0010
pPMMIFO011
pMMIiFO011SP-1
pPMMIF012

Over-expression of wild-type FliF and its

mutant variants

AfliF7355
flIgEA(9-20) AclpP::Cm
flgEA(9-20) AclpP::Cm fliGAPAA

pET3b / FliF

pET3b / FliF

Expression vector

pET3c / FliF

pET3c / FliF-TEV-His;

pET3c / FliF(1252A)

pET3c / FliF(I1252A)-TEV-His
pET3c / FliF(I1252R)

pET3c / FliF(1252R)-TEV-His)o
pET3c / FliF(L253A)

pET3c / FliF(L253A)-TEV-His
pET3c / FliF(L253R)

pET3c / FliF(L253R)-TEV-His)o
pET3c / FliIF(V266A)

pET3c / FliF(V266A)-TEV-His,
pET3c / FIliF(V266R)

pET3c / FliF(V266R)-TEV-His
pET3c / FliF(1252C)

pET3c / FliF(H263C)

pET3c / FliF(A388C)

pET3c / FliF(1252C/H263C)
pET3c / FliIF(1252C/H263Y)

pET3c / FliF(1252C/A388C)

Novagen

Kelly. T. Hughes
Hideyuki Matsunami

Ref. 13

Ref. 37
Ref. 36
GE Healthcare
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

*pKOT 112 was supposed to contain a sequence corresponding to a C-terminally truncated FliF
fragment (Ser-1to Asp-456) but the plasmid we received actually contained full-length FliF.
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838  Extended Data Table 2 CryoEM data collection, refinement and validation statistics

#1  FIiF  ring | #2 FliF ring (data2) #3 basal body
(datal) (EMDB-30363, EMDB-30361, | (EMDB-30613)
(EMDB-30612) | EMDB-30360)
(PDB 7D84)

Data  collection and

processing

Magnification 75,000 59,000 59,000

Voltage (kV) 300 300 300

Electron exposure 90 90 90

(e—/A%)

Defocus range (um) 1.0-3.0 1.0-3.0 0.5-3.5

Pixel size (A) 1.07 1.4 1.4

Symmetry imposed 34 1 | 11 | 34 1

Initial particle images (no.) | 339,861 156,459 385,803

Final particle images | 38,889 18,833 149,341

(no.)

Map resolution (A) 3,70 12.0 9.0 7.4 6.8

FSC threshold 0.143 0.143 0.143 0.143 0.143

Map resolution range (A) | 3.0-9.0

Refinement

Initial model used (PDB | -

code)

Model resolution (A) 42
FSC threshold 0.5

Model resolution range | 3.7-4.2

(A)

Map sharpening B factor

(A%

Model composition
Non-hydrogen atoms | 42,704

Protein residues 42,704
Ligands 0
B factors (A%)
Protein 90.68
Ligand -
r.m.s. deviations
Bond lengths (A) 0.009
Bond angles (°) 0.882
Validation
MolProbity score 1.96
Clashscore 4.82
Poor rotamers (%) 7.78
Ramachandran plot
Favored (%) 97.87
Allowed (%) 7.78
Disallowed (%) 0
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