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ABSTRACT The bacterial flagellum is a protein nanomachine essential for bacterial
motility. The flagellar basal body contains several ring structures. The MS-ring is em-
bedded in the cytoplasmic membrane and is formed at the earliest stage of flagellar
formation to serve as the base for flagellar assembly as well as a housing for the
flagellar protein export gate complex. The MS-ring is formed by FliF, which has two
transmembrane helices and a large periplasmic region. A recent electron cryomicro-
scopy (cryoEM) study of the MS-ring formed by overexpressed FIliF revealed a sym-
metry mismatch between the S-ring and inner part of the M-ring. However, the
actual symmetry relation in the native MS-ring and positions of missing domains
remain obscure. Here, we show the structure of the M-ring by combining cryoEM
and X-ray crystallography. The crystal structure of the N-terminal half of the periplas-
mic region of FliF showed that it consists of two domains (D1 and D2) resembling
PrgK D1/PrgH D2 and PrgK D2/PrgH D3 of the injectisome. CryoEM analysis revealed
that the inner part of the M-ring shows a gear wheel-like density with the inner ring
of C23 symmetry surrounded by cogs with C11 symmetry, to which 34 copies of
FliF5,_p, fitted well. We propose that FliFy,_p, adopts two distinct orientations in the
M-ring relative to the rest of FliF, with 23 chains forming the wheel and 11 chains
forming the cogs, and the 34 chains come together to form the S-ring with C34
symmetry for multiple functions of the MS-ring.

IMPORTANCE The bacterial flagellum is a motility organelle formed by tens of thou-
sands of protein molecules. At the earliest stage of flagellar assembly, a transmem-
brane protein, FliF, forms the MS-ring in the cytoplasmic membrane as the base for
flagellar assembly. Here, we solved the crystal structure of a FliF fragment. Electron
cryomicroscopy (cryoEM) structural analysis of the MS-ring showed that the M-ring
and S-ring have different rotational symmetries. By docking the crystal structure of
the FliF fragment into the cryoEM density map of the entire MS-ring, we built a
model of the whole periplasmic region of FliF and proposed that FliF adopts two
distinct conformations to generate three distinct C11, C23, and C34 symmetries
within the MS-ring for its multiple functions.

KEYWORDS bacterial flagellar motor, rotor, MS-ring, type Ill secretion

he bacterial flagellum is a filamentous organelle for locomotion in many bacterial
species. The flagellar filament is rotated by a motor embedded in the cell mem-
brane and functions as a screw to thrust the cell. The motor consists of the rotor and
several stator units (1, 2). The stator unit is a transmembrane complex of the MotA and
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FIG 1 CryoEM density map of the MS-ring. (A) Schematic diagram of the flagellar motor of the Gram-negative bacteria. The name of the structural parts
and the proteins are shown on left and right, respectively. The MS-ring (FliF) is colored in red. IM, inner membrane; PG, peptidoglycan layer; OM, outer
membrane. (B) Schematic representation of the primary structure of FliF. St-FIiF and Aa-FliF are FIiF from Salmonella sp. and A. aeolicus, respectively. TM,
transmembrane; RBM, ring building motif. (C) Surface representation of the cryoEM map of the purified MS-ring at 8.6-A resolution. Green, the S-ring; cyan,
the inner ring of the M-ring; pink, the middle region of the M-ring; yellow, the unstructured outermost region of the M-ring; gray, the unstructured

innermost plug region. The scale bar is 50 nm. (D) Vertical section of C.

MotB family proteins. The rotor is composed of the MS-ring and the C-ring (Fig. 1A).
The MS-ring is a transmembrane ring assembly of a single protein, FliF, and has a two-
tier ring structure; the S-ring is an upper ring located in the periplasm, and the M-ring
is a lower ring embedded in the inner membrane (3). FliF is a 60-kDa protein with a
large periplasmic region between two transmembrane helices (Fig. 1B) (4). The C-ring
is a cytoplasmic cup-like structure composed of FliG, FliM, and FliN proteins. The tor-
que is generated by the interaction between FliG and MotA and is transmitted from
the rotor to the flagellar filament through a drive shaft called the rod, followed by a
universal joint called the hook (Fig. T1A).

The MS-ring provides a base for the assembly of the flagellar structure. The C-ring is
attached to the cytoplasmic surface of the MS-ring through the interaction between
FliG and FIliF (5-7). The rod construction begins in the central hole of the MS-ring at its
periplasmic side, and thus, the proximal end of the rod is inserted in the MS-ring. The
filamentous part of the flagellum, including the rod, hook, and filament, is termed the
flagellar axial structure. The component proteins of the axial structure are translocated
across the inner membrane via the flagellar protein export apparatus, which is a mem-
ber of the type Ill secretion (T3S) family (8, 9). The MS-ring holds a transmembrane
region of the export apparatus in its central hole and therefore serves as housing for
the export apparatus (Fig. 1A). The flagellar formation is thought to be initiated by the
assembly of the type Ill export gate complex composed of FIhA, FIhB, FliP, FliQ, and
FliR with the help of the FliO scaffold (10), followed by the recruitment of FliF through
an interaction between FIliF and FIhA (11) to form the MS-ring around the export gate
complex (10). The export gate component proteins form partial gate complexes but
cannot assemble into the complete export gate complex without FliF, indicating that
the MS-ring stabilizes the export gate complex (10, 12).

The proteins of the flagellar basal body structure are homologous to the compo-
nent proteins of the T3S injectisome, a needle-like organelle of pathogenic bacteria
that delivers effector proteins into host cells for infection and pathogenicity (13). The
flagellar basal body proteins also show similarities to the component proteins of the
sporulation-essential channel (14, 15), which connects the mother cell and the fore-
spore in Bacillus subtilis. FIiF shares homology with the inner membrane ring compo-
nents of the T3S injectisome SctJ (also named as EscJ in enteropathogenic Escherichia
coli [EPEC] and PrgK in Salmonella SPI-1) and SctD (EscD in EPEC and PrgH in SPI-1) and
the Bacillus sporulation channel components SpolllAH and SpolllAG (14-18). Previous
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sequence analysis revealed that the periplasmic region of FliF has three ring-building
motifs (RBMs) (15), namely, RBM1, RBM2, and RBM3 (Fig. 1B), which are conserved in
Sct)/SctD, Sct)/SctD/SpolllAH, and SpolllIAG, respectively. X-ray crystallography and
electron cryomicroscopy (cryoEM) analyses of the Salmonella SPI-I injectisome have
revealed that PrgK and PrgH form a concentric double ring with 24-fold rotational sym-
metry in the periplasmic region of the basal body (18-21). The crystal structures of
SpolllAF and SpolllAH have shown a structural similarity to PrgK (16, 17, 22). The high-
resolution cryoEM structure of SpolllAG has revealed that SpolllAG forms a 30-fold
symmetrical ring with a unique cylindrical B-barrel structure (23).

Recently, partial structures of the periplasmic region of the MS-ring have been
determined at 2.6- to 3.3-A resolution by cryoEM image analysis of purified MS-rings
formed by recombinant FliF with some C-terminal truncations. (24). These structures
showed a variation in their subunit stoichiometry and revealed that the S-ring shows
C32 to C35 symmetry and consists of the C-terminal half of the periplasmic region of
FIiF, including RBM3. The S-ring comprises a globular domain forming a flat ring and
an extended chain, including long antiparallel B-strands forming a cylindrical collar
above the ring. The overall S-ring structure is similar to that of SpolllAG, albeit their
symmetries are different. In addition, 21 or 22 copies of RBM2 form a ring in the inner
part of the M-ring, and this is surrounded by 9 or 10 globular densities composed of
RBM1 and RBM2. However, a few copies of RBM2 and more than 20 copies of RBM1 are
missing in these structures, and the variation in the subunit stoichiometry is likely to
be an artifact due to C-terminal truncations of FliF because the MS-ring in the flagellar
basal body, as well as that formed by full-length recombinant FliF, showed only 34-fold
rotational symmetry (25). Moreover, the cryoEM analysis of the purified the flagellar ba-
sal body showed a C23 symmetry at the inner part of the M-ring (25). Therefore, the
roles and functions of the RBM domains in the MS-ring formation and entire flagellar
assembly remain obscure.

Here, we report the crystal structure of Aa-FliFss_ 5,5, which corresponds to the N-ter-
minal half of the periplasmic region of FIiF from Aquifex aeolicus, at 2.3-A resolution.
FliFsg_,5 is composed of two domains (D1 and D2), and they show structural similarity
to the corresponding domains of SctJ, SctD, and SpolllA. We constructed an atomic
model for the inner part of the M-ring by combining the crystal structure with low-re-
solution cryoEM maps of the MS-ring with the help of structural similarity to the ho-
mologous injectisome proteins. The model indicates that FliF subunits adopt two dis-
tinct conformations in the M-ring structure to generate multiple symmetries within the
ring. We also built a structural model of the entire periplasmic region of FliF by com-
bining with the S-ring model determined by high-resolution cryoEM analysis (25).
These results provide the structural basis of the flagellar assembly mechanism and the
evolutionary relation to the T3S injectisome and sporulation channel.

RESULTS

CryoEM analysis of the Salmonella MS-ring complex. We expressed and purified
the Salmonella MS-ring with FliG for single-particle cryoEM image analysis (see Fig. S1
in the supplemental material). Reconstruction of the MS-FIiG ring complex without
imposing any symmetries yielded an 8.6-A resolution map (Fig. 1C and D). The map
showed that the purified MS-ring consists of the following five regions: (i) the S-ring,
(i) the inner ring of the M-ring, (iii) the middle region of the M-ring with C11 symmetry,
(iv) the outermost region of the M-ring, and (v) the innermost plug region of the M-
ring (Fig. 1C and D, Fig. 2A). The maps of the outermost region and the innermost plug
region of the M-ring show a blurred density, which may include the transmembrane
region of FliF with detergent molecules. The overall view of the map is similar to that
of the MS-ring map reported recently (24), although the rotational symmetry of each
region is different. Unfortunately, the density corresponding to the FliG ring was
invisible.

Crystal structure of a FliF fragment corresponding to RBM1 and RBM2. Partial
atomic models of the MS-ring corresponding to the S-ring (RBM3) and the inner part of
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FIG 2 Structure of RBM1 and RBM2 of FliF. (A) The cryoEM surface map of the inner ring and the middle region of the M-ring with the central blurred
density. The top view, the side view, and the vertical section are shown in the left, the middle, and the right, respectively. The scale bar is 50 nm. (B) Ca
ribbon drawing of the crystal structure of Aa-FliFs, ,,;. The model is color coded from blue to red from the N to the C terminus. The structure consists of
two domains, namely, D1 (residues 58 to 122) and D2 (residues 123 to 213). (C to F) Comparison of the domain structures of Aa-FliF with those of PrgH
and PrgK. (G) The structure model of the inner ring (cyan) and the middle region (magenta) of the M-ring. The top view, the side view, and the vertical
section are shown in the left, the middle, and the right, respectively. (H) Superimposition of the D1 to D2 structure (pink) on the cryoEM map of the
middle region of the M-ring after applying the 11-fold symmetry averaging (gray mesh). (I) 8.6-A density maps of the middle region calculated from the D1
to D2 structure model.

the M-ring (RBM2,,,,.,) have already been determined based on high-resolution cryoEM
maps (24). The middle part of the M-ring (RBM2,,.,) has also been modeled using me-
dium-resolution cryoEM maps (24). However, RBM1 and a few copies of RBM2 remain
unknown and are required for understanding their roles in the M-ring function. To
build the atomic model of RBM1 and RBM2, we determined the crystal structure of a
FIiF fragment containing these two motifs. We initially tried to crystallize various frag-
ments of Salmonella FliF, but no crystal was obtained. Therefore, we prepared FliF frag-
ments from a thermophilic bacterium, A. aeolicus, and determined the crystal structure
of a fragment consisting of residues 58 to 213 (Aa-FliFs, ,,5) at 2.3-A resolution (Fig. 2B;
see Fig. S2A to E in the supplemental material; see Table S1 in the supplemental mate-
rial). The crystal belongs to the space group of H3 and contains two essentially identi-
cal molecules in an asymmetric unit (Fig. S2E) (the root mean square deviation for Ca
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atoms is 0.694). The structure of Aa-FliF.z 5,5 consists of two distinct domains corre-
sponding to RBM1 (D1; Pro58 to Ser122) and RBM2 (D2; Arg123 to Asp213) (Fig. 1B,
Fig. 2B). The D1 domain (FliFy,) is a compact globular domain composed of two a-heli-
ces (a1 and «2) and five B-strands (B1 to B5). B1, B2, and B3 form a core B sheet
flanked by the two a-helices and another B-sheet made up of 84 and B5. The D2 do-
main (FliFp,) is more elongated and consists of two a-helices (@3 and «4) and four
B-strands (86 to B8 and Bi). An intramolecular disulfide bridge is formed between
C147 and C182 at a pole of FliFy, but is not essential for the FliF function, as discussed
later. Aa-FliFs,_,,5 forms a dimer related by a pseudo-2-fold symmetry in the crystal,
and B4 and B5 form an intersubunit B sheet with Bi of the dimer mate (Fig. S2E and
F). However, the dimer is a crystal-packing artifact because FliF forms a ring structure,
and the 2-fold symmetrical dimer cannot be fitted in the cryoEM density, as shown
later. The overall structure of FliFy, is similar to the recently reported cryoEM structures
of RBM2;,,.., and RBM2, .., (24) (Fig. S2G).

FliF,, and FliF,, structurally resemble the components of the T3S injectisome.
Amino acid sequence analysis showed that FliF has structural motifs conserved in SctD
(PrgK in SPI-1) and SctJ (PrgH in SPI-1) of the T3S injectisome (15). The periplasmic
region of PrgK is composed of two domains, namely, D1 (PrgKy,;) and D2 (PrgK,,), and
that of PrgH is composed of three domains, namely, D2 (PrgH,), D3 (PrgHp;), and D4
(PrgHp,) (see Fig. S3A and B in the supplemental material). They form a concentric dou-
ble ring with C24 symmetry (the inner PrgK ring and the outer PrgH ring) (Fig. S3C).
We found that FliF,, shows structural similarity to both PrgKg, and PrgH,, (Fig. 2C and
D, Fig. S3D), although the N-terminal a-helix of FliFy, («1) is longer than the corre-
sponding helix of PrgH,,. FliF, resembles both PrgKy, and PrgHp;, which adopt a com-
mon RBM fold (Fig. 2E and F, Fig. S3D). These structural similarities suggest that the
D1-D2 region of FliF (FliFy,_p,) also forms a concentric double-ring structure in a way
similar to the PrgK-PrgH ring of the T3S injectisome.

Structure of the inner ring and the middle region of the M-ring. Aa-FliF,_,,;
shows an amino acid sequence identity of 44% with the corresponding region of
Salmonella FliF (St-FliFg, »,5) without any insertions and deletions (see Fig. S4A in
the supplemental material). Thus, we made a homology model of St-FliF,_,;5 based on
the structure of Aa-FliFsg_,,; and used this model to construct the M-ring structure. We
first built a tentative FIliF ring model by superimposing FliFy, and FliF, to the PrgK and
PrgH rings independently (Fig. S3D to F). The tentative ring model contains a total of
48 FliFp,_p, subunits, as follows: 24 subunits form the inner ring (fitted to the PrgK
ring), and the remaining 24 subunits form the surrounding ring (fitted to the PrgH
ring). The inner and outer diameters of the inner ring of the 24-mer model are compa-
rable to those of the cryoEM density for the inner M-ring with C23 symmetry in the
native Salmonella basal body (25), suggesting that the tentative 24-mer model has a
similar subunit arrangement to the inner M-ring. Therefore, we produced a 23-mer
model by applying a C23 symmetry operation to a subunit of the 24-mer inner ring
model and then fit it into the cryoEM density with C23 symmetry (EMD-30613) (25)
(Fig. S3G). The domain arrangement is similar to those in the recently reported
RBM2,,... ring models (24), although their symmetries are different, namely, C21 and
C22. To further examine the correctness of the subunit arrangement in the inner ring,
we replaced some residues of FliF at the subunit interface with cysteine and examined
oligomerization by SDS-PAGE, followed by immunoblotting (see Fig. S5 in the supple-
mental material). The H156C/S200C mutant produced higher-order oligomers by inter-
molecular disulfide bonds, and this result supports the subunit arrangement in the
inner ring model because H156 and S200 are close enough to form a disulfide bond in
the ring model.

The surrounding ring subunits of the tentative ring model overlapped with the
cryoEM density of the middle region of the M-ring, but its symmetry is C11. Thus, we
omitted 13 protomers and rearranged the remaining 11 protomers of FliFy,_p, in the
tentative surrounding ring by applying C11 symmetry (Fig. S3G). Then, we modified
the orientation of each domain by fitting it into the cryoEM density with 11-fold
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averaging (Fig. 2G and H, Fig. S3H to K). The final model of the inner ring and the mid-
dle region shows a gear wheel-like structure containing 34 copies of FliFy,_p,, as fol-
lows: 23 copies in the inner ring, and 11 copies in the middle region surrounding the
inner ring, where 11 copies are equiangularly positioned with a rather large empty
space between neighboring copies (Fig. 2G). FliFy,_p, in the middle region and FliF, in
the inner ring are well fitted into the cryoEM density of the MS-ring (Fig. 2H). However,
the density corresponding to FliFy,; in the inner ring is rather poor (Fig. 2A), maybe
because FliFy, of the inner ring is unstable without the export gate complex.

Functional analysis of a FliF chimera. To obtain functional evidence that supports
our ring model based on the Aa-FliF, 5,5 structure, we constructed a FliF chimera protein
with residues 58 to 214 of Salmonella FliF (St-FIiF) replaced by residues 56 to 212 of A.
aeolicus FIiF (Aa-FliF) (Fig. S4B) and expressed it in Salmonella AfliF cells. The deletion of
flif completely abolished motility in soft agar (Fig. S4C) because the flagellum was not
produced. Expression of Aa-FliF did not complement the motility defect of the Salmonella
AfliF mutant, whereas the expression of the FliF chimera restored the motility to a signifi-
cant degree (Fig. S4C). Salmonella AfiiF cells expressing St-FIiF labeled with green fluores-
cent protein (GFP) to its C terminus (St-FIiF-GFP) showed fluorescent dots mostly on the
cell surface, suggesting that expressed St-FIiF-GFP forms the MS-ring (Fig. S4D) (11).
Fluorescent dots also appeared on the cell surface of the Salmonella AfliF cells expressing
the FliF chimera labeled with GFP, although the number and intensity of the fluorescent
dots were less than those of St-FliF expressing cells (Fig. S4D), suggesting that the FIiF chi-
mera protein can form the MS-ring albeit not at the St-FIiF level. These results indicate
that the structures of Aa-FliFs, ,,5 and St-FliF¢,_,;5 are similar enough to be exchangeable.
We also observed that the C182A mutation, which disrupts the intramolecular disulfide
bridge between C147 and C182 in the D2 domain of Aa-FliF, did not affect the function
of FliF chimera (Fig. S4E and F), indicating that the disulfide bridge is not needed for the
MS ring formation in Salmonella.

The “i-loop” in FliF,, is required for assembly of the flagellar export gate
complex. In our M-ring model, a characteristic protruding loop connecting 86 and 87
and containing Bi (residues 157 to 170 in Aa-FliF and 159 to 172 in St-FliF) (Fig. 3A),
termed the i-loop, surrounds the hole of the inner ring (Fig. 3B). To investigate the role
of the i-loop in flagellar formation, we deleted residues 161 to 170 of St-FliF (FliF5;50,)
to see the phenotype. This deletion completely abolished cell motility and flagellation
(Fig. 3C and D). In contrast, fluorescent dots were found in Salmonella AfliF cells
expressing FliF,; .0, labeled with GFP at a similar level to that of the cells expressing
wild-type St-FliF-GFP (Fig. 3E). The MS-ring is essential for the assembly of the flagellar
protein export gate complex composed of FIhA, FIhB, FliP, FliQ, and FliR (11). FIhA
forms the homo-nonamer in the complex, and the deletion of fliF completely abolishes
the assembly of FIhA (11). Because the i-loop is adjacent to A174 and S175 of FIiF,
whose deletions are partially suppressed by extragenic suppressor mutations in the N-
terminal transmembrane domain of FIhA (see Fig. S6 in the supplemental material), we
analyzed the effect of i-loop deletion on the assembly of the FIhA ring. FIhA labeled
with yellow fluorescent protein (YFP) formed fluorescent dots in the cell expressing
wild-type FIliF, and the analysis of the fluorescence intensity revealed that FIhA forms
nonamer (12) (Fig. 3F), but no clear fluorescent dot was observed in the i-loop deletion
mutant (Fig. 3F). These results indicate that the i-loop is important for the FIhA assem-
bly within the MS-ring.

Structure of the periplasmic region of the MS-ring. We integrated the inner and
middle region of the M-ring model with the C34 S-ring model (PDB ID: 6SD4) and con-
structed the periplasmic structure model of the MS-ring (Fig. 4A to G). The MS-ring is
composed of the 34 FliF subunits in the native Salmonella basal body. FliFy,_, adopts
two distinct structures in the M-ring. The inner M-ring is formed by 23 copies of
FliF5,_p> (Fig. 4A) and is surrounded by 11 copies of FliFy,_p, in a distinct orientation
from those in the inner ring (Fig. 4B). These chains form the two conformationally dis-
tinct FliF subunit groups, forming the inner and middle region of the M-ring with 23-
and 11-fold symmetry, respectively, and are joined to form the S-ring and collar with
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D wild-type FIiF atoop E FliF-GFP FliF aitoop-GFP
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FIhA-YFP (AfliF) FIhA-YFP (FliFwid-type) FIhA-YFP (FIiF ai.i00p)

FIG 3 Effect of the deletion of the loop between B4 and B5 (i-loop). (A) Structure of D2 of Aa-FliF. The i-loop is highlighted in
magenta. The corresponding residue numbers of St-FliF are shown in parentheses. (B) The i-loops (red spheres) in the ring model. (C)
Swimming motility of Salmonella wild-type and FIiF ., mutant cells in the soft agar plate. The plates were incubated at 30°C for 9
h. (D) Electron micrographs of a Salmonella wild-type cell and a FliF ., mutant cell. (E) Subcellular localization of St-FIiF-GFP and St-
FliF 5;.1005"GFP. (F) Subcellular localization of FIhA-YFP in the flif null mutant, the wild type, and the FIiF mutant. Magnified views
of single cells are shown in the lower right of each image in E and F.

Ai-loop

34-fold symmetry (Fig. 4C to H). The distance between the C terminus of the S-ring and
the density of the outermost region of the M-ring are about 30 A. Therefore, the 13 res-
idues following the C terminus of the S-ring to the N terminus of FIiF TM2 should be
adopting an extended conformation.

DISCUSSION

The crystal structure of RBM1 and RBM2 together with the cryoEM structure of the
MS-ring, including a high-resolution structure of the S-ring (RBM3), revealed the peri-
plasmic part of the MS-ring structure. Our cryoEM analysis of the MS-FIiG ring complex
demonstrated that the MS-ring in the basal body is made up of 34 FIliF subunits and is
consistent with results of the recent cryoEM studies of the MS-ring formed by full-
length FliF and the MS-ring in the flagellar basal body (25). The S-ring with a cylindrical
collar is shaped like a boater hat with C34 symmetry, whereas the inner part of the M-
ring has a gear wheel-like structure consisting of the core C23 symmetry inner ring and
the C11 symmetry cogs surrounding it. Thus, the three RBMs of FliF subunits adopt
two distinct arrangements in the M-ring. FliF has two transmembrane helices and a
periplasmic region (FliF,) between them. FliF, contains three globular RBM domains,
namely, FliFy,, FliFy,, and FliFy;, and a long extended up-and-down structure (residues
268 to 382) including two antiparallel B-strands (Fig. 4H; see Fig. S7A in the supple-
mental material). The N-terminal half of FliF, containing FliFy, and FliF,, adopts the
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FIG 4 The structure model of the periplasmic region of the MS-ring. (A, B) The two distinct conformations of the FIiF subunit in the MS-ring. (A) The
structure of the FIiF subunit that forms the inner ring (A) and the middle region (B) of the M-ring and the S-ring. (C) Superimposition of A (cyan) and B
(magenta). (D to G) Structure of the periplasmic region of the MS-ring. The side view (D), the diagonal view (E), the bottom view (F), and the top view (G)
are shown in the same color profile as in C. The gray image in D is the vertical section of the cryoEM density map. (H) Arrangement and location of FliF in
the flagellar motor. The MS-ring is colored, and the others are shown in gray in the schematic drawing of the flagellar basal body. The primary structure of
FliF with the domain annotation is shown below the basal body. The ribbon model of FliF is overlaid on the left half of the MS-ring. The right half of the
MS-ring is colored as in the domain annotation of the primary structure. Green represents the C-terminal region of FliF from Thermotoga maritima (PDB ID:
5TDY) (40).

following two distinct domain arrangements in the M-ring: the inner 23 copies form
the inner ring and the remaining 11 copies surround the inner ring. The arrangement
of FliFp, in the inner ring resembles that of the D2 domain of the SctJ family proteins,
such as PrgK and EscJ (Fig. S7C and D). The C-terminal half of FliF, containing FliFp;
and the extended structure forms the S-ring and collar. The structure of FliFy; has a
common RBM fold and resembles FliFy, (Fig. S7A and Q). FliFp; forms a large ring struc-
ture with a similar domain arrangement to the inner ring as well as to the SctJ family
protein rings (Fig. S7A and D). The long antiparallel 3-strands in the extended structure
are vertically lined up to form a cylindrical collar with a 68-stranded B-barrel structure.
The overall structure of the S-ring resembles the SpolllAG structure (Fig. S7A and B),
although the number of the subunits and therefore the symmetry are different.
Recently, Johnson et al. have solved multiple cryoEM structures of the MS-ring with
a variation in subunit stoichiometry from 32 to 35 and found symmetry mismatch
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between the S-ring and M-ring (24). They mainly described the structure of the MS-
ring with C33 symmetry, which our previous work suggests is not the native MS-ring
structure in the basal body (25). But even in their model of the MS-ring formed by 34
copies of FIliF, the inner M-ring is composed of 22 copies of RBM2 and another set of
10 copies composed of both RBM1 and RMB2 is surrounding it, and therefore, two cop-
ies of RBM2 are missing. Although the orientation of each domain in their model is sim-
ilar to that of our model, the subunit stoichiometries and their azimuthal positions in
the inner and middle region of the M-ring are different. Our model contains a com-
plete set of RBM2 with 34 copies, as follows: 23 copies form the inner ring, and 11 cop-
ies form the outer surrounding densities of the middle region. Since we built our
model based on the cryoEM map of the basal body and the MS-ring formed by 34 cop-
ies of full-length FIliF, we believe that our model reflects the MS-ring structure of the
native flagellum. The MS-FIiG ring complex used for our cryoEM analysis of the MS-ring
was prepared from the cells expressing not only FliF and FliG but also the export appa-
ratus proteins. Therefore, the export apparatus proteins may be needed for FIiF to
form the 23- plus 11-subunit structure in the inner part of the M-ring even though they
were dissociated from the MS-ring during purification.

The 8.6-A cryoEM map of the MS-FIiG ring complex showed blurred densities in the
outer M-ring located below the periphery of the S-ring (Fig. 1C, colored yellow). This
density is thought to be formed by the TM2 and C-terminal cytoplasmic region of FliF
because the density disappears by truncation of these regions (4). The map also
showed another unassigned blurred density below the central hole of the inner M-ring
(Fig. 1C, colored gray) where the FIhA nonamer ring is supposed to be located in the
basal body, as observed by electron cryotomography (26). However, the MS-FliG ring
used to produce the map did not contain any export gate component proteins
because they fell off during the purification process. The blurred density is close to the
N terminus of FliF,; of the inner M ring model, and the density of FliFy, itself is also rel-
atively poor in the map. Therefore, the N-terminal region of FliF, including TM1 and
FliF,, of the inner M-ring, may form a disordered aggregate in the purified MS-FliG
ring. The export gate complex might be needed for the proper folding and arrange-
ment of this region.

The flagellar protein export gate complex, which comprises FIhA, FIhB, and the FliP/
Q/R complex, is expected to be accommodated in the central hole of the MS-ring (11).
The FliP/Q/R complex is needed for the assembly of FIhA into the export gate complex
(11). Deletion of the i-loop (residues 161 to 170) surrounding the hole of the inner ring
affected the FIhA assembly but not the MS-ring formation (Fig. 3), suggesting that the
i-loop interacts with the export gate complex. Recent cryoEM analysis of the injecti-
some proposed that the SpaP/Q/R complex, which corresponds to the flagellar FliP/Q/
R complex, is stuck in the central hole of the SctJ ring, which corresponds to the inner
ring of the M-ring (27-29). The SctJ subunits surround the middle of the bullet-shaped
P/Q/R complex. In addition, cross-linking experiments have revealed that Sct) directly
interacts with the P and R subunits of the complex (27). The inner diameter of the M-
ring is comparable to that of the FIiP/Q/R complex (27). Therefore, the i-loop of the
inner M-ring may directly interact with the FliP/Q/R complex and accommodate it in
the central hole. Thus, the FliP/Q/R complex may not be properly held in the inner M-
ring without the i-loop, resulting in the collapse of the export gate complex. The inner
M-ring shows a 23-fold rotational symmetry, whereas the FliP/Q/R complex is a helical
assembly of five FIliP, four FIiQ, and one FliR molecules. The flexible i-loop would be
needed to adjust the inner M-ring interface to the FliP/Q/R complex over the symmetry
mismatch.

A conserved A-S(A)-V(1)-X-V(L/I) motif in RBM2 of FIliF (ASVFL in residues 172 to 176
of Aa-FliF and ASVTV in residues 174 to 178 of St-FliF) is believed to be involved in the
interaction with FIhA because the nonflagellation phenotype caused by deletion of res-
idues A174 and S175 in Salmonella FliF was suppressed by mutations in and around
the transmembrane region of FIhA (Fig. S6C) (30). The A-S(A)-V(I)-X-V(L/I) motif is in
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strand B7 located at the interface to the neighboring subunit in the inner M-ring and
is far from the inner membrane in the MS-ring model (Fig. 3A and B), even if the mem-
brane is distorted around the basal body, as depicted in the model of the injectisome
basal body (27). Therefore, A174 and S175 do not seem to directly interact with FIhA.
The deletion of these two residues may change the size or shape of the central hole of
the inner M-ring to cause trouble in accommodating the export gate complex. The
suppressor mutations in FIhA may change the conformation of the export gate com-
plex to be fitted into the central hole.

The structure of FliFy, resembles that of FliFy;, PrgKy,, PrgHps, SpolllAF, and
SpolllAH and the globular domain of SpolllAG (Fig. S7). They share an a8 BaB motif
known as a common RBM. They all form ring structures of different sizes by different
numbers of subunits. FliF,, forms a 23-mer ring with an external diameter of about
16 nm. The external diameters of the PrgK 24-mer ring and the FliFy; 34-mer ring are
about 17 and 24 nm, respectively. They all share a similar domain orientation and simi-
lar neighboring subunit interaction surfaces to form the ring. The RBM domain of
SpolllAG forms a 30-mer ring with an external diameter of about 21 nm. The PrgHy;
ring is composed of 24 subunits, and its external diameter is about 24 nm. Although
the domain orientations of these two molecules in their rings are slightly different
from that of the FliFy, ring, they also use common interfaces for the neighboring subu-
nit interaction in the ring.

Our structural study has revealed the architecture of the periplasmic region of the
MS-ring in the native basal body structure. However, the structure and symmetry of
the transmembrane and cytoplasmic regions of the MS-ring remain unclear. The entire
structure of the MS-ring is still required to fully understand the mechanism of flagellar
assembly and the rotor function.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in
Table S2 in the supplemental material. The expression plasmids were constructed by PCR using DNA pri-
mers listed in Table S3 in the supplemental material. We cloned the full-length and various fragments of
the fliF gene from A. aeolicus (Fig. S2A). The FliF fragments were designed based on the motif and the
secondary structure prediction using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/). L121M/L195M muta-
tion in pNT32B and FIiF ,,4,_,,, mutation in pNT63 and pNT64 were introduced by the QuikChange site-
directed mutagenesis (Agilent, CA, USA). The transformation of E. coli and Salmonella was performed by
the heat shock method.

Expression and purification of the Salmonella MS-FliG ring complex. A total of 15 ml of the over-
night culture of Salmonella SJW1368 (A[cheW-flhD]) cells harboring pMKM20001 (pTrc99CES/FIhB +
FIhA + FliO + FliP + HA-FIiQ + FliR-FLAG-His + FliF + FliG) was inoculated into 1.5 liters of fresh 2x YT
medium (1.6% [wt/vol] Bacto-tryptone, 1.0% [wt/vol] Bacto-yeast extract, and 0.5% [wt/vol] NaCl) con-
taining 100 g ml~" ampicillin, and cells were grown at 30°C until the density reached an optical density
at 600 nm (ODy,,) of about 0.6. After 30 min of incubation at 4°C, the cells were grown at 16°C for 12
hours. Then, arabinose was added at a final concentration of 0.2% and incubated at 16°C for another 4
hours. Cells were harvested by centrifugation (6,400 x g, 10 min, and 4°C) and stored at —80°C. The cells
were thawed, resuspended in 55 ml 50 mM Tris-HCI (pH 8.0), 50 mM NaCl, and 5 mM EDTA and disrupted
by passage through a French pressure cell (FA-032; Central Scientific Commerce). The cell lysates were
centrifuged (20,000 x g, 15 min, and 4°C) to remove undisrupted cells. The supernatants were ultracen-
trifuged (90,000 x g, 1 h, and 4°C). The harvested membranes were suspended in 40 ml of 50 mM N-
cyclohexyl-3-aminopropanesulfonic acid (CAPS)-NaOH (pH 11.0), 50mM NaCl, 5mM EDTA, and 0.5%
N-dodecyl B-p-maltoside (DDM), followed by centrifugation (20,000 x g, 20 min, and 4°C), and finally
ultracentrifugation (90,000 x g, 60 min, and 4°C). Pellets were resuspended in 25 mM Tris-HC| (pH 8.0),
50 mM NaCl, 1 mM EDTA, and 0.1% DDM and incubated at 4°C for 1 hour. The solution was loaded at a
15% to 40% (wt/wt) sucrose density gradient in 25 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM EDTA, and
0.1% DDM. After ultracentrifugation (49,100 x g, 13 h, and 4°C), fractions containing FIiF and FliG were
collected; diluted with 7 volumes of 25 mM Tris-HCI (pH 8.0), 50 mM NaCl, T mM EDTA, and 0.1% DDM;
and ultracentrifuged (90,000 x g, 60 min, and 4°C). Pellets were resuspended in 30 ul of 25 mM Tris-HCI
(pH 8.0), 50 mM NaCl, 1 mM EDTA, and 0.1% DDM.

Sample vitrification and cryoEM data acquisition. Copper 200 mesh R0.6/1.0 holey carbon grids
(Quantifoil) were glow discharged on a glass slide for 30 s. A 2.6-ul aliquot of the sample solution was
applied to the grid and blotted by filter paper for 7 s at 100% humidity and 4°C. The grid was frozen by
rapid plunging into liquid ethane using a Vitrobot Mark Ill (Thermo Fisher Scientific, MA, USA). The grids
were observed by a Titan Krios FEG transmission electron microscope (Thermo Fisher Scientific) oper-
ated at 300 kV with the cryospecimen stage cooled with liquid nitrogen. CryoEM images were recorded
with a Falcon Il 4kby4k CMOS direct electron detector (Thermo Fisher Scientific) at a nominal
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magnification of x75,000 (image pixel size, 1.07 A) using the EPU software package. The movie images
were collected under a defocus range between 1.0 and 3.0 um with an exposure time of 2 s at a dose
rate of 45 e~ pix~' s (total accumulated exposure, 90 e~ A~2). Each movie image was fractionated into
7 frames.

Image processing of cryoEM data. The movie frames were subsequently aligned to compensate for
beam-induced motion using MotionCor2 (31), and the parameters for the contrast transfer function
(CTF) were estimated using Gctf (32).

A total of 461,944 particle images of the MS-FliG ring complex were automatically picked from 6,961
micrographs using Gautomatch (https://www2.mrc-Imb.cam.ac.uk/research/locally-developed-software/
zhang-software/#gauto), and two-dimensional (2D) and three-dimensional (3D) classifications were per-
formed using RELION-2.1 (33) or 3.0 (34).

Particles from good 2D classes were used for making the initial 3D model of the MS-FIiG ring com-
plex using cryoSPARC (35). A total of 53,522 particles from the best 3D class were subjected to 3D refine-
ment, which produced a reconstruction with a resolution of 8.6 A and a B-factor of —578 A2 for the C1
symmetry model and with a resolution of 6.1 A and a B-factor of —312 A2 for the C11 symmetry model.
We did not perform focused classification because the map resolution was not high and the total num-
ber of the particle images was not enough.

Expression and purification of Aa-FliF variants. E. coli BL21-CodonPlus(DE3)-RIPL carrying pNT30
to pNT37 was cultured in LB broth containing 50 ug ml~" ampicillin at 37°C to an optical density at
660 nm of 0.6 to 0.8 and cooled on ice for about 30 min. A total of 0.5 mM isopropyl-B-p-thiogalactopyr-
anoside (IPTG) was subsequently added to the culture, and the culture was prolonged for about 20 h at
16°C. Cells were collected by centrifugation (6,700 x g) and suspended in Tris-Sodium Chloride (TN)
buffer (50 mM Tris-HCI [pH 8.0] and 200 mM NaCl) containing cOmplete, EDTA-free reagent (Roche) and
lysozyme (Wako, Japan). The cells were then disrupted by sonication and centrifuged at 20,000 x g for
10 min to remove cell debris. The supernatant was ultracentrifuged at 100,000 x g for 30 min. All the FIiF
fragments were successfully expressed (Fig. S2B), and FliF s, 5, FliF,,,_,15, and FliF 5, 5,5 547 306 fragments
were highly soluble (Fig. S2B). The soluble fraction was mixed with Ni-nitrilotriacetic acid (NTA) agarose
(Qiagen, Germany) and then incubated on ice for 30 min with gentle mixing. The protein-bound agarose
was washed with TN buffer containing 50 mM imidazole, and the proteins were subsequently eluted
with TN buffer containing 400 mM imidazole. The protein was concentrated using an Amicon Ultra 10K
device (Merck Millipore, Germany), loaded on a size exclusion column (Superdex 75 10/300GL; GE
Healthcare, UK), and eluted with TN buffer. The peak fraction was collected and concentrated using an
Amicon Ultra 10K device. The expression and purity of the proteins were examined by SDS-PAGE.

The selenomethionine (SeMet) derivative FliF fragment was prepared from E. coli BL21-CodonPlus
(DE3) RIL-X carrying pNT32B. The cells were cultured in SeMet minimal medium (0.1% [wt/vol] NH,Cl,
0.3% [wt/vol] NH,PO,, 0.3% [wt/vol] Na,HPO,, 2% [wt/vol] glucose, 0.03% [wt/vol] MgSO,, 0.001% [wt/
vol] Fe,(SO,);, 0.001% [wt/vol] thiamine, and 0.005% [wt/vol] seleno-L.-methionine). The proteins were
purified in the same way as native FliF fragments.

Crystallization and X-ray data collection. Crystallization was carried out using the sitting-drop
vapor-diffusion method. Crystallization drops were prepared by mixing 0.5 | of about 10 to 30 mg ml ™'
His-FliF ;5,5 with 0.5 ul of the reservoir solution. Initial screening was carried out using the screening
kits Wizard classic | and Il, cryo | and Il (Emerald BioSystems, WA, USA), and crystal screen | and Il
(Hampton Research, CA, USA); and then the conditions were optimized. Crystals appeared within a
week. Because proteins rapidly agglutinate at room temperature, we performed crystallization in a
cold room (4°C). The best crystals were grown from the drop prepared by mixing 0.5 ul of 30 mg
ml~" protein solution with 0.5 ul of reservoir solution containing 100 mM Na/K phosphate (pH 6.2)
and 2.5 M NaCl.

The X-ray diffraction data were collected at synchrotron beamlines BL41XU and BL26B1 in SPring-8
(Harima, Japan) with the approval of the Japan Synchrotron Radiation Research Institute (JASRI) (pro-
posal no. 2016A/B2541 and 2017A/B2588). The crystals were directly transferred into liquid nitrogen for
freezing. The diffraction data were collected under nitrogen gas flow at 100 K. The diffraction data were
processed with MOSFLM (36) and scaled with AIMLESS (37). The diffraction data statistics are summar-
ized in Table S1. The experimental phase was calculated using the SAD data of the selenomethionine de-
rivative with the program PHENIX (38). The atomic model was built with Coot (39) and refined to 2.3-A
resolution with PHENIX (38) against the native crystal data of His-FliF.,_,,;. The refinement statistics are
summarized in Table S1.

In vivo disulfide cross-linking. Salmonella SJW1684 cells carrying pITH201 with/without mutations
were cultured in LB broth containing 50 mg ml~' ampicillin and 100 uM IPTG at 30°C, and a constant
number of cells were collected by centrifugation (13,000 x g) and suspended with nonreducing SDS
loading buffer, heated at 95°C for 5 min, and subjected to SDS-PAGE followed by immunoblotting using
a polyclonal anti-FliF antibody.

Soft-agar plate assay for motility. A total of 2 ul of an overnight culture was spotted onto Terrific
Broth (TB) soft-agar plates (1% [wt/vol] tryptone, 0.5% [wt/vol] NaCl, 0.25% [wt/vol] agar). The plates
were incubated at 30°C for the appropriate time as described in the figure legends. The assay was per-
formed at least three times to confirm the reproducibility of the results.

Observation of subcellular localization of FliF-GFP and FIhA-YFP with fluorescence microscopy.
The overnight cultures grown in LB broth were inoculated at a 100-fold dilution into TG broth (1% [wt/
vol] tryptone, 0.5% [wt/vol] NaCl, and 1% [wt/vol] glycerol) containing 100 uM IPTG and cultured for 4 h
at 30°C. Cells were harvested by centrifugation and resuspended in motility medium (10 mM potassium
phosphate [pH 7], 0.1 mM EDTA, and 85 mM NaCl). Then, the cells were loaded between a coverslip and
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a slide glass and incubated for 10 min to be attached to the coverslip surface. Unbound cells were
washed away by the motility medium. The cells were observed by a fluorescence microscope (BX53
[Olympus, Japan] for GFP and BX50 [Olympus] for YFP) equipped with a 100-W high-pressure mercury
lamp. Images were recorded using a digital charge-coupled-device (CCD) camera (Infinity2-1RM and
Infinity Capture [Argo Corporation, Japan] for GFP and ORCA-Flash4.0 and High-speed Recording
Software version 1.7.1.0 [Hamamatsu Photonics, Japan] for YFP).
Data availability. The atomic coordinate has been deposited in the Protein Data Bank (www.pdb
.org) under accession code 7CIK. The cryoEM maps have been deposited in the Electron Microscopy
Data Bank under accession codes EMD-30378 and EMD-30379. The coordinate data of the periplasmic

region model of the MS-ring are available from the corresponding authors on request.
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