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ABSTRACT The bacterial flagellum is a biological nanomachine that rotates to al-
low bacteria to swim. For flagellar rotation, torque is generated by interactions be-
tween a rotor and a stator. The stator, which is composed of MotA and MotB sub-
unit proteins in the membrane, is thought to bind to the peptidoglycan (PG) layer,
which anchors the stator around the rotor. Detailed information on the stator and
its interactions with the rotor remains unclear. Here, we deployed cryo-electron to-
mography and genetic analysis to characterize in situ structure of the bacterial fla-
gellar motor in Vibrio alginolyticus, which is best known for its polar sheathed flagel-
lum and high-speed rotation. We determined in situ structure of the motor at
unprecedented resolution and revealed the unique protein-protein interactions
among Vibrio-specific features, namely the H ring and T ring. Specifically, the H ring
is composed of 26 copies of FIgT and FIgO, and the T ring consists of 26 copies of a
MotX-MotY heterodimer. We revealed for the first time a specific interaction be-
tween the T ring and the stator PomB subunit, providing direct evidence that the
stator unit undergoes a large conformational change from a compact form to an ex-
tended form. The T ring facilitates the recruitment of the extended stator units for
the high-speed motility in Vibrio species.

IMPORTANCE The torque of flagellar rotation is generated by interactions between
a rotor and a stator; however, detailed structural information is lacking. Here, we uti-
lized cryo-electron tomography and advanced imaging analysis to obtain a high-
resolution in situ flagellar basal body structure in Vibrio alginolyticus, which is a
Gram-negative marine bacterium. Our high-resolution motor structure not only re-
vealed detailed protein-protein interactions among unique Vibrio-specific features,
the T ring and H ring, but also provided the first structural evidence that the T ring
interacts directly with the periplasmic domain of the stator. Docking atomic struc-
tures of key components into the in situ motor map allowed us to visualize the
pseudoatomic architecture of the polar sheathed flagellum in Vibrio spp. and pro-
vides novel insight into its assembly and function.

KEYWORDS bacterial flagellar motor, cryo-electron tomography, flagellar outer
membrane complex, nanomachine, protein-protein interactions

any bacteria swim in liquid environments or swarm on surfaces. Flagella are the
main organelles responsible for bacterial motility. Flagellar structure and function
have been well studied using peritrichous flagella of Salmonella spp. and Escherichia
coli. The flagellum is composed of three distinct parts, the filament, the hook, and the
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basal body (1, 2). The basal body functions as a reversible rotary motor composed of a
rotor and several stator units. The rotor, which penetrates both inner and outer
membranes, consists of a bushing, a rod, an MS ring, and a C ring. The bushing is made
up of the P ring at the peptidoglycan (PG) layer and the L ring at the outer membrane.
The structure made by the rings corresponding to the outer membrane is called the
flagellar outer membrane complex (FOMC). The basal body functions as a reversible
rotary motor with several stator units. The stator has an ion-conducting activity, and
torque is generated via changes in interactions between the rotor and the stator units
that that are induced by ion flow through the stator. In vivo studies using stators
labeled with fluorescent protein demonstrated that the stator units dynamically as-
semble into or disassemble from an active motor (3, 4). The ion conduction of the stator
is activated after the stator units are arranged and anchored around the rotor. The
stator unit is a heterohexamer of four A subunits and two B subunits, for example, MotA
and MotB for E. coli and PomA and PomB for Vibrio. The B subunit has a conserved PG
binding motif in its periplasmic OmpA-like domain. Thus, the stator unit is believed to
be bound to the PG layer (5-7), but the mechanisms of the stator anchoring and the
channel activation are still obscure.

Many bacterial pathogens, including Vibrio, Pseudomonas, Campylobacter, and He-
licobacter species, are equipped with a polar flagellum. Recent structural studies of
polar flagella have revealed that they are often equipped with extra ring-like structures,
which are not present in the peritrichous flagella, surrounding the L and P rings (8-11),
although their shapes and sizes vary between species (12, 13). Among bacteria with
polar flagella, Vibrio alginolyticus is a model organism to investigate both structure and
function of the sheathed polar flagellum (14, 15).

The Vibrio flagellar basal body has two Vibrio-specific features around the P ring, the
H ring and the T ring. The T ring is located beneath the P ring and is composed of MotX
and MotY (16, 17). MotY forms the main body of the T ring, while MotX is likely located
in the edge of the T ring. The T ring is known for its essential role in torque generation
and recruitment of the Vibrio stator unit, which is composed of four PomA and two
PomB subunits (16). MotX is suggested to interact with the periplasmic region of PomB
(PomB() (18), while MotY interacts with the basal body (17), presumably at the L/P rings.
The stator is believed to be bound to the T ring through the interaction between MotX
and the periplasmic domain of PomB. The H ring is a large ring-like structure surround-
ing the bushing and extends along the periplasmic face of the outer membrane. The H
ring is composed of FIgT, FIgP, and FIgO (12, 19, 20). FIgT stabilizes the T ring and is
important for torque generation (19, 21). FIgT and FIgO are required for the flagellar
penetration of the outer membrane (20). Thus, the H ring is important for flagellar
formation and bacterial motility.

Recent structural studies using cryo-electron tomography (cryo-ET) have revealed
the in situ architecture of the flagellar motor (22). The location of each component
protein in the H and T rings has been determined using various deletion mutants (9,
20). The density corresponding to the T ring shows a clear 13-fold symmetry (9). The
inner membrane-spanning densities around the rotor also have 13-fold symmetry,
suggesting that these densities correspond to the stators (12). However, the exact
location of the stator B subunit (PomB) and its interaction with the rotor are still
unknown. For further understanding of the flagellar assembly process, including the
incorporation and activation of the stator, high-resolution in situ structures will be
required.

Here, we analyzed in situ structures of the polar flagellar motor of V. alginolyticus by
combining time-resolved cryo-ET with genetic analysis. Subtomogram averaging en-
abled us to determine a higher-resolution structure and build a molecular model of the
Vibrio flagellar motor. We showed for the first time how the T ring interacts with the H
ring and recruits stator units. We also revealed key intermediates in polar flagellar
assembly. Altogether, our study provides novel insights into flagellar motor assembly
and function in V. alginolyticus.
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FIG 1 In situ Vibrio flagellar motor revealed by cryo-electron tomography together with the Volta phase plate. In
situ Vibrio alginolyticus flagellar motor structure obtained by cryo-ET. (A) Representative tomographic slice of a
three-dimensional (3D) reconstruction of strain KK148 showing cellular features in good contrast. (B) Zoomed-in
view shows the flagellar motor embedded in the outer membrane (OM) and inner membrane (IM). (C) Central slice
from a subtomogram average of the intact flagellar motor shows the H ring, T ring, and C ring. (D) A central slice
of the focused refined structure shows the T ring surrounding the L ring and P ring, which form the bushing part
of the flagellar motor. (E) Cross-section shows a novel ring with13-fold symmetry. (F) Another cross-section shows
the T ring with 26-fold symmetry. Bars, 200 nm (A), 20 nm (C), and 10 nm (D and E).

RESULTS

High-resolution in situ motor structure of the Vibrio sheathed flagellum. We
collected several hundred cryo-ET tomograms from cells of an flhG mutant (KK148) in
which multiple polar flagella are commonly found in cell poles (Fig. 1A and B). A total
of 3,020 subtomograms of flagellar motors were used to generate a high-resolution in
situ structure of the intact motor (Fig. 1C). Focused refinement was used to determine
a higher-resolution structure of the flagellar outer membrane complex (FOMC) (Fig. 1D
to F). There are 13 pairs of protrusions bridged by a globular density surrounding the
P ring. The 26 protrusions correspond to the T ring and attach to the densities of H and
P rings (Fig. 1D and F). The cross-section around the tip of the T ring shows globular
densities with 13-fold rotational symmetry (Fig. 1E).

Molecular architecture of the H and T rings in FOMC. To better understand the
FOMC structure in three dimensions, we took advantage of recent characterization of
the H and T rings (9, 12, 19-21) and crystal structures of FIgT and MotY, which are the
major components of the H and T rings, respectively (17, 19) (Fig. 2). The H ring is likely
composed of FIgO, FIgP, and FIgT (20). The in situ location of each protein is described
in Fig. S1 in the supplemental material according to previous and present cryo-ET
results from deletion mutants. FIgO is located in the outermost region of the H ring (20),
and FlgP is in the middle region of the H ring (12). FIgT is believed to form the
innermost region of the H ring (19-21). Indeed, 26 copies of the crystal structure of FIgT
fit well into the averaged cryo-ET map (Fig. 2D). FIgT is composed of three domains, an
N-terminal domain (FIgT-N), a middle domain (FIgT-M), and a C-terminal domain
(FIgT-C). FIgT-N is located near the L ring, and FIgT-M is adjacent to the P ring (19). As
FIgT-N has highly positively and negatively charged regions, their interactions between
two neighboring subunits appear to facilitate the formation of the innermost part of
the H ring (Fig. 2D). Importantly, the FIgT ring model is consistent with our previous
observation that FIgT-N contributes to the formation of the H ring. FIgT-M stabilizes the
T ring and interacts with the basal body (19).
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FIG 2 Molecular architecture of Vibrio-specific T/H rings. (A) Three-dimensional surface rendering of the
top parts of Vibrio flagellar basal body, including the O ring, outer membrane (OM), H ring, and T ring.
(B) Clipped view of panel A shows the L ring and the P ring in addition to the O ring, H ring, and T ring.
The location of the H-ring components is clarified based on the results from the current FIgT mutant and
the previous results. FIgO is labeled in deep green and located at the distal area of the H ring; FIgP is
labeled in light green and located in the middle area of the H ring. FIgT might directly locate outside the
P/L rings and on the top of the T ring. (C) A top view of panel A after removing the sheath and O ring
shows the hook, L ring, H ring, and T ring. An additional ring-like density underneath the T ring is shown
in a transparent purple. (D) Atomic models of FIgT, MotY, and MotX are docked into the cryo-ET density
map based on the 26-fold symmetry structure we solved (see Materials and Methods). Bar, 10 nm.

MotY is the main component of the T ring, and MotX is located in the edge of the
T ring (9, 16). The crystal structure of MotY consists of the N-terminal domain (MotY-N),
which interacts with MotX, and the C-terminal domain (MotY-C), which contains a
peptidoglycan binding motif (17). Twenty-six copies of the crystal structure of MotY fit
well into the T-ring density (Fig. 2D and Fig. S2). In this model, the putative pepti-
doglycan binding site of MotY-C faces to the peptidoglycan layer (Fig. S3) and is
adjacent to the FIgT-M domain, and MotY-N is located at the periphery of the T ring to
interact with MotX. Although the structure of MotX has not been determined, MotX has
a characteristic SEL1 repeat, a structural motif consisting of a repeat of a-helices that is
involved in protein-protein interaction, in its sequence (23). We built a putative
structure model of MotX in silico and fitted it in the protrusion density. From this work,
we determined the molecular architecture of the T ring, which is composed of 26 copies
of the MotX-MotY heterodimer.

Interaction between the stator and the T ring. Twenty-six copies of the MotX-
MotY heterodimer fit well into the T-ring density (Fig. 2), enabling us to clearly see the
extra densities with 13-fold symmetry (Fig. 1E and 2B and D). As MotX is known to
interact with the stator unit, we therefore speculate that the extra densities are formed
by part of the stator units. To test our hypothesis, we determined the motor structure
of the ApomA ApomB mutant and compared it with the wild-type (WT) motor structure
(Fig. 3). The globular density (black arrow in Fig. 3A) at the periphery of the T ring is
absent (arrow in Fig. 3B), suggesting that it is likely formed by the periplasmic domain
of the stator unit.

A functional stator unit is composed of four PomA and two PomB subunits (24).
PomB has a large periplasmic domain, whereas PomA has a cytoplasmic domain. The
crystal structure of the C-terminal periplasmic domain of the PomB (PomB,) dimer (6)
fits well into the globular density adjacent to the T ring (Fig. 3C to F). The structural
model revealed that each subunit of the PomB. dimer directly interacts with MotX of
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FIG 3 Identification of stator B subunit location and binding sites. (A) Two-dimensional (2D) slice of subtomogram-averaged structure
of the top part of the Vibrio motor in the KK148 strain. The components of the H ring have been labeled as FIgO, FIgP, and FIgT. The
black arrow shows an additional/uncharacterized density beneath the T ring. OM, outer membrane. (B) A 2D slice view of the averaged
structure of the top part of the Vibrio motor in KK148 ApomAB. The region indicated by the arrow shows the loss of density beneath
the T ring, suggesting that the cryo-ET density beneath the T ring is derived from the PomB protein. (C) The atomic structure of PomBg
was fitted into the 13 cryo-ET densities (purple) beneath the T ring. (D) Zoomed-in view shows a stator B unit within the dimer
directly interacting via a PG-binding site with 2 units of MotX located at the bottom of the T ring. (E, F) Superimposition of the
cryo-ET density map (mesh) and the atomic models of FIgT, MotY, MotX, and PomB. The models are shown as ribbon diagrams
and colored as in panel D.

the T ring through the putative peptidoglycan binding site, which includes the 82-a3
loop and the B3-a4 loop (Fig. S2). This peptidoglycan binding site of PomBc is fully
covered by the T ring density. Thus, our structure suggests that the Vibrio stator unit is
anchored to the T ring instead of to the PG layer. Furthermore, the distance between
the inner membrane and the periplasmic domain is about 15 nm, indicating that the
intact stator unit is about 20 nm in length from the top of the C ring to the bottom of
the T ring. It is considerably longer than the purified stator unit, which was believed to
adopt a compact conformation (25). The cryo-ET data are, however, consistent with our
previous model in that a large conformational change in the N-terminal region of
PomBc is required for anchoring the stator unit around the rotor (6).

The rotor is required for the interaction between the stator and the T ring. To
further validate our model that the stator-rotor interaction may trigger the conforma-
tional change of the stator unit to facilitate stator-T ring interaction, we specifically
analyzed the FOMCs that lack the MS ring and the rod, as they were commonly found
in various gammaproteobacteria (10, 26), including Pseudomonas aeruginosa and V.
alginolyticus (Fig. 1B). Cryo-ET analysis of the AflgO, AmotY mutants, and WT cells (Fig.
4) confirmed that the FOMCs are indeed composed of the H, T, L, and P rings. However,
there is no PomBc binding to the T ring, indicating that there is no direct stator-T ring
interaction in the absence of the MS ring and the rod. Therefore, we conclude that the
stator-rotor interaction triggers the stator conformational change from a compact form
to an extended form, as we proposed previously (27), which enables the specific
interaction between PomB. and MotX and the recruitment of the stator units around
the T ring. In addition, FOMC is rarely assembled without a flagellar rod. We found 137
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FIG 4 The flagellar outer membrane complex (FOMC) is composed of Vibrio T/H/O rings in addition to P/L rings.
(A) Representative slice of a tomogram from KK148 wild type (wt). (B) An averaged structure of FOMC from the
Aflgo mutant. The triangle indicates that the density on the distal area of the H ring is not visible due to absence
of the FIgO protein. (C) Averaged structure of the FOMC from the AmotY mutant. The triangle indicates that the
density of the T ring is lost due to deletion of the MotY protein. (D) Averaged structure of FOMC from KK148 (wt).
The FlgO of the H ring is labeled with a green triangle; the T ring is labeled with a yellow triangle. (E) Cross-section
view of the T-ring bottom. (F) A 3D surface rendering of the FOMC from KK148. The crystal structures of FIgT, MotY,
and MotX are well fitted into both the H and T rings. (G) Central-cut view of the structure shown in panel F showing
that, in addition to the T/H rings and the O ring, FOMC has P/L rings, together with a plug located inside the P ring.
(H) A —30° tilting view of the structure shown in panel F around the x axis, which shows that the plug is located
inside the P ring. (I) A 30° tilting view of the structure shown in panel F around the x axis reveals a smaller O ring
sealed with the outer membrane. IM, inner membrane; OM, outer membrane. Bars, 10 nm.

inner membrane complexes that include the MS/C rings, but only four FOMCs from the
271 particles picked from various rod mutants (Table 1). Thus, FOMC is not a product
of flagellar assembly but is a nonfunctional product that might come from flagellar
disassembly (26).

Time-coursed cryo-ET captures key intermediates of polar flagellar assembly.
To further understand the assembly process of the polar flagellum, we performed
cryo-ET analysis of the Vibrio cells in various growth stages. We observed the cells in the
lag phase or the early stage of the log phase in order to capture the initial and

TABLE 1 Observed flagellar basal body numbers in the rod dysfunction mutants

No. ofa:
Strain genotype Tilt series Tomograms IMCs FOMCs No. of IMCs + FOMCs
AflgB 13 11 32 0 32
MMgC, 82 72 49 4 53
AflgGy, 23 9 23 0 23
AflgF 63 49 33 0 33

alMC, inner membrane complex; FOMC, flagellar outer membrane complex.
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FIG 5 Flagellar ring formations captured by time coursed cryo-electron tomography. P/L rings assemble first, a Vibrio-specific T ring
composed of MotX and MotY is next, and then FIgT, FIgP, and FIgO assemble to form the H ring. O-ring formation is now ready for the
rod-hook transition. (A to E) Representative slice view of 3D tomograms showing different stages (from Stage_1 to Stage_5) during the
flagellar assembly. (F to J) Central section of the subtomogram-averaged structure from different stages. (K to O) Cartoon models of
structures shown in panels F to J. Bar, 20 nm.

intermediate states of the flagellar assembly process. We prepared fresh cultures of
KK148 cells with multiple polar flagella and of VIO5 cells possessing single polar flagella.
Cells were collected at time points of 20, 40, 80, and more than 180 min, and observed
by cryo-ET (Fig. S4 and S5). Five significantly different basal body structures were
obtained in the raw tomograms (Fig. 5A to J), which were named Stage_1 to Stage_5.
The rod is constructed in the periplasm, but no bushing structure is formed in Stage_1,
(Fig. 5A and F). In Stage_2, the P ring surrounds the rod (Fig. 5B and G). In Stage_3, the
T-ring density appears around the P ring, and a partial density of the H ring is visible
in raw tomograms (Fig. 5C and H). In Stage_4, the T ring and the H ring seem to be
completed, the outer membrane begins to swell, and the O-ring density appears (Fig.
5D and I). In Stage_5, the hook grows in the sheath. Taking these findings together, we
presented a plausible assembling sequence of the sheathed flagellum.

DISCUSSION

Vibrio-specific feature intimately associated with the L/P rings. Our high-
resolution cryo-ET map provided direct evidence that the T ring is composed of 26 units
around the P ring. The density corresponding to FIgT in the H ring has a 26-fold
rotational symmetry (Fig. 2A and C). The map resolved the subunits in the L/P rings of
the Vibrio motor with 26-fold rotational symmetry, indicating that the L/P rings consist
of 26 subunits of FIgH and Flgl, as shown for the L/P rings in the Salmonella flagellar
motor (11). Both T/H rings are tightly associated with the L/P rings, presumably
facilitating the interactions between the motor, the outer membrane, and the PG layer.
Our new pseudoatomic model of the T/H rings enables us to appreciate the striking
differences between the polar flagellar motor in Vibrio and the peritrichous flagellar
motor in Salmonella.
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Stator-rotor interaction triggers a large conformational change of the stator
unit and an interaction between PomB and MotX. It is believed that the Vibrio stator
is anchored to the PG layer through PomB, as suggested for the Salmonella motor (7),
because the periplasmic region of PomB (PomB.) has a conserved OmpA-like domain.
Also, PomB directly interacts with the T ring through MotX, and the interaction is
essential for proper incorporation of the stators into the motor (16, 18). The N-terminal
disordered region in PomB. was expected to be responsible for interaction with the T
ring (6). However, the high-resolution cryo-ET map with the superposition of the crystal
structure of the PomB. dimer clearly shows that PomB_ interacts with the tip of the T
ring through the putative PG-binding site. It seems that PomB. does not directly
interact with the PG layer. The structure of OmpA in complex with a PG analog (28)
(PDB identifier [ID] 3TD5) and the structure of Pal bound to a PG precursor (29) (PDB ID
2AlZ), demonstrated that the PG-binding site of the OmpA-like domain interacts with
the extended peptide region of PG but not with the sugar moiety. Thus, it would be
possible that the minor differences in the PG-binding site enable PomB to bind to an
extended loop in MotX instead of to the PG peptide. It is also possible that the PG
binding to PomB_ occurs at the lateral surface of the OmpA-like domain, whose binding
site is unmasked after the conformational change of PomB. to anchor around the
motor, as suggested for the Salmonella motor (7). In this case, the stator units are
anchored via not only the T ring but also the PG layer. Such a double anchoring system
would reinforce the stator to power high-speed rotation.

In either case, the large conformational change of the stator is required to facilitate
the interactions because the compact form of the stator is too short to reach the PG
layer or the T ring. In fact, despite the observed strong interaction between PomB. and
MotX in the intact motor, PomB. was unable to attach to the T ring in the absence of
the rod and the MS ring. Therefore, the rotor-stator interaction is required to trigger the
stator conformational change from a compact form to an extended form, as suggested
previously (6, 27).

FOMC is composed of flagellar T/H/P/L rings without a stator ring. Recently
several groups reported visualization of a flagellar basal body-like structure at the cell
pole in polar-flagellated systems (10, 26, 30, 31). The structure was absent in Pseu-
domonas aeruginosa mutant cells lacking the flagellar rod protein and was designated
FOMC (10). The FOMC as the bushing part of the flagellar motor would be the remnant
of flagellar disassembly (10, 26). A pioneering study revealed that Caulobacter species
eject a filament-hook-rod (FHR) complex when the cell differentiates from motile
swimmer cells into sessile stalked cells (32, 33). In the basal body of the Caulobacter
flagellum, the L/P rings would remain and embed in the outer membrane after FHR
ejection. The L/P rings are nonrotating parts of the flagellar motor. We showed that the
rod dysfunction mutant does not form an FOMC, suggesting that the FOMC observed
previously is the structure formed by the ejection of FHR.

Our previous work revealed that FOMC structures exist in Salmonella species (10).
Thus, FOMC would be a general product during flagellar disassembly. Similar FOMC
structures are visible in the Vibrio hyperpolar sheathed flagellar system (Fig. 4). The loss
of density of the FOMC in both figT and flgO mutants is the same as that in the case of
an intact motor structure in both mutants. The evidence supports the interpretation
that FOMC is derived from the flagellar system and that the remaining structures result
from ejection of FHR. While the 26 protrusions were clearly visible in the T-ring part of
FOMC, no additional density was observed beneath the T ring (Fig. 4), indicating that
no stator protein assembles around the FOMC. The interaction between the stator A
subunit and the rotor is expected to trigger the structural change of the stator B
subunit to anchor the stator (6). Since FOMC lacks the rotor, the stators cannot bind to
the T ring of FOMC.

Time-coursed cryo-ET enabled us to visualize many distinct flagellar subas-
semblies. We captured the subassembly of the MS ring with the C ring, which is similar
to the averaged structure of AflgF (Fig. 5; see Fig. S4 in the supplemental material). We
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TABLE 2 Strains and plasmids used in this study

Journal of Bacteriology

Strain or plasmid

Genotype or description?

Reference or source

Vibrio alginolyticus strains

VIO5 Rifr Pof* Laf~

KK148 VIO5 flhG (Pof* Laf~ multi-Pof)

NMB191 VIO5 ApomAB (Laf~ Mot™)

TH1 KK148 AmotX (multi-Pof Laf~ Mot™)

TH2 KK148 AmotY (multi-Pof Laf~ Mot™)

TH3 KK148 AmotXY (multi-Pof Laf~ Mot™)
TH7 KK148 AfigT (multi-Pof Laf~ Fla™)
NMB300 KK148 ApomAB (multi-Pof Laf~ Mot™)
NMB337 KK148 AflgO (multi-Pof Laf~ Fla™)
NMB352 KK148 AflgBc (s1_124) (Multi-Pof Laf~ Fla-)
NMB354 KK148 AflgCc (s6_130) (Multi-Pof Laf~ Fla~)
NMB356 KK148 AfIgFC (115242 (Multi-Pof Laf~ Fla~)
NMB357 KK148 AflgGy (g_140) (Multi-Pof Laf~ Fla™)

Escherichia coli strains

DH5« F~ ¢80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAT hsdR17(r~ my™)
phoA supE44 A~ thi-1 gyrA96 relA1
S17-1 Tp" Sm' F~ recA thi pro hsdR RP4-2(Tc:Mu-1 Km::Tn7) Apir
B3914 Km™ Em" Tc" 82163 gyrA462 zei-298:Tn10
Plasmids
pBAD33 Cm" Pgap
pSU41 Km' P,
pPMMB206 Cm' P,y Ppoe UVS
pSW7848 Exchange, oriVR6Ky oriTRP4 araC-Pg,n-ccdB
pHFAB pomA and pomB in pBAD33
pTSK155_2 AflgBc (51-124) in PSW7848
pTSK157_2 AflgCe (s6-130) IN PSW7848
pTSK160_2 AfIGFc (118242 In PSW7848
pTSK161_2 AflgGy (g_140) IN PSW7848

55

56

57

16

16

16

21

20

9

This study
This study
This study
This study

58

59
36

60
61
62
63
64
This study
This study
This study
This study

aRifr, rifampin resistant; Kmr, kanamycin resistant; Cmr, chloramphenicol resistant; Em", erythromycin resistant; Smr, streptomycin resistant; Tp’, trimethoprim resistant;
Tcr, tetracycline resistant; Pof+, normal polar flagellar formation; multi-Pof, multiple polar flagellar and/or basal body formation (hyperpolar flagella); Laf~, lateral
flagellar formation defect; Mot—, motility defect; Fla—, flagellar formation defect; P,,., lac promoter; P, tac promoter; Pg5p, arabinose promoter.

also captured the MS/C rings with the rod (Fig. 5A and F). The L/P rings were found to
be coupled to flagellar rod polymerization (Fig. 5B and G). Vibrio-specific T/H/O rings
assemble around the L/P rings (Fig. 5C, D, H, and I). Upon T/H ring complex completion,
assembly transitions from rod to hook, which might be coupled to sheath formation
with the help of the O ring (Fig. 5E and J). The hook acts as a ruler to sense its own
length for transition to filament assembly (34, 35). After the basal body, which includes
MS/C rings, rod, and P/L/T/H/O rings, is assembled, stator units are recruited and
assembled around the rotor.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth condition. Bacterial strains used in this study are listed in
Table 2. V. alginolyticus strains were cultured at 30°C in VC medium (0.5% [wt/vol] polypeptone, 0.5% [wt/vol]
yeast extract, 3% [wt/vol] NaCl, 0.4% [wt/vol] K,HPO,, 0.2% [wt/vol] glucose) or VPG medium (1% [wt/vol]
polypeptone, 3% [wt/vol] NaCl, 0.4% [wt/vol] K,HPO,, 0.5% [wt/vol] glycerol). If needed, chloramphenicol and
L-arabinose were added at final concentrations of 2.5 ug/ml and 0.02% (wt/vol), respectively. E. coli cells were
cultured at 37°C in LB medium (1% [wt/vol] Bacto tryptone, 0.5% [wt/vol] yeast extract, 0.5% [wt/vol] NaCl).
If needed, chloramphenicol and ampicillin were added at final concentrations of 25 ug/ml and 100 ug/ml,
respectively. Introduction of plasmids into Vibrio strains were conducted by electroporation, as described
previously (36). To delete the flg genes in V. alginolyticus, the upstream and downstream regions of the gene
were cloned into the suicide vector pSW7848, and homologous recombination to allow allelic exchange for
gene deletion was performed as previously described (37).

Sample preparation for cryo-ET observation. V. alginolyticus strains were cultured overnight at
30°C in VC medium and diluted 100-fold with fresh VC medium and cultured at 30°C at 220 rpm. After
5 h, cells were collected, washed twice with TMN500 medium (50 mM Tris-HCl at pH 7.5, 5 mM glucose,
5 mM MgCl,, and 500 mM NaCl) and finally diluted with TMN500 medium. Colloidal gold solution (10-nm
diameter) was added to the diluted Vibrio samples to yield a 10-fold dilution and then deposited on a
freshly glow discharged, holey carbon grid for 1 min. The grid was blotted with filter paper and rapidly
plunge-frozen in liquid ethane in a homemade plunger apparatus, as described previously (38). The
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samples of VIO5 and KK148 cells for time-coursed cryo-ET assay were prepared as described above. The
optical densities at 600 nm (ODg,) at different time points were monitored to make a growth curve.

Cryo-ET data collection and image processing. The frozen-hydrated specimens of KK148 and

relative mutants were transferred to a Titan Krios electron microscope (FEI) equipped with a 300-kV field
emission gun and a direct electron detector (Gatan K2 Summit). The images were collected at a defocus
near 0 um using a Volta phase plate and an energy filter with a 20-eV slit. The data were acquired
automatically with SerialEM software (39, 40). During data collection, the phase shift was monitored in
the range of ~pi/3 to pi2/3; when the phase shift was out of this range, the next spot of the phase plate
was switched to be charged for use. A total dose of 50 e~/A2 was distributed among 35 tilt images
covering angles from —51° to +51° at tilt steps of 3°. The starting tilting angle was +36° instead of 0°.
For every single tilt series collection, the dose-fractionated mode was used to generate 8 to 10 frames
per projection image. Collected dose-fractionated data were first subjected to the motion correction
program to generate drift-corrected stack files (41-43). The stack files were aligned using gold fiducial
markers, and volumes were reconstructed by the weighted back-projection method, using IMOD and
TOMO3D software to generate tomograms (44, 45).

Subtomogram analysis with i3 packages. Bacterial flagellar motors were detected manually using

the i3 program (46, 47). We selected two points on each motor, one point at the C-ring region and
another near the flagellar hook. The orientations and geographic coordinates of selected particles were
then estimated. In total, 3,020 subtomograms of Vibrio intact motors and 1,040 subtomograms of FOMC
from KK148 cells were used for subtomogram averaging analysis. For the subtomogram averages from
mutants, 20 subtomograms from AflgT were picked for the averaging process, and 423 subtomograms
from KK148 ApomAB were picked and analyzed. For the structural comparison of mutants, all of the
averaged structures were low-pass filtered to a resolution of 50 A. The i3 tomographic package was used
on the basis of the “alignment by classification” method with missing wedge compensation for

generating the averaged structure of the motor, as described previously (38).
Three-dimensional visualization and modeling. Tomographic reconstructions were visualized

using IMOD (44). University of California, San Francisco (UCSF) Chimera and UCSF ChimeraX software
were used for three-dimensional (3D) surface rendering of subtomogram averages (48, 49). For the
molecular modeling, the initial models of the FIgT monomer and the N-terminal and C-terminal domains
of the MotY and PomBc5 dimer were built from their X-ray crystal structures (PDB ID 3W1E, 2ZF8, and
3WPW) with remodeling using Coot and Rosetta Relax application (50, 51). The initial model of MotX was
built using the Robetta server (52). The structures were manually docked into the density map using
UCSF Chimera. The MotX/MotY dimer structure was optimized using the Rosetta Relax application. Rigid
body refinement was then performed using JiggleFit (53) in Coot. The final model was refined with the
real-space refinement program in Phenix (54).

Data availability. The cryo-ET map has been deposited in the Electron Microscopy Data Bank (EMDB)

under accession code EMD-21027, and the coordinate data containing the theoretical model of MotX are
available from the corresponding authors on request.
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