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Structure, Assembly, and Function
of Flagella Responsible for

Bacterial Locomotion
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ABSTRACT Many motile bacteria use flagella for locomotion under a vari-
ety of environmental conditions. Because bacterial flagella are under the
control of sensory signal transduction pathways, each cell is able to
autonomously control its flagellum-driven locomotion and move to an
environment favorable for survival. The flagellum of Salmonella enterica
serovar Typhimurium is a supramolecular assembly consisting of at least
three distinct functional parts: a basal body that acts as a bidirectional ro-
tary motor together with multiple force generators, each of which serves
as a transmembrane proton channel to couple the proton flow through
the channel with torque generation; a filament that functions as a helical
propeller that produces propulsion; and a hook that works as a universal
joint that transmits the torque produced by the rotary motor to the helical
propeller. At the base of the flagellum is a type lll secretion system that
transports flagellar structural subunits from the cytoplasm to the distal
end of the growing flagellar structure, where assembly takes place. In
recent years, high-resolution cryo-electron microscopy (cryoEM) image
analysis has revealed the overall structure of the flagellum, and this
structural information has made it possible to discuss flagellar assembly
and function at the atomic level. In this article, we describe what is
known about the structure, assembly, and function of Salmonella
flagella.

KEYWORDS bacterial flagellum, chemotaxis, cryoEM image analysis, energy coupling,
flagellar assembly, flagellar gene regulation, motility, torque generation, transmembrane
proton channel, type Il secretion system

The bacterial flagellum is a supramolecular protein complex with a strictly
defined morphology and is one of the organelles responsible for bacterial
locomotion under a variety of environmental conditions. Because the overall
structure of the bacterial flagellum and its mechanical function are highly con-
served among bacterial species, Escherichia coli and Salmonella enterica serovar
Typhimurium (referred to as Salmonella here) are considered model organisms
that provide deep insights into the structure, assembly, and function of the bacte-
rial flagellum (1, 2).
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FIG 1 The Salmonella flagellum. An electron micrograph of the flagellum isolated from
Salmonella (left) and its schematic diagram (right) are shown. The flagellum is divided
into at least three distinct functional parts: a basal body that is a bidirectional rotary
motor, a hook that functions as a universal joint, and a filament that acts as a helical
propeller. A hook-filament junction connects the hook and filament. A filament cap is
located at the tip of the filament and facilitates filament assembly. To construct the
flagellum beyond the cytoplasmic membrane, flagellar structural subunits are translocated
via a type III secretion system (fI'3SS) that is located at the base of the flagellum and
assemble at the tip of the growing structure. Several force generators surround the basal
body. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane.

The flagellum of Salmonella consists of about 30 different
proteins with copy numbers ranging from a few to tens
of thousands and is divided into three distinct functional
parts: a basal body, a hook, and a filament (Fig. 1 and
Table 1). The basal body is located within the cell en-
velope and functions as a bidirectional rotary motor
together with multiple MotAs-MotB, complexes, each
of which serves as a force generator. The Salmonella
flagellar motor is powered by a transmembrane elec-
trochemical gradient of protons (H*), namely, proton
motive force (PMF) (note that many motile bacteria such
as marine Vibrio and extremely alkalophilic Bacillus bacte-
ria use sodium ions [Na*+] to drive the rotation of their
flagellar motors, with the PomA;-PomB, complex in the
Vibrio flagellar motor and the MotPs-MotS, complex in
Bacillus). The hook and filament are present on the outside
of the cell body. The filament acts as a helical propeller that
generates thrust to propel the cell body, while the hook is
located between the basal body and the filament and func-
tions as a universal joint that transmits the torque pro-
duced by the rotary motor to the helical propeller (3-5).

Salmonella cells produce multiple flagella (typically about
5 to 10 per cell) from random locations on the cell surface.
Each rotary motor has a directional switching device that
allows it to rotate in both counterclockwise (CCW) (viewed
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from the flagellar filament to the motor) and clockwise
(CW) directions. When all of the motors rotate in the
CCW direction, long helical filaments form a bundle struc-
ture behind the cell body, generating enough thrust for the
cell to swim in a straight line. When one or more motors
switch the direction of rotation from CCW to CW, the
bundle structure is disrupted, allowing the cell to tumble
and change swimming direction. The switching device is
under the control of sensory signal transduction pathways,
allowing each Salmonella cell to sense changes in chemicals
in its environment and to move closer to stimuli that are
favorable for survival and away from those that are unfav-
orable (6).

Flagellar assembly begins with the basal body, followed
by the hook and, finally, the filament. To construct multiple
flagella on the cell surface of Salmonella, flagellar structural
subunits pass the cytoplasmic membrane via the flagellar
type III secretion system (fT'3SS) located at the base of
each flagellum, diffuse through a narrow central channel,
and assemble at the distal end of the growing flagellar
structure (Fig. 1). To terminate hook assembly and initiate
filament assembly at a specific stage of the hook structure,
the fT3SS transports a ruler protein secreted during hook
assembly, which not only measures the hook length but also
switches the substrate specificity of the fT'3SS (7, 8).
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TABLE 1 Proteins involved in the flagellation and motility of Salmonella

EcoSal Plus

Mol mass UniProt
Protein (kDa) Function(s) accession no.
Proteins involved in the structure
and assembly of the basal body rings
FliF 61.2 MS ring, rotor P15928
FliG 36.9 C ring, rotor, directional switch POA1J9
FliM 37.9 C ring, rotor, directional switch P26418
FliN 14.8 C ring, rotor, directional switch P26419
FlgH 22.4(24.7%) L ring, bushing POAINS
FlgI 36.3 (38.2%) P ring, bushing P15930
FlgA 21.3(23.6%) Periplasmic chaperone for P-ring assembly P40131
Proteins involved in the structure
and assembly of the flagellar axial
structure
FIiE 11.1 Proximal rod, structural adaptor that firmly connects the MS P26462
ring and rod
FlgB 15.1 Proximal rod P16437
FlgC 14.0 Proximal rod POA1I7
FlgF 26.1 Proximal rod P16323
FlgG 27.8 Distal rod POA1J3
FlgJ 34.4 Rod cap, muramidase P15931
FlgD 24.0 Hook cap POAII9
FIgE 42.2 Hook POA1J1
FliK 41.8 Secreted molecular ruler, export switch P26416
FlgkK 59.1 HAPI, hook-filament junction, structural adaptor connecting POA1J5
the hook and filament
FlgL 34.2 HAP3, hook-filament junction, structural adaptor connecting P16326
the hook and filament
FliD 49.8 HAP2, filament cap P16328
FliC 51.6 H1 flagellin, filament P06179
FljB 52.5 H2 flagellin, filament P52616
FliB 454 Lysine-N-methylase Q56106
Proteins involved in the structure
and assembly of the fT3SS
FIhA 74.8 Export gate complex, dual-fuel export engine, substrate P40729
recognition, export switch
FIhB 42.4 Export gate complex, substrate recognition, export switch, P40727
opening and closing of the export gate
FliO 13.1 Scaffold for the assembly of the FliP-FliQ-FliR complex POAIL1
FliP 24.5(26.8%) Export gate complex, polypeptide channel P54700
FliQ 9.6 Export gate complex, polypeptide channel POA1L5
FliR 28.9 Export gate complex, polypeptide channel P54702
FliH 25.8 ATPase ring complex, peripheral stalk P15934
Flil 49.3 ATPase ring complex, ATP hydrolysis reaction P26465
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TABLE 1 (Continued)
Mol mass UniProt
Protein (kDa) Function(s) accession no.
FliJ 17.3 ATPase ring complex, central stalk POA1K1
FIgN 16.0 Export chaperone specific for FIgK (HAP1) and FlgL (HAP3), POA1J7
translational control of FlgM
FliS 14.7 Export chaperone specific for FliC, negative regulation of FigM P26609
secretion
FliT 13.7 Export chaperone specific for FliD (HAP2), negative regulation POAIN2
of flagellar gene expression
Proteins involved in force
generation
MotA 32.1 Transmembrane proton channel, direct interaction with FliG P55891
for force generation as well as stator assembly around the
flagellar motor
MotB 34.2 Transmembrane proton channel, binding to the PG layer P55892
Proteins involved in the control of
gene expression
FIhC 21.6 Positive regulator of class 2 gene expression 052222
FIhD 13.0 Positive regulator of class 2 gene expression POA2R2
FliA 27.5 Flagellum-specific sigma factor (%) for class 3 gene expression POA2ES
FliZ 21.7 Positive regulator of flagellar gene expression P0A210
FlgM 10.6 Anti-sigma factor P26477
FjA 20.3 Repressor of FliC expression P52619
Hin 214 DNA invertase P03013

“Molecular mass of the precursor form before the cleavage of the signal peptide.

The overall structure of the flagellum has been revealed
by high-resolution cryo-electron microscopy (cryoEM)
image analyses (Fig. 2), so its assembly and mechanical
function are now being understood at the atomic level
(9-15). In this review article, we describe our current
understanding of the structure, assembly, and function
of the Salmonella flagellum.

THE FLAGELLAR STRUCTURE AND ITS
MECHANICAL FUNCTION

The bacterial flagellum is divided into five distinct struc-
tural parts: a basal body, a hook, a hook-filament junction,
a filament, and a filament cap. The basal body consists of
the C ring, the MS ring, the P ring, the L ring, and the rod.
The rod, the hook, the hook-filament junction, the filament,
and the filament cap are called axial structures of the flagellum
(Fig. 1). The basal body not only contains the fT3SS to con-
struct these axial structures beyond the cellular membranes
but also accommodates multiple force generators around the
MS ring to act as a bidirectional rotary motor (16, 17).

December 2023 Volume 11 lIssue 1

Structure and function of the flagellar basal body rings.
(i) MS ring. FliF is a transmembrane protein with two
transmembrane helices (TMHs) and self-assembles into
the MS ring in the cytoplasmic membrane (18, 19). The
MS ring is both the structural template for assembling
the C ring and the housing for the transmembrane export
gate complex of the fT3SS (20). Thus, the MS ring is the
base for flagellar structure, assembly, and function. The MS
ring had been believed to have 26-fold rotational symmetry
for a long time (21). However, recent high-resolution
cryoEM image analyses have shown that the MS ring in the
native basal body is formed by 34 FliF subunits (Fig. 3A)
(22-24). The lower half of the M ring is buried in the cyto-
plasmic membrane, and the S ring and the cylindrical collar
are exposed to the periplasmic space. The periplasmic do-
main of FIiF (FliFy) (residues 47 to 454) has three globular
domains, D1 (residues 60 to 124), D2 (residues 125 to 215),
and D3 (residues 228 to 270 and residues 382 to 438), and
a long, extended up-and-down structure, including two
antiparallel B-strands (residues 271 to 381). The S ring is
formed by 34 D3 domains of FliF, horizontally packed
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FIG 2 CryoEM structure of the Salmonella hook-basal body. Atomic
model of the Salmonella native hook-basal body structure in
C, ribbon representation (PDB accession number 7CGO). The
atomic model of the basal body consists of the MS ring (FliF) (slate
gray); the P ring (Flgl) (medium purple); the L ring (FlgH) (purple);
the polypeptide channel complex formed by FliP (cornflower blue),
FliQ (light blue), and FliR (navy blue); and the rod (light gray). The
hook (FIgE) (light green) is connected directly to the rod.

with their major axes oriented in the radial direction. The
long B-hairpins in the upper part of the collar are vertically
lined up to form a 68-stranded cylindrical B-barrel struc-
ture. Interestingly, the middle and inner parts of the M ring
show two additional distinct symmetries. The inner part of
the M ring is a flat ring with 23-fold rotational symmetry,
and the middle part just outside the inner core ring shows
a cog-like structure with 11-fold rotational symmetry, indi-
cating that the MS ring is formed by 34 FliF subunits with
two distinct conformations. Consistently, the crystal
structure of the D1 and D2 domains of FliF, derived from
Aquifex aeolicus adopts two distinct conformations (25, 26).
The FliP;s-FliQ,-FliR, complex of the fT3SS is located inside
the central pore of the inner-core ring of the M ring.
Therefore, it is likely that conformational changes in the
D1 and D2 domains of FliF; are important for creating a
central pore of a suitable size to accommodate the FliP;-
FliQ,-FliR, complex in the center of the M ring.

(ii) C ring. The C ring not only is part of the rotor of the
flagellar motor but also serves as a direction-switching device
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that allows the motor to rotate in both the CCW and CW
directions (27-29). FliG, FliM, and FliN assemble into the
C ring on the cytoplasmic surface of the MS ring (Fig. 4A)
(30, 31). The C ring has 34-fold rotational symmetry, as
does the MS ring (32-34). FliG consists of three distinct
domains, the N-terminal (FliGy), middle (FliGy,), and C-
terminal (FliG.) domains (Fig. 4B) (35). FliGc. is further di-
vided into three distinct parts: an N-terminal subdomain
(FliGcy), a C-terminal subdomain (FliGgc), and a flexible
hinge connecting these two subdomains. FliGy binds
directly to the C-terminal cytoplasmic domain of FliF
(36-38). Intermolecular interactions between FliGy and
FliGy and between FliGy; and FliG.y are responsible for
FliG ring formation (39-41). FliG¢c is directly involved
in the interaction with the force generator protein MotA,
not only in torque generation but also in the assembly of
the MotAs;-MotB, complex around the rotor (42, 43).
FliM is composed of an intrinsically disordered N-terminal
region (FliMy), a middle domain (FliM,,), and a C-termi-
nal domain (FliM). FliMc. is very similar in sequence and
structure to FliN (44, 45). FliM,; binds directly to FliG,; to
form a continuous wall of the C ring (46). FliM and FliN
form a doughnut-shaped heterotetramer with a stoichi-
ometry of 1 FliM: domain and 3 FliN subunits, and this
FliMc,-FliN,; complex forms a continuous spiral density along
the circumference at the bottom edge of the C ring (47).

Although the C-ring structures of purified CCW and CW
motors show 34-fold rotational symmetry, high-resolution
live-cell imaging techniques have shown that the copy
number of the FliM;-FliN; complex in the CCW motor is
about 1.3 times higher than that in the CW motor, indicat-
ing that in vivo, the CCW motor can accommodate more
FliM,-FliN; complexes in the C ring. Interestingly, switch-
ing the conformational state of the C ring from CCW to
CW induces the dissociation from several weakly bound
FliM,-FliN; complexes from the C ring. This adaptive
remodeling of the C-ring structure is thought to be critical
for the fine-tuning of the chemotactic response to tempo-
ral changes in the environment (48-51).

Sensory signal transduction pathways control how often
the flagellar motor switches rotation in response to tem-
poral changes in the environment (6). In Salmonella, the
C ring is placed in a default CCW state. The phosphoryl-
ated form of CheY (CheY-P), which acts as a chemotaxis
signaling molecule, binds with high affinity to FliMy and
with low affinity to FliM; and FliN in the C ring (52-54).
As a result, the C ring switches its conformational state
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FIG 3 Rotational symmetry of basal body rings. (A) Vertical section of the atomic model of the S ring
in C, ribbon representation (PDB accession number 7CGO). FliF self-assembles into the MS ring with 34-fold
rotational symmetry. The polypeptide channel complex with a stoichiometry of 5 FliP subunits, 4 FliQ
subunits, and 1 FliR subunit is located inside the MS ring. FliP (cornflower blue) and FliR (navy blue)
assemble into a helical structure inside the MS ring, and the central pore of the FliP.-FliR, complex serves
as a polypeptide channel that allows export substrates to be translocated across the cytoplasmic membrane.
(B) Vertical section of the atomic model of the LP ring in C, ribbon representation (PDB accession
number 7CGO). The P ring (Flgl) (medium purple) and the L ring (FlgH) (purple) together form a very
strong and stable ring complex with 26-fold rotational symmetry, and the LP ring acts as a molecular
bushing for high-speed rod rotation inside it. The central channel of the axial structure is a physical
pathway for the diffusion of the flagellar structural subunits in an unfolded conformation to the distal end
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of the growing flagellar structure.

from CCW to CW in a highly cooperative manner, allow-
ing the motor to rotate in the CW direction. FliG¢c con-
tains two conserved residues, Arg281 and Asp289, involved
in the interaction with the MotA protein (Fig. 4B) (55, 56).
The hinge connecting FliGey and FliGq has a flexible na-
ture at the well-conserved MFXF motif, allowing FliG. to
rotate 180° relative to FliGqy to reorient the Arg281 and
Asp289 residues in FliG: (Fig. 4C) (57). It has been
reported that the binding of CheY-P to the C ring induces
a tilting movement of FliMy,, resulting in the rotation of
FliGc relative to FliGey (58). Thus, the MFXF motif is
likely to serve as a gear changer of the flagellar motor.

FliG has two helix linkers, named Helixy,; and Helixyc
(Fig. 4B) (35). Helixy connecting FliGy; and FliGey is
located at the interface between FliG,; and FliM,, and sta-
bilizes the FliGy-FliMy; interaction (Fig. 4D) (46, 59).
Helixyc also interacts with Helixyy connecting FliGy and
FliG,,; (35). Mutations located in and around the Helixyy
and Helixyc linkers result in an unusual switching behavior
of the flagellar motor, suggesting that these two helix
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linkers are involved in the directional switching of the flag-
ellar motor (29, 60). In-frame deletions of three residues,
Prol69, Alal70, and Alal7l, in the extreme N-terminal
region of Helixyc (CW-locked deletion) lock the motor into
the CW state without CheY-P (61). The crystal structure of
the FliGy; and FliG. domains with the CW-locked deletion
has shown that the CW-locked deletion not only induces
conformational rearrangements of Helixyc but also rotates
FliGc relative to FliGey (Fig. 4D) (62). A homology
model of Salmonella FliG built based on the crystal struc-
ture of FliG derived from A. aeolicus suggested that
Thr103 of Helixyy; makes hydrophobic contacts with
Pro169 and Alal73 of Helixy (Fig. 4B) (63). The T103S
mutation in Helixy,, causes a strong CW switch bias (29),
suggesting that a change in the Helixyy-Helixyc interac-
tion mode is required for FliGo: to rotate relative to
FliGy. Since the CW-locked deletion causes the dissocia-
tion of Helixy,c from the FliGy-FliMy, interface (Fig. 4D)
(64), the binding of CheY-P to FliM and FliN in the C ring
causes a conformational change at the FliGy-FliM,, inter-
face, not only dissociating Helixy; from the interface but
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FIG 4 Structure of the C ring. (A) CryoEM image of the Salmonella basal body and its schematic
diagram. The cryoEM image of the basal body in the left panel is modified from references 17 and 34
and is used here to provide a visual reference for the schematic diagram shown in the right panel. The
basal body consists of the C ring, the MS ring, the P ring, the L ring, and the rod. There is no MotA,-
MotB, complex in the purified basal body (left), but multiple MotAs-MotB, complexes are present around
the MS-ring-C-ring complex and function as force generators for the flagellar motor (right). The C ring is
composed of FliG, FliM, and FliN. The N-terminal domain of FliG (FliGy) binds to the C-terminal
cytoplasmic domain of FliF (FliF.) to form the FliG ring on the cytoplasmic face of the MS ring. The C-
terminal domain of FliG (FliG.) is located in the upper part of the C ring. The middle domain of FliM
(FliM,,) is located between the middle domain of FliG (FliG,;) and FliN and forms a continuous wall of
the C ring. The continuous spiral density at the bottom edge of the C ring is made of the C-terminal
domain of FliM (FliM.) and FliN. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic
membrane. (B) Homology model of Salmonella FliG built based on the crystal structure of FliG
derived from Aquifex aeolicus (PDB accession number 3HJL). The C, backbone is color-coded from
blue to red, going through the rainbow colors from the N to the C termini. FliG consists of three distinct
FliGy, FliG,;, and FliG; domains and two helix linkers named Helix,,, and Helix,,.. FliG. is divided
into two distinct FliGy and FliG.. subdomains. The highly conserved Arg281 and Asp289 residues in
FliG.. are responsible for interactions with the cytoplasmic domain of the MotA;-MotB, complex. The
conserved MFXF motif allows FliG¢ to rotate 180° relative to FliG.y. Thr103 in Helixy,, interacts with
Prol69 and Alal73 in Helixyc. In contrast to the wild-type motor that is placed in a default CCW state,
the in-frame deletion of three residues, Pro169, Alal70, and Alal71, locks the flagellar motor in the CW
state. (C) Two distinct conformations of the FliG. domain. Two distinct homology models of Salmonella
FliG. were built based on the structures of Helicobacter pylori FliG. under PDB accession numbers 3USY
(green) and 3USW (cyan). Conformational rearrangements of the conserved MEFXF motif induce a
180° rotation of FliG. relative to FliGy to reorient the Arg281 and Asp289 residues. (D) Structural
comparisons between the wild-type FliG,, fragment composed of FliG,;, Helixyc, and FliG. (green)
and its CW-locked variant (cyan). Homology models of the wild-type FliGy,c-FliMy, complex and
the CW-locked form of FliG,,. were built based on the FliG,,/FliM,, complex (PDB accession number
4FHR) and the CW-locked FliG,. variant (PDB accession number 3AJC) derived from Thermotoga
maritima, respectively. The FliG,, domain of the CW-locked variant is superimposed onto that of
the FliGy/FliMy, complex. Helixy (magenta) is located at the interface between FliG,, and FliM,
(dark gray). In contrast, the CW-locked deletion not only induces a distinct orientation of Helixy,c
relative to the FliGy-FliMy, interface but also goes through a 90° rotation of FliG.
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also affecting the Helixyy-Helixyc interaction significantly.
As a result, the C ring switches its conformational state from
CCW to CW.

(iii) LP ring. The periplasmic protein Flgl assembles
into the P ring within the peptidoglycan (PG) layer, and
the lipoprotein FlgH forms the L ring within the outer
membrane. The P ring and the L ring together form a
cylindrical architecture with 26-fold rotational symme-
try (Fig. 3B). The LP ring is very stable against various
chemical treatments due to the complex intersubunit
interactions of each subunit with up to six partners in
the LP-ring structure. Because both the outer surface of
the rod and the inner surface of the LP ring are very
smooth and form a small gap between them that is large
enough to accommodate one or two layers of water
molecules in most of their interfaces, the LP ring can
serve as a molecular bushing for the high-speed rotation
of the rod acting as a driveshaft of the flagellar motor.
The inner surface of the LP ring is charged both nega-
tively and positively, whereas the outer surface of the
rod is negatively charged, suggesting that both repulsive
and attractive forces maintain the position of the rotat-
ing rod at the center of the LP ring (22, 23, 65).

FlgH and FlglI are synthesized as precursors with cleav-
able N-terminal signal peptides, which are cleaved as
they pass through the cytoplasmic membrane (66). Flgl
has an intramolecular disulfide bond, and the formation
of this disulfide bond promotes the rapid protein fold-
ing of each Flgl monomer and protects it from degrada-
tion in the periplasmic space (67). The FIgl monomer
requires the FIgA chaperone to assemble around the
rod to form the P ring (68, 69). The P52L mutation in
the distal rod protein FlgG not only produces abnor-
mally elongated rods, called polyrods, but also allows
the formation of many P rings around the polyrods
(70). This suggests that the interaction between FlgG
and Flgl must be properly controlled during P-ring for-
mation around the rod. Two highly conserved residues,
Lys63 and Lys95, of FlgI are located at the inner surface
of the P ring and directly face a negative-charge cluster
on the outer surface of the rod. Mutational analyses of
these two Lys residues have shown that both Lys63 and
Lys95 of Flgl are critical for efficient P-ring formation
around the rod. These observations suggest that Lys63
and Lys95 of Flgl are essential for the initial binding of
FlgI to the rod surface to form the P ring (65). Since the
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L ring is not formed in flgl-null mutants, FlgH apparently
requires P-ring formation around the rod to assemble into
the L ring within the outer membrane. Because the P ring
is tightly attached to the rod until the L ring is assembled
above it, the interaction between FIgH and Flgl seems likely
to cause conformational changes on the inner surface of
the P ring (71, 72). As a result, the LP ring is free from the
rod and acts as a bushing for the rapid and stable rotation
of the rod with little friction (65).

Structure and function of the flagellar axial structure.
Flagellar axial proteins have a common structural motif
at their N and C termini that forms an a-helical coiled
coil in the inner-core DO domain, and strong hydro-
phobic intermolecular interactions between these coiled
coils make the axial structure mechanically stable (Fig. 5A).
These terminal regions are intrinsically disordered in their
monomeric state, preventing spontaneous assembly at
inappropriate times and places. The rod (composed of FliE,
FlgB, FlgC, FIgF, and FIgG), the hook (FIgE), the hook-fila-
ment junction (FIgK and FIgL), and the filament (FliC or
FljB) form a helical tubular structure consisting of 11 proto-
filaments. The basic helical line that passes through all of
the subunits is called the 1-start helix, and there are approxi-
mately 11 subunits per 2 turns of the 1-start helix (Fig. 5B).
In contrast, the filament cap has 5-fold rotational symmetry

(Fig. 6) (73).

(i) Rod. The rod is straight and rigid and acts as a drive-
shaft of the flagellar motor. The rod is divided into two
structural parts: a proximal rod with a stoichiometry of
6 FIiE, 5 FlgB, 6 FlgC, and 5 FIgF subunits and a distal rod
consisting of 24 FlgG subunits (Fig. 7A) (22, 23, 74). For
the construction of the proximal rod, FIiE first assembles
directly on the tip of the FliPs-FliR; complex of the fT3SS
to form the FIiE zone with helical symmetry (Fig. 7B). FIiE
is composed of three a-helices, @1, a2, and «@3. Helices a2
and a3 of FliE form an a-helical coiled coil in the inner-
core DO domain, and each DO domain of FIiE binds to the
FliP or FliR subunit. (Note: when FIiE binds to FliR, helix
a2 is invisible, suggesting that helix a3 does not form a
coiled coil along with helix a2.). Helix a1l of FLiE binds
directly to the inner wall of the MS ring, allowing the rod
to be tightly connected with the MS ring. Thus, the FliE
zone acts as a mechanical adapter between the MS ring and
the rod. FlgB and FlgC have two domains, DO and Dc,
while FIgF consists of three domains, D0, D¢, and D1. FlgB
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11-start

FIG 5 Common structural features of the flagellar axial structure. (A) Atomic model of
the FIgE subunit in the hook structure (PDB accession number 7CGO). The C, backbone
is color-coded from blue to red, going through the rainbow colors from the N to the C
termini. The N-terminal and C-terminal regions of FIgE are intrinsically disordered in its
monomeric state, but when incorporated into the hook structure, they form an a-helical
coiled coil in the inner-core DO domain. (B) Arrangement of FIgE subunits in the hook.
Major helical lines are indicated by arrows. The FIgE subunits along the 11-start helical line
comprise the protofilament. The number labeled on the subunits represents the number of
the subunit starting from the central subunit (subunit 0) along the 1-start helical line. The
number also shows the direction of the helical line. FIGE monomers are sequentially

assembled along the 1-start helix.

assembles directly on the FIiE zone, followed by FlgC and,
finally, FIgF. The FlgB subunits also interact with the inner
wall of the MS ring, stabilizing the interaction between the
MS ring and the proximal rod. Genetic analyses have

2, | Pentagonal
plate

Extended
leg-like
domains

FIG 6 CryoEM structure of the filament cap. Shown are side (left)
and top (right) views of the atomic model of the filament cap in
C,, ribbon representation (PDB accession number 6SIH). Five FliD
subunits self-assemble into the filament cap structure consisting of
a pentagonal plate and five extended leg-like domains.
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revealed that the FliE zone is stabilized by intermolecular
interactions between FlE, FlgB, and FlgC (75, 76). As a
result, the proximal rod binds strongly to both the FliPs-
FliR; complex and the MS ring and does not detach from
the MS ring even when the flagellar motor generates high
torque or rotates at high speed. FIgG consists of three
domains, DO, D¢, and D1, and domains DO and D1 of
FlgG are both highly packed in all three main helical
directions, the left-handed 5-start, the right-handed 6-
start, and the 11-start helices, in each of the inner and
outer radial regions of the rod (Fig. 8A) (77). A B-hairpin
structure of domain Dc named the L stretch straightens
and stiffens the rod, allowing the rod to act as a driveshaft
of the flagellar motor (78).

(ii) Hook. The hook is a short, highly curved tubular
structure. The hook is flexible with respect to bending
but is rigid against twisting. In Salmonella, the bending
flexibility of the hook allows several flagellar filaments
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Inner wall of
. the MS-ring

’ Polypeptide channel

FIG 7 CryoEM structure of the rod. (A) Atomic model of the rod in C, ribbon
representation (PDB accession number 7CGO). The rod consists of 6 FIiE (gold), 5 FlgB
(aquamarine), 6 FlgC (pink), 5 FIgF (dark green), and 24 FlgG (light gray) subunits and
is connected directly to the polypeptide channel complex consisting of 5 FliP subunits
(cornflower blue), 4 FliQ subunits (light blue), and 1 FliR subunit (navy blue). (B) Interactions
of FliE with the MS ring, FliP, and FliR. FliE consists of three a-helices, a1, a2, and a3.
Helix a1 binds to the inner wall of the MS ring. Helices a2 and a3 of FLE, which form
domain DO, bind to either the FliP or the FliR subunit of the polypeptide channel complex
to form the most proximal part of the rod inside the MS ring. Helix a2 is invisible when

FliE binds to FliR.

to form a bundle behind the cell body, pushing the cell
forward (79). The hook is composed of about 120 FIgE
subunits, so the length of the hook is fairly well defined
(about 55 nm in Salmonella) (80). The hook length con-
trol mechanism is described below. FIgE is composed of
four domains, DO, D¢, D1, and D2, that are arranged
from the inner to the outer parts of the hook structure
(Fig. 8B) (81, 82). Extensive interactions between the DO
domains of FIgE not only are important for hook assembly
but also structurally and mechanically stabilize the hook
structure. Interestingly, gaps between DO domains are also
observed at key points, allowing enough space for the hook
structure to exert bending flexibility. Domains Dc and D1
are also involved in hook assembly with the help of the
hook cap formed by FlgD (83, 84). Domain D2 is dispensa-
ble not only for hook assembly but also for the universal
joint function (85).

The DO, D¢, and D1 domains of FIgE are nearly identi-
cal in conformation to the DO, D¢, and D1 domains of
FlgG, respectively, and hence, FIgE can assemble
directly onto the tip of the distal rod (77, 78). However,
the L stretch of domain Dc of FIgE is 18 amino acid res-
idues shorter than that of FlgG. When the extra 18
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residues of FlgG are inserted into the Dc domain of
FIgE, the hook becomes rigid and straight (86). The L
stretch of FIgG extensively contacts the D1 domains of
other FlgG subunits in the distal rod structure, providing
stability and stiffness to the rod (Fig. 8A) (78). However, the
interaction between FIgE subunits via the L stretch of FIgE is
not as extensive as that seen in the rod, so gaps are also
observed between the D1 domains of FIgE in the hook struc-
ture (Fig. 8B) (87). Therefore, these gaps between the D1
domains seem likely to give the hook bending flexibility
and allow the hook to undergo sequential compression-
and-extension cycles along the tubular axis during flagellar
motor rotation.

The hook undergoes polymorphic transformations of its
supercoiled form in response to the salt concentration,
pH, and temperature of the solution (88). Domain D2 of
FIgE is the outermost part of the hook structure (Fig. 8B).
In each protofilament, domain D2 of the lower FIgE subu-
nit interacts with a triangular loop of domain D1 of the
upper FIgE subunit (D1 loop) (81). Because the deletion of
either domain D2 or the D1 loop from FIgE makes the
hook straight but allows it to retain its bending flexibility,
the direction of intermolecular D2-D2 interactions along

10.1128/ecosalplus.esp-0011-2023 10


https://doi.org/10.2210/pdb7CGO/pdb
https://journals.asm.org/journal/ecosalplus
https://doi.org/10.1128/ecosalplus.esp-0011-2023

Salmonella Flagellar Structure, Assembly, and Function

RS ? A
L-stret({:; @ég@%%%ﬁ -‘:

EcoSal Plus

2.

FIG 8 Structural comparison of the distal rod and hook. (A) Atomic model of the
distal rod in C, ribbon representation (PDB accession number 7CGO). FlgG is composed
of three domains, DO, D¢, and D1, that are arranged from the inner to the outer parts of
the distal rod. The L stretch of domain Dc of FIgG makes the rod straight and rigid. (B)
Atomic model of the native supercoiled hook in C, ribbon representation (PDB accession
number 7CGO). FIgE is composed of four domains, DO, D¢, D1, and D2, that are
arranged from the inner to the outer parts of the hook. Gaps between FIgE subunits
are responsible for the bending flexibility of the hook structure.

each protofilament of the hook structure influences the
curvature and twist of each supercoil (85). Recent high-re-
solution cryoEM image analyses of the native supercoiled
hook structure have shown that the conformation of the
FIgE subunit gradually changes along the circumference
from one protofilament to the next. The conformations of
subunits are nearly identical within each protofilament,
and hence, there are 11 distinct conformations. Thus,
changes in the positions and orientations of domains
D1 and D2 of FIgE relative to domain D0 appear to be
important for the supercoiling of the hook (89, 90).
Because domain Dc of FIgE plays a critical role in the
polymorphic transformations of the supercoiled hook,
domain Dc would be equipped with a structural switch
that alters the relative domain position and orientation
of FIgE during the compression-and-extension cycle
of each protofilament (84, 86).
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(iii) Filament. The flagellar filament grows up to 15 um
in length by the assembly of about 30,000 flagellin molecules.
Flagellin consists of four domains, D0, D1, D2, and D3,
arranged from the inner core to the outer surface of the
filament (91). Domains DO and D1 are well conserved
among flagellin homologs, whereas domains D2 and D3
are not (92), suggesting that the DO and D1 domains are
critical not only for filament formation but also for mo-
lecular function as the helical propeller.

The filament is a supercoiled structure and undergoes
polymorphic transformations of its supercoiled form dur-
ing motility. The left-handed supercoil of the filament is
called a “normal” filament. When each motor spins in the
CCW direction, several normal filaments form a bundle
structure behind the cell body, and this bundle rotates like
a screw to propel the cell body. A quick reversal of the motor
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to CW rotation generates torsional force, which converts the
normal filament to right-handed helical forms called either
“semicoiled” or “curly.” As a result, the bundle structure is
disrupted, so the cell tumbles and changes swimming direc-
tion (93). Thus, the polymorphic transformation of the
filament is very important for efficient flagellum-driven
motility.

Domains D0 and D1 of FliC are important for the poly-
morphic transformation of Salmonella flagellar filaments,
and a B-hairpin in the D1 domain has been postulated to
act as a structural switch that changes the left-handed and
right-handed helical forms of the filament (94). The G426A
and A449V mutations in domain D1 of FliC give rise to
L- and R-type straight filaments, respectively (95). Purified
L- and R-type FliC subunits self-assemble into L- and R-
type straight filaments, respectively, in vitro. On the other
hand, when filaments are polymerized by mixing purified
L- and R-type FliC subunits, the reconstituted filaments
take on various helical shapes depending on the ratio of the
two types of FliC subunits (96, 97). Thus, the polymorphic
transformation of the filament can be well explained by a
bistable protofilament model in which supercoiled forms
can be produced by combinations of two distinct confor-
mations and packing interactions of L- and R-type protofi-
laments (98-101). CryoEM image analyses of L- and R-
type straight filaments have shown that the conformation
of the lower part of domain DO of FliC differs between the
L- and R-type filament structures, resulting in a hinge
motion of the remaining three domains relative to domain
DO, with a hinge at the spoke region connecting domains
DO and D1 (91, 102). Thus, the hinge motion between
domains D0 and D1 seems to be responsible for the switch-
ing between L-type and R-type protofilaments. Recently,
normal and curly I filaments have been analyzed by cryoEM
image analysis, which revealed that there are 11 different
protofilament states in these two filament structures in a
way similar to that of the supercoiled hook. The interfaces
between different protofilaments cluster into distinct groups,
allowing the allosteric switching of the filament (103). Thus,
these two cryoEM structures may overturn the long-standing
model of the supercoiling mechanism of the filament
structure.

Domain D3 of flagellin is recognized as an H antigen by
the host immune system. Salmonella possesses two distinct
flagellin genes, namely, fliC and fIjB, at distinct locations in
the Salmonella genome. Because the primary sequence of
domain D3 of FliC is very different from that of FIjB, FliC

December 2023 Volume 11 lIssue 1

EcoSal Plus

and FljB are named H1 and H2 antigens, respectively.
Because only one of these two flagellin genes is expressed
at any given time, each Salmonella cell produces homolo-
gous filaments. This alternative expression stochastically
occurs at a frequency of 1073 to 105 per cell per genera-
tion. This phenomenon is called flagellin phase variation.
Because the phase variation results in the appearance of
two Salmonella species with completely different flagellar
antigens (104), it is thought to be a mechanism for escap-
ing the host immune system by altering flagellar antigenic-
ity. Recently, a high-resolution cryoEM image analysis of
the FljB filament showed that domain D3 of FljB is more
flexible and mobile than that of FliC (105). Because the
swimming behavior of Salmonella cells producing the FljB
filaments is different from that of the cells producing the
FliC filaments under high-viscosity conditions (106), such
structural differences in the D3 domains of FliC and FljB
are likely to be functional differences between these two
filaments. Thus, flagellin phase variation also plays an im-
portant role in optimizing the mechanical function of the
filament as a helical propeller under different conditions.

Surface-exposed lysine residues of both FliC and FIjB
are methylated by a flagellum-specific methylase named
FliB. Loss-of-function mutations in the fliB gene do not
affect Salmonella motility, indicating that FliB is dispen-
sable for flagellum-driven locomotion (107-109). Because
the methylation of the flagellin subunit by FliB significantly
increases the hydrophobicity of the outer surface of the fila-
ment, Salmonella cells efficiently adhere to the hydrophobic
host cell surfaces, thereby increasing the probability of host
cell invasion (110). Thus, the filament also plays an im-
portant role in the infection processes involving bacterial
adhesion.

(iv) Hook-filament junction. The hook-filament junc-
tion structure is composed of 11 FlgK (HAP1) subunits
and 11 FlgL (HAP3) subunits and is located between
the hook and the filament. Because the atomic struc-
tures of FIgE and FliC are in different conformations
(81, 94), the filament cannot grow directly from the tip
of the hook. So if the hook-filament junction structure
is missing, the newly exported flagellin molecules sim-
ply leak out into the culture medium (111, 112).
Because the hook is flexible against bending, whereas
the filament is rigid, the hook-filament junction struc-
ture serves as a buffering structure connecting the hook
and the filament with distinct mechanical properties
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(113). This is supported by the crystal structures of FlgK
and FIgL (114, 115).

(v) Cap structures. The flagellar axial structure grows
at its distal end. Distal growth has been directly observed
in experiments with filaments both in vivo and in vitro
(116-119). Purified FIgE and FliC monomers can self-
assemble into hooks and filaments, respectively, under in
vitro conditions (116, 118). In vivo, on the other hand,
FlgJ, FigD, and FliD (HAP2) are required for the efficient
assembly of the rod, hook, and filament structures, respec-
tively (120-122).

FliD self-assembles into a homopentamer at the tip of
the hook-filament junction structure, and this FliD pen-
tamer acts as the filament cap to support the assembly
of newly transported flagellin subunits into the filament
at the growing end of the filament (112, 122, 123). If the
filament cap is missing, large amounts of flagellin leak
into the culture medium in a monomeric form (111).
Thus, the filament cap appears to suppress the leakage
of newly transported flagellin monomers into the cul-
ture medium, thereby allowing unfolded flagellin mole-
cules to have enough time to refold and assemble into
the filament. FliD consists of domains D0, D1, D2, and
D3. The filament cap is divided into two structural parts:
a pentagonal plate as a lid and five axially extended leg-
like domains that bind to the filament at the distal end
(Fig. 6). Domains D0 and D1 form the leg-like domain,
whereas domains D2 and D3 form part of the pentagonal
plate. The filament cap provides a large cavity under the
pentagonal plate as a folding chamber for the newly
exported flagellin molecules in the unfolded conformation
to be folded and incorporated into an appropriate assem-
bly position at the distal end of the filament (123-126).

The hook cap consists of 5 copies of FlgD and exists at
the hook tip to promote the assembly of FIgE mono-
mers into the hook structure (127). FlgD is composed
of a flexible N-terminal region (FlgDy) directly involved
in the hook polymerization process and a compactly
folded domain (FlgD.) that prevents newly exported
FlgE molecules from leaking out into the culture me-
dium (83). Five FlgDy subunits form an a-helical bun-
dle as a central stalk, whereas five FlgD. subunits form
a petal-shaped head (22, 127). Unlike the filament cap,
the hook cap does not have a folding chamber beneath
the petal-shaped head because the central stalk is
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inserted deeply into the central channel of the growing
hook structure. Instead, the hook cap provides a space
around the stalk, allowing the newly transported FIgE
molecules in the unfolded conformation to be efficiently
folded and incorporated into the hook structure (127).
When hook assembly is finished, the hook cap is
removed from the hook tip by the first hook-filament
junction protein FlgK (121). Thus, the hook cap is not
part of the mature flagellum.

The hook and filament structures have helical symme-
try, whereas the hook and filament caps have 5-fold
rotational symmetry. Due to this symmetry mismatch
between the cap structure and the helical tubular struc-
ture, it has been proposed that each time that a struc-
tural subunit is exported, folded, and incorporated into
the helical structure, the cap rotates and moves up
along the helical structure, thereby creating the next as-
sembly point (123, 127).

The diameter of the distal rod is 13 nm (77), and at this
diameter, the distal rod cannot penetrate the PG layer. FlgJ
is thought to act as the rod cap to facilitate rod assembly in a
way similar to that of FIgD and FliD. FlgJ is composed of an
N-terminal domain directly involved in rod assembly and a
C-terminal domain acting as a flagellum-specific murami-
dase that hydrolyzes the PG layer (120). A loss of the PG-
hydrolyzing activity of Flg] results in extremely poor flagellar
formation, suggesting that the muramidase activity of FlgJ
working at the tip of the growing rod structure is important
for the distal rod to efficiently penetrate the PG layer (128).
Because the L-ring assembly around the distal rod induces
the dissociation of the rod cap from the rod tip (129), the
rod cap is not part of the mature flagellum.

Structure and function of the flagellar type Ill secretion
system. The protein export apparatus of the flagellum
is very similar in structure and function to that of the
injectisome of pathogenic bacteria, which directly injects
virulence effector proteins into host cells for invasion, so
both are classified as type III secretion systems (130). The
flagellar type III secretion system (fT'3SS) is located at the
base of the flagellum and transports flagellar axial proteins
from the cytoplasm at a rate of up to tens of thousands of
amino acids per second to construct the flagellar axial
structure beyond the cytoplasmic membrane (119, 131).
The fT3SS is composed of a cytoplasmic ATPase ring
complex with a stoichiometry of 12 FliH subunits, 6 Flil
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—— C-ring
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FliHg,

FIG 9 Structure of the fT3SS. Shown are atomic models of the FlhB,-
FliP.-FliQ,-FliR;, complex (PDB accession number 6S3L), the C-
terminal cytoplasmic domain of FIhB (FIhB:) (PDB accession
number 3B0Z), the C-terminal cytoplasmic domain of FIhA (FlhA.)
(PDB accession number 3A5I), the FliH,-Flil complex (PDB accession
number 5B00), and Flij (PDB accession number 3AJW) in C,
ribbon representation. There is no atomic model for the N-terminal
transmembrane domain of FlhA with eight transmembrane helices
(FlhA;y,) and the N-terminal domain of FliH (FliHy). Because the
electron density corresponding to FIhB.. in the cryoEM structure of the
FIhB,-FliP,-FliQ,-FliR, complex is very poor, the position of FlhB.
relative to FlhBy,, remains unknown. The flagellar type III secretion
system consists of a transmembrane export gate complex with a
stoichiometry of 9 FIhA subunits (magenta), 1 FIhB subunit (plum), 5
FliP subunits (cornflower blue), 4 FliQ subunits (light blue), and 1 FliR
subunit (navy blue) and a cytoplasmic ATPase ring complex with a
stoichiometry of 12 FliH subunits (brown), 6 Flil subunits (khaki), and
1 FliJ subunit (dark olive green). The transmembrane export complex is
located within the MS ring. FliJ binds to the center of the Flil; ring, and
two C-terminal domains of the FliH dimer (FliH.,) bind to different
regions of the N-terminal domain of each FliI subunit of the Flilg
ring. The Flil;-FliJ ring complex is tightly bound to the C ring by the
interaction between FliHy, and FliN in the C ring. CM, cytoplasmic
membrane.

subunits, and 1 Fli] subunit and a transmembrane export
gate complex with a stoichiometry of 9 FIhA subunits, 1
FIhB subunit, 5 FliP subunits, 4 FliQ subunits, and 1 FliR
subunit (Fig. 9) (132-134).

(i) Cytoplasmic ATP complex. Flil, a flagellum-specific
ATPase, self-assembles into a homohexamer (135, 136).
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Fli] adopts an antiparallel coiled coil and binds to the
center of the Flils ring (137). The overall structure of
the Flil,-Fli], ring complex is very similar to that of the
a; 35y ring complex of the F,F; ATP synthase, the mini-
mum unit that can act as an ATP-driven rotary motor
to couple ATP hydrolysis by the SB-subunit with the
rotation of the 7y-subunit within the a;8; ring (137,
138). FliH forms a homodimer via a central a-helical
coiled coil (139), and the FliH dimer is structurally and
functionally similar to the peripheral stalk of the FF,
ATP synthase that connects F, and F, (140, 141). Two
C-terminal domains of the FliH dimer bind with high
affinity to different regions of the N-terminal domain of
each of the six Flil subunits (141). The extreme N-terminal
region of FliH binds to FliN in the C ring, thereby anchor-
ing the Flil¢-FliJ, ring complex to the base of the flagellum
(Fig. 9) (142). The FliH,,-Flil;-Fli], ring complex is thought
to act as an activator of the transmembrane export gate
complex, so ATP hydrolysis by the Flil ring has been
postulated to transform the inactive export gate complex
into a highly efficient protein transporter through the
interaction of Fli] with the C-terminal cytoplasmic region
of FIhA (143, 144).

In addition, the FliH dimer and the Flil ATPase are present
in the cytoplasm as the heterotrimeric FliH,-Flil, complex
(145). The FliH,-Flil;, complex also localizes to the flagellar
base via interactions of FliH with FliN in the C ring and
FIhA in the export gate complex (146, 147). High-resolu-
tion single-molecule imaging techniques have shown that
the FliH,-Flil, complex shows rapid exchanges between the
basal body and a freely diffusing cytoplasmic pool in an
ATP-independent manner (148). Furthermore, in vitro
protein transport assays have revealed that the addition
of the purified FliH,-Flil, complex considerably enhances
flagellar protein export by the export gate complex in a
protein-concentration-dependent manner (149, 150). Because
the FliH,-Flil, complex binds to export substrates and chap-
erone-substrate complexes (151, 152), this complex has been
proposed to serve as a dynamic carrier that efficiently and
rapidly delivers them to the export gate complex.

(i) Transmembrane export gate complex. When the
cytoplasmic ATPase complex is fully functional in the
fT3SS, the transmembrane export gate complex uses PMF
as the primary energy source and functions as an H*/pro-
tein antiporter that couples inward-directed H* flow with
outward-directed protein translocation (153-155). However,
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when the cytoplasmic ATPase complex is absent or non-
functional, the export gate complex itself prefers to use so-
dium motive force across the cytoplasmic membrane and
serves as an Na*/protein antiporter over a wide range of
external pHs (156, 157). Furthermore, when the electric
potential difference (A¥Y) across the cell membrane, which
is defined as membrane voltage, exceeds a certain threshold
value, an inactive export gate complex autonomously
becomes an active H*/protein antiporter to a considerable
degree (158). Thus, the export gate complex has a polypep-
tide channel, a dual-fuel protein export engine that uses ei-
ther H* or Nat as the coupling ion to drive cation-
coupled protein export, a membrane voltage sensor, and a
substrate-docking platform.

FliP, FliQ, and FliR form the polypeptide channel com-
plex with a stoichiometry of 5 FliP subunits, 4 FliQ sub-
units, and 1 FliR subunit, allowing export substrates to
be translocated across the cytoplasmic membrane (159).
The FliPs-FliQ,-FliR, complex is formed by the helical
arrangement of subunits within a central pore of the
MS ring (Fig. 9). The exit gate of the polypeptide chan-
nel of the purified FliPs-FliQ4-FliR, complex is closed,
but the exit gate of the polypeptide channel of the FliPs-
FliQ,-FliR, complex in the native basal body is open.
Because six FliE subunits assemble directly on FliP or
FliR (Fig. 7B) (22, 23), interactions of FliE with FliP and
FliR induce helical rearrangements of the polypeptide
channel, resulting in the open conformation of the exit
gate. A single copy of FIhB binds to the FliPs-FliQ,-
FliR, complex via interactions of the N-terminal trans-
membrane domain of FIhB (FlhBry) (residues 1 to 211)
with FliP, FliQ, and FliR (Fig. 9), and a cytoplasmic
loop between TMH-2 and TMH-3 of FlhByy, firmly
associates with the entrance gate of the FliPs-FliQ,-
FliR, complex (160). Genetic and biochemical analyses
have suggested that the C-terminal cytoplasmic domain
of FIhB (FIhBc) (residues 212 to 383) regulates the
opening and closing of this entrance gate along with the
cytoplasmic ATPase complex (161). Because FlhB pro-
vides binding sites for export substrates (162, 163), the
binding of export substrates to FIhB. seems to open the
entrance gate of the polypeptide channel.

Nine FIhA subunits assemble around the FIhB,-FliPs-FliQ,-
FliR, complex via intermolecular interactions between the
C-terminal cytoplasmic domains (FlhAc) (residues 362 to
692) (164). The homononameric ring structure of FIhA
(FlhA() projects into the central cavity of the C ring (Fig. 9)
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(165) and functions as a docking platform for components
of the cytoplasmic ATPase complex, flagellar export chaper-
ones, and export substrates (166-170). FIhA shows both H*
and Na* channel activities, suggesting that the N-terminal
transmembrane domain of FIhA (FlhA.,,) (residues 1 to
327) presumably functions as a dual-fuel protein export
engine (156). Fli] binds with high affinity to the flexible
linker region of FIhA (FlhA;) (residues 328 to 361) con-
necting FlhA); and FlhA and with low affinity to FIhA,
not only activating the H* channel activity of FlhA-,; but
also unlocking the entrance gate of the polypeptide channel
(143, 171). Because the FliJ-FlhA interaction is significantly
stabilized by an increase in AW, FIhA seems to be equipped
with a voltage-gated mechanism (158).

(iii) Substrate-specific export chaperones. In the
cytoplasm, flagellar export chaperones are required to effi-
ciently transport flagellar structural subunits that form the
hook-filament junction (FIgK and FlgL), the filament (flagel-
lin), and the filament cap (FliD). Three flagellar proteins are
known as substrate-specific export chaperones: FlgN for
FlgK/FlgL, FliS for flagellin (FLiC or FljB), and FliT for FiD
(172, 173). Each flagellar chaperone binds to the C-terminal
disordered region of its export substrate and suppresses the
premature aggregation and proteolysis of the substrate in the
cytoplasm (174, 175). The FlgN, FliS, and FliT chaperones
adopt an a-helical structure (141, 176, 177). When the
export substrate binds to its cognate chaperone, a helical
rearrangement of the chaperone structure occurs, allowing
the chaperone-substrate complex to bind with high affin-
ity to FlhA (178, 179). The chaperone-FlhA. interaction
allows the transmembrane export gate complex to effi-
ciently unfold and transport the substrates (180, 181).
FIhA_ undergoes cyclic open-closed domain motions dur-
ing flagellar protein export (182). The chaperone-substrate
complex can bind to the open form of FlhA; but not the
closed form (183, 184), leading to the plausible hypothesis
that the conformational change from the open to the
closed conformations of the FlhA. subunit in the FlhAq,
ring would trigger the dissociation of the empty chaper-
one from this FIhA. subunit for the binding of the newly
delivered chaperone-substrate complex.

Structure and function of the force generator. (i)
Transmembrane MotA;-MotB, complex. The Salmonella
flagellar motor is powered by PMF across the cytoplas-
mic membrane. MotA and MotB form a transmembrane
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FIG 10 Structure of the MotA,-MotB, complex. (A) Model for the inactive and active
forms of the MotA;-MotB, complex. The MotA;-MotB, complex is divided into four
distinct functional parts: a cytoplasmic domain responsible for the interaction with the
rotor protein FliG, a transmembrane proton (H*) channel domain involved in inward-
directed H* flow, a peptidoglycan (PG)-binding domain (PGB) responsible for binding
to the PG layer (PDB accession number 2ZVY), and a flexible linker region containing
a plug helix. (Left) When the PGB domain adopts a compact conformation, the plug
helix binds to the H* channel domain to suppress massive H* flow. (Right) When
the inactive MotA,;-MotB, complex, which is freely diffusing across the cytoplasmic
membrane, encounters a rotor, interactions between its cytoplasmic domain and FliG
are postulated to trigger the dissociation of the plug segment from the H* channel,
followed by the unfolding of the N-terminal a-helix of the PGB domain, which extends
5nm and binds the PG layer. As a result, the MotA;-MotB, complex becomes a force
generator to drive flagellar motor rotation. PG, peptidoglycan layer; Peri, periplasmic
space; CM, cytoplasmic membrane; Cyto, cytoplasm. (B) CryoEM structure of the MotA.-
MotB, complex. Shown is an atomic model of the purified MotAs-MotB, complex in C,
ribbon representation (PDB accession number 6YKM). The five MotA subunits
(goldenrod) form a pentameric ring structure, with two transmembrane helices
of the MotB dimer (red and orchid) bound to the center of the MotA ring. Each
plug helix of the MotB dimer binds to the periplasmic loop of MotA.
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H* channel complex in the cytoplasmic membrane, and
the MotA-MotB complex acts as a force generator for
the flagellar motor that couples inward-directed H*
flow through the H* channel with torque generation.
The MotA-MotB complex is divided into four distinct
parts: a cytoplasmic domain responsible for the interaction

December 2023 Volume 11 lIssue 1

with the rotor protein FliG, a transmembrane H* channel
domain involved in H* transfer from the periplasm to the
cytoplasm, a peptidoglycan-binding (PGB) domain respon-
sible for the interaction with the PG layer, and a flexible
linker region connecting the H* channel domain and the
PGB domain (Fig. 10A) (9, 10, 15, 185).
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MotA has four TMHs, TMH-1, TMH2, TMH-3, and
TMH-4; two short periplasmic loops between TMH-1 and
TMH-2 and between TMH-3 and TMH-4; a cytoplasmic
domain (MotA.) between TMH-2 and TMH-3; and a C-
terminal cytoplasmic tail (186). MotB is composed of a
short N-terminal cytoplasmic tail, a single TMH, a flexible
linker region (MotB, ), and a PGB domain (187). Each MotB
TMH forms an H* translocation pathway with TMH-3 and
TMH-4 of MotA, so the MotA-MotB complex has two dis-
tinct H* translocation pathways (188, 189). Two residues
that are well conserved in the H* translocation pathway,
Asp33 in MotB and Prol73 in MotA, are both directly
involved in H* translocation that is coupled with torque
generation (190-193). MotA contains the highly conserved
residues Arg90 and Glu98 that are responsible for the inter-
action with FliG (42). The PGB domain of MotB forms a
dimer, and its dimerization is important for the force gener-
ators placed around the rotor to be firmly anchored to the
PG layer (194). MotA and MotB had been believed to form
a heterohexamer with a stoichiometry of 4 MotA and 2
MotB subunits (195). However, recent high-resolution
cryoEM image analyses have revealed that the MotA-MotB
complex is composed of five MotA subunits and two MotB
subunits (Fig. 10B). The five MotA subunits form a pen-
tameric ring (MotA;), and two TMHs of MotB penetrate
the central pore of the MotA; ring. Based on the cryoEM
structure of the MotAs;-MotB, complex, a torque generation
mechanism model has been proposed in which the MotA;
ring rotates around the TMHs of the MotB dimer in
response to H transfer through the H* channel, turning
the rotor like a small gear turning a large gear (196, 197).

MotB; (residues 51 to 100) is dispensable for flagellar motor
rotation (198). Residues 53 to 66 of MotB; adopt a short
a-helix and bind to the periplasmic loop between TMH-3
and TMH-4 of MotA (Fig. 10B) (196). This short a-helix
acts as a plug that blocks the flow of H* through the H*
channel until the MotAs-MotB, complex assembles around
the rotor of the flagellar motor and functions as a force gen-
erator (199, 200). Thus, MotB; coordinates H* translocation
through the channel with torque generation by MotA-FliG
interactions.

The N-terminal portion of the PGB domain of MotB
takes on two distinct conformations: a compact confor-
mation and an extended conformation (Fig. 10A). For
the MotA;-MotB, complex to become a force generator
in the flagellar motor, the PGB domain must extend
5nm from the transmembrane H+* channel domain to
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bind to the PG layer (194, 201). The 5-nm extension
process of the PGB domain of MotS from Bacillus subti-
lis, a MotB homolog, has been directly visualized by
high-speed atomic force microscopy. The 5-nm exten-
sion of the PGB domain occurs in at least two steps.
The first 2.5-nm extension occurs when the plug helix is
detached from the H+ channel domain, and the next 2.5-
nm extension is triggered by an order-to-disorder transi-
tion of the N-terminal portion of the PGB domain (202).
The MotB(L119P) substitution located in the N-terminal
portion of the PGB domain induces a conformation change
in the N-terminal portion of the PGB domain, which not
only activates the H* channel activity of the MotAs-MotB,
complex but also allows the PGB domain to bind with high
affinity to the PG layer (201). This suggests that MotB, also
regulates not only the proper H* channel formation of the
MotA;-MotB, complex but also the efficient and proper
anchoring of the PGB domain to the PG layer.

(ii) Load-dependent stator assembly. Each MotA.-
MotB, complex binds to and dissociates from a rotor dur-
ing flagellar motor rotation, suggesting that the force gener-
ator is a highly dynamic structure (203). The number of
force generators in the motor changes as the external load
changes. When the flagellar motor operates at high loads,
the number of force generators placed around the rotor is
about 10 (Fig. 11, left). On the other hand, when the external
load is very low, the number of force generators decreases
from 10 to a few (Fig. 11, right). Thus, the flagellar motor
autonomously controls the number of force generators
placed around the rotor in response to changes in the exter-
nal load (204, 205). An in-frame deletion of residues 72 to
100 of MotB, results in a very steep decrease in the number
of force generators with decreasing external loads compared
to the wild-type motor (206). This suggests that MotB, reg-
ulates the binding affinity of the PGB domain for the PG
layer in a load-dependent manner. Certain point mutations
in MotA, which is involved in the interaction with FliG,
change the load sensitivity of the MotAs-MotB, complex
(207), suggesting that MotA is equipped with a load sensor
that adjusts the number of force generators placed around
the rotor in response to changes in the external load.

FLAGELLAR GENE REGULATION

Control of gene expression. Many flagellar and related
genes are organized into at least 17 operons in the
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FIG 11 Load-dependent stator assembly mechanism. (Right) At very low loads, a few
stator units surround the rotor. (Left) As the external load increases, the number of
active stator units increases to a maximum of about 10. The association rates of the
stator unit are essentially the same for both low and high loads, but the dissociation
rate is much higher at low loads than at high loads.

Salmonella genome. These genes are not expressed con-

stitutively but rather are expressed in a temporal hierar-

chy that reflects the process of flagellar assembly. The

flagellar operons are organized into a transcriptional

Class 1
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FIG 12 Hierarchical flagellar gene expression in Salmonella. Flagellar assembly begins with the basal body,
followed by the hook and, finally, the filament. FIhD and FIhC form the FIhD,-FIhC, complex that induces
transcription from class 2 promoters, thereby producing several hook-basal bodies (HBBs) on the Salmonella cell
surface. During HBB assembly, FlgM binds to FliA to inhibit transcription from class 3 promoters. When the
hook length reaches its mature length of 55nm, FIgM is secreted via the fI3SS into the culture medium. As a
result, FliA can act as a flagellum-specific sigma factor (02%), allowing RNA polymerase to transcribe class 3 genes
encoding proteins required for filament formation, motility, and chemotaxis. The fIgKL, flgMN, fliAZY, and fliDST
operons highlighted in magenta are transcribed from both class 2 and class 3 promoters. OM, outer membrane;
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hierarchy of three promoter classes, classes 1, 2, and 3, based
on how they are temporally expressed (Fig. 12) (208). At the
top of the hierarchy is the flhDC operon, which contains two
genes, flhD and fIhC, in that order. The class 1 promoter is
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under the control of several global regulators that determine
when the flhD and fIhC genes are transcribed in response to
various signals in the cell (209). Because these two genes are
absolutely required for the expression of all other genes in
the flagellar regulon, the flhDC operon is called the master
operon. FIhD and FIhC form the FIhD,-FIhC, complex that
allows RNA polymerase containing o7° to bind to class 2
promoters. The class 2 genes encode proteins required for
the structure and assembly of the hook-basal body (HBB).
Two transcriptional regulator genes, fliA and flgM, are pres-
ent at the class 2 level. FliA is a flagellum-specific sigma fac-
tor (028) that induces the transcription of class 3 genes
encoding proteins required for filament formation, motility,
and chemotaxis (210). FlgM binds directly to FliA and inhib-
its the 028 activity of FliA until the hook structure is com-
pleted. Thus, FIgM acts as an anti-sigma factor during HBB
assembly (211). Once hook formation is complete, FigM is
secreted via the fI'3SS into the culture medium, allowing
FliA to become an active o2 that induces transcription
from class 3 promoters (212, 213). In HBB formation-defec-
tive mutants, FlgM remains in the cytoplasm, so class 3
genes are not transcribed. Thus, the fT3SS seems to serve as
a transcriptional regulator that couples flagellar gene expres-
sion with assembly.

Four flagellar operons, namely, the flgKL, fleMN, flIAZY,
and fliDST operons, are expressed from both class 2 and
class 3 promoters (Fig. 12). The fliAZY and fliDST operons
possess two distinct class 2 and class 3 promoters. On the
other hand, since the fIgKL and flgMN operons do not
have their own class 2 promoters, the FliA-independent
transcription of the flgKL and flgMN operons is likely the
result of readthrough from their upstream operons
(214-216). The expression of FIgK, FlgL, and FliD from
their class 3 promoters has been shown to be critical for
flagellum-driven motility under high-viscosity conditions
(217). Because FlgN, FliT, FliS, and FliZ are known as reg-
ulators involved in flagellar gene expression (218-222),
these multiple flagellar promoters can efficiently respond
to changing environmental conditions and coordinate
flagellar gene expression with assembly. As a result, the
flagellum-driven motility of Salmonella is optimized under
a variety of environmental conditions.

Control of flagellin phase variation. As mentioned
above, Salmonella has two distinct flagellin genes, fliC and
fliB, and their expression is stochastically controlled at a fre-
quency of 103 to 10=5 per cell per generation, allowing
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Salmonella cells to possess either FliC or FljB filaments.
This alternative flagellin expression pattern mechanism is
under the control of a DNA invertase called Hin that pro-
motes site-specific DNA recombination (223). Because the
fliB gene forms an operon together with the fliA gene,
whose gene product inhibits the translation of FliC (224),
the expression of the fliC gene is suppressed in cells in
which the fliBA operon is expressed. On the other hand,
the fliBA operon is not expressed in cells in which FliC is
expressed. Such an alternative expression pattern of the
fliIBA operon is mediated by the inversion of a reversible
970-bp region of DNA upstream of the fljB gene (hin
region) that contains the class 3 promoter of the fliBA op-
eron (223). In one orientation, the promoter is in the
proper position and orientation for the initiation of the
transcription of the fliBA operon, while in the other, it is
not. The reversible hin region is sandwiched between two
inverted repeat sequences, namely, hixL and hixR, which
allow the Hin invertase to invert the hin region by homolo-
gous recombination. During inversion, the Hin invertase
assembles with two histone-like proteins, Fis and HU, each
of which binds to the enhancer sequence within the hin
region, into a multicomponent complex called the inverta-
some. As a result, the Hin invertase can efficiently catalyze
the flipping of this hin region (225, 226).

The hin region contains the hin gene and its promoter,
so the Hin invertase can be expressed in either orientation.
Because flagellin phase variation is a relatively infrequent
event in Salmonella, the expression level of Hin is likely to
be kept relatively low. Recently, STM0347, a homolog of
CsgD, has been shown to significantly reduce the probabil-
ity of Hin-mediated DNA inversion by suppressing Hin
expression to a relatively low level (227).

FLAGELLAR ASSEMBLY

Morphological assembly pathway. Flagellar assembly
proceeds from more proximal to more distal structures
(71, 72). The MS ring is the first structure in flagellar
formation. FliF can self-assemble into the MS ring in
the cytoplasmic membrane (18, 72), but FliG is required
for efficient and robust MS-ring formation (228). The
assembly of the transmembrane export gate complex
begins with the formation of the FliPs-FliR;, complex
with the help of the FliO protein (229, 230). Four FliQ
subunits assemble into the FliPs-FliR complex to form
the FliPs-FliQ,-FliR; complex with a helical subunit
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array (159). Next, a single copy of FIhB surrounds the
FliP;-FliQ,-FliR, complex (160), and finally, nine FIhA
subunits assemble around the FlhB,-FliPs-FliQ,-FliR,
complex during MS-ring formation to form the export gate
complex inside the MS ring (228). FliG self-assembles into
the FliG ring on the cytoplasmic face of the MS ring, and
the FliM,-FliN; complex then binds to each FliG subunit in
the FliG ring to form the C ring (31). Upon the completion
of the C-ring structure, FliH, Flil, and FliJ assemble into the
cytoplasmic ATPase ring complex at the base of the flagel-
lum, and this ATPase ring complex is anchored to the C
ring through interactions between FliH and FlN (141).
Once the export gate complex is activated by ATP hydroly-
sis by the cytoplasmic ATPase ring complex, the activated
export gate complex efficiently utilizes PMF to unfold and
transport flagellar axial proteins. FIiE is the first export sub-
strate transported by the fT3SS and self-assembles at the tip
of the FliP.-FliR; helical structure to form the FIiE zone.
The interactions of FliE subunits with FliP and FliR fully
open the exit gate of the polypide channel, allowing other
axial proteins to diffuse down the central channel of the
growing axial structure. At the tip of the FliE zone, FlgB,
FlgC, FlgF, and FlgG subunits assemble in this order to
form the rod (22, 23). FlgJ serves as the rod cap at the rod
tip not only to support rod assembly but also to locally
digest the PG layer, allowing the rod to penetrate the PG
layer (120, 128). Once the distal rod structure is complete,
Flgl and FlgH assemble around the distal rod in the PG
layer and the outer membrane, respectively, forming the
LP-ring complex (65). Upon the completion of the LP ring,
the rod cap dissociates from the rod tip (129), and FlgD
self-assembles into the hook cap at the rod tip. Through the
action of the hook cap, the newly transported FIgE mono-
mer is efficiently folded and incorporated into the growing
end of the hook structure (121, 127). When the hook
reaches its mature length of about 55 nm in Salmonella, the
hook cap is replaced by FlgK (121). FIgK self-assembles at
the hook tip, and FIgL then self-assembles at the tip of the
FlgK zone to form the hook-filament junction structure
(111, 112). FliD self-assembles into the filament cap at the
tip of the junction structure and promotes the assembly of
flagellin molecules at the distal end of the growing filament
structure, allowing the filament to grow to approximately

15 um in length (123).

The fT3SS coordinates flagellar protein export and
assembly. The Salmonella fT3SS transports 14 differ-
ent proteins from the cytoplasm while monitoring the
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construction of the HBB structure. These 14 export sub-
strates are classified into two export classes: one is the
rod-type (FIiE, FlgB, FlgC, FlgF, FlgG, and FlgJ) and
hook-type (FlgD, FIgE, and FliK) class needed for the
structure and assembly of the rod and hook, and the
other is the filament-type class (FlgK, FlgL, FlgM, FliD,
and FliC) responsible for filament formation at the
hook tip (231, 232). During HBB assembly, the fT3SS
acts specifically on the rod-hook-type substrates. When
the length of the hook reaches about 55nm in
Salmonella, the fT3SS switches its substrate specificity
from the rod-hook type to the filament type (233, 234).
As a result, hook assembly terminates, and filament as-
sembly initiates (Fig. 13). At that time, the fI3SS
secretes FlgM into the culture medium, allowing FliA to
induce transcription from class 3 promoters (212, 213).
Thus, by switching the substrate specificity of the
fT3SS, the expression hierarchy of flagellar genes can be
precisely paralleled with the flagellar assembly process

(Fig. 12).

Hook length control and substrate specificity
switching. The length of the hook structure is con-
trolled at about 55 nm (6 nm) in wild-type Salmonella
cells (80). Short hooks are too stiff to function as uni-
versal joints, whereas long hooks somehow destabilize
the flagellar bundle structure compared to wild-type
hooks (235). This suggests that the control of the hook
length is critical for the hook to function properly as a
universal joint. Therefore, there must be something that
measures the hook length and signals the fT3SS to stop
rod-hook-type protein export and initiate filament-type
protein export. At least three flagellar proteins, FliK,
FlhA, and FlhB, are directly involved in the substrate
specificity switching of the fT3SS (Fig. 13). When this
switching event is inhibited by certain mutations in ei-
ther fliK, flhB, or flhA, the fT3SS continues to transport
FIgE subunits to the distal end of the growing hook
structure, forming an unusually elongated hook called a
polyhook (8).

FliK is secreted during hook assembly and controls the
length of the hook structure (236). FliK consists of an N-
terminal domain (FliKy) (residues 1 to 207), a C-terminal
domain (FliK) (residues 268 to 405), and a flexible linker
region (FliK;) (resides 208 to 267) connecting these two
domains (237). FliKy has an unstable and flexible confor-
mation (238) and functions as a molecular ruler that
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FIG 13 Model for the substrate specificity switching of the fI'3SS. The fT3SS transports the hook-
type export substrates FlgD, FIgE, and FliK during hook assembly but does not transport the
filament-type substrates FIgK/L, FlgM, and FliD, which form a complex with FIgN, FliA, and
FIliT in the cytoplasm, respectively. At that point, no flagellin molecules (FliC and FljB) are
expressed. When the hook length reaches about 55nm, the C-terminal domain of FLiK (FliK)
binds to FlhB to induce a conformational change of a cleaved form of FIhB.. Next, the FliK.-
FIhB. complex binds to FlhA. to induce the remodeling of the FlhA. ring structure, allowing
the fT3SS to terminate the export of hook-type proteins and initiate the export of filament-type

proteins.

measures the hook length through its interactions with the
hook cap and the inner surface of the hook (239-241).
FliK¢ is divided into two structural parts: a compactly
folded domain (residues 268 to 352) responsible for the
interaction with FlhB. and an intrinsically disordered C-
terminal tail (FliKep) (residues 353 to 405) (242). The
interaction between the core domain of FliK. and FlhB is
a critical step in the substrate specificity switching of the
fT3SS, and FliKep regulates the FliK.-FIhB: interaction
during hook assembly (243, 244). FliK; is important not
only for the proper control of the hook length but also for
the switching of the substrate specificity of the fI'3SS at an
appropriate time for hook assembly (245).

December 2023 Volume 11 lIssue 1

FIhBc serves as a switching device that changes the sub-
strate specificity of the fT3SS from the rod-hook type to
the filament type. FIhB. undergoes autocatalytic cleav-
age between Asn269 and Pro270 in the highly con-
served NPTH motif, producing two distinct FlhBcy
(residues 211 to 269) and FlhB.. (residues 270 to 383)
polypeptides (162, 246). The N-terminal region of
FIhBy (residues 211 to 228) adopts a very flexible con-
formation and is likely to act as a linker connecting
FlhBr,; and FlhBc. Residues 229 to 269 form a single
a-helix, and the C-terminal region of this helix is
inserted deeply into the hydrophobic core of FlhB.c
(247). The flhB(N269A) and flhB(P270A) mutations not
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only inhibit the autocleavage of FIhB but also prevent
the fT3SS from switching its substrate specificity, thereby
producing polyhooks with or without filament attachment
(248). Photo-cross-linking experiments have shown that
these two mutations do not affect the binding of FliK. to
FlhB: (249). A conserved hydrophobic patch formed by
the Ala286, Pro287, Ala341, and Leu344 residues in FlhBq
is involved in the interaction of FlhB. with the N-terminal
segment of the hook-type protein that contains an export
signal recognized by the fT3SS (163). Because polyhooks
produced by the flhB(N269A) and flhB(P270A) mutants
are significantly shorter than the average length of poly-
hooks produced by the fliK-null mutant (249), the interac-
tion between FliK. and FIhB. with either the N269A or
P270A substitution seems to induce a structural rearrange-
ment of this conserved hydrophobic patch, thereby reduc-
ing the hook polymerization rate considerably. The flhA
(A489E) suppressor mutation in FlhA: allows the flhB
(P270A) mutant to initiate filament assembly more effi-
ciently. However, this flhA mutation does not significantly
shorten the polyhook length (249). Therefore, these obser-
vations suggest that the autocleavage of FlhB, is required
not only for an FliK-dependent conformational change
of FIhB. that is responsible for the efficient termination of
hook assembly but also for a conformational change of
FIhA that is responsible for the initiation of filament
assembly.

As mentioned above, the FlhA¢, ring provides docking
sites for the FIgN-FlgK/L, FliS-FliC, and FliT-FliD chaper-
one-substrate complexes, thereby facilitating the export of
filament-type proteins by the fT3SS (170). FIhA. consists of
four domains, D1, D2, D3, and D4 (182). The chaperone-
binding site is located at the interface between domains D1
and D2 of FlhA¢, and the well-conserved residues Asp456,
Phe459, and Thr490 in the chaperone-binding site are
directly involved in the interaction of FIhA. with the flagel-
lar chaperones (169, 179). Because the flhA(A489E) sup-
pressor mutation is located in the chaperone-binding site
of FIhA., this mutation seems to induce a conformational
change of this chaperone-binding site (249), thereby allow-
ing the filament-type export substrates to be more effi-
ciently transported by the fT3SS with the flhB(P270A)
mutation.

High-speed atomic force microscopy has revealed that
the Glu351, Trp354, and Asp356 residues in the C-terminal
region of FIhA; bind to the D1 and D3 domains of the ad-
jacent FIhA: subunit in the FIhA, ring, thereby stabilizing
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the ring structure considerably (250). This has been con-
firmed by a recent high-resolution cryoEM image analysis
of Vibrio FIhA (251). FlhA. with either the W354A,
E351A/D356A, or E351A/W354A/D356A substitution not
only inhibits FIhA, ring formation but also reduces the
binding affinity of FIhA for the FIgN-FlgK chaperone-sub-
strate complex. These flhA mutants produce no filaments
at the hook tip. Therefore, these observations suggest that
interactions of the C-terminal portion of FlhA;, including
Glu351, Trp354, and Asp356, with its neighboring FIhA
subunit in the FIhA, ring are required for the initiation of
filament-type protein export upon the completion of hook
assembly (250). The crystal structure of FlhA. with the
E351A/D356A double mutation has shown that the C-ter-
minal region of FlhA; with this double mutation binds to
the chaperone-binding site in FIhA. Since the removal of
the entire FlhA; sequence increases the binding affinity of
FlhA. for the FIgN chaperone compared with FIhA. with
either the E351A/D356A or E351A/W354A/D356A substi-
tution, the binding of the C-terminal portion of FlhA; to
the chaperone-binding site in FIhA. seems to suppress the
premature docking of the chaperone-substrate complex to
each FlhA. subunit in the ring during hook assembly
(171). Thus, the FliKc-FlhBc interaction is postulated to
cause a remodeling of the FIhA« ring structure, with the
C-terminal region of each FlhA; subunit dissociating from
the chaperone-binding site of FIhA¢ and binding to the D1
and D3 domains of its neighboring FlhA subunit in the
ring. As a result, the chaperone-substrate complexes can
bind to each FlhA. subunit in the ring, allowing filament
formation at the hook tip (Fig. 13).

CONCLUSIONS AND PERSPECTIVES

Most of the proteins that make up the flagellum have
been revealed at an atomic resolution by X-ray crystallogra-
phy. In addition, recent high-resolution cryoEM image
analyses have provided deep insights into the assembly and
function of the MS ring, the rod, the LP ring, the hook, the
filament, the filament cap, and the force generator. Thus,
flagellar assembly and operation mechanisms can now be
discussed at the level of atomic structures. Since high-reso-
lution structures of the CCW and CW states of the C ring
have not yet been obtained, it is unclear how the chemo-
taxis signal received by the FliM subunits in the C ring is
transmitted to the FliG subunits in the upper part of the C
ring and induces the highly cooperative remodeling of the
C ring that is responsible for the directional switching of
the flagellar motor. A more precise understanding of the
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mechanism of flagellar motor rotation will require biophys-
ical and molecular genetic approaches based on the atomic
model of the flagellar motor complex.

The transmembrane export gate complex has a dual-
fuel protein export engine, a membrane voltage sensor,
a polypeptide channel, and a substrate-docking platform.
Because there is no structural information on FlhA, acting
as a dual-ion channel, it remains unknown how FlhAqy
associates with the FliPs-FliQ,-FliR,;-FIhB, complex inside
the MS ring, how FlhAy, can conduct H* and Na* of dif-
ferent ionic radii, what the membrane voltage sensor is, and
how the export gate complex acts as a cation/protein anti-
porter that couples inward-directed cation flow with out-
ward-directed protein translocation. In order to elucidate
the energy-coupling mechanism of the fI3SS, the overall
structure of the fT'3SS in different states of flagellar protein
export must be revealed by high-resolution cryoEM image
analysis.
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