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Abstract

The bacterial flagellum is a motile organelle composed of thousands of protein subunits. The filamentous part that extends from
the cell membrane is called the axial structure and consists of three major parts, the filament, hook, and rod, and other minor
components. Each of the three main parts shares a similar self-assembly mechanism and a common basic architecture of subunit
arrangement while showing quite distinct mechanical properties to achieve its specific function. Structural and molecular
mechanisms to produce these various mechanical properties of the axial structure, such as the filament, the hook, and the rod,
have been revealed by the complementary use of X-ray crystallography and cryo-electron microscopy. In addition, the mecha-
nism of growth of the axial structure is beginning to be revealed based on the molecular structure.
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Introduction

Gram-negative bacteria, such as Escherichia coli and
Salmonella, swim by rotating helical filamentous organelles
called the flagellum. The flagellum rotates at a speed of 200—
300 Hz driven by a reversible rotary motor embedded in the
cell membrane at the base of the filament. To drive rotation the
motor utilizes an electrochemical potential gradient generated
by differential proton accumulation across the cytoplasmic
membrane.

The flagellum is a huge molecular complex made of 20-30
thousand of protein subunits of about 30 different proteins.
The structural components can be divided into two classes,
the basal body rings and the tubular axial structure. The basal
body rings form the rotary motor with the stator complex
composed of cytoplasmic membrane proteins, MotA and
MotB. The basal body rings consist of four major ring struc-
tures, the L-ring, the P-ring the MS-ring, and the C-ring. The
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MS- and C-ring form a rotor (Francis et al. 1994; Suzuki et al.
2004; Thomas et al. 2006) (Fig. 1), and torque is generated by
the rotor—stator interaction that is coupled with proton flow
through the proton pathway in the stator complex (Manson
et al. 1977; Blair and Berg 1988).

The axial structure consists of three major parts: the fila-
ment, the hook, and the rod (Fig. 1) (DePamphilis and Adler
1971a, b). The filament is a thin helical structure with a diam-
eter of about 20 nm and typically grows to around 15 pm in
length. It is composed of about 20,000 flagellar filament pro-
tein, flagellin (F1iC), subunits and acts as a rigid propeller to
produce thrust for the cell to swim in viscous environments.
The hook is a short, curved segment whose length is approx-
imately 55 nm. It is a helical assembly of flagellar hook pro-
tein (FIgE) subunits and acts as a universal joint that smoothly
transmits the motor torque to the filament regardless of its
orientation. For efficient transmission of torque, the hook is
flexible with regards to bending but rigid against twisting. The
rod is a drive shaft with an approximate length of 30 nm that
connects the rotor rings and the hook. It rod is a rather com-
plex helical cylinder composed of four flagellar rod proteins,
FlgB, FlgC, FlgF, and FlgG (Homma et al. 1990; Kubori et al.
1992). The rod penetrates the peptidoglycan (PG) layer and
the outer membrane through the lipoprotein (LP) ring com-
plex, which works as a bushing. Between the filament and the
hook, there is a short axial structural segment with thinner and
smoother appearance, called the hook—filament junction. The
junction is composed of FlgK and FlgL and thought to be an
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Fig. 1 Schematic drawing of the bacterial flagellum. Different colors
represent different functional units. The names of the component
proteins in each functional unit are shown in parentheses. CM Inner
membrane, PG peptidoglycan layer, OM outer membrane

(FliG, FIiM? FliN) \

adaptor connecting the hook and the filament, which have
mechanically distinct characteristics from each other.

All flagellar axial proteins synthesized in the cytoplasm are
translocated into the central channel of the growing flagellum
by the flagellar type III protein export apparatus. The axial
proteins travel through the narrow channel to the distal end
and are the incorporated into the growing structure (Macnab
2004; Minamino et al. 2008).

In this review, current understanding of the molecular
mechanism of each part of the flagellar axial structure and
its assembly mechanism are summarized based on the
structure.

Common features of the flagellar axial
structure

Early image analyses of electron micrographs revealed that

the filament and the hook are tubular structures composed of
11 protofilaments, all of which are nearly axially aligned
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strands of subunit proteins (O’Brien and Bennett 1972;
Wagenknecht et al. 1981, 1982). These tubular protofilaments
can also be described as a helical array of 11 subunits in two
turns of the 1-start helix (Fig. 2a). Subsequent structural stud-
ies indicated that they form a concentric multi-layer tube struc-
ture. The innermost tube is constructed of the N- and C- ter-
minal regions of the component proteins (Mimori et al. 1995;
Morgan et al. 1995; Mimori-Kiyosue et al. 1997; Shaikh et al.
2005) (Fig. 2b). Subunits of the rod and the hook—filament
junction are also arranged in a similar helical manner in the
flagellum (Shaikh et al. 2005).

The flagellar axial proteins share a conserved amino acid
sequence motif in both terminal regions. In the N- and C-
terminals about 65 and 45 residues, respectively, show heptad
repeats of hydrophobic residues, suggesting that these regions
form «-helical coiled-coil structures (Homma et al. 1990) The
coiled-coil structures have been confirmed by high-resolution
cryo-electron microscopy (cryo-EM) (Yonekura et al. 2003;
Matsunami et al. 2016). However, these regions are unfolded
in the monomeric state (Fig. 2¢) and are folded into coiled-
coils to form the inner tube structure only when the subunits
assemble into the flagellum (Vonderviszt et al. 1992; Saijo-
Hamano et al. 2004).

Structure of flagellin and the flagellar
filament

The F1iC protein from Salmonella enterica serovar
Typhimurium (St) consists of four domains, D0, D1, D2,
and D3. The first atomic structure of FliC was determined
by X-ray crystallography at 2.0-A resolution from a 41-kDa
fragment of StF1iC that lacks the DO domain (Samatey et al.
2001). Complete atomic structure models of straight filaments
of mutant strains (SJW1655 and SJTW1660) were subsequent-
ly obtained by cryo-EM at 4-A resolution (Yonekura et al.
2003; Maki-Yonekura et al. 2010).

The amino acid chain of FliC begins from the DO domain,
goes through the D1, D2, and D3 domains, then back to D2
and D1, and terminates in D0. These four domains are radially
arranged in the filament. The DO domain is composed of the
N-terminal and C-terminal helices, which form a coiled-coil
structure (Fig. 2b). The D1 domain is made up of three helices
and a (-hairpin, and forms the outer tube. The DO and D1
domains are connected by the extended loop structures with a
length of 20 A, called the spoke. The D2 and D3 domains
consist mainly of 3-strands and protrude from the outer tube
(Fig. 3). The helices in the DO and D1 domains of neighboring
subunits are closely packed, existing nearly parallel to the
filament axis; they contribute to the stable filament formation.
In contrast, the D2 and D3 domains are well separated from
one another (Figs. 4, 5).
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Fig.2 Common structural feature
of the flagellar axial structure. a
Arrangement of the protein
subunits in the flagellar filament.
Major helical lines are indicated
by arrows. The subunits along the
11-start helical line comprise the
protofilament. The number la-
beled 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 di-
rection of the helical line. The
subunit monomers are sequen-
tially assembled along the 1-start
helix. b Cross section of the fla-
gellar filament structure. Each
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axial proteins. Disordered region
and folded domains are colored in FlgG N 1 8558 2a0/221 260
yellow and blue, respectively. The 1 60/61 207/208 251
disordered regions were deter- FigF N c
mined by limited proteolysis 133
.. N \:I
(Saijo-Hamano et al. 2004) FigC €
1 138
FigB NC———ic¢c

From the helical symmetry of the filament, six nearest
neighbor subunit interactions are expected for one subunit,
two each along the 5-, 6-, and 11-start helical directions
(Figs. 2a, 5). All these interactions were observed between
the DO domains in the inner tube. There is a slight inclination
in the outer tube structure due to the nearly rhombohedral
shape of the D1 domain; however, no contacts are observed
along the 6-start between the D1 domains. Instead, there are
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Fig. 3 Structural comparison of flagellin from various bacteria. a Cryo-
electron microscopy (Cryo-EM) structure of full-length flagellar filament
protein, flagellin (FliC), from Salmonella (PDB ID lucu). b—d Crystal
structures of Burkholderia pseudomallei FliC (BpFliC; PDB ID 4cfi) (b),

16-start interactions, which are thought to be important for
polymorphic transition of the helical filament form (Samatey
et al. 2001; Yonekura et al. 2003; Kitao et al. 2006). The
subunit interactions between the DO domains are hydropho-
bic, while the D1 domains mainly interact in a hydrophilic
manner. These findings are consistent with the roles of each
domain; the DO domain stabilizes the filament structure,
whereas the D1 domain is responsible for polymorphic

Pseudomonas aeruginosa FliC (PaFliC; PDB ID 4nx9) (c), and Bacillus
subtilis FliC (BsFliC; (PDB ID 5gy?2) (d). The DO domains of Bp-, Pa and
Bs-FliC were removed for crystallization. The chains are colored in the
rainbow sequence of colors from blue to red for the N- to C-terminus
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Fig.4 Comparison of the protofilament structures of the filament (a), the
hook (b), and the rod (c). Two protein subunits in a protofilament are
shown in each panel. The chains are colored in the rainbow sequence of
colors from blue to red for the N- to C-terminus. The D0 and D1 helices of
FIiC are arranged nearly parallel to the filament axis and densely packed
along the protofilament. The DO helices of flagellar hook protein FIgE are
tilted to form a gap between the axially neighboring subunits (blue two-
direction arrow). The N-terminal helix of flagellar rod protein FlgG is one

transition by changing the interactions with the neighboring
subunits.

The D2 and D3 domains show variation in sequence and
structure, whereas the DO and D1 domains are conserved
among flagellins of various bacteria. Pseudomonas
aeruginosa FliC (PaFliC) and Burkholderia pseudomallei
FliC (BpFliC) lack the D3 domain (Song and Yoon 2014;
Nithichanon et al. 2015), and Bacillus subtilis FliC (BsFliC)
is composed of only the DO and D1 domains (Song etal. 2017,
b). The D2 domains of PaFliC and BpFIliC project in the
opposite direction from that of StFliC. Moreover, the D2
structures of PaFliC, BpFliC, and StFliC are quite different
from each other (Fig. 3).

Bacterial flagellin induces an innate immune response by
binding to the Toll-like receptor 5 (TLRS), an innate immune
receptor present on the host cell surface (Hayashi et al. 2001).
The structures of TLRS5 in complex with FliC from
Salmonella enterica serovar Dublin (SdF1iC) or BsFIiC re-
vealed that TLRS recognizes the conserved three D1 helices,
N1 N2, and Cl1, of FliC. On the other hand, the variable D2
and D3 domains are considered to be involved in adaptive
immunity (Yoon et al. 2012; Song et al. 2017, b).
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turn longer than that of FIgE; therefore the gap between the N-terminal
helix and the axially neighboring subunit (red two-direction arrow) is
shorter than that in the hook (green two-direction arrow). The D1 do-
mains of FlgG are arranged upright to make an interaction with the neigh-
boring subunit (magenta arrow), while those of FIgE in the hook are tilted,
producing an axial gap along the protofilament (black two-direction
arrow)

Molecular mechanism of the polymorphic
transition

The most interesting and important property of the flagellar
filament is that it shows various polymorphic supercoiled
forms, although it is composed of a single protein, flagellin.
In response to various environmental stimuli, bacteria alter-
nate their swimming behavior between the swimming and the
tumbling mode. In the swimming mode, each filament with a
left-handed supercoil rotates counter-clockwise and forms a
bundle to thrust the cell (Macnab and Koshland 1972). The
tumbling mode is triggered by a quick reversal of rotation
(Larsen et al. 1974), which produces a twisting force that
transforms the left-handed supercoil of the filament into a
right-handed one, causing the bundle to fall apart rapidly
(Macnab and Ornston 1977; Turner et al. 2000).
Polymorphic transition of the supercoiled forms is also in-
duced by changing the pH and ionic strength (Kamiya and
Asakura 1976, 1977) and by applying mechanical load
(Macnab and Ornston 1977; Hotani 1982).

The mechanism of the polymorphic transition was first
proposed independently by Asakura and Calladine (Asakura
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Fig. 5 Intersubunit domain interactions in the axial structure. Side views
of the R-type filament (a), the hook (b), and the rod (¢) showing the
subunit arrangement and packing of the different layers: left panel shows
the array of the DO domains; middle panel shows the D1 domains; right

1970; Calladine 1975, 1976, 1978). These authors demon-
strated that the supercoiled structures can be constructed by
mixing the two distinct protofilaments and be switched into
other supercoiled forms by cooperative transition of each
protofilament between the two modes, thereby changing the
number ratio of the two types of protofilaments. Various FliC
mutants that produce distinct supercoiled filaments have been
isolated, including straight filament forms. The mutant
straight filaments can be divided into only two distinct types,
the L- and R-type, respectively (Kamiya et al. 1979), based on
their subunit packing. The L-type is composed of
protofilaments tilted to the left with a longer inter-subunit
repeat distance, whereas the R-type exhibit a tilt to the right

panel shows the D2 and D3 domains. Individual protofilaments are
shown in different colors. The subunits surrounding subunit 0 are labeled
with the number showing the direction of the helical line

with a shorter inter-subunit repeat distance. Careful measure-
ments of the helical packing parameters of the straight fila-
ments by X-ray fiber diffraction revealed that the difference in
the inter-subunit distance along the protofilament between L-
and R-type filaments is only 0.8 A (Yamashita et al. 1998).
Applying the obtained packing parameters of the two straight
filaments, supercoiled structures were modeled and found to
show good agreement with experimentally observed forms
(Hasegawa et al. 1998), supporting the Asakura and
Calladine theory. To change the supercoiled form, some of
the protofilaments switch their repeat distance and tilt in a
cooperative manner (Asakura 1970; Calladine 1975, 1976,
1978). Comparison of the local subunit packing of L- and R-
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type filaments revealed only subtle differences in local pack-
ing at the inner tube radius, whereas these differences are
significant at the outer tube radius (Mimori-Kiyosue et al.
1996; Maki-Yonekura et al. 2010). Moreover, even after re-
moval of the terminal residues forming the DO domain, frag-
ments of FliC were still able to form a helical structure called
the “coil” (Vonderviszt et al. 1991). These results indicate that
inter-subunit interactions of the D1 domain in the outer tube
are primarily responsible for supercoiling. Simulated exten-
sion of the atomic model of the protofilament revealed that
the (3-hairpin in the D1 domain shows a small but significant
conformational change, indicating that this is a possible
lengthwise switching unit responsible for curvature formation
(Samatey et al. 2001). This switch is supposed to be tightly
coupled with another switch that regulates the twist of super-
coils, which presumably resides in the lateral interactions be-
tween neighboring protofilaments.

The hook

The hook allows the synchronous rotation of several filaments
driven by their motors in a bundle formed behind the cell
(swimming) as well as the uncoordinated rotation of individ-
ual, unbundled filaments in different orientations (tumbling)
(Macnab and Ornston 1977; Turner et al. 2000). The bending
flexibility of the hook enables it to smoothly transmit torque
from the motor to the filament when the two are not coaxial
(Berg and Anderson 1973). In every revolution of the motor,
each protofilament changes its conformation from the longer
repeat state to the shorter one and from the shorter to the
longer. Therefore, well-organized conformational changes
are essential for smooth and continuous rotation.

The length of the hook is regulated to be 55 + 6 nm (Hirano
et al. 1994; Moriya et al. 2006). The appropriate length of the
hook seems to be important for its universal joint function.
Mutant cells with a longer hook, known as polyhook-filament
mutants, or with a shorter hook show poor motility (Suzuki
and Iino 1981; Hirano et al. 1994; Williams et al. 1996;
Moriya et al. 2006).

Structure of the hook

The hook is a helical assembly of about 120 copies of a single
protein, FIgE (Kutsukake et al. 1979; Jones et al. 1990).
StFIgE is a 402-amino acid protein composed of three do-
mains, DO, Dc, D1, and D2. The atomic structure of the D1
and D2 domains were determined by X-ray crystallography
(Samatey et al. 2004). The D1 and D2 domains consist mostly
of 3-structures and are completely different from those of F1iC
(Figs. 4, 6). The D2 domain is composed of eight-stranded f3-
barrel with extra loops. The D1 domain has an unusual fold
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Fig. 6 Structural comparison of the Campylobacter jejuni flagellar hook
protein FIgE (CjFIgE; PDB ID 5jxl) (a) and Salmonella enterica serovar
Typhimurium FIgE (StFIgE; PDB ID 3A69) (b). The chains connecting
the DO and D1 domains are not determined in the StFIgE structure. The
chains are drawn in rainbow sequence of colors from blue to red for the
N- to C-terminus

composed of complex (3-hairpins and a unique triangular
loop. The D1 and D2 domains are connected by a short stretch
of a two-stranded anti-parallel 3-sheet (Samatey et al. 2004)
(Fig. 6). The arrangement of the FIgE subunits in the hook was
revealed by docking the crystal structure into the cryo-EM
density (Shaikh et al. 2005; Fujii et al. 2009). Compared with
the filament structure, the subunits are loosely packed in the
hook (Figs. 4, 5). The D2 domains strongly contact each other
along the 6-start direction on the outer surface of the hook, but
no D2-D2 interactions are found along the 11- and the 5-start
direction (Fig. 5). Inter-subunit interactions between D1 do-
mains are very weak in all directions. The main axial intermo-
lecular interactions that hold the protofilament structure are
between the D1 domain of the distal subunit and the D2 do-
main of the proximal subunit through the triangular loop of
domain D1 (Fig. 4). The N- and C-terminal helices of FIgE
form the DO domain in a similar manner to those of F1iC in the
filament, but they are significantly tilted (Figs. 4, 5). This
arrangement produces a gap of about 5 A between the DO
helices of the axially neighboring subunits in the hook,
allowing axial compression and extension of each
protofilament (Fujii et al. 2009) (Fig. 4). These loose axial
packing properties of the FIgE subunits are primarily respon-
sible for high flexibility in bending and rigidity against twist-
ing (Samatey et al. 2004; Fujii et al. 2009).

The structure of the Dc domain of the Salmonella hook is
still unclear because of the low resolution of the cryoEM den-
sity. However, the complete cryoEM structure of
Campylobacter jejuni (Cj) hook has recently been reported
(Matsunami et al. 2016). Although the Cj-hook has two extra
domains, which are located radially outside of the D2 domain,
the structures of D0, D1, and D2 in the Cj-hook are very
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similar to those in the St-hook (Fig. 6). The D0 and D1 do-
mains are connected by an L-shaped stretch (L-stretch) com-
posed of 50 residues following the N-terminal helix. The L-
stretch is in extensive contact with the D1 domain and the L-
stretch of other subunits in four different protofilaments, there-
by stabilizing the structure of the Cj-hook (Matsunami et al.
2016). As the L-stretch is located at the corresponding posi-
tion of the Dc domain of the St-hook, it may also be present in
the St-hook.

The hook-filament junction

The hook—filament junction is a buffering structure
connecting the hook with the filament. Since the hook and
the filament have mechanically and structurally distinct char-
acteristics, the junction proteins must form a special link be-
tween the flexible hook and the rigid filament. Two proteins,
FlgK and FlgL, form the hook—filament junction—in this or-
der toward the distal end (Homma and Iino 1985a; Ikeda et al.
1987). Single FlgK and FlgL molecules are expected to be
present in each of the 11 protofilaments (Ikeda et al. 1987;
Jones et al. 1990). Analysis of the structure of a core fragment
of FlgK from Burkholderia pseudomallei has revealed that the
D1 domain is similar to that of FliC (Gourlay et al. 2015). The
structures of the core fragments of FlgK and FlgL from
Salmonella have also been determined at a resolution of 1.9
and 2.1 A, respectively (PDB ID 2d4y and 2d4x, respective-
ly), and the hook—filament junction model will be published
elsewhere.

The rod

The rod is a drive shaft to transmit the torque to the hook. The
rod is a rigid and straight cylinder penetrating the PG layer and
the outer membrane. It consists of two substructures, the prox-
imal rod and the distal rod (Fig. 1). The proximal rod, with a
diameter of about 7 nm, penetrates into the FIiF ring, and the
distal rod, with a diameter of 13 nm. is surrounded by the LP
ring. The proximal rod is composed of FlgB, FlgC, and FlgF,
each with about 6 subunits, and the distal rod comprises ap-
proximately 26 subunits of the single protein FlgG (Homma
et al. 1990; Kubori et al. 1992; Jones et al. 1990). FlgB and
FlgC consist of less than 140 residues (Homma et al. 1990)
and contain heptad repeats of hydrophobic residues in their
terminal regions (Homma et al. 1990). These proteins are
completely unfolded in solution, and their molecular sizes
correspond to the size of the disordered regions of FIgE and
FIiC (Fig. 2c). Therefore, they are probably folded into o-
helical coiled-coils to form the tube structure, similar to the
DO inner tube of FliC (Saijo-Hamano et al. 2004). FigF and
FlgG are composed of 251 and 260 residues, respectively, and

both have a compact proteolytic-resistant region of 16—17 kDa
as well as the common disordered terminal regions (Fig. 2c).
The amino acid sequences of the compact region show a high
similarity with the D1 domain of FIgE, and the size of the
compact region is almost the same as that of the D1 domain
of FIgE (Homma et al. 1990; Saijo-Hamano et al. 2004), sug-
gesting that FlgF and FlgG form a double tube structure in
which the compact region forms the outer tube.

The cryo-EM structure of the distal rod has recently been
reported (Fujii et al. 2017). The 7-A resolution density map
shows the radially arranged domains, DO, D¢, and DI.
Although the crystal structure of FIgG has not yet been report-
ed (Saijo-Hamano et al. 2013), a partial structure model has
been built by docking a D1 structure of FlgG produced by
homology modeling into the density map. The N- and C-
terminal helices in the DO domain have also modeled in the
density map (Fujii et al. 2017). The helical symmetry and
repeat distance of the distal rod are almost the same as those
of the hook (Fig. 5). However, slight but significant differ-
ences are found in the orientation of each domain. The D1
domain of FlgG is arranged upright to make a tight interaction
between the neighboring subunits in the protofilament of the
distal rod, while the D1 domains of FIgE in the hook are tilted
about 7° compared with those of FlgG in the distal rod, pro-
ducing an axial gap along the protofilament (Fig. 4). The N-
and C-terminal helices of FIgG in the DO domain form a
coiled-coil structure in a similar manner to those of FIgE in
the hook. However, the N-terminal helix of FlgG is one turn
longer than that of FIgE and fills the gap, allowing direct
contact with the axially neighboring subunit (Fig. 4). These
tight packing interactions in both the D1 and DO domains of
FlgG provide rigidity to the distal rod. The Dc domain, which
connects the DO and D1 domains, is not modeled due to the
low resolution of the density map. The FlgG-specific insertion
of 18 residues is located in the Dc domain. These 18 residues
are important to making the rod rigid and straight because the
FlgE mutant with the 18-residue insertion produces a straight
and rigid hook (Hiraoka et al. 2017). Therefore, a high-
resolution structure of the rod is needed to further our under-
standing of the molecular basis of its mechanical properties.

Construction of the axial structure

Construction of the bacterial flagellum is a highly organized
process. Assembly of the flagellar substructures proceeds in a
sequential manner, starting from the proximal basal body ring
and continuing to the distal axial structures (Kubori et al.
1992). The distal substructure is built just after completion
of the proximal structure. The initial event of the flagellar
construction is the formation of the MS ring together with
the flagellar protein export apparatus in the cytoplasmic mem-
brane; this is followed in sequential order by the construction
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of the rod, the hook, the hook—filament junction, and the fil-
ament. The axial component proteins exported through the
central channel of the growing structure assemble onto the
distal tip (Macnab 2003).

The assembly processes of the filament and the hook are
promoted by specific cap complexes composed of FliD and
FlgD, respectively (Ikeda et al. 1987; Ohnishi et al. 1994).
These caps are both homo-pentameric complexes stably at-
tached to the distal end of the filament or the hook and they
prevent leakage of their component proteins to the medium by
capping the central channel (Ikeda et al. 1984, 1985, 1987,
1996; Homma and lino 1985b). Thereby, the transported pro-
teins are efficiently incorporated into the growing structure
just beneath the cap complex. The rod is also expected to
require its specific cap complex for assembly (Hirano et al.
2001).

The rod cap

Since the rod penetrates the PG layer, the rod cap has to pos-
sess PG-hydrolyzing activity to enable penetration of the PG
layer. Among all of the flagella-related proteins identified to
date, FlgJ is the only protein with a known PG-hydrolyzing
activity , and it is required for rod formation. Thus, FlgJ is
considered to be a capping protein for the rod (Hirano et al.
2001). StFlgJ is a 34-kDa protein composed of 316 residues.
The N-terminal region has a heptad repeat of hydrophobic
residues that is shared by other axial proteins, and the N-
terminal half is essential for rod assembly, suggesting that
the N-terminal half of FlgJ acts as the cap for rod assembly
(Hirano et al. 2001). The C-terminal half has a PG-
hydrolyzing activity (Nambu et al. 1999) and shows a se-
quence similarity to other muramidases, such as 1-4-b-N-
acetylmuramidase and muramidase-2 (Joris et al. 1992;
Buist et al. 1995). The structure of the muramidase domain
of StFlgJ has recently been solved and resembles the structure
of the lysozyme (Zaloba et al. 2016).

The hook cap and the hook formation

On the distal growing end of the hook, FlgD, a scaffolding
protein, forms a capping complex for the flagellar hook as-
sembly (Kubori et al. 1992; Ohnishi et al. 1994). The FigD
subunits may assemble onto the tip of the distal rod after
removal of the rod cap, and then FIgE subunits are incorpo-
rated into the growing structure beneath the FigD cap until the
hook length reaches around 55 nm. The length of the hook is
occasionally monitored by FliK through the interaction be-
tween FlgD and the extended N-terminal region of FliK
(Moriya et al. 2006). After completion of the hook assembly,
FlgD is replaced by a hook—filament junction protein FlgK
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(Ohnishi et al. 1994). StFlgD comprises 232 residues and its
molecular weight is 24 kDa. Only the N-terminal 86 residues
of StFIgD are sufficient for hook formation, suggesting that
the N-terminal region interacts with the hook and is essential
for promoting hook assembly (Kutsukake and Doi 1994). The
remaining C-terminal region contributes to blocking the leak-
age of the transported FIgE into the medium for efficient as-
sembly of the hook (Moriya et al. 2011). The crystal structures
of the C-terminal fragments of FlgD from Xanthomonas
campestris (XcFlgDc), Pseudomonas aeruginosa (PaFlgDc),
and Helicobacter pylori (HpFlgDc) have been determined
(Kuo et al. 2008; Zhou et al. 2011; Puli¢ et al. 2016)
(Fig. 7). The structures of these fragments are basically iden-
tical and composed of two 3-domains, the Tudor-like domain
and the fibronectin type IlI-like domain. The HpFlgDc forms
a tetramer both in crystal and in solution, suggesting species-
specific variation of the oligomeric state.

The filament cap and filament growth

At the distal tip of the filament, FliD forms a star-shaped
homo-pentamer that caps the open end of the filament and
assists inthe assembly of flagellin below the pentameric as-
sembly (Ikeda et al. 1985, 1993, 1996; Maki et al. 1998) (Fig.
1). FliD was originally found to be an inhibitor of in vitro
flagellin polymerization (Ikeda et al. 1984), but necessary
for filament growth in vivo. (Homma et al. 1984). Before
starting filament growth, FlgK and FlgL are assembled on
the distal end of the hook in this order, then FliD is attached
to FlgL (Homma and lino 1985a; Ikeda et al. 1987). FliD can
form a hetero-dimer with FIgL in solution (Furukawa et al.
2002), suggesting that FliD strongly binds to the distal end of
the growing flagellum.

FliD is a 50-kDa protein with 466 residues and has flexible
terminal regions that contain heptad repeats of hydrophobic
amino acids (Homma et al. 1990). FliD exists in an equilibri-
um form between the monomer and the decamer, which is a
bipolar pair of the pentamer, in solution (Imada et al. 1998).
The terminal regions are responsible for interaction with the
filament, as well as the association of the pentamer into the
decamer (Vonderviszt et al. 1998). Cryo-EM studies have re-
vealed that the FliD pentamer cap consists of a flat plate that
is 145 A in width and 30 A in thickness, with five prolonged
leg domains over a length of 125 A (Maki-Yonekura et al.
2003). The crystal structure of E. coli FliD, which lacks both
terminal regions, showed that FliD consists of three domains,
D1, D2, and D3 (Song et al. 2017, b) (Fig. 8). The D1 domain
consists of a four-helix bundle core decorated with one helix
and two [3-strands, and forms the leg of the cap. The D2 and
D3 domains are mainly composed of 3-strands, and form the
flat plate. The crystal structure of the pentamer plate of StFliD
revealed that the oligomerization interface is located between
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Fig. 7 Crystal structures of the C-
terminal domain of FlgD (FlgDc),
a scaffolding protein for flagellar
hook assembly, from various
bacteria. a Xanthomonas
campestris (XcFlgDc; PDB ID
3¢12), b Pseudomonas
aeruginosa (PaFlgDc; PDB ID
3osv), ¢ Helicobacter pylori
(HpFlgDc; PDB ID 4zzf). The
chains are shown in rainbow se-
quence of colors from blue to red
for the N- to C-terminus

the D2 domain and the D3 domain of the neighboring subunit
(Song et al. 2017, b) (Fig. 7).

The structure of the cap attached onto the filament was
observed by cryo-EM, and an assembly mechanism of the
FliC with the help of the cap was proposed (Yonekura et al.
2000). In this mechanism, the leg domains are plugged into
the filament and attached to the filament end. Since the fila-
ment is composed of 11 protofilamens, four pairs of up-and-
down pattern and one double-down step are present at the
distal end of the filament. The leg domains of FIiD fill the
indentations but not the double-down step. Therefore, a large
opening is present on the filament surface. A new subunit is

Fig. 8 Crystal structures of the
capping protein of the bacterial
flagellar filament (F1iD) from
various bacteria. Ribbon draw-
ings of StF1iD (PDB ID 5h5t) (a),
Serratia marcescens FliD
(SmFIiD; PDB ID 5xIk) (b),
Escherichia coli FIiD (EcFliD;
PDB ID 5h5v) (b), and PaFliD
(PDB ID 5thy) (d) are shown in
rainbow sequence of colors from
blue to red for the N- to C-termi-
nus. e, f Structure of the FliD cap
assembly: e EcFliD hexamer
(PDB ID 5h5v), f StFliD
pentamer (PDB ID 5h5t).
Subunits are represented in dif-
ferent colors

probably incorporated into the opening and pushes up the cap.
Because of the symmetry mismatch between the fivefold cap
and the helical filament with the array of 11 subunits per two
turns of the 1-start helix, the five leg domains adopt different
conformational interactions with the FliC subunits. As a re-
sult, the addition of each F1liC subunit induces rotation of the
cap to the opposite direction of filament addition (Yonekura
et al. 2000 Maki-Yonekura et al. 2003). Recently, unexpected
variation was found in the number of the subunits in the FliD
cap complex. E. coli FliD (EcFliD) and PaFliD form a
hexamer and SmFIiD (FliD from Serratia marcescens) forms
a tetramer in the crystal (Song et al. 2017, b; Postel et al. 2016;
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Cho et al. 2017), whereas StFliD assembles into a pentamer
(Fig. 8). How EcFl1iD, PaFliD, and SmFIiD fit on the tip of the
filament is not yet known.

Perspective

The flagellum is composed of about 30 different proteins, each
with copy number ranging from a few to a few tens of thou-
sands. Consequently, structure analysis of this huge system is
challenging. Since the mechanical property of each part of the
flagellar axial structure appears only in the assembled form,
the structure of whole complex is indispensable for an under-
standing of each function. The complementary approach using
X-ray crystallography and cryo-EM has revealed the struc-
tures of the straight filament, the hook, and the rod, which
have provided deep insights into the molecular mechanisms
of their functions at the atomic level. However, for complete
understanding of this system, further research efforts are re-
quired. The supercoil structures of the filament, the curved
hook structure, and the structure of the junctions between
the filament and the hook and between the hook and the rod
will be the next targets. Recent developments in the cryo-EM
techniques will greatly facilitate such research. The whole
atomic model of the flagellar axial structure will be obtained
in near future, and this structure will provide design principles
of complex biomolecular assemblies. The principles will be
applicable to bio-nanotechnology, such as the design of func-
tional, self-assembling nanostructures and the construction of
flagella-based nanotube systems.
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