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The bacterial flagellum is a supramolecular motility machine that allows bacterial
cells to swim in liquid environments. The flagellum is composed of the basal body, which
acts as a rotary motor, the filament, which functions as a helical propeller, and the hook,
which connects the basal body and filament and works as a universal joint to smoothly
transmit torque produced by the motor to the filament. The flagellar motor is composed
of a rotor ring complex and multiple transmembrane stator units, each of which acts as
an ion channel to couple the ion flow through the channel to torque generation. The
flagellar motor is placed under the control of sensory signal transduction networks, thereby
allowing bacterial cells to migrate towards more desirable environments for their survival.
The entire structure of the flagellum and flagellar component proteins are highly conserved
among bacterial species. However, novel and divergent structures associated with the
flagellar motor are clearly observed by in situ structural analyses of flagellar motors derived
from different bacterial species [1-3].

The scope of this Special Issue is to cover recent advances in our understanding of the
structures and functions of the bacterial flagellar motor derived from different bacterial
species. This Special Issue includes ten review articles [4-13] and eleven original research
papers [14-24] from well-known experts in the field.

All review articles provide both expert and non-expert readers with advances in
understanding the structures and functions of the bacterial flagellum. They highlight the
most recent observations and illustrate perspectives for future research [4-13].

The amino acid sequence of the distal rod protein FIgG is very similar to that of
the hook protein FIgE. The FlgG rod structure is straight and rigid, whereas the hook
adopts a curved form with high bending flexibility. Saijo-Hamano et al. solved a crystal
structure of the FIgG fragment missing both N- and C-terminal disordered regions and
fitted the atomic model of the FlgG fragment into a density map of the FlgG rod by electron
cryomicroscopy (cryoEM). They found that an N-terminal short segment called L-stretch
stabilizes intermolecular packing interactions, making the rod straight and rigid. As a
result, the rod functions as a drive shaft of the flagellar motor [14]. Horvath and Kato
et al. carried out cryoEM image analysis of the straight polyhook structure and provided
structural evidence that domain Dc of FIgE with a long -hairpin structure connecting
domains D0 and D1 not only contributes to the structural stability of the hook but also
allows the bending flexibility of the hook so that the hook can function as a universal
joint [15].

Salmonella enterica has two distinct flagellin genes, namely fIiC and fIjB, on the genome
and autonomously switches their expression at a frequency of 1073~10~* per cell per
generation. Yamaguchi et al. carried out functional and structural analyses of the filaments
formed by either FliC or FljB and provided evidence that domain D3 of flagellin molecules
plays an important role not only in changing the antigenicity of the filament but also in op-
timizing the motility function of the filament as a propeller under different environmental
conditions [16].

Biomolecules 2021, 11, 741. https:/ /doi.org/10.3390/biom11050741
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To construct the flagellum on the bacterial cell surface, the flagellar type III secretion
system (fT3SS) transports flagellar building blocks from the cytoplasm to the distal end
of the growing flagellar structure. Terashima et al. developed in vitro protein transport
assays using inverted membrane vesicles and provided direct evidence that coordinated
flagellar protein export and assembly can occur at the post-translational level [17].

A non-flagellated bacterium Lysobacter enzymogenes OH11 moves on solid surfaces
using type IV pili. Interestingly, this bacterium encodes highly homologous fT3SS genes on
its genome. Fulano et al. constructed fT3SS-knockout mutant strains and provided evidence
that some fT3SS components are required for the twitching motility of L. enzymogenes. Thus,
the homologous components of the fT3SS seem to have acquired a divergent function that
controls the twitching motility [18].

MotA and MotB form a transmembrane proton channel complex to couple the proton
flow through the channel with torque generation. The MotAB stator complex autonomously
controls its proton channel activity in response to changes in the environment. Morimoto
et al. provided experimental evidence that the N-terminal cytoplasmic tail of MotB reg-
ulates the gating of the MotAB proton channel [19]. Furthermore, Naganawa and Ito
provided an interesting clue of how the stator unit selects the coupling ion to drive flagellar
motor rotation [20].

Onoe et al. showed that the Paenibacillus MotAB complex, which was originally
thought to conduct divalent cations such as Ca>* and Mg?* to drive flagellar motor rotation,
can work as a stator unit in the E. coli flagellar motor and that this stator unit directly
converts the energy released from the proton influx to motor rotation in E. coli [21].

The chemotaxis signaling protein, namely CheY-P, binds to a rotor of the flagellar
motor to switch its rotational direction from counterclockwise to clockwise in a highly
cooperative manner. The cytoplasmic level of CheY-P largely fluctuates so that E. coli
cells respond to changes in the environment rapidly and efficiently to migrate toward
more desirable conditions. Che et al. analyzed the coordination of directional switching
between flagellar motors on the same cell and provided evidence suggesting that the
fluctuation of the cytoplasmic CheY-P level coordinates rotation among flagellar motors
and regulates steady-state run-and-tumble swimming of cells to facilitate efficient responses
to environmental changes [22].

A motile Methylobacterium ME121 strain is more motile when they grow together with
a non-motile Kaistia 32K strain. Usui et al. purified a swimming acceleration factor from
the culture supernatant and found that extracellular polysaccharides, which they named
the K factor, facilitate the flagellar motor function of the ME121 strain [23].

Lysophosphatidic acid acyltransferase (LPAAT) introduces fatty acyl groups into the
sn-2 position of membrane phospholipids. E. coli has another LPAAT homolog named
YihG in addition to PlsC, which is essential for the growth of E. coli. Toyotake et al.
constructed a yihG null mutant (AyihG) and provided evidence suggesting that YihG has
specific functions related to flagellar assembly through the modulation of the fatty acyl
composition of membrane phospholipids [24].

Thus, the studies included in this Special Issue illustrate various examples of the
recent progress in the studies on the conserved structure and function of the flagellar motor
as well as its structural and functional diversities among different bacterial species.

Finally, we would like to thank all authors for their great contributions to this Special
Issue and Fumiaki Makino and Tomoko Yamaguchi for creating the cover image.
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Abstract: The bacterial flagellum is a helical filamentous organelle responsible for motility. In bacterial
species possessing flagella at the cell exterior, the long helical flagellar filament acts as a molecular
screw to generate thrust. Meanwhile, the flagella of spirochetes reside within the periplasmic space
and not only act as a cytoskeleton to determine the helicity of the cell body, but also rotate or undulate
the helical cell body for propulsion. Despite structural diversity of the flagella among bacterial species,
flagellated bacteria share a common rotary nanomachine, namely the flagellar motor, which is located
at the base of the filament. The flagellar motor is composed of a rotor ring complex and multiple
transmembrane stator units and converts the ion flux through an ion channel of each stator unit
into the mechanical work required for motor rotation. Intracellular chemotactic signaling pathways
regulate the direction of flagella-driven motility in response to changes in the environments, allowing
bacteria to migrate towards more desirable environments for their survival. Recent experimental
and theoretical studies have been deepening our understanding of the molecular mechanisms of the
flagellar motor. In this review article, we describe the current understanding of the structure and
dynamics of the bacterial flagellum.

Keywords: bacterial flagellum; chemotaxis; ion motive force; ion channel; mechanochemical coupling;
molecular motor; motility; torque generation

1. Introduction

Bacterial motility is an extremely intriguing topic from various scientific aspects. For example,
motility can be a crucial virulence attribute for pathogenic bacteria, such as Salmonella enterica (hereafter
referred to Salmonella) and Helicobacter pylori [1,2]. Bacterial motility also plays a significant role
in mutualistic symbioses [3,4]. Furthermore, motile bacteria are also a representative example for
understanding the underlying physical principles that form the basis of energy conversion, force
generation and mechanochemical coupling mechanisms [5]. Active motilities of bacteria are represented
by movement in liquid (e.g., swimming motility in Escherichia coli and Salmonella) and on solid surfaces
(e.g., flagella-driven swarming motility in Proteus mirabilis and Vibrio parahaemolyticus, gliding motility
in Mycoplasma mobile, and twitching motility in Pseudomonas aeruginosa), and passive motility is typically
actin-based locomotion (e.g., Listeria monocytogenes and Shigella spp.) [6]. Since bacterial motility varies
among bacterial species, bacteria utilize their own motility system optimized for their habitats.

E. coli and Salmonella use flagella viewable from the cell exterior as a thin, long, helical filament
(Figure 1a). On the other hand, the flagella of spirochetes reside within the periplasmic space, and so
they are called periplasmic flagella [7]. Whether the bacterial flagella are exposed to the cell exterior or
are hidden within the cell body, the flagellum is divided into three structural parts: the basal body
as a rotary motor, the hook as a universal joint and the filament as a molecular screw in common
(Figure 1b), and flagellar formation and function involves more than 60 genes [8-10].

Biomolecules 2019, 9, 279; d0i:10.3390/biom9070279 5 www.mdpi.com/journal/biomolecules
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Figure 1. Salmonella flagellum. (a) Electron micrograph of Salmonella cell. The micrograph was taken at
a magnification of x1200. (b) Electron micrograph of hook-basal bodies isolated from Salmonella cells.
(c) CryoEM image of purified basal body. Purified basal body consists of the L, P, MS and C rings and
the rod. A dozen MotAB complex are associated with the basal body to act as a stator unit in the motor
but is gone during purification.

The bacterial flagellar motor is powered by the transmembrane electrochemical gradient of ions,
namely ion motive force (IMF) and rotates the flagellar filament to generate thrust to propel the cell
body. The maximum motor speed reaches 300 revolutions per second in E. coli and Salmonella [11]
and 1700 revolutions per second in a marine bacterium Vibrio alginolyticus [12]. Thus, the rotational
speed of the flagellar motor is much faster than that of a manufactured car engine such as formula
one car. The flagellar motor is composed of a rotor and multiple stator units. Each stator unit acts
as a transmembrane ion channel to conduct cations such as protons (H*) or sodium ions (Na*) and
applies force on the rotor [13,14].

The flagellar motors of E. coli and Salmonella rotate in both counterclockwise (CCW) and clockwise
(CW) without changing the direction of ion flow. E. coli and Salmonella cells can swim in a straight line
by bundling left-handed helical filaments behind the cell body (run) when all of them rotate in CCW
direction. When one or multiple motors switch the direction of rotation from CCW to CW, the flagellar
bundle is disrupted, enabling the cell to tumble and change the swimming direction. E. coli and
Salmonella cells sense temporal changes in nutrients, environmental stimuli, and signaling molecules to
coordinate the switching frequency of the motor. Transmembrane chemoreceptors, energy-related taxis
sensors and intracellular phosphotransferase systems detect environmental signals and then convert
them into intracellular signals. Then, an intracellular signal transduction system transmits the signals
to the flagellar motor to switch the direction of motor rotation from CCW to CW. The cells repeat
a run—tumble pattern to explore more favorable environments for their survival [15]. This review
article covers our current understating of flagella-driven motility mechanism in E. coli and Salmonella.
We also describe the structural and functional diversities of the bacterial flagella.

2. Axial Structure

The axial structure of the bacterial flagellum is commonly a helical assembly composed of
11 protofilaments and is divided into at least three structural parts: the rod, the hook and the filament
from the proximal to the distal end. The rod is straight and rigid against bending and twisting and
acts as a drive shaft. The hook is supercoiled and flexible against bending and acts as a universal joint
to smoothly transmit torque produced by the motor to the filament. The filament is also supercoiled
but stiff against bending. The filament is normally a left-handed supercoil to act as a helical screw
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to produce thrust for swimming motility. The filament undergoes polymorphic transformation from
the left-handed supercoil to right-handed ones when bacterial cells tumble and change swimming
direction [16].

2.1. Flagella Filament

The flagellar filament of E. coli is formed by ~30,000 copies of flagellin, FliC. Salmonella has the
fliB gene encoding another flagellin subunit in addition to the fliC gene. Because flagellin is a major
target of host immune system (H-antigen), such an additional flagellin subunit enables Salmonella cells
to escape from adaptive immune response of the host more efficiently compared to E. coli cells [17].
The FliC-type filament structure derived from Salmonella has been solved at the atomic level [18-20].
Salmonella FIiC is composed of four domains D0, D1, D2 and D3, arranged from the inner to the outer
part of the filament structure. Domains DO and D1 are well conserved among bacterial species whereas
domains D2 and D3 are variable even among Salmonella spp., because these two domains are the major
targets of antibodies [21].The supercoiled forms of the filament structure are generated by combinations
of two distinct left-handed (L-type) and right-handed (R-type) helical conformations of flagellin
molecule and packing interactions of the L- and R-type protofilaments, and so the helical properties
of each supercoil are determined by a ratio of L-type protofilaments to R-type ones in the filament
structure [22,23]. The intermolecular distance along the L-type straight filament consisting of all L-type
protofilaments is 0.8 A longer than that of the R-type one composed of all R-type protofilaments [24].
Since a conformational change of a B-hairpin in domain D1 generates the 0.8 A difference in repeat
distance, this $-hairpin is thought to be responsible for the supercoiling switching [17]. Therefore,
it seems likely that an abrupt reversal of motor rotation applies mechanical stress on each protofilament
to induce the sliding motion between flagellin subunits along the protofilament, thereby changing the
filament structure from the L-type supercoil to R-type one to disrupt the flagellar bundle for tumbling
of the cell body [18]. Recent high-resolution electron cryomicroscopy (cryoEM) imaging analyses of
L- and R-type straight filaments derived from Bacillus subtilis and P. aeruginosa have shown that the
switching of the supercoiled forms of these flagellar filaments occurs in a way similar to the Salmonella
filament [25].

Although the flagellar filaments of E. coli and Salmonella are formed by a single flagellin subunit,
many bacterial species have multiple flagellins for the synthesis of flagellar filaments. The single polar
flagellum of Caulobacter crescentus is composed of six flagellins, FljJ, FjK, FljL, FIjM, FljN, and FJjO [26].
Although the function of each flagellin subunit and their organization are not yet characterized, they are
not essential for filament formation because some flagellin defects are compensated by others [26].
The flagellar filament of Sinorhizobium meliloti consists of four flagellins, FlaA, FlaB, FlaC, and FlaD,
and that of Rhizobium lupini contains just three of them FlaA, FlaB, and FlaD. For the flagella of these
soil bacteria, FlaA is the principal component, and others are secondary ones [27]. The flagellar filament
of Rhizobium leguminosarum comprises three major proteins, FlaA, FlaB, and FlaC, and four minor
proteins, FlaD, FaE, FlaH, and FlaG [28]. Agrobacterium tumefaciens also possesses four flagellins,
FlaA, FlaB, FlaC, and FlaD; FlaA and FlaB are abundant in the filament in comparison with FlaC and
FlaD, and the swimming ability of A. tumefaciens is considerably decreased by a loss of FlaA but not
by that of FlaB [29]. Bradyrhizobium diazoefficiens has two flagella systems: One is subpolar flagella,
of which filament is composed of four flagellins, FliC1, FliC2, FliC3, and FliC4, whereas the other is
lateral flagella, of which filament is made up of two flagellins, LafAl and LafA2 [30]. The bi-polar
flagellar filaments of Campylobacter jejuni comprise two distinct FlaA and FlaB subunits, both of which
share 92.3% sequence identity. The FlaB filament grows first and then FlaA filament grows on the
FlaB filament [31]. Consistently, two different flagellins, FlaA and FlaB (86% sequence identity) form
the single polar flagellar filament in Shewanella putrefaciens, and FlaA forms a proximal part of the
filament whereas FlaB makes the remaining portion [32]. The spatial assembly by these two distinct
flagellin subunits benefits motility under a various range of environmental conditions [32]. Because the
assembly of the flagellar filament by multiple flagellins affects its mechanistic properties for flagellar
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function in different environments [26,32-35], the composition of the flagellar filament structure would
be optimized for environmental conditions, in which the bacteria live and survive.

2.2. Hook and Rod

The Salmonella hook is formed by about 120 copies of the hook protein FIgE. Salmonella FIGE consists
of three domains D0, D1, and D2, arranged from the inner to outer parts of the hook structure and the Dc
region connecting domains DO and D1 [36,37]. The hook forms several supercoils, and axial interactions
between a triangular loop of domain D1 and domain D2 are responsible for hook supercoiling [36,38,39].
However, a truncation of neither the triangular loop nor the D2 domain affects the bending flexibility
of the hook structure [38]. Since there are gaps not only between D1 domains but also between D0
domains, these gaps make the hook flexible for bending. The amino-acid sequence of FIgE of C. jejuni
(864 a.a for strain NCTC 11168) is much longer than that of Salmonella (402 a.a), and so FIgE of C. jejuni
has two additional outer domains, D3 and D4, and these two domains are involved in the interaction
within and between protofilaments, conferring stiffness and robustness on the C. jejuni hook structure
to act as a universal joint under highly viscous condition [40].

The bending flexibility of the hook structure is required for the formation of a bundle structure
behind the cell body of E. coli and Salmonella [41,42]. The hook length is also important for maximum
stability of the flagellar bundle. Shorter hooks are too stiff to function as a universal joint whereas
longer hooks buckle and create instability in the flagellar bundle [43]. The hook length is controlled by
the molecular ruler protein FliK, which is secreted via a type III protein export apparatus during hook
assembly [44].

The elasticity of the hook is also important for changing swimming direction in V. alginolyticus,
which is a monotrichous bacterium. When V. alginolyticus cell changes swimming from forward
to backward by the switching of direction of flagellar motor rotation from CCW to CW, the hook
undergoes compression and buckles, resulting in an axis mismatch between the flagellar filament and
the cell body to induce a flicking motion of the cell body. As a result, the swimming direction changes
by ~90° [45].

The rod is composed of three proximal rod proteins, FlgB, FlgC, FlgF, and the distal rod protein
FlgG [46,47]. FIiE is postulated to connect the MS ring and the most proximal part of the rod formed by
FlgB [48]. These four rod proteins and FIiE are well conserved among bacterial species [9,10]. Domains
D0 and D1 of Salmonella FIgG show high sequence and structural similarities to those of FIgE, thereby
allowing direct connection of the rigid rod with the flexible hook [49]. However, one major structural
difference between the rod and hook is the orientation of their D1 domains relative to the tubular
axis, and so axial packing interactions between domains D1 of FIgG are tight whereas those of FIgE
are loose. As a result, such a structural difference is likely to be responsible for the bending rigidity
of the rod and flexibility of the hook [49]. The Dc region of FlgG has a FlgG specific sequence (GSS;
YQTIRQPGAQSSEQTTLP). Since the GSS insertion into the Dc region of FIgE makes the hook straight
and rigid, the GSS contributes to the rigidity on the rod structure [42]. However, since FIgE of B. subtilis
and C. jejuni has the GSS-like sequence in their Dc region [32,34], it remains unknown how the hook of
B. subtilis and C. jejuni can form a curved structure with bending flexibility.

3. Type I1I Protein Export Apparatus

The assembly of the axial structure begins with the rod, followed by the hook and finally the
filament. A type III protein export apparatus transports axial component proteins from the cytoplasm
to the distal end of the growing flagellar structure to construct the axial structure beyond the cellular
membranes [50]. The type III protein export apparatus consists of an export gate complex made of
five transmembrane proteins, FIhA, FIhB, FliP, FliQ and FliR, and a cytoplasmic ATPase ring complex
consisting of FliH, Flil and Fli] [51-53]. The transmembrane export gate complex is located within the
basal body MS ring and acts as a H*—protein antiporter to couple an inward-directed H* translocation
through the export gate with an outward-directed protein export [54,55]. FliP, FliQ, and FliR form
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a right-handed helical assembly with a 5 FliP to 4 FliQ to 1 FliR stoichiometry inside the MS ring,
and FliO is required for efficient assembly of the FliPQR complex [52,56,57]. The FliPQR complex
has a central channel with a diameter of 1.5 nm [57]. Since FliP and FliR are likely to interact with
FIiE [51,57,58], the central channel of the FliPQR complex is postulated to be a protein translocation
pathway. FIhA and FlIhB associate with the FliPQR complex [52]. FIhA forms a nonameric ring structure
through its C-terminal cytoplasmic domain [59-61] and forms an ion channel to conduct both H*
and Na™ [62]. FliH, Flil and FliJ form the cytoplasmic ATPase ring complex with a 12 FliH to 6 Flil
to 1 FliJ stoichiometry [63-65]. The ATPase ring complex is associated with the basal body through
interactions of FliH with FIhA and a C ring protein FliN [66-69]. The Flil; ring hydrolyzes ATP to
activate the transmembrane export gate complex, thereby driving H*-coupled flagellar protein export
by the export gate [55,70].

4. Basal Body Rings

The basal body has multiple ring structures, namely L ring, P ring, MS ring, and C ring [71]
(Figure 1c). The L and P rings, which are formed by the lipoprotein FIgH and the periplasmic protein
Flgl, respectively, are embedded in the outer membrane and the peptidoglycan (PG) layer, respectively,
and they together act as a bearing for the rod. The LP ring complex is missing in the basal body of
gram-positive bacteria such as B. subtilis [9]. In contrast, the MS and C rings are well conserved among
bacterial species [9,10]. The MS ring is composed of the transmembrane protein FliF and is part of
arotor [71]. FliG, FliM, and FliN form the C ring on the cytoplasmic face of the MS ring. The C ring acts
not only as a central part of the rotor for torque generation but also as a structural device to switch the
direction of motor rotation in E. coli and Salmonella [71]. Diameters of the LP ring complex, the S ring,
the M ring, and the C ring are ~25 nm, ~24.5 nm, ~30 nm, and ~45 nm, respectively, in Salmonella.

FliG consists of N-terminal (FliGy;), middle (FliGy), and C-terminal (FliG¢) domains. FliGy
directly associates with the C-terminal cytoplasmic domain of FIiF (FliFc) with a one-to-one
stoichiometry [72]. Inter-molecular interactions between FliGy domains and between FliGy; and
FliG¢ are responsible for FliG polymerization on the cytoplasmic face of the MS ring [73-76]. FliGc¢ is
involved in the interaction with the stator protein MotA [77-79]. The middle domain of FliM (FliMy,)
binds to FliGy; with a one-to-one stoichiometry to form the C ring wall [80]. An EHPQR motif in FliGy
and a GGXG motif in FliMy, are responsible for the FliGy;-FliMy; interaction. The C-terminal domain
of FliM (FliMc) shows significant sequence and structural similarities with FliN, and FliM¢ and FliN
together form a doughnut-shaped hetero-tetramer consisting of one copies of FliMc and three copies of
FliN, and this hetero-tetrameric block produces a continuous spiral density along the circumference at
the bottom edge of the C ring [81]. B. subtilis has a fliY gene, which shows sequence similarity to both
FliMc and FliN, instead of the fliN gene [82]. In B. subtilis, FliG, FliM and FliY form the C ring in a similar
manner to E. coli and Salmonella C ring structures although the overall structure and dimensions of the
B. subtilis C ring remain unclear. Interestingly, high-resolution single-molecule fluorescence imaging
techniques have revealed rapid exchanges of FliM and FliN labelled with a fluorescent protein between
the basal body and the cytoplasmic pool in E. coli, suggesting that the C ring is a highly dynamic
structure [83-85].

The stator units are assembled on the FliG ring (Figure 1c), and so stator—rotor interactions occur
about 20 nm away from the center of the C ring in Salmonella. The Salmonella flagellar motor can
accommodate about 10 stator units [86]. A fliF—fliG deletion fusion significantly shortens the diameter
of the C ring, because FliF¢ and FliGy;, which together form the inner lobe structure connecting the M
and C rings, are missing. It has been shown that the average number of active stator units is two units
less in the FliF-FliG deletion fusion motor than in the wild-type motor [87]. This suggests that the
diameter of the C ring determines the number of active stator units that can be bound to the motor.
This is supported by recent observations that a diameter of the C ring of the C. jejuni and H. pylori
flagellar motors is larger than that of the Salmonella C ring, allowing these motors to accommodate
more active stator units around the rotor to generate much higher torque [88].
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5. Stator

5.1. Diversity of the Stator Unit

The transmembrane stator unit of the flagellar motor conducts ions and exerts force on the rotor.
Based on the coupling ion and sequence similarity, the stator units are classified into three groups:
H*-coupled MotAB complex, Na*-coupled PomAB complex, and Na*-coupled MotPS complex [14].
The MotAB complex is composed of four copies of MotA and two copies of MotB and acts as
a transmembrane H* channel [89,90]. The PomAB and MotPS complexes form a Na* channel in a way
similar to the MotAB complex [91-93]. In addition to these stator proteins, bacteria such as S. meliloti
and V. alginolyticus have additional motor proteins. S. meliloti possesses three extra motor proteins,
namely MotC, MotD, and MotE. MotC stabilizes the periplasmic domain of MotB to facilitate proton
translocation through a H* channel of the MotAB complex. MotD binds to FliM for fast rotation,
and MotE is involved in folding and stability of MotC [94]. V. alginolyticus has MotX and MotY to form
the T ring structure located beneath the P ring, and an interaction between PomB and MotX is required
for stable localization of PomAB complex around the basal body [9,95].

V. alginolyticus and V. parahaemolyticus use a single polar flagellum for swimming in low viscous
liquid and induce lateral flagella when these Vibrio cells encounter solid surfaces [96-98]. The polar
flagellum utilizes the PomAB complex as a stator unit whereas the lateral flagella use the MotAB
complex as a stator unit [99]. B. subtilis possesses two distinct H*-type MotAB and Na*-type MotPS
complexes to drive flagellar motor rotation, and these two types of stator units are exchanged in
response to changes in external pH, external Na* concentration and viscosity [92,93,100]. Like B. subtilis,
Shewanella oneidensis also utilizes two distinct H*-type MotAB and Na*-type PomAB complexes in
response to changes in the environmental Na* concentration [101].

The MotPS complex of Bacillus alcalophilus conducts K* and Rb* in addition to Na* [102]. Bacillus
clausii has only MotAB complex as a stator unit, and this MotAB complex exhibits the H* channel
activity at neutral pH and the Na* channel activity at extremely high pH [103]. The MotAB complex of
a spirochete Leptospira biflexa has the ability to conduct both H* and Na™ in an external pH-dependent
manner in a way similar to the MotAB complex of B. clausii [104]. These observations suggest that the
stator function of these species would be optimized for environmental conditions of their habitats.

5.2. Topology of the Stator Complex

MotA, PomA and MotP possess four transmembrane helices (TM1, TM2, TM3, and TM4)
and a relatively large cytoplasmic loop between TM2 and TM3 and a C-terminal cytoplasmic tail
(Figure 2a). MotB, PomB and MotS possess an N-terminal cytoplasmic tail, a single transmembrane helix,
and a relatively large C-terminal periplasmic domain containing a conserved peptidoglycan-binding
(PGB) motif for anchoring the stator units to the rigid PG layer (Figure 2a). A plausible atomic
model of the transmembrane H* channel of the MotAB stator complex derived from E. coli has been
proposed [105]. The MotAB stator complex has two H* pathways formed by MotA-TM3, MotA-TM4
and MotB-TM (Figure 2b). A highly conserved Asp-32 residue lies near the cytoplasmic end of MotB-TM
and plays an important role in the H* relay mechanism [106]. This Asp residue is located on the
surface of MotB-TM facing MotA-TM3 and MotA-TM4 [90]. A plug segment in the flexible linker of
MotB connecting MotB-TM and the PGB domain binds to the H* channel to suppress massive H* flow
through the channel until the MotAB complex associates with the motor. It has been proposed that
an interaction between MotA and FliG may induce a detachment of the plug segment form the H*
channel to couple the H* flow through the channel to torque generation [107,108].
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Figure 2. H* translocation mechanism of the flagellar motor. (a) Topology of the E. coli MotA and
MotB and a crystal structure of the peptidoglycan-binding domain of MotB (MotBpgp, PDB code:
2ZVY). Highly conserved Arg-90 and Glu-98 residues in the cytoplasmic loop between transmembrane
helices 2 (A2) and 3 (A3) interact with conserved Asp-289 and Arg-281 residues of FliG, respectively,
to drive motor rotation. Asp-32 of MotB provides a binding site for H*. Pro-173, Met-206 and Tyr-217
of MotA and Ala-39 and Leu-46 of MotB are involved in the H* relay mechanism. Cyto, cytoplasm;
CM, cytoplasmic membrane; Peri, periplasm. (b) Arrangement of transmembrane segments of MotA
and MotB. The MotAB complex has two proton channels. Four MotA subunits are positioned with
their TM3 (A3) and TM4 (A4) segments adjacent to the MotB dimer, and their TM1 (A1) and TM2 (A2)
segments on the outside. (c) A plausible model for H* translocation through MotAB stator complex
(see text for details).

5.3. H* Translocation Mechanism

The maximum rotation rate of the H-driven flagellar motors of E. coli and Salmonella is reduced
with a decrease in the intracellular pH. In contrast, a change in external pH does not affect the maximum
motor speed at all. These observations suggest that the intracellular H* concentration affects the rate
of the H* flow through the MotAB complex [109,110].

Asp-33 of Salmonella MotB, which corresponds to Asp-32 in E. coli MotB, is critical for the
binding of H* from the cell exterior, and its protonation and deprotonation cycle is directly linked to
a torque generation step caused by stator—rotor interactions [111]. The motB(D33E) mutation results in
a considerable decrease in the rate of H"-coupled conformational change of the MotAB complex [112].
Furthermore, the motB(D33E) mutation causes not only large speed fluctuations but also frequent
pausing of motor rotation at low load. However, neither speed fluctuation nor pausing is seen at high
load [112]. These observations suggest that the protonation and deprotonation cycle of Asp-33 of
MotB may occur in a load-dependent manner. The dissociation of H* from this Asp-33 residue to the
cytoplasm is linked to conformational changes of a cytoplasmic loop of MotA, which is responsible for
the interaction with FliG. Molecular dynamics (MD) simulation has predicted that the binding of H* to
this Asp residue induces a conformational change of the proton channel to facilitate H' release to the
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cytoplasm [105]. Two highly conserved residues, Pro-173 of MotA-TM3 and Tyr-217 of MotA-TM4,
are involved in such H*-coupled conformation changes of the H* channel [113-115].

Based on MD simulation of the H* channel of the E. coli MotAB complex, the H* translocation
through the channel is postulated to be mediated by water molecules aligned along a H* pathway
(i.e., water wire). Leu-46 of MotB is assumed to act as a gate for hydronium ion (H3;0") and then
to transfers H to MotB-Asp32 via the water wire [105]. Mutations at position of Ala-39 of MotB,
which resides on the same side as Asp-32 in the H* pathway, impair motility and are partially
suppressed by extragenic mutations at Met-206 of MotA [116]. This Met-206 residue is located near
the periplasmic end of TM4 and faces the H* pathway [105,117]. The motA(M206I) mutation reduces
the H* channel activity, thereby reducing motility [118]. Taken all together, the H* translocation
mechanism is postulated to be as follows: (i) H" permeates a H" channel in the H3O" state through
Leu-46 of MotB, (ii) Met-206 of MotA and Ala-39 of MotB are involved in the transfer of H* along the
water wire, (iii) H* binds to Asp-32 of MotB, and (iv) the dissociation of H* from Asp-32 of MotB to
the cytoplasm is facilitated by a conformational change of the H* channel through Pro-173 and Tyr-217
of MotA (Figure 2c). As a result, the cytoplasmic loop of MotA can interact with FliG to drive flagellar
motor rotation [119].

6. Torque Generation

6.1. Rotation Mechanism

Highly conserved Arg-90 and Glu-98 residues of MotA, which are located in the cytoplasmic loop
between TM2 and TM3 of MotA, interact with highly conserved Asp-289 and Arg-281 residues of FliG,
respectively (Figure 2a) [77-79,120]. These two electrostatic interactions are responsible for efficient
stator assembly around the rotor, and the interaction between Glu-98 of MotA and Arg-281 of FliG
is likely to be involved in torque generation [79]. H* translocation through the transmembrane H*
channel of the MotAB complex allows the cytoplasmic loop of MotA to associate with and dissociate
from FliG to drive flagellar motor rotation [119]. However, the energy coupling mechanism of the
flagellar motor remains unknown.

6.2. Torque-Speed Relationship

Precise measurements of motor rotation are important to elucidate the torque-generation
mechanism of the flagellar motor. Direct evidence that the bacterial flagellum is a rotary motor
is obtained by tethered cell assay (Figure 3a), in which the cell body rotates by tethering the filament
to a glass surface [121]. The tethered cell assay is a simple method to measure the rotation of the
flagellar motor to give fundamental knowledges on the motor mechanism. However, the maximum
speed of tethered cells is limited below 20 Hz, because a cell body (~2 um in length) is extremely large
load against the flagellar motor (~45 nm in diameter). To measure the rotational speeds of the E. coli
flagellar motor over a wide range of external load, bead assay was developed by the Howard Berg
laboratory (Figure 3b) [11,122,123]. A bead is attached to a partially sheared sticky flagellar filament
lacking domain D3 of flagellin as a probe, and then the rotation of the bead is recoded by a quadrant
photodiode or a high-speed camera with high temporal and special resolutions. Therefore, bead assays
enable us to investigate output properties of the flagellar motor over the wide range of external load by
changing the bead size and medium viscosity. Viscous drags on a bead (y},) and a truncated filament
(y) are obtained from the bead diameter and the flagellar morphology (filament length and thickness,
and helical pitch and radius), respectively, based on a hydrodynamic theory [124,125], and so motor
torque (M) can be estimated by M = (y}, + ) - 271f, where f is the rotation rate.

Figure 3c shows a schematic diagram of the torque versus speed relationship of the flagellar motor,
namely torque-speed curve. The torque-speed curve of the flagellar motor consists of two regimes:
a high-load, low-speed regime and a low-load, high-speed regime [11]. As external load is decreased,
torque decreases gradually up to a certain speed and then falls rapidly to zero. The rotation rate of
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the flagellar motor is proportional to IMF over a wide range of external load (Figure 3d) [126,127].
Both deuterium oxide and temperature affect the rotation rate of the E. coli motor operating in the
low-load, high-speed regime but not in the high-load, low-speed regime (Figure 3d), suggesting that
a steep decline of torque seen in the low-load, high-speed regime is limited by the rate of H*-coupled
conformational changes of the MotAB complex [11,123]. Torque at high load is dependent on the
number of active stator units in the motor, whereas the maximum motor speed near zero load is
independent of the stator number [122,128,129]. However, recent two biophysical analyses have
revealed that the maximum speed near zero load increases with an increase in the number of active
stator units in the motor [130,131], suggesting that both torque and speed would be proportional to not
only IMF but also to the stator number over a wide range of external load.
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Figure 3. Characterization of the rotation of the flagellar motor. (a) Tethered cell assay. (b) Bead assay;
gold nanoparticles (60-100 nm in diameter) and polystyrene beads (0.2-2.0 um in diameter) are used.
(c) A schematic of the torque-speed curve. (d) Effects of factors relevant to motor dynamics on the
torque-speed curve. Dependence of the curve on the number of stator units is described in the section
of Duty ratio.

6.3. Stepwise Rotation

Discretely stepwise movements have been observed in many molecular motors. For example,
kinesin, which is an ATP-driven linear motor, moves along a microtubule with steps of 8 nm
interval [132]; myosin V on an actin filament shows stepwise movements with 36 nm intervals with
90° random rotation either CCW or CW [133]; and F;-ATPase, which is the ATP-driven rotary motor,
shows a 120° step, which is further divided into 80° and 40° substeps [134]. Such stepwise movements
reflect the elementary process of mechanochemical energy coupling, e.g., 80° and 40° substeps in
F1-ATPase are coupled with ATP binding and Pi release, respectively, and thus kinetics and dynamics
of the step events are important for understanding the motor mechanism. When the flagellar motor
labelled with a small bead (diameter: ~100 nm) contains only a single stator unit around a rotor and
spins at a few Hz, stepping motions of the motor has been observed. The flagellar motor containing
a single stator unit rotates with 26 steps per revolution in both CCW and CW directions [135,136].
Since the number of steps per revolution is consistent with the rotational symmetry of the FliG ring,
it is suggested that torque is generated through cyclic association—dissociation of MotA with every
FliG subunit along the circumference of the rotor and that such an elementary process is symmetric in
CCW and CW rotation. However, it remains unknown how the protonation-deprotonation cycle of
Asp-32 of MotB is linked to the cyclic association—dissociation of MotA with FliG.

6.4. Duty Ratio

The duty ratio is defined as a fraction of time that a stator unit is bound to a rotor in the
mechanochemical cycle of the flagellar motor. The duty ratio is one of the fundamental properties
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of molecular motors and is an important parameter for understanding the operation mechanism.
The duty ratio of the flagellar motor has been discussed based on the dependency of the rotation rate
on the number of active stator units in the motor [122,128-131]. At high load where torque generation
against load is a rate limiting step, the rotation rate is proportional to the number of active stator units
in the motor regardless of the value of the duty ratio: If the duty ratio is large (~1), the rotation rate is
proportional to the sum of the applied torque because multiple stator units work together at the same
time; If the duty ratio is small (<< 1), each stator unit works independently and so the probability
of torque generation by the motor per a certain period of time is increased with an increase in the
number of active stator units in the motor. As a result, the rotational speed of the flagellar motor is
proportional to the number of active stator units in the motor. At low load where kinetic processes
(e.g., proton translocation and conformational change) are rate limiting steps, the relationship between
the rotation rate and the number of active stator units would depend on the duty ratio: If the duty ratio
is close to 1, total torque does not affect the rotation rate, and so the rotation rate of the motor does not
depend on the number of active stator units in the motor; if the duty ratio is small, the probability
of torque generation by stator-rotor interactions is increased with an increment in the stator number.
Ryu et al. have shown that the stator number dependence of the rotational speed of the E. coli flagellar
motor becomes smaller when external load becomes lower [122]. Furthermore, Yuan and Berg have
shown that the maximum speed of the E. coli motor is independent of the number of active stator
units in the motor [128]. Recently, Wang et al. have reported that the maximum speed of the E. coli
motor near zero load is constant although the number of active stator units varies [129]. These three
studies have suggested that the duty ratio of the flagellar motor seems to be large. Assuming that
the flagellar motor has a high duty ratio, theoretical studies can reproduce the output properties of
the flagellar motor such as a torque-speed curve [137-141]. In contrast, a recent study using a hybrid
motor containing both H*-type and Na*-type stator units in E. coli cells has shown that the maximum
speed of the hybrid flagellar motor near zero load varies with the number of active stator units in
the motor [130]. This observation is supported by recent observation that the zero-torque speed
of the Salmonella flagellar motor depends on the number of active stator units in the motor [131].
These suggest that the duty ratio of the flagellar motor operating at low load is smaller than the
previous thought. By removing the high duty ratio constraint from the theoretical model, it is also
possible to reproduce the stator-number-dependent rotational speed close to zero load. This physical
model also predicts that the duty ratio will become larger with increase in the number of active stator
units when the motor operates at low load and that a high duty ratio will be required for the motor to
processivity generate much larger torque at high load [142]. Thus, the duty ratio of the flagellar motor
is currently controversial, and hence further experimental verification over a wide range of external
load will be necessary.

7. Switching of Direction of Flagellar Motor Rotation

7.1. Conformational Changes for Reversal of Motor Rotation

E. coli and Salmonella cells sense temporal changes in chemical concentrations of attractants and
repellents via transmembrane chemoreceptors (methyl-accepting chemotaxis proteins, MCP) localized
near the cell pole [143]. The binding of repellent to MCP induces auto-phosphorylation of CheA via
the adopter protein CheW, and then CheA-P transfers a phosphate to the response regulator CheY.
The binding of the phosphorylated form of CheY (CheY-P) to FliM and FliN induces the structural
remodeling of the C ring responsible for the switching of direction of flagellar motor rotation from
CCW to CW. The relationship between the switching frequency and CheY-P concentration shows
a sigmoid curve with a Hill coefficient of ~10 [144]. This switching Hill coefficient value is larger than
the Hill coefficient estimated from the binding affinity of CheY-P for the motor [145,146]. This suggests
that CheY-P-dependent structural remodeling of the C ring occurs in a highly cooperative manner.
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Since the elementary process of torque generation by stator-rotor interactions is symmetric in CCW
and CW rotation, FliGc, which contains highly conserved Arg-281 and Asp-289 residues involved
in the interaction with MotA, is postulated to rotate 180° relative to MotA [136]. FliG¢ has a highly
flexible MFXF motif between FliGcyn and FliGee subdomains and so the MEXF motif allows FliGee
to rotate 180° relative to FliGcy to reorient Arg-281 and Asp-289 residues in FliGcc to achieve the
symmetric elementary process of torque generation in both CCW and CW rotations (Figure 4) [147,148].

Helixyc is a helical linker connecting FliGys and FliGy and plays an important role in directional
switching of the flagellar motor [149]. A deletion of three residues in the N-terminal end of Helixyic
(Pro-Ala-Ala, PAA) locks the flagellar motor in the CW state even in the absence of CheY-P [149].
The PAA deletion causes conformational rearrangements of the FliGy;—FliM); interface to induce
a detachment of Helixy;c from the interface. Furthermore, this PAA deletion induces a 90° rotation
of FliGcc relative to FliGcy through the MEXF motif in solution [75,76,149]. This is supported by
in vivo site-directed crosslinking experiments [150]. Recent cryoEM image analyses have shown that
inter-subunit spacing between C ring proteins are closer in the C ring of the CW motor than in that
of the CCW motor [87], suggesting that the binding of CheY-P to FliM and FliN significantly affects
inter-molecular interactions between the C ring proteins. Therefore, it is possible that the binding
of CheY-P to FliM and FliN changes inter-molecular FliMy;-FliMy;, FliMc-FliN and FliGy—-FliMy;
interactions in the C ring to induces the dissociation of Helixyjc from the FliGy—FliMy; interface,
thereby affecting inter-molecular FliGy—FliGcy interactions to allow FliGcc to rotate 180° relative to
FliGcy through a conformational change of the MEXF motif (Figure 4).

In E. coli and Salmonella, the binding of repellent to MCP elevates the cytoplasmic CheY-P level,
thereby increasing the probability that the motor spins in CW direction. In contrast, the chemotaxis
signaling pathway and response are known to diverse among bacterial species. In B. subtilis, CheY-P
acts in the opposite way to induce CCW rotation. The binding of attractant to MCP of B. subtilis
facilitates phosphorylation of CheY, and CheY-P binds to FliM to switch motor rotation from CW
to CCW [151]. Rhodobacter sphaeroides possesses six CheY proteins, CheY; to CheYs. The decreased
attractant concentration increases the cytoplasmic CheY3-P, CheY,-P, and CheY,-P levels, and the
binding of CheYq-P to FliM stops motor rotation with the support of CheY;3-P and CheY,-P [152].

Figure 4. Structural comparisons between 3USY (cyan) and 3USW (magenta) structures of Helicobacter
pylori FliG. Conformational rearrangements of the conserved MEXF motif induces a 180° rotation of
FliGcc relative to FliGey to reorient Arg-293 and Glu-300 residues, which correspond to Arg-281 and
Asp-289 of E. coli FliG, respectively.

7.2. Conformational Spread for Cooperative Switching

Cooperative flagellar switching can be reproduced by an Ising-type model assuming allosteric
cooperativity of the conformational change in C ring subunits [153]. The model assumes four states
for each subunit, determined by whether a subunit conformation is placed in either the CCW or
CW state with or without CheY-P bound. Assuming that homogeneous states of adjacent subunits
(e.g., CCW-CCW-CCW or CW-CW-CW) are more stable than heterogeneous ones (e.g., CCW-CW-CCW
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or CW-CCW-CW), the directional switching is mediated by conformational changes in C ring subunits
that extend from subunit to subunit via inter-molecular interactions between nearest adjacent subunits
(Figure 5) [153]. The model prediction was verified by simultaneous measurements of motor rotation
and a turnover of CheY labelled with a green fluorescent protein (GFP) between the motor and the
cytoplasmic pool, showing that, in spite of the switch complex contains ~34 FliM subunits, the binding
of about 13 CheY-P molecules can reverse the motor [154].
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Figure 5. Model for cooperative switching between counterclockwise (CCW) and clockwise (CW) rotations.
(a) Interaction between adjacent rotor subunits. (b) Conformational spread upon CheY-P binding.

The switching rate increases until the motor speed reaches ~150 Hz, and then decreases with
further increase in the rotation rate [155,156]. The conformational spread model also explains a speed
(load) dependent switching frequency by assuming the effect of mechanical force on the switching
rate, which each stator unit applies force on the FliG subunit in the C ring [140]. The conventional
Ising-type conformational spread model, which is an equilibrium model sufficient for detailed
balance, shows exponentially decayed distributions of the duration time for CCW or CW rotation.
Such exponential duration-time distributions have been observed experimentally, suggesting the
equilibrium switching system. Recently, Wang et al. have measured the CCW and CW durations at
various conditions of load, PMF, and the number of active stators and have shown non-exponential
shaped distributions in a torque-dependent manner. The results suggest that the flagellar switch could
be a non-equilibrium system rather than an equilibrium system under certain conditions, and that
motor torque is a key factor for breaking detailed balance. Furthermore, the directional switching of
the flagellar motors working under non-equilibrium conditions (e.g., at high load) can occur at lower
CheY-P level compared to those placed under equilibrium conditions, suggesting that the binding
affinity of the flagellar motor for CheY-P is enhanced by applied force [157]. Thus, the switching of
direction of flagellar motor rotation is controlled not only by the chemotactic signaling pathway but
also by the mechanical force [140,157].

8. Stator Assembly

The PGB domains of MotB (MotBpgg) and PomB (PomBpgg) bind to the PG layer to allow
the MotAB and PomAB complexes to become an active stator unit around a rotor [93,158,159].
The N-terminal portions of MotBpgg and PomBpgp adopt a compact conformation in their crystal
structure, but are structurally flexible to allow them to adopt an extended conformation as well
(Figure 6). Structure-based mutational analyses of MotBpgg and PomBpgp have suggested that a 5 nm
extension of the PGB domain from the transmembrane ion channel is required for the binding of
MotBpgp and PomBpgp to the PG layer (Figure 6) [158,160]. Recently, such a 5 nm extension process of
the PGB domain of MotS (MotSpgg) of B. subtilis has been directly visualized by high-speed atomic force
microscopy [93]. The 5 nm extension of MotSpgg is divided into at least two steps [93]. The first 2.5 nm
extension step is caused by a detachment of a flexible linker connecting MotSpgg with MotS-TM from the
transmembrane Na* channel of the MotPS complex, and the second 2.5 nm extension step results from
an order-to-disorder transition of the N-terminal portion of MotSpgg. Consistently, the motB(L119P)
mutation in MotBpgp induces an extended conformation of the N-terminal portion of MotBpgp [159].
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Interestingly, the motB(L119P) mutation increases not only the PGB binding activity of MotBpgg [159]
but also the proton channel activity of the MotAB complex [107]. Therefore, it seems likely that proper
positioning of an inactive MotAB complex around the rotor via stator-rotor interactions triggers
a detachment of the flexible linker from the H* channel, followed by a structural transition of the
N-terminal portion of MotBpgp from the compact to extended forms to become an active stator unit in
the motor [159] (Figure 6).

Inactive form Active form

Figure 6. Activation mechanism of the H*-type MotAB complex. The MotAB complex consists of at least
three structural parts: a cytoplasmic domain, a transmembrane ion channel and a peptidoglycan-binding
domain [MotBpgp, PDB codes: 2ZVY (left panel) and 5Y40 (right panel). When the MotAB complex
adopts a compact conformation, a plug segment of MotB binds to a transmembrane H* channel to
suppress massive H* flow (left). When the MotAB complex encounters a rotor, electrostatic interactions
between the cytoplasmic domain of MotA and FliG trigger the dissociation of the plug segment from
the channel, followed by partial unfolding of the N-terminal portion of MotBpgp to allow MotBpgp
to bind to the peptidoglycan (PG) layer. As a result, the MotAB complex becomes an active H-type
stator unit to drive flagellar motor rotation (right).

The flagellar motor can accommodate about 10 stator units around a rotor in E. coli and Salmonella
when the motor operates at high load [161]. High-resolution single molecule imaging techniques
have revealed exchanges of the MotAB complex labelled with GFP between the basal body and the
membrane pool during rotation at a rate constant of 0.04 s7!, indicating that the dual time of a given
stator unit is about 0.5 min. This suggests that the interaction of MotBpgg with the PG layer is highly
dynamic, thereby allowing the MotAB complex to alternate in attachment to and detachment from the
motor during motor rotation [162]. Interestingly, when external load becomes low enough, only a few
stator units work around the rotor to drive motor rotation [163-165]. This suggests that such a dynamic
assembly-disassembly process of the stator complex occurs in a load-dependent manner.

The number of active stator units can be estimated by resurrection experiments, in which time
traces of the rotational speed of a single flagellar motor usually show stepwise speed increments and
decrements. Each increment reflects the incorporation of a single MotAB complex around the rotor to
become an active stator unit in the motor whereas each decrement unit reflects the disassembly of the
MotAB stator complex from the rotor [163-165]. A deletion of a flexible linker connecting MotB-TM
and MotBpgp results in a rapid decrease in the number of active stator units in the motor compared
to the wild-type motor, suggesting that this flexible linker of MotB modulates the binding affinity of
MotBpgg for the PG layer in a load-dependent manner [166]. Certain mutations in the cytoplasmic
loop of MotA, which interacts with FIliG, significantly affect the mechano-sensitivity of the MotAB
complex, thereby causing distinct load-dependent assembly and disassembly dynamics compared to
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the wild-type. This suggests that the cytoplasmic loop of MotA may sense a change in external load
through the interaction with FliG to control the number of active stator units around the rotor [86].

How does the cytoplasmic loop of MotA transmit the mechanical signal to MotBpgg associated
with the PG layer to coordinate the number of active stator units in the motor in response to changes
in external load? Nord et al. have reported that the dissociation rate of the MotAB stator complex
becomes slower with an increase in applied force, thereby increasing the bound lifetime of each active
stator unit incorporated into the motor, and that an abrupt relief from the stall makes the dissociation
rate much faster, thereby decreasing the bound lifetime [130]. As a result, the average number of active
stator units in the motor is maintained about 10 in the high-load, low speed regime whereas the stator
number is decreased from 10 to a few when external load becomes quite low. Recently, it has been
shown that a turnover process of the stator unit is divided into two distinct, slow (the rate constant
of ~0.008 s71) and fast (~0.2 s71) steps [167]. Although the slow step called “hidden state” is not yet
clarified, the fast step is assumed to reflect a rapid conformational change of MotBpgp to become
an active stator unit.

The assembly and disassembly dynamics of the stator complex are also affected by changes in the
extracellular ion concentration [93,101,118,168,169]. The Na*-coupled PomAB and MotPS complexes
can be assembled into a motor when the external Na* concentration is high enough [93,101,168].
How do the PomAB and MotPS complex sense external Na*? High-speed atomic force microscopy
with high special and temporal resolutions has revealed that MotSpcp adopts a folded conformation in
the presence of 150 mM NaCl, but becomes denatured when the external Na* concentration is less than
150 mM NaCl. These direct observations suggest that MotSpgp functions as a Na* sensor to efficiently
promote the assembly and disassembly of the MotPS complex with the motor in response to changes
in external Na™ concentration [93].

9. Conclusions and Perspectives

The flagellum of E. coli and Salmonella is a supramolecular rotary motor powered by an inward-directed
H* translocation through a transmembrane H* channel of the MotAB stator complex and can spin
in both CCW and CW directions without changing the direction of H* flow. The flagellar motor is
conserved among bacterial species, but the flagellar structure has adopted to function in various
environments of the habitant of bacteria [9,10]. The structure of the rod, hook and filament and their
mechanical properties are understood at near atomic resolution. Because structural information on the
rotor and stator is still limited, it remains unknown how the transmembrane stator complex conducts
ions and exerts force on the rotor, how the rotor switches between the CCW and CW states in a highly
cooperative manner, and how the stator complex senses external ion concentration to become an active
stator unit around the rotor. To clarify these remaining questions, high-resolution structural analyses
of the rotor and stator would be required.

The elementary process of the flagellar motor is visualized to be composed of a step and
a dwell [135,136]. Since the dissociation rate of the stator unit becomes much faster at low load than at
high load, the number of active stator units in the motor is decreased from 10 to a few when external
loads become low enough [130]. Although the duty ratio of the flagellar motor seems to be small,
the flagellar motor containing only a few stator units can processively generate torque for high-speed
rotation near zero load. However, it remains unknown how the H* translocation process is linked
to a torque generation step by stator-rotor interactions and how cyclic association—dissociation of
MotA with every FliG subunit along the circumference of the rotor allow the motor to spin at about
300 revolutions per second in a highly processive manner. Much more precise measurements of the
rotational speed of the flagellar motor near zero load would be essential to advance our mechanistic
understanding of the energy coupling mechanism of the flagellar motor.
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Abstract: Some bacterial species, such as the marine bacterium Vibrio alginolyticus, have a single polar
flagellum that allows it to swim in liquid environments. Two regulators, FIhF and FIhG, function
antagonistically to generate only one flagellum at the cell pole. FIhF, a signal recognition particle
(SRP)-type guanosine triphosphate (GTP)ase, works as a positive regulator for flagellar biogenesis
and determines the location of flagellar assembly at the pole, whereas FIhG, a MinD-type ATPase,
works as a negative regulator that inhibits flagellar formation. FIhF intrinsically localizes at the
cell pole, and guanosine triphosphate (GTP) binding to FIhF is critical for its polar localization
and flagellation. FIhG also localizes at the cell pole via the polar landmark protein HubP to
directly inhibit FIhF function at the cell pole, and this localization depends on ATP binding to FIhG.
However, the detailed regulatory mechanisms involved, played by FIhF and FIhG as the major factors,
remain largely unknown. This article reviews recent studies that highlight the post-translational
regulation mechanism that allows the synthesis of only a single flagellum at the cell pole.

Keywords: polar flagellum; FIhF; FIhG; HubP; FlaK; SflA; protein localization; ATPase; GTPase

1. Introduction

Motility is a fundamental function of bacteria required for survival in response to environmental
changes. When bacteria encounter deleterious conditions, they must move out from such environments
and seek more favorable ones. To achieve this cell movement (swimming in a liquid [1] or swarming
on a surface [2]), many motile bacteria use the flagellum, their motility machinery [1,3]. The bacterial
flagellum is structurally, functionally, and evolutionally distinct from its eukaryotic counterpart.
The flagellum is extended from the cell body and consists of three parts: the filament (helical propeller),
the hook (universal joint), and the basal body (rotary motor) (Figure 1a). Reversible rotation of the long
helical filament thrusts the cell body forward or backward, and is driven by the membrane-embedded
rotary motor at its base [4-6]. The energy source of the flagellar motor is the electrochemical gradient of
specific ions (in most cases H* or Na*) across the inner membrane. The motor is composed of a rotary
part (the rotor) and energy-converting multiple stator units that surround the rotor. The motor torque
is generated by rotor-stator interactions that couple to the ion influx through the stator channel [7,8].
Genetic, biochemical, and biophysical studies have unveiled the many protein components involved
in flagellar function, their locations in the motor, and the rotational properties of the motor. However,
the molecular mechanism of energy conversion during flagellar rotation has not yet been elucidated.
For reviews of the rotary mechanism of the flagellar motor, please see references recently published
elsewhere [9,10].
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Figure 1. The flagellum is a bacterial motility organ. (a) Schematic of the polar flagellar motor of Vibrio
alginolyticus. The rotor-stator interaction that couples with sodium ion influx through the stator channel
generates motor torque. OM, outer membrane; IM, inner membrane; PG, peptidoglycan layer. (b) The
number and location of flagella vary among bacterial species.

To achieve the best motility performance in a wide variety of habitats, bacteria have developed
their own flagellar systems located at specific position(s) on the bacterial cells with suitable numbers,
and the numbers and positions of flagella vary widely among bacterial species (Figure 1b) [11].
Escherichia coli, Bacillus subtilis, and Salmonella enterica have multiple peritrichous flagella and they form
flagellar bundles to swim forward [9]. Campylobacter jejuni has bipolar flagella (one at each pole) [12],
Helicobacter pylori has multiple polar flagella at one pole [13], and Rhodobacter sphaeroides has a single
medially located flagellum [14]. Pseudomonas aeruginosa [15] and Vibrio cholerae [16] have a single
polar flagellum at the cell pole. Surprisingly, the spirochete Borrelia burgdorferi has 7-11 periplasmic
flagella [17,18] and Leptospira biflexa [19] possess two periplasmic flagella near each end of the cell
body. In some species, two distinct types of flagella are produced. Well-known examples are Vibrio
alginolyticus and Vibrio parahaemolyticus, which have a single sheathed polar flagellum suitable for
swimming motility when grown in a liquid environment, but when they are grown on a surface,
numerous lateral (peritrichous) flagella suitable for swarming motility are induced in response to the
increased viscosity of the surrounding environment [20,21]. Shewanella putrefaciens CN-32 also possesses
a two flagellar system, and the primary system generates a single polar flagellum, whereas a secondary
flagellum is formed at a lateral position in subpopulations cultivated in complex medium [22]. In all
cases, motility is impaired by mutations that cause defects in spatial and/or numerical control of flagella,
indicating that the number and placement of flagella are precisely regulated to optimize motility under
the environmental conditions of each bacterium [11].

It has been known that some species of bacteria have a single flagellum at their cell pole for motility.
Then, one simple question arises—how do they generate only a single flagellum at the cell pole? In this
regard, the marine bacterium Vibrio alginolyticus, which generates a single flagellum at its cell pole
in a liquid environment [23], is a good model organism because genetic, biochemical, and structural
analyses of its polar flagellar system have been extensively studied [4]. Moreover, the filament of the
polar flagellum is covered with a membranous sheath contiguous with the outer membrane of the
bacterial cell [24], and because of its thickness it can be easily observed using high intensity dark-field
microscopy [25]. Using this bacterium, our group has reported that two key factors, FIhF and FIhG,
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play major roles in the regulation of polar flagellar number and placement. Here, we summarize our
recent studies that have characterized the mechanisms by which FIhF and FIhG work to generate only
a single polar flagellum in Vibrio alginolyticus, together with historical and recent insights obtained
from other species. We also introduce other regulatory factors, HubP and SflA, which are involved
in the biogenesis of polar flagella. It should be noted that the lateral flagella of Vibrio alginolyticus,
which are induced in a viscous environment [20,26], are not the focus of this review. The unsheathed,
thinner filament of lateral flagella is composed of components distinct from those of the polar flagella.
All of our studies described in this review used bacterial strains that do not produce lateral flagella
(VIOS5 [27] and its derivatives).

2. FIhF and FIhG Regulate Flagellar Number and Placement

FIhF and FIhG have been reported as factors that regulate the number and position of polar flagella
in Pseudomonas aeruginsa and Pseudomonas putida [28,29], Campylobacter jejuni [12], Shewanella putrefaciens
CN-32 [30], Shewanella oneidensis [31], Vibrio cholerae [16], and Vibrio alginolyticus [32]. In the year 2000,
FIhF was first identified as a factor involved in the starvation survival of Pseudomonas putida [29].
Sequence analysis of the transposon mutant (MK107) that was impaired in stationary phase survival
appeared to have a transposon Tn5 insertion in fIhF. Because fIhF is flanked by known flagellar genes,
it was implicated in flagellar biogenesis. Indeed, MK107 did not spread in soft agar plates although
its active motility was observed using phase-contrast microscopy. Electron microscopy showed that
unlike the wild-type strain, the flagella of MK107 were randomly distributed on the cell surface.
Overproduction of FIhF from the plasmid caused the production of a large number of polar flagella.
Therefore, FIhF promotes flagellar biosynthesis at the cell pole, and positively regulates the number of
flagella [29]. Meanwhile, genome sequence analysis of Pseudomonas aeruginosa revealed that fleN (fIhG)
is also implicated in flagellar biogenesis. fleN is flanked by fliF and fliA, and genetic inactivation of
fleN by inserting a gentamicin cassette resulted in the productions of multiple flagella at the cell pole.
Therefore, FleN negatively regulates the number of polar flagella [33].

In 2006, we reported that FIhF and FIhG also regulate the number of polar flagella in Vibrio
alginolyticus [32]. During the screening of mutants defective in polar flagellar motility in soft agar
plates, a mutant (KK148) was accidently isolated that had a large number of flagella at one pole
(Figure 2a). KK148 formed a reduced motility ring compared to the wild-type strain VIO5, and an
abnormal swimming behavior, caused by entangled multiple flagella, was observed for most cells using
dark-field microscopy. Analysis of the V. alginolyticus genome revealed that fIiF is flanked by flhA and
fIhG in the polar flagellar gene locus, and the mutation of KK148 was mapped to flhG (GIn109Amber,
Figure 2b). Deletion studies revealed that the loss of FIhF resulted in a nonflagellated phenotype,
whereas the loss of FIhG caused hyperflagellation (Figure 2b). Conversely, the overproduction of
FIhF generated multiple polar flagella, but the overproduction of FIhG inhibited polar flagellation
(Figure 2b). Therefore, similar to Pseudomonas spp., FInF and FIhG function as positive and negative
regulators of the number of flagella in V. alginolyticus [34], respectively. Because the deletion of both
fIWF and fIhG confers a non-flagellated phenotype for most cells and FIhG mutants still form flagella at
their cell pole, FIhF determines the flagellar placement at the cell pole [34].

Phenotypic analysis revealed that FIhF and FIhG work antagonistically to generate a single
polar flagellum at the cell pole, but how do they achieve that? To determine the process involved,
green fluorescent protein (GFP) was fused to the C-terminus of FIhF or FIhG, and their subcellular
localization was observed [34]. Neither FIhF nor FIhG have a transmembrane segment and are thus
expected to be cytoplasmic proteins. The fluorescent signal of FIhF-GFP was observed throughout the
cytoplasm and most cells showed a fluorescent dot at the flagellated cell pole. This polar localization
was observed more strongly in the absence of FIhG, in which multiple polar flagella were generated.
Meanwhile, FInG-GFP also diffused in the cytoplasm and its polar localization, which appeared to be
independent of FIhF, was observed in ~#30% of cells. Because FIhG was immunoprecipitated by an
anti-FIhF antibody from the cytoplasmic fraction, the first model proposed was that FIhF localization
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at the cell pole determines the polar localization and production of a flagellum, FIhG interacts with
FIhF to prevent FIhF from localizing at the cell pole, and thus FIhG negatively regulates the number of
flagella in V. alginolyticus (Figure 2c) [34].
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Figure 2. FIhF and FIhG regulate the number of polar flagella in Vibrio alginolyticus. (a) Electron
micrographs of V. alginolyticus strain VIO5 (wild-type for polar flagellation) and KK148 (flhG mutant of
VIOS). (b) The mutation site of KK148 (upper panel) and flagellar organisation of FIhF and FIhG variants
of Vibrio alginolyticus (lower panel). The mutation was mapped on flhG (Q109Amber), which forms an
operon with flhF. FIhF and FIhG work antagonistically. Their overproduction or deletion/depletion
confers opposite phenotypes in Vibrio alginolyticus. (c) Model for the regulation of polar flagella by FIhF
and FIhG proposed in [34]. In this model, FIhF localizes at the cell pole and determines the location of
flagellation. FIhG interacts with FIhF to prevent its polar localization, and thereby negatively regulates
the number of flagella.

It should be noted that the peritrichously flagellated bacterium Bacillus subtilis also produces both
FIhF and FIhG. The deletion of flhF does not affect motility, but the basal body is formed at random
positions compared to the wild-type strain. The deletion of fIliG does not affect motility but causes
the aggregation of basal bodies in the cell. FIhF and FIhG in B. subtilis seem to be important for the
optimized spatial positioning of flagella with a grid-like pattern [35].

3. FIhF Is a SRP-Type GTPase

Sequence analysis revealed that FIhF is one of the three members of the signal recognition
particle (SRP)-type guanosine triphosphate (GTP)ase subfamily of SIMIBI (signal recognition particle,
MinD and BioD)-class nucleotide binding proteins [36]. The other two members of that family are
the signal sequence binding protein Fth and the SRP receptor FtsY, whose structures have already
been solved (Figure 3a) [37]. As shown in Figure 3b, FIhF is composed of a basic N-terminal domain
(B domain) followed by a conserved NG domain (regulatory N domain and GTPase G domain) [38].
Structural and biochemical analyses of FIhF have been carried out for Bacillus subtilis FIhF (hereafter,
BsFIhF). In 2007, the crystal structure of the BsFIhF NG domain homodimer in complex with guanosine
triphosphate (GTP) was solved [39], and later in 2011, the BsFIhF homodimer in a complex with the
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peptide containing N-terminal 23 residues of BsFIhG was reported (Figure 3c) [40]. That structure
shares homology with Ffh and FtsY within the NG domain. Ffh and FtsY form a GTP-dependent
heterodimer via their NG domains (Figure 3a), and its GTPase activity is coupled to their function in
targeting a ribosome-nascent chain complex to the Sec machinery on the cytoplasmic membrane [37].

a b
FIhF
GMPPC
) N H
{ B domain N domain G domain
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R334 GDPAIF; @ FIhG(6-21)
N { \ motif |
-T306
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]
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Figure 3. FIhF is a signal recognition particle (SRP)-type guanosine triphosphate (GTP)ase. (a) Crystal
structure of the FtsY/Ffh heterodimer from Thermus aquaticus (PDB ID 1R]J9 [37]). The non-hydrolyzable
guanosine triphosphate (GTP) analog 3,y-methyleneguanosine 5’-triphosphate (GMPPCP) stabilizes
the heterodimer, and complex formation aligns the two molecules of this GTP analog in the composite
active site. (b) Domain structure of FIhF proteins. Bacillus subtilis FIhF consists of 366 amino acids
(41 kDa) with a smaller B domain than Vibrio alginolyticus FIhF (505 amino acids, 57 kDa). FIhF is
composed of the function-unknown B domain, the regulatory N domain, and the G domain that
contains the GTPase motif (I-IV). (c) Crystal structure of the NG domain homodimer from Bacillus
subtilis FIhF in complex with the peptide containing N-terminal 23 residues of FIhG (PDB ID 3SYN [40]).
FIhF is shown in light blue, and the FIhG peptide is shown in green. Guanosine diphosphate (GDP)
and aluminum fluoride are shown as stick representations, and Mg2+ ions are shown in dark green.
Residues mutated in corresponding V. alginolyticus proteins are highlighted by blue (function reduced)
or red (abolished) balls with the residue number of Vibrio protein. The putative catalytic site (R334 of
Vibrio FIhF) is also indicated. For simplicity, the above residues are highlighted only in one protomer.
In Vibrio FIhF, alanine substitution of the catalytic residue (R334A) did not affect its function, indicating
that GTP binding, but not hydrolysis, is essential.

Because of the structural similarity, it would be plausible that the FIhF homodimer functions in
the numerous/spatial regulation of flagella similar to the way the Ffh/FtsY heterodimer does. To test
that idea, mutational analyses of Vibrio alginolyticus FIhF (hereafter VaFIhF) have been performed.
Site-specific mutations were introduced into conserved GTPase motifs (I, III, and IV; Figure 3b,c).
The results showed that two of those mutations abolish the FIhF polar localization, flagellation,
and thereby motility (T306A and D439A) [41]. Other mutants showed a correlation between the levels
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of polar localization and the ability to produce flagella. Later on, a random mutagenesis of full-length
fIhF was performed but mutations that abolished polar localization, flagellation, and motility were
isolated only on the GTPase motif IV (Figure 3c, T436M and E440K) [42]. These results indicate that the
GTPase motif of FIhF is functionally important, and to facilitate polar flagellation, the polar localization
of FIhF is required.

The GTPase activity of FIhF was first reported for the Bacillus subtilis protein [40]. The results
showed that BsFIhF alone had only a low basal GTPase activity, but it was stimulated by FIhG
(firstly named YIxH in B. subtilis). Subsequent analysis revealed that an N-terminal region of FIhG,
which is not conserved in the MinD/ParA ATPase family, was responsible for the FIhF stimulation [40].
The crystal structure of the FInF/FIhG-peptide (23 amino acids) complex showed that the FIhG peptide
formed a helix and bound near the catalytic site of FIhF (Figure 3c) [40]. Later on, stimulation of
the GTPase activity of Campylobacter FIhF (CjFIhF) and VaFIhF by their cognate FIhG proteins was
reported [43,44]. Consistent with BsFIhF, purified VaFIhF existed as a homodimer in the presence
of GTP but as a monomer in the presence of GDP [44]. These results suggest that the GTP-bound
VaFIhF homodimer functions as an active form at the cell pole to promote flagellation, similar to the
GTP-bound FtsY/Ffh complex at the Sec machinery. If so, a defect in the catalytic site would result in the
accumulation of GTP-bound FIhF at the cell pole and cause hyperflagellation. This idea was supported
by evidence that such a mutation in CjFIhF (R324A) abolished the GTPase activity and increased
the hyperflagellated population of Campylobacter cells [43,45]. On the other hand, the corresponding
mutation (R334A, Figure 3c) in VaFIhF abolished its GTPase activity but still allowed it to localize at
the cell pole and led to the normal polar flagellation of V. alginolyticus cells [44]. Similar results were
reported for Vibrio cholerae FIhF (VcFIhF), showing that substitutions of putative catalytic residues
had little effect on VcFIhF function, which indicated that GTP binding, but not hydrolysis, is critical
for Vibrio FIhF function [16]. The varied phenotypes of FIhF mutants among species may reflect
diverse flagellation patterns (mono- or bi-polar flagellation) or flagellar function (e.g., rotational speed
or motor power) [11,38].

How FIhF promotes polar flagellation remains unknown. One plausible idea is that FIhF acts on
the initial step of assembly of the flagellar basal body. Flagellar assembly begins with the formation of
basal rings (MS- and C-rings; Figure 1a) that house the flagellum-specific export apparatus, followed by
the construction of axial structures (rod, hook, and associated outer ring structures), and then is
completed with the filament and motor part assembly [46]. The MS-ring is believed to be one of the
earliest structures assembled in a flagellum [47], and FIhF may facilitate flagellation by recruiting FIiF,
a membrane protein and MS-ring component, to the cell pole. This idea is supported by evidence
that the polar localization of GFP-fused FIiF is dependent on FIhF expression in Vibrio cholerae [16].
Mutational analysis revealed that the B and N domains are essential for recruitment of FIiF to the
cell pole. A nonfunctional VcFIhF D367A mutant of the GTPase motif III was still able to recruit
FIiF to the cell pole, but it inhibited flagellar assembly, suggesting the involvement of VcFIhF in
the MS-ring formation. Further studies are required to address the role of FIhF in the promotion of
flagellar assembly.

4. FIhG Negatively Regulates Polar Flagellar Gene Expression

Assembly of a flagellum requires the synthesis of enormous amounts of protein components,
including the long flagellar filament, and thus this process consumes large quantities of energy.
Therefore, bacteria developed an efficient construction strategy—assembly occurs in a stepwise fashion
to build from inner to outer structures, and is tightly coupled with flagellar gene transcription to
provide necessary components at each step [46]. To achieve assembly-coupled transcription, flagellar
genes are organized into a transcriptional hierarchy that is comprised of three to four classes of
genes, with classification varying on species (Figure 4) [48,49]. On top of this hierarchy, a master
regulator, which is usually the sole member of class 1, controls the expression of downstream flagellar
genes. In Pseudomonas aeruginosa, Vibrio cholerae and Vibrio parahaemolyticus, the regulators FleQ [50],
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FIrA [51], and FlaK [52] have been identified as the master regulators, respectively. As one can
imagine, hyperflagellation due to the flhG mutation demands a large amount of flagellar components,
and indeed, a lack of FIhG caused the upregulation of flagellar gene expression [33,34]. In Pseudomonas
aeruginosa, FIhG (named FleN in Pseudomonas) does not affect the expression of fleQ [33] but rather
physically interacts with the FleQ protein to inhibit its transcriptional activity [53], whereas in Vibrio
cholerae, FIhG represses the expression of fIrA to downregulate flagellar gene expression [54]. Therefore,
FIhG regulates flagellar biogenesis at the transcriptional level by negatively acting on the expression
(for fIrA) or activity (for FleQ) of the master regulator. However, our research group also found that
the negative regulation of FIhG for flagellar biogenesis occurs at the post-translational level. Such a
mechanism is reviewed in the next two sections.
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Figure 4. Proposed model for the regulation of Vibrio alginolyticus polar flagellar transcription hierarchy.
This model is based on reports for Vibrio cholerae and Vibrio parahaemolyticus [54,55], whose flagellar
genes are highly similar. The master regulator FlaK, which belongs to class 1 as a sole member,
regulates downstream flagellar genes. FlaK activity is negatively regulated by FIhG, or FIhG may inhibit
the transcription of flaK. The signaling molecule c-di-GMP also negatively regulates FlaK activity.

5. HubP, the Third Regulator of Polar Flagellar Biogenesis

HubP was first identified in Vibrio cholerae as a polar landmark protein that anchors three
ParA-family proteins including FIhG [56]. HubP is conserved in Vibrio species [57], in Shewanella [30],
and in some other gamma-proteobacteria, and shows similarity to FimV, a positive regulator for type
IV pilus formation [58]. HubP is quite a large protein (1444 amino acids, 159 kDa for V. alginolyticus
protein [57]), and has a single transmembrane segment with an N-terminal region placed in the
periplasm (Figure 5a). The periplasmic LysM domain, which has been implicated in peptidoglycan
binding, is important for the polar localization of HubP [56]. The large cytoplasmic C-terminal region
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contains 7-10 copies of the repeat sequence that interacts with ParA1l, and FIhG is found to interact
with the extreme C-terminus of HubP (Figure 5a,b) [56].

a
LysM TM 7x repeats
VaHubP || | I
periplasm cytoplasm

Figure 5. HubD, the third factor that regulates the number of polar flagella in Vibrio alginolyticus.
(a) Domain structure of V. alginolyticus HubP, a single transmembrane protein of 1444 amino acids
(%159 kDa) with a large cytoplasmic region. The LysM domain in the N-terminal periplasmic region
functions in anchoring HubP to the peptidoglycan layer. The cytoplasmic repeat sequence and its
repetition numbers varies among Vibrio species. (b) HubP functions as the polar “hub”. HubP localizes
at the cell pole and anchors three ParA-like proteins at its large cytoplasmic platform. FIhF has
an intrinsic property to localize at the cell pole, but FIhG polar localization is dependent on HubP.
(c) Electron micrograph of a NMB303 cell, the hubP deletion strain of V. alginolyticus. It generates
multiple sheathed flagella at the cell pole.

Although the deletion of hubP did not affect the polar flagellation of V. cholerae [56], the deletion
of hubP in V. alginolyticus increased the number of polar flagella (Figure 5¢) [57]. The level of
hyperflagellation is stronger for the flhG mutant, which had more flagella per cell than the AhubP
strain, and the additional deletion of hubP from the fIhG mutant did not further increase the number
of flagella [57]. These results indicate that HubP is also involved in regulating the number of polar
flagella in V. alginolyticus to a certain level. How then is HubP involved in the biosynthesis of polar
flagella? The hubP gene is not included in the polar flagellar gene cluster, and the endogenous
chromosomal expression level of FIhG in the AhubP mutant is comparable to that in the wild-type
strain [57], indicating that the expression of polar flagellar genes is not affected by the deletion of
hubP. On the other hand, the polar localization of FIhG, but not FIhF, was abolished in the AhubP
mutant as observed in V. cholerae [56,57]. These results suggest that FIhG localized at the cell pole
negatively regulates flagellar biogenesis. If so, FIhG functions not only at the transcriptional level,
but also at the post-translational level by localizing at the cell pole. In the next section, we describe the
post-translational regulation of polar flagellar biogenesis by FIhG.

6. FIhG Is a MinD/ParA-Type ATPase

Sequence analysis revealed that FIhG (FleN) is classified as a MinD/ParA-type ATPase [38].
MinD is the ATPase component of the Min system that is involved in the spatial regulation of cell
division [59]. It forms a homodimer in the presence of ATP and that homodimer binds to the membrane
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at the cell pole via the C-terminal amphipathic helix. MinD ATPase is then stimulated by MinE, and this
hydrolysis induces the release of MinD from the membrane as a monomer. This ATP-dependent
dimerization and polar localization is essential for the function of MinD. Meanwhile, FIhG is composed
of a MinD/ParA-homologous domain and an N-terminal extension that stimulates FIhF GTPase [40].
All functionally important residues in MinD are conserved in FIhG, and both have a membrane binding
sequence at their C-termini (Figure 6a). The crystal structures of Geobacillus thermodenitrificans FIhG [60]
and Pseudomonas aeruginosa FleN (FIhG) [61] revealed that it is indeed a structurally close homolog of
MinD (Figure 6b) [62]. Biochemical characterization of FIhG in Geobacillus has revealed that it has quite
similar properties to MinD—an ATP-bound FIhG homodimer associates with the plasma membrane
through its C-terminal amphipathic helix, and hydrolysis of ATP causes dissociation of FIhG from the
membrane as a monomer [60]. Interestingly, deletion of fIhG in Campylobacter jejuni caused more cell
division at the polar region to form minicells [12]. Because Campylobacter species lack a Min system,
FIhG may take over Min function to inhibit division at the cell pole.
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Figure 6. FIhG is a MinD/ParA-like ATPase that negatively regulates polar flagellar number. (a) Domain
structures of Escherichia coli MinD (Ec MinD) and V. alginolyticus FInG (Va FIhG). FIhG has a slightly
longer N-terminal region than MinD, which functions in the stimulation of FIhF GTPase activity.
(b) Crystal structures of E. coli MinD dimer in complex with ATP (PDB ID: 3Q9L [62]) and Geobacillus
thermodenitrificans FIhG dimer in complex with adenosine diphosphate (ADP) (PDB ID: 4RZ3 [60]).
ATP and ADP are shown by stick representations, and important conserved residues are colored red.
(c) Model for the regulation of the number of polar flagella in Vibrio alginolyticus. GDP-bound FIhF
and ADP-bound FlhG are in an inactive state, interact with each other and remain in the cytoplasm.
When GTP is bound, FIhF becomes active and localizes at the cell pole to facilitate flagellation. Likewise,
the ATP-bound active form of FIhG localizes to the cell pole via the landmark membrane protein HubP
to inhibit FIhF activity. The inhibition of FIhF polar localization (1) and its activity (2) by FIhG optimizes
the number of flagella into becoming a single one. (d) Working models to explain nonflagellated or
hyperflagellated phenotypes of FIhG or HubP mutants of V. alginolyticus. FIhG D171A, a putative
activated mutant, inhibits polar flagellation by more localization of FIhG at the cell pole. FIhG K31A,
a nonfunctional mutant, causes hyperflagellation because it cannot localize at the cell pole. K31A also
cannot inhibit FlaK so that more flagellar proteins are synthesized. The AhubP strain produces the
wild-type level of flagellar proteins, but its polar flagellar number increases because FIhG cannot
localize at the cell pole.
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For V. alginolyticus FIhG, the purified protein alone exhibits a low basal ATPase activity, but it can
be activated sevenfold by the D171A mutation [63]. The corresponding mutation, D152A of E. coli
MinD, confers MinD insensitivity to MinE stimulation for ATPase activity [64]. As discussed in the
previous section, FIhG at the cell pole inhibits flagellation, presumably by acting on the polar FIhF
(Figure 6¢). This active Vibrio FIhG D171 A mutant localizes at the cell pole more strongly than wild-type
FIhG and severely inhibits flagellation (Figure 6d) [63]. On the other hand, mutations at putative ATP
binding residues in the deviant Walker A motif impair various properties of FIhG, such as its ATPase
activity, polar localization, and negative regulator activity for flagellar biosynthesis, and thus confers
the hyperflagellated phenotype (Figure 6d) [63].

Unexpectedly, a mutation at the catalytic residue (D60A) that abolishes ATPase activity but
still allows ATP binding, only slightly affected FIhG function [63]. These results suggest that the
ATP-dependent polar localization of FIhG is crucial for its negative regulator activity. Because the
polar localization of FIhG is dependent on the landmark membrane protein HubP, we speculate that
ATP-bound FIhG localizes at the cell pole via HubP and becomes active to directly inhibit FIhF at
the cell pole (Figure 6¢), and that the adenosine diphosphate (ADP)-bound inactive form interacts
with cytoplasmic FIhF to interfere with its polar localization (Figure 6¢) [57]. It should be noted
that the number of polar flagella seem to not be determined primarily by the absolute amount of
polar FIhE as proposed in our first model (Figure 2b). The amount of FIhF at the cell pole was not
increased by the deletion of hubP (hyperflagellation) and was not reduced by the overproduction
of flhG (nonflagellation). Currently, we hypothesize that cytoplasmic FIhG works as a quantitative
regulator that controls the amount of FIhF at the cell pole, and HubP-anchored polar FIhG works as a
qualitative regulator that directly inhibits FIhF activity at the cell pole (Figure 6¢,d) [57]. It should be
noted that the FIhG mutant at the putative ATP binding site upregulated polar flagellar gene expression
(thereby conferring the hyperflagellated phenotype) [63], which suggests that ATP binding is important
for FIhG function to negatively regulate the master regulator FlaK.

As described above, MinD/ParA-family ATPases are known to form dimers in complex with ATP
(Figure 6b), and that dimerization allows them to bind to the cell membrane where they exhibit their
activities [65]. Recently, whether Vibrio alginolyticus FInG undergoes ATP-dependent dimerization was
examined [66]. The results showed that purified FIhG or FIhG in Vibrio cell lysates appeared to exist as
a monomer in the presence of ATP or ADP, which suggests that ATP does not induce its dimerization.
These results raise the possibility that monomeric FIhG can function in vivo, or alternatively, that an
ATP-dependent FIhG dimer is unstable compared to other family member proteins and requires other
factor(s) to stabilize the dimer structure [66]. In addition, mutations at the putative ATP binding
or catalytic sites did not affect the elution profile of FIhG in size exclusion chromatography (eluted
as a monomer regardless of the nucleotides), but the ATPase-active FIhG mutant (D171A) eluted
slightly earlier in the presence of ATP but not ADP, presumably due to a subtle conformational change.
Because the purified D171A mutant tends to aggregate in the presence of ATP, we speculate that
ATP-bound active FIhG has a fragile conformation that causes its aggregation, but interactions with
other proteins at the cell pole (most likely, HubP) prevent that aggregation and exhibit its function to
inhibit FIhF activity [66].

It should be noted that Geobacillus and Shewanella FIhG have been shown to bind to the flagellar
C-ring proteins FliM and FliY (FliN ortholog) in a nucleotide-independent manner [60]. Moreover,
in the presence of ATP and lipids, Geobacillus FIhG (presumably in the dimer form) can activate
FliM/FLiY to assemble with another C-ring protein FliG in vitro [60]. These results raise the possibility
that FIhG delivers C-ring proteins to the nascent flagellum, but this is puzzling because in this case
FIhG functions as a positive regulator that promotes flagellar assembly. An alternative possibility is
that FIhG binding to these proteins blocks the assembly of a nascent flagellum. Further analyses are
required to clarify the enigmatic function of FIhG in the biogenesis of flagella.
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7. SflA Represses Flagellar Biogenesis in the Absence of FIhF and FIhG

In V. alginolyticus, the deletion of both fIhF and flhG from the strain VIO5 (wild-type for polar
flagellum) resulted in a nonflagellated phenotype, but a very small fraction of the population produced
several sheathed flagella at lateral positions [34]. The motile pseudo-revertants were isolated from
the strain deleted for both fIhF and fIhG (AfIhFG), which forms peritrichous flagella in the majority
of cells [67]. Because these flagella were covered with a sheath and contained flagellins of the polar
flagellum, the suppressor mutations increased the population of cells that produces multiple polar
flagella at lateral positions. The mutation was mapped to a previously uncharacterized gene named
sflA (suppressor of AflhiFG) and the deletion of sflA from the AflhFG strain showed the suppression
phenotype (Figure 7a) [68]. The sflA is specific for Vibrio species and is predicted to encode a single
transmembrane protein (the mature protein contains 303 amino acids, 35 kDa) with its N-terminal
region located at the periplasm. The cytoplasmic C-terminal region contains a DnaJ domain conserved
in chaperone family proteins (Figure 7b) [69]. As with hubP, sflA is not included in known polar
flagellar gene clusters, and therefore seems not to function specifically in flagellar biogenesis. The SfIA
protein was detected in the wild-type strain, but deletion of sflA from the wild-type strain did not
affect polar flagellation and motility [68]. Overexpression of the C-terminal soluble region containing
the DnaJ domain (SflAc, Figure 7b) suppressed the lateral flagellation of the AflhFGAsfIA strain [70].
SflA fused with fluorescent protein showed a HubP-dependent polar localization in the presence of
FIhF and FIhG, but was observed at polar and lateral positions in AfIiFG cells [70]. These observations
suggest that SflA localizes with flagella and that SflA¢ represses the flagellar initiation in AfIhFG cells
by a currently unknown mechanism [70]. FIhF seems to be dominant over SflA in flagellation at the cell
pole and voids the function of SflA. Recently, the crystal structure of SflA was solved for the N-terminal
131 residues (SflAyy;; Figure 7b,c) [71]. The core of SflAN; forms a domain-swapped dimer with a
tetratricopeptide repeat (TPR)/Sell-like repeat (SLR) motif, which is often found in domains responsible
for protein—protein interactions in various proteins. SflAn; has a characteristic positively charged area
at the surface, and alanine substitutions in that area reduced the SfIA function of inhibiting flagellation
in AfIhFG cells, which suggests that SflAN;; binds to an unknown partner protein and that the binding
signal is transmitted to SflIAc to suppress the formation of the sheathed flagellum at lateral positions
(Figure 7c) [71].
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Figure 7. SflA represses lateral flagellation in the absence of both FIhF and FIhG in Vibrio alginolyticus.
(a) Electron micrograph of a LPN4 cell, the AflhFGAsfIA mutant. The sheathed flagella were formed at
lateral positions, as indicated by the white arrows. (b) Domain structure of SflA. SflA is synthesized
as a precursor with an N-terminal signal sequence that is cleaved during maturation (the cleavage
site is shown as a black arrowhead). (c¢) Model of the molecular architecture of the SflA dimer.
Unknown binding partner proteins bind to the concave surface of the N-terminal tetratricopeptide
repeat (TPR)/Sell-like repeat (SLR) domain of SflA, as indicated by the broken arrows. The Dna]
domain is activated by the binding signal transmitted through the membrane, and interacts with an
unknown partner protein to suppress the formation of the sheathed flagellum at peritrichous cell
surfaces or promote it at the cell pole. IM, inner membrane.

8. Conclusions and Perspectives

To summarize all the insights presented in this review, we would like to propose a model for the
biogenesis of a single polar flagellum in Vibrio alginolyticus (Figure 8). At least five factors are involved
in this precise control: FIhF, FIhG, HubP, FlaK, and SflA. When cells are growing, the polar flagellar
genes are transcribed in a cascade fashion. The class 1 master regulator FlaK activates expression of the
class 2 genes, including fIhF, fIhG, and those for flagellar basal body components such as the MS-ring
protein FliF. After it accumulates, FIhG negatively acts on the master regulator FlaK to shut off the
expression of polar flagellar genes. This temporal regulatory mechanism prevents the unnecessary
use of energy required for hyperflagellation. FIhF then forms a homodimer in complex with GTP and
localizes at the cell pole. The polar localization of FIhF facilitates the accumulation of the MS-ring
protein FIiF at the cell pole, and thereby promotes the MS-ring formation there. Inactive ADP-bound
FIhG binds to GDP-bound inactive FIhF and interferes with its polar localization in the cytoplasm,
whereas ATP-bound FIhG is able to associate with HubP at the cell pole. HubP induces the structural
change of FIhG to become an active form, in which the active site for ATP hydrolysis and binding
interface for FIhF are constituted. This allows FlIhG to directly inhibit the FIhF dimer, presumably by
stimulating GTP hydrolysis. These four regulatory steps (indicated as “1” to “4” in Figure 8) together
optimize FIhF activity at the cell pole to generate only a single polar flagellum. Meanwhile, initiation
of sheathed flagellar assembly could occur at lateral positions once the MS-ring and flagellar specific
export apparatus are assembled. However, in such a case, SflA inhibits the completion of flagellar
assembly (indicated as “5” in Figure 8). Therefore, SflA also participates in regulation of flagellar
biogenesis at the cell pole.
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Figure 8. Model for the regulation of the biogenesis of a single polar flagellum in Vibrio alginolyticus.
Five regulatory mechanisms are involved in this proposed model. When flagellar components are
synthesized and accumulate, FIhG negatively acts on the master regulator FlaK to downregulate the
expression of polar flagellar genes (1). FIhF forms a homodimer in complex with GTP and localizes at
the cell pole. FIhF facilitates the accumulation of the MS-ring protein FIiF at the cell pole and thereby
promotes the MS-ring formation (2). Inactive FIhF and FIhG interact with each other and remain in
the cytoplasm (3), and GTP-bound FIhG is activated by HubP at the cell pole and negatively acts on
FIhF to inactivate the FIhF dimer at the cell pole (4). In addition to the transcriptional regulation,
these post-translational mechanisms optimize polar FIhF activity that allows the cell to generate only a
single polar flagellum. Meanwhile, SflA inhibits sheathed flagellar formation at lateral positions by
negatively acting on its assembly step (5). FIhF activity is dominant over SflA at the cell pole, so that
the effect of SfIA, localized at the cell pole via HubP, is suppressed.

Many questions remain to be solved. For example, how does FIhF promote MS-ring assembly?
The structural similarity suggests that GTP-bound FIhF homodimer may function similar to the
GTP-dependent heterodimer of the signal recognition particle (SRP) and its receptor (SR). However,
the AfliFGAsflIA strain can form sheathed flagella at lateral positions [68], and thus FIhF is not essential
to insert nascent FliF, the MS-ring protein, in membranes. Therefore, FIhF seems to function in
delivering or specifically inserting FIiF to the cell pole. Alternatively, FIhF may facilitate the MS-ring
assembly step at the cell pole. Further, how FIhG works at the cell pole is still largely unknown. It can
function as a monomer or, alternatively, ATP-bound FIhG dimer may be stabilized at the cell pole
to inhibit FIhF. Because the majority of Bacillus FIhG in vivo is reported as being highly mobile [60]
but Vibrio FIhF is observed at the base of an assembled polar flagellum [34], FIhG may dissociate
from the cell pole after the ATP hydrolysis, although FIhF somehow remains at the flagellated cell
pole. To clarify the functions of FIhF and FIhG in flagellar biogenesis, their structural and biochemical
properties must be understood on the basis of their temporal behavior at the cell pole. It should also
be remembered that it remains enigmatic as to how SflA and FlaK recognize the flagellation state of
cells. Altogether, it is fascinating that even simple organisms such as bacteria have such complex
mechanisms to precisely control the temporal and subcellular positioning of biomolecules. The journey

41



Biomolecules 2020, 10, 533

to elucidate the mechanism of how a single polar flagellum is generated by bacteria is a challenging
one that will be exciting to explore.
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Abstract: The bacterial flagellum and the related virulence-associated injectisome system of pathogenic
bacteria utilize a type III secretion system (T3SS) to export substrate proteins across the inner
membrane in a proton motive force-dependent manner. The T3SS is composed of an export gate
(FiPQR/FIhA /FIhB) located in the flagellar basal body and an associated soluble ATPase complex in
the cytoplasm (FliHIJ). Here, we summarise recent insights into the structure, assembly and protein
secretion mechanisms of the T3SS with a focus on energy transduction and protein transport across
the cytoplasmic membrane.

Keywords: bacterial flagellum; flagellar assembly; type III protein export; ATPase; proton motive
force; secretion model

1. Introduction

Flagella are complex rotary nanomachines embedded in the cell envelope of many
bacteria. In addition to functions in adhering to surfaces, flagella allow bacteria to move
in their environment towards nutrients or to escape harmful molecules. They are present
in both Gram-negative and Gram-positive bacteria, and are evolutionary related to the
injectisome device, which various Gram-negative bacterial species use to inject effectors into
eukaryotic target cells [1]. Both the flagellum and injectisome are complex nanomachines
and made of around 20 different proteins, ranging from a copy number of very few to
several thousand [2]. Structurally, the flagellum can be divided into three main parts: (i) a
basal body embedded in the cell envelope; (ii) a flexible linking structure, the hook; and (iii)
a long external filament, which functions as the propeller.

The basal body is composed of the rod (made of FliE, FlgB, FlgC, FIgF, and FIgG) and
several protein rings: the MS ring (made of FliF) in the inner membrane (IM) and the C
ring (made of FliG, FliM and FliN) in the cytoplasm, the periplasmic P ring located in
the peptidoglycan (PG) layer (made of Flgl), and the L ring (made of FIgH) in the outer
membrane (OM) [3]. The assembly and function of both the flagellum and injectisome
relies on a conserved protein export apparatus located at the base of the basal body. The so-
called type III secretion system (T3SS) found in the flagellum (flagellar T3SS; fT3SS) and
injectisome (virulence-associated T3SS; vT3SS) is comprised of five conserved core export
gate proteins, FIhA /SctV, FIhB/SctU, FliP /SctR, F1iQ/SctS, and FliR /SctT, and is associated
to three soluble proteins, FliH/SctL, Flil/SctN, and FliJ /SctO, respectively, for the fT3SS
and vT3SS, forming the export apparatus (Figure 1) [4-6]. The T3SS is involved in substrate
protein selection, i.e., docking of substrate proteins (and their cognate secretion chaperones)
to the export apparatus, the subsequent unfolding of substrates and proton motive force-
driven translocation across the inner membrane, and forms the central secretion pore
through which the substrates are secreted. As the diameter of the secretion channel is only
2 nm, secreted proteins are likely in an (at least partially) unfolded state [7]. Additionally,
the T3SS can discriminate between different substrate classes. Only upon completion of the
hook-basal-body (HBB) complex, the T3SS switches substrate specificity from early type
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substrates (e.g., components of the rod or the hook subunits) to late-type substrates (e.g.,
flagellin or the filament cap), which enables a mechanism to prevent premature secretion
of the many thousand flagellin subunits before the assembly of the hook is completed [8].
This switch in substrate specificity involves an interaction between a molecular ruler
protein, FliK, and the export gate protein FIhB [9-11] in case of the flagellum, while a
homologous ruler protein (SctU/SctP) is implicated in substrate selectivity switching of
the injectisome [12].

L-ring
Rod
P-ring

FliP
FliF

Stator units

FIhB
FIhA

FliJ
FIiI

FliH

Figure 1. Schematic of the flagellar basal body complex. The basal body consists of the stator units, the periplasmic rod,
the P- and L rings embedded in the peptidoglycan (PG) and outer membrane (OM), respectively, the MS ring in the inner
membrane (IM), and the T3SS. The T3SS is composed of cytoplasmic components (the C ring and the ATPase complex
consisting of Flil, FliH and FliJ), and the export gate (consisting of FliPQR, FIhA and FIhB) located at the base of the basal

body within the MS ring.

Furthermore, protein secretion via the T3SS is remarkably fast. The T3SS is able
to secrete several thousand amino acid per second [13], in comparison to the general
secretion system (Sec system) that only secretes a few dozen amino acids per second [14,15].
In recent years, a model has emerged where primarily the proton motive force (PMF),
i.e., the charge and proton gradient across the inner membrane, provides energy to drive
protein translocation across the inner membrane via the T3SS [16]. The soluble ATPase
complex made of FliHI]J is part of the export apparatus and thought to facilitate docking
and unfolding of substrates [17]. Accordingly, the secretion of T3SS substrate proteins
can be described as a three-step process: (i) docking of substrate proteins, which might
be associated with their chaperones, to the export apparatus; (ii) unfolding of substrate
proteins; and (iii) PMF-dependent injection of substrate proteins into the secretion channel.
The secreted substrate proteins subsequently travel (presumably in an o-helical or partially
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unfolded conformation [18]) through the channel inside the flagellum to the tip, where they
self-assemble.

This chapter highlights the protein components that make up the core T3SS of the
flagellum, discusses potential mechanisms underlying the substrate energization processes,
summarizes the various models that have been proposed to understand the secretion
process and assembly of flagellin subunits into the growing filament and compares the
protein export mechanism of the flagellar T3SS to the protein secretion mechanisms used
by other bacterial secretion systems (Box 1).

2. Export Apparatus Structure and Assembly

The core export gate of the flagellar T3SS is located in the centre of the basal body
and formed by FliPQR, FIhA and FIhB. Associated at the cytoplasmic face is the ATPase
complex constituted of FliHIJ. FliPQR form a helical assembly with 5:4:1 stoichiometry
(FliP5Q4R;) embedded in the core of the basal body and located above the inner membrane
(IM) [19]. A small bitopic membrane protein, FliO, was previously thought to be part of
the export apparatus. However, it has recently been shown that FliO is not part of the
assembled basal body complex and that FliO has no active role in the export process, but
functions as a chaperone for productive assembly of the FliP-FliR complex [20] (Figure 2). It
is interesting to note that, although FliPQR homologs are strongly conserved in the vT3SS,
no homologs of FliO have been found thus far, which suggests a specific role for assembly
of the fT3SS [21]. It has been postulated that FliO promotes stable FliP sub-assemblies in the
IM, before forming a complex with FliR. Once this complex is formed, FliO would dissociate,
and the complex would interact with FliQ to form the FliP5Q4R; helical assembly [19] before
interacting with FIhB and finally FIhA. FIhB consists of an N-terminal, transmembrane
(TM) domain (FlhBry) formed by four x-helices, and a C-terminal cytoplasmic domain
(FIhBc). FIhBc is responsible for the switching from early type substrates (e.g., the rod and
hook subunits) to late-type substrates (e.g., the anti-sigma factor FigM, the hook-filament
junctions, the filament tip and flagellin). This switching requires a proteolytic autocleavage
of FIhB¢ between Asn269 and Pro270 at a highly conserved NPTH motif splitting FIhBc
into FIhBcy and FlhBcc, in addition to an interaction with the molecular ruler FliK [12,22].
In the autocleavage deficient mutant FIhnB(N269A), the T3SS is deficient for the secretion of
late-type substrates [23]. Under normal conditions of flagellar assembly, FliK is secreted
intermittently throughout the hook construction period: once the hook reached a length
of ~55 nm, the N-terminus of FliK remains in the channel, thereby slowing-down its
secretion. Presumably, this leaves the FliK C-terminal domain enough time to interact
with FlhBc, inducing a conformational change in the export apparatus that results in the
switch in substrate specificity [11]. Following the switch in secretion specificity, the anti-
sigma factor FIgM is recognized as a late secretion substrate and secreted. Secretion of
FlgM releases 08 and allows for 028-dependent gene expressions from class III promoters,
including fliC encoding for the flagellin FliC [8,24,25]. A recent study on the structure
of the core flagellar export apparatus validated that FIhB is part of the export gate [26].
Interestingly, FIhB associates to the core secretion pore FliPQR by forming a loop (FlhBy),
containing the most conserved residues of FIhB. The four helices in the FlhByy; domain
form two distinct hairpins that wrap around the cytoplasmic face of the FliPQR complex,
inserting hydrophobic residues in the cavities between FliQs subunits. Kuhlen et al.,
initially hypothesised that FIhBy, is involved in maintaining a closed export gate, but the
FliPQR structure from a flhB deletion mutant is present in a closed conformation [26].
The wrapping of FIhB;, might be involved in the opening of the export gate, either by
moving away of the entrance with a hinge motion similar to a lid, or by staying in contact
with the opening FliQs subunits and extending its structure in a similar way to a sphincter.
Deletions of residues in FIhBy, led to loss of motility, and the extensive interactions on the
cytoplasmic face and on the surface of the FliPQR complex with FIhB demonstrates that
FIhB is an integral component of the export gate complex directly involved in substrate
protein secretion [26]. FIhA is a central component of the PMF-driven flagellar protein
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export machine and hypothesised to function as the proton/protein antiporter. FIhA can
be separated into two regions: a hydrophobic N-terminal transmembrane (TM) region
with eight predicted x-helical transmembrane domains (FlhATy) that interact with the
MS ring [27], and a hydrophilic C-terminal cytoplasmic region (FlhAc) that interacts with
FliHIJ and FIhB, and with the substrate-chaperone complex (hook-filament junction protein
FlgK/FlgN, filament capping protein FliD/FliT and flagellin FliC/FliS) [28-31]. The FIhAc
region consists of four domains: D1 (residues 362 to 434 and residues 484 to 503), D2
(residues 435 to 483), D3 (residues 504 to 583), D4 (residues 584 to 682), and a flexible linker
termed FlhAj, (residues 328 to 361). The FIhAc regions form a nonameric, cytoplasmic ring
beneath the export gate through D1-D3 and D3-D3 interactions [32], and is involved in the
recognition of substrates, the binding of the substrate-chaperone complex and the actual
secretion process [30,33].

FliPsR, Qs

FliPsR,Qq FIiPsR, Qs FIiPsR,Q,
+ + FIhBA
FIhB FIhBA +
FIiF

Figure 2. Step-wise export apparatus assembly model. Formation of the FliP5 complex in the IM is presumably promoted by
the integral-membrane chaperone FLiO. FliO further facilitates the formation of a stable FliP5R; complex. Once the FliP5R;
complex is formed, FliO is thought to dissociate from the complex. The FliP5R; complex then constitutes the nucleus for the
assembly of the subsequent subunits of the export gate (FliQ4, FIhB and FlhAyg). Finally, the MS ring made of FliF forms
around the core export apparatus FliP5FliQ4FliR; FIhB; FlhAg in the IM followed by the assembly of the C ring (made of
FliG/M/N) and recruitment of the ATPase complex.

Upon assembly of the core secretion pore, the switch protein FIhB and the nonameric
FIhA ring, the MS ring assembles in the inner membrane around the flagellar export gate.
The MS ring functions as a scaffold and is formed by 34 subunits of FIiF [34]. The FliG/M/N
proteins (respectively 26-34, 34 and around 100 copies [35]) form the cytoplasmic C ring,
which interacts tightly with the MS ring. Although it was proposed previously that
26 copies of FliG are present in the C ring [35], the stoichiometry of FliF and FliG are
likely matched, suggesting that the FliG part of the C ring consists of 34 subunits [34].
The C ring primarily functions as the rotor the flagellum, which through interactions with
the stator units formed by MotAsB, drives rotation of the flagellum. The FliG subunits
of the C ring interact with the rotating stator units (a pentamer of MotA that has been
proposed to rotate around a dimer of MotB using energy derived from the ion gradient
across the inner membrane), and enables bidirectional rotation of the flagellum by changing
its conformation upon binding of the phosphorylated response regulator CheY during
chemotaxis [36-38]. Additionally, the C ring plays a role as affinity site for substrates [39].
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3. Structure and Function of the ATPase

As mentioned above, a soluble ATPase complex formed by FliHI]J is located at the
cytoplasmic interface of the flagellar basal body. The ATPase Flil is found in two different
complexes, (i) in the FlilgFliH;,Fli] complex at the base of the export apparatus, where
Flil forms a hexameric ring, and (ii) in the freely diffusing FliH,FIil hetero-trimer [40—44].
The FlilgFliH,Fli] complex is associated to the C ring through interactions between FliH
and FliN/FIhA, and Fli] might play a role in the energy coupling mechanism for flagellar
protein export by interacting with FIhA [28,45]. The structure of the complex SctV /SctO of
Chlamydia pneumoniae (vI3SS homologs of FIhA /Fli], respectively) indicates that interaction
of SctO to the C-terminal region of SctV alters the binding site for substrate-chaperone
complex and changes the conformation of SctVc. A potential rotation of FliJ (discussed
in more details below) might then release the substrate-chaperone complex, allowing
subsequent secretion of the substrate protein [46]. However, the exact role of the ATPase
complex for protein secretion via the flagellar export apparatus remains poorly understood.
Under physiological conditions, the role of the ATPase complex appears to be facilitating
efficient secretion of substrate proteins via the T3SS. Interestingly, however, the FliHI]
ATPase complex has been shown to be dispensable for filament formation under certain
conditions, such as overproduction of flagellar substrates or when the cell’s available PMF
is increased [16,47,48]. In support, several mutations in FIil that abolish or substantially
reduce its ATPase activity are still able to assemble flagellar filaments, suggesting that
any process energized by ATP hydrolysis is uncoupled from the actual protein secretion
mechanism [49].

The ATPase Flil is a member of the Walker-type ATPase family. It shares similar
structural characteristics with the o/ 3 subunits of the FoF; ATP synthase [50]. In contrast
to the FoF; ATP synthase where the oc and 3 subunits forms a hetero-hexamer, Flil forms
a homo-hexamer. Hexamer formation is needed for the enzyme to exert its full ATPase
activity. FliJ binds to the Flils ring and functions to stabilise the formation of the hexameric
Flil ring, which then resembles the F1-a333y complex [28,51]. FliH is divided into three
regions: an N-terminal region FliHy;, a central region FliHy; and the C-terminal region
FliHc. Only the first 10 amino acids of FliHc are critical for the export of substrates through
the secretion channel by binding with the C ring through FliN-FliH interactions [45].
FliH promotes the interaction of Flil¢Fli] with the C ring by interacting through its C-
terminal region with Flil and N-terminal region with FliM-FIliN [45]. Photocrosslinking
experiments have additionally revealed an interaction between FliH and FlhAc, but not
with the other proteins of the basal body. It is assumed that the interaction of FliHy and
FIhAc anchors the FlilgFliH ,Fli] ATPase complex to the export apparatus during the
protein secretion process [52]. The second, soluble Flil complex (FliH,Flil) has been shown
to inhibit formation of the hexameric Flils ring, and to bind to late export substrates in
complex with their chaperones [40,41,43,44,53,54]. In this function, the FliH,Flil complex is
thought to act as a dynamic carrier to deliver Fli] and the late export substrate-chaperone
complexes to the docking platform of the T3SS export gate formed by FIhAc [43,55].
The FliH,Flil carrier binds to the hook-filament junction protein FIgK/FlgN and filament
capping protein FliD/FliT substrate-chaperone complexes, but not to FIliC/FIliS [53,56,57]. It
has been proposed that FliH,Flil may contribute to efficient interactions of the FlgK/FlgN
and FliD/FIT substrate chaperone complexes, promoting an efficient assembly of the
hook/cap structures before the assembly of the filament [58]. The interaction of the FliH
C-terminal region with the Flil N-terminal region inhibits its ATPase activity, indicating
that the N-terminal of Flil might be involved in the regulation of the ATPase activity. This
inhibition might prevent consumption of ATP before the export of substrates. The presence
of another factor (Fli]) is then required to start the activity of FIiI [40].

It has been proposed that Fli] might also act partially as a rotor: the V,V; and FoF;
ATPases use a rotational mechanism to hydrolyse ATP, and since the FlilgFli] complex
and the F1-a3f3y complex are evolutionary related and share structural similarities, it
appears possible that the two systems use a similar mechanism for distinct functions [59].
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Accordingly, a rotational mechanism has recently been proposed to explain how the ATPase
FlilgFli] might assist the unfolding of substrates before their export into the channel. For
this ATPase rotation mechanism, Fli] would function as the rotor and bind in the central
cavity of the hexameric Flil ring, which itself is anchored to the C ring via FliH interactions
and thereby would function as the stator. Further, each Flil monomer is predicted to bind
an ATP molecule and harbour a Fli] binding site. When FliJ is bound to one Flil monomer, it
cannot rotate. After hydrolysis of ATP in one of the Flil monomers, FliJ is released from its
confinement and can freely rotate temporarily. The motion is governed by two parameters:
(i) ATP hydrolysis rate and (ii) lifetime of the ADP-bound state. As a folded substrate
protein arrives at the export gate, ATP hydrolysis would then induce rotation of the FliJ
shaft, and the rotating FliJ interacts with the folded substrate (or substrate-chaperone
complex), providing sufficient energy to help overcome the energy barrier and unfold
the substrate protein (or strip-off the chaperone) before PMF-dependent injection into the
secretion channel. Such a model is in agreement with previous observation that a certain
level of protein export still occurs in the absence of the ATPase complex, suggesting that the
complex is merely helping in the substrate protein export process [60]. Cryo-EM structure
determination of the ATPase SctN (vI3SS Flil homolog) and its central stalk SctO (vI3SS
Fli] homolog) of enteropathogenic Escherichia coli identified the presence of hydrophobic
residues that contribute to the interaction between SctN and SctO, and which might facili-
tate rotation of SctO in a similar way to the F;-ATPases. In such a mechanism, the SctO/FlLiJ
stalk could stabilize the ATPase complex to facilitate binding of the chaperone. A transition
from an ATP- to ADP-bound state of the ATPase might then cause the dissociation of
the chaperone from its substrate protein and the ATPase complex, thereby facilitating
subsequent substrate secretion [61].

It is now clear that the ATPase Flil of the flagellar T3SS only has a facilitating role in
substrate protein secretion via the T3SS. The ATPase is not required for substrate transloca-
tion per se, as a AfliHI double mutant is still able to produce filaments with low probability.
In contrast to the dispensability of the ATPase complex for the construction of flagella
in vivo [16,47,51], however, the analysis of flagellar T3SS protein transport in an in vitro
model using inverted cytoplasmic membrane vesicles (IMVs) showed confusingly that the
secretion of early and late substrates was dependent on the presence of the cytoplasmic
FliH,Flil complex, while abolishing the PMF did not affect secretion [17]. A potential
explanation of these contradicting observations might be that the concentration of the
FliH,Flil complex used in the in vitro experiments was kept constant, and higher than
under in vivo conditions. Such conditions might allow substrates transport into the IMVs
via the fT3SS in the absence of the PMF. Accordingly, further investigations are required to
determine the molecular mechanism how the cytoplasmic ATPase complex contributes to
export substrate targeting, unfolding and opening of the transmembrane export gate.

4. Translocation of Substrate Proteins
4.1. The Role of the PMF and ATPase

How translocation of substrate proteins via the T3SS is coupled to ATP hydrolysis by
the soluble cytoplasmic ATPase and the PMF across the cytoplasmic membrane remains
poorly understood. The PMF is made up of two components, the electric potential (Ay) and
the transmembrane proton gradient (ApH) and results from the translocation of protons
by the electron transport chain across the IM. Importantly, the PMF is involved in several
major biological processes including ATP synthesis by the FoF;-ATP synthase and for
various transport processes. The PMF also plays a major role in energizing substrate
protein secretion via T3SS. Disruption of the PMF in Yersinia peptis impaired secretion of
Yop effector proteins [62]. Further, addition of an uncoupler that disrupts the PMF such
as carbonyl cyanide m-chlorophenylhydrazone, abolished flagellar protein secretion in
Salmonella enterica [16]. Interestingly, flagellation of mutant of the Flil ATPase complex can
be restored to nearly wild-type levels by overexpression of late secretion substrates (e.g.,
using a mutant of the anti-02® factor FlgM) or by increasing the available PMF (e.g., by
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deleting the FoF;-ATP synthase as a major consumer of the PMF during ATP regeneration
via electron transport phosphorylation) [48]. Similar observations were made in the vI3SS
of Pseudomonas aeruginosa, where a cytoplasmic regulator and a cytoplasmic component
control the access of effectors and the overall secretion by modulating the conversion
efficiency of the PMF for protein export, adding yet another level of regulation [63].

While the overall importance of the PMF in energizing substrate protein secretion via
T3SS is now rather clear, the underlying molecular mechanism of how the export apparatus
couples the PMF to substrate protein translation remains unknown. Both components of the
PMF (ApH and Ay) might have different roles during substrate protein secretion, as it has
been observed that only Ay is necessary to promote protein translocation in wild-type cells,
while both components are necessary in a mutant that allows flagellar substrate secretion in
the absence of the T3SS ATPase Flil. This AfliHI flhB(P28T) bypass mutant secretes the early
type substrates FliK and FlgD in equivalent amount as wild-type cells, adding evidence to
the suggestion that the function of the ATPase Flil is not essential for the actual protein
secretion process. Disruption of the PMF in the wild-type and the AfliHI fliB(P28T) bypass
mutant abolished protein secretion and filament formation. An increase in ApH improved
the secretion of the AfliHI flhB(P28T) bypass mutant, and use of deuterium oxide D,O
(heavy water isotope impacting the rate of proton translocation) led to a high decrease in
FlgD secretion level only in the AfliHI fIhB(P28T) bypass mutant, while the secretion levels
of wild-type cells remained unchanged. Accordingly, the rate of proton translocation via
the T3SS appears to limit protein export in the absence of FliHI [16,51].

Many mutations in the FIhA /FlhB components of the export gate have been identified
that impact the formation of the flagellar filament and might help us to understand the
mechanism of PMF-driven protein export. As mentioned above, the FIhB(P28T) mutation
was shown to significantly improve the formation of flagella in absence of FliHI, but
how this mutation actually bypasses the loss of the ATPase has remained obscure [47].
The recently solved structure of the export gate FliP5Q4RFIhB; revealed that the location
of the FIhB N-terminal region (containing residue P28) at the cytoplasmic entrance of the
gate might affect closure and opening of the gate. In support, in case of the vI3SS, a
SctUpagpppa mutant was shown to interact with SctS (vI3SS homolog of FliQ) by in vivo
photocrosslinking. As the FlhBry; domain wraps around the export gate components
FliPQR, the conformational change necessary for the opening of the export gate might
happen from pulling forces imparted on helix 4 of the FlhByy; domain, linked to the other
helixes through conserved buried charged residues, including FIhB D208. This force might
be initiated in FIhA, the only component of the export apparatus demonstrated to have
multiple conformations [64]. The FIhB D208A mutation in FIhBry also disrupted motility,
but was rescued by an overexpression of FIhA, highlighting the importance of a charged
residues link between the two proteins [26].

4.2. The Role of FIhA

As mentioned previously, FIhA can be separated into two regions: a hydrophobic
N-terminal transmembrane (TM) region with eight predicted «-helical transmembrane
domains (FlhAty), and a hydrophilic C-terminal cytoplasmic region (FIhAc) consisting of
four domains: D1 (residues 362 to 434 and residues 484 to 503), D2 (residues 435 to 483),
D3 (residues 504 to 583), D4 (residues 584 to 682). A flexible linker termed FlhA[ connects
the TMS8 of the N-terminal region with the D1 domain of the C-terminal cytoplasmic region.
D1-D3 and D3-D3 interactions within FIhA¢ subunits form a nonameric, cytoplasmic ring
beneath the export gate [32].

As FIhA is a central component of PMF-driven flagellar protein export via the T3SS,
several mutagenesis studies of conserved charged residues have been performed in an
attempt to identify potential proton binding sites. This section discusses the structure and
function of FIhA in T3SS protein export and highlights the mutations that affect substrate
protein secretion, by affecting the interaction with substrate-chaperone complexes or by
disrupting proton binding and the proton-driven conformational changes in FIhA.
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Interactions of FIhA with FliHIJ and FIhB/FliPQR play an important role for the
protein secretion process. FlhA[, and a hydrophobic dimple located between D1 and D2
interact with Fli] and substrate-chaperone complexes, promoted by Flil and FliH. The inter-
action of FIhA with the ATPase complex might allow the export gate to efficiently utilize
the PMF to facilitate flagellar protein export [28]. As the D2 domain is directly involved
in the translocation of substrates, it has been proposed that FliH and Flil promote the
interactions of FIhA to Fli] and substrate-chaperone complex to ensure an efficient energy
coupling mechanism [55]. Based on mutational analysis, the D1 domain of FIhA might
be involved in substrate entry into the secretion channel [65]. The flexible linker FIhAp,
is further required for FIhA¢ oligomerisation as alanine substitutions in the D1 domain
(interacting with FIhA;) and in FlhA;, inhibit the formation of the FIhAc ring. These
mutations reduce the efficiency of filament assembly after completion of the hook, as well
as the binding affinity of FIgN, the chaperone of FIgKL [29]. Triple alanine substitution in
the D1 domain resulted in a polyhook phenotype, indicating that the mutations potentially
affected hook-length control. Other alanine substitutions mutants in FIhA; domain still
assembled a complete hook structure, although hook length was not tightly regulated
anymore, and secretion of FlgM (and accordingly of FlgK and FliC) was reduced (while
early substrates secretion e.g., of FIgE/FlgD was not impaired). As hooks/basal bodies
were still produced at the wild-type level, this suggests that these residues are involved
in the interaction with late-type substrates and that the interactions of FIhAj, with its
neighbouring subunit may induce conformational changes in the FIhAc ring structure
to initiate the export of filament-type proteins (e.g., FlgM /FIgK) once the hook has been
completed [29]. The V404M mutation in the D1 domain of FIhA facilitates binding of Flil in
absence of FliH to the export apparatus. FlhAc(G368C) is a temperature-sensitive mutant
which displays significantly reduced flagellar protein export at elevated temperatures but
not at the permissive temperature of 30 °C [66-68]. Thermal stability experiments showed
that this mutation affects denaturation of the C-terminal domain of FlhAc, revealing the
importance of FIhA conformational rearrangements for productive protein secretion [64,65].
Hara et al. identified the non-motile D208A mutation and suggested that this charged
residue might be directly involved in the PMF-driven protein export. However, a more ex-
tensive mutagenesis study revealed that proton-binding at this position is non-essential for
flagellar protein export, as suppressor mutations elsewhere in FIhA were able to rescue the
motility defect of D208 mutants. In addition, significant transport activity was measured
in D208 mutants using a more sensitive assay based on export of a hook protein fusion to
beta-lactamase (FIgE-Bla) [69,70].

In the same study, three other charged residues (R147, R154 and D158) located in a
small cytoplasmic loop between TM4 and TM5 (FIhAcp,) were identified as necessary for
FIhA function and potential proton binding sites [70]. This highly conserved cytoplasmic
loop between TM4 and TM5 coordinates the secretion of early secretion substrates during
hook assembly by interacting with the FlhAc domain. This suggests that substrate entry
in the channel is regulated by this loop. A protonation-mimicking mutation in this loop
(FIhA(D158N)) induces a large conformational change of the FlhA¢ domain, and it therefore
has been proposed that during the secretion process the cytoplasmic FIhAc ring gets close
to the loop between TM4 and TMS5 through this proton-driven conformational change [70].
This protonation mimicking mutation triggers a global conformational change that also
affects the large cytoplasmic domain of FIhA (FIhAc, also termed FlhAcp, in order to
discriminate it from the cytoplasmic loop between TM4 and TM5 termed FlhAcp;), which
interacts with secretion substrates. These data led to a model of how proton-driven
conformational cycling of FIhAcp; might drive substrate protein secretion. In this model,
the nine copies of FIhA form two cytoplasmic rings; the FIhAcp; ring positioned close to
the membrane and the larger FIhAcp, ring more distal to the export gate. It is presumed
that FlhAcp, can cycle between its more distal position from the membrane and a position
more proximal to the membrane, where it is held in place through interactions with
FIhAcp;. The model further proposes that proton-driven conformational changes in
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FlhAcp; modulate these interactions to drive the cyclical movements of the large FlhAcp,
ring between the positions proximal and distal to the membrane (Figure 3). The proton-
driven cyclical movements of the FIhAcp, ring are presumably linked to cycles of secretion
substrate binding and release into the secretion channel [70].
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Figure 3. Putative model of the fT3SS secretion process. (A) Delivery of chaperones/substrates complexes to the

FliH;,FlilFli] ATPase complex, followed by (B) removal of the chaperone/unfolding of the substrates mediated by

ATP hydrolysis of the ATPase complex FliHy,FlilgFli] and delivery to FIhA. (C) Proton-driven cyclical movements of the
FIhAcp; ring cause an opening of the export gate and mediate cycles of secretion substrate binding and release into the
secretion channel. (D) Diffusion of secreted substrates inside the secretion channel to the tip of the flagellar structure.

However, several crucial steps of the flagellar protein secretion process remain unclear.
First, while the relation between FIhA and FIhB evidently is vital for an efficient PMF-
dependent secretion of substrate proteins via the fT3SS, how exactly the T3SS distinguishes
between early and late-type substrates is unknown. The proton-driven cyclical movements
of FlhAcp; and FlhAcp, might impact FIhB, causing an opening of the export gate. Recent
mutational analysis suggests that a structural rearrangement of the FIhAc ring is promoted
by interaction between FIhBc and FlhAc. A FIhA(A489E) suppressor mutant partially
rescues the impaired late-type substrates secretion of FIhB(P270A) (a slow-cleaving FIhB
autocleavage mutant, which forms polyhooks) and shortens the length of the polyhooks.
These observations suggest that the FIhA(A489E) mutation assists the FIhB(P270A) mutant
in switching to late-substrate secretion mode. Interestingly, the FIhA(A489E) mutation is
located in the binding site for substrate-chaperone complexes and reduces the binding affin-
ity for these complexes. Accordingly, it appears reasonable to conclude the FIhA(A489E)
mutation mimics the conformation of the chaperone-bound FlhA( ring also in presence
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of the FIhB(P270A) mutation. In a fliK-null mutant, the FIhA(A489E) FIhB(P270A) dou-
ble mutant is able to secrete early type substrates (e.g., FIgE) at a wild-type level, while
late-type substrates secretion (e.g., FliC) is abolished. This result highlights the crucial
role of the molecular ruler FliK for some structural rearrangement of the FIhA¢ ring that
enables late substrate-chaperone docking. Accordingly, these mutational results support a
model, where the molecular ruler FliK interacts with FIhB¢ as the hook reaches its final
length of ~55nm. This interaction induces a conformational change in F1hB required for
cleavage of FIhBc. The cleaved FlhBc in turn interacts with FIhAc and causes a conforma-
tional change that promotes interaction of the FIhAc ring with the substrate-chaperone
complexes, thereby enabling the secretion of late-type substrates [71].

Further, the role of the ATPase complex in the actual substrate secretion process
remains poorly understood. It has been suggested that cycles of ATP hydrolysis may
induce conformational changes in the export gate that result in opening of the gate, as the
FIhAc ring is known to interact with Fli] and to be positioned between the export gate
and the ATPase complex [26]. Based on cryo-electron tomogram imaging of basal body
complexes in situ, the distance between the export gate and ATPase is large, and it is thus
unclear how the ATPase complex would be able to mediate the gate opening. Kuhlen et al.
proposed that the gate-opening conformational changes would presumably be mediated
via interactions of the FliJ stalk of the ATPase complex with the cytoplasmic FIhAcp,
ring [26]. Further, as outlined above, low levels of flagellar protein secretion is possible also
in the absence of the ATPase complex and therefore, a spontaneous opening of the export
gate complex must be possible. In such a model, where conformational changes in FIhB
are driven via Flil-FliJ-FIhA interactions, the activity of the ATPase complex might only
be required for the initial gate opening. It would appear reasonable to assume that, once
opened, the export gate then remains open as long as substrate proteins are transported.

SctV, the vI3SS homolog of FIhA, also forms a nonameric ring and binds substrate-
chaperone complexes before substrate secretion. The substrate-chaperone binding site of
SctV is, however, not conserved in FlhA, as in place of the hydrophobic dimple found in
FIhA, the SctV substrate-chaperone binding site is made of highly conserved charged
residues glutamine and arginine located at the interface between the D3 and D4 do-
mains [33]. As the fT3SS needs to switch substrate specificity from early to late-type
substrate secretion, the vI3SS requires two specificity switches; the first from early to
intermediate-type substrates, and the second from intermediate- to late-type substrates.
The first switch might be similar to the switch of the fT3SS, as the second one requires
the presence of a gatekeeper protein, SctW, which is absent in the fT3SS. This gatekeeper
interacts with the C-terminal and membrane domains of SctV (the vI3SS homolog of FIhA),
and this binding decreases the binding affinity of the chaperone/effector complexes to SctV,
allowing secretion of translocators but preventing an early secretion of effectors before
contact with the eukaryotic host cell. Substrates of the translocator class might also contain
an N-terminal signal sequence that is recognized by the gatekeeper protein. Upon host
cell contact, SctW dissociates from SctV, the binding affinity of effectors for SctV increases,
which subsequently allows secretion of the effector class of vI3SS substrates [72].

5. Model for High-Speed Secretion of Flagellin

In the previous chapters, we discussed the organisation of the flagellar T3SS and
how substrate proteins might be translocated across the inner membrane in an ATP- and
PME-dependent manner. However, the flagellum grows by polymerization of its building
blocks at the distal end. Flagellin is pumped into the secretion channel, travels through
the secretion channel and then polymerises on top of the completed hook at the distal end
of the flagellum with the help of the filament cap FliD [73,74]. Around 20,000 subunits
of flagellin assemble to form the flagellar filament, which can grow up to a 20 pm in
length [25,75]. Accordingly, once translocated into the two nm narrow secretion channel,
the many thousand building blocks of the flagellum must travel distances ranging from
several dozen nanometer (e.g., in case of hook subunits) up to several micrometer (in case of
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flagellin subunits). This raised the question if transport beyond the inner membrane relied
on additional energy sources. Several models have been proposed on how the bacteria
might be able to transport thousands of building blocks over such long distances.

Initial observations of flagellar filament growth were made using electron microscopy-
based measurements of filament lengths in vitro and in vivo. In vivo experiments showed
an exponential decrease of the filament growth rate with increasing filament length [13],
while in vitro measurements revealed a constant growth rate [76]. However, the flagellum
grows by incorporating flagellin subunits at the tip of the filament and the in vitro mea-
surements do not consider the transport of flagellin molecules inside the narrow secretion
channel from the base to the tip. Accordingly, the authors concluded that the exponential
decay was caused by a decrease in translocation efficiency [13]. Such a mechanism is sup-
ported by several theoretical and computational analyses: Keener presented a biophysical
model for the growth of flagellar filaments where the monomers are translocated into
the channel by the ATPase and then diffuse until reaching the tip where they assemble.
Such a model resulted in similar qualitative results to the measurements made for the
exponential decay. The quantitative differences with the experimental measurements were
hypothesised by the fact that the movement of the monomer substrates is not driven solely
by diffusion [77]. Using molecular dynamics simulation, Tanner et al. proposed a mathe-
matical model of the translocation-elongation process which describes all of the properties
included in the elongation process: the friction of the flagellin during interactions with the
channel, the flagellin density and the flagellin translocation rate. This theoretical model
was consistent with the exponential measurement of Iino et al., and the authors concluded
that the flagellum growth rate decreases exponentially with length because of protein
compression and friction between translocating flagellin and the flagellar channel [78].

An alternative, electrostatic model has been proposed to be responsible for secretion
of effector proteins through the needle of the injectisome. In this model, secretion sub-
strate proteins with charged residues would travel through the channel by electrostatic
repulsion mediated through negative charged residues present on the inside of the channel
wall. Since the negative charges would be present throughout the length of the needle,
the electrostatic repulsion would enable the transport of the substrate proteins from the
base of the channel to the tip. In this model, the insertion of the positive charged substrates
inside the channel would be energized by the PMF-driven T3SS, which would push the
substrate proteins into the needle channel [79]. However, this model requires the presence
of negative electrostatic charges inside the secretion channel, and more recent study on the
structure of the injectisome needle revealed that the inner linings of the channel wall is
mainly neutral [80]. The flagellar channel is also mostly hydrophilic, probably to minimize
hydrophobic interaction with the unfolded substrates that would hinder the diffusion
to the distal end of the filament. Interestingly, among the lining residues, at least two
amino acids are positively charged and/or polar for the flagellin FliC of Salmonella, and this
number is generally up to four amino acids as shown by alignment of flagellin homologs.
Most of the amino acids in the channel are polar non-charged, and although one lining
residue of the flagellar filament channel in Salmonella is negatively charged, the presence of
two other lining positively charged residues seem to indicate either a positive or neutral
global charge inside the channel, tending to the idea that electrostatic repulsion could not
propel substrate proteins through the channel [7,81].

The current model for the filament growth mechanism of the bacterial flagellum
is based on diffusive motion of single flagellin molecules inside the filament channel.
Evidence supporting such a mechanism was first published in 2012 when Turner et al.
developed a clever technique to estimate the elongation rate of individual flagellar filaments.
They used a flagellin variant harbouring a surface-exposed cysteine replacement mutation,
which allowed to visualize filament fragments using maleimide-coupled fluorophores.
After shearing of the filament, Turner et al. labelled the filament using maleimide dyes
of two different colours and observed that the filament was able to re-grow, and that the
length of the second fragment was independent of the length of the first fragment [82]. A
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length-independent growth mechanism was puzzling, however, and not consistent with
the previous observations of an exponential decay of filament growth. Stern et al. predicted
that PMF-dependent injection of partially folded, a_helical flagellin subunits followed by
single-file diffusion inside the channel, would account for linear filament growth provided
that the diffusion coefficient of flagellin molecules is sufficiently large [83].

An alternative model to explain the length-independent filament growth and resulting
constant rate of flagellin transport was based on the observation that secretion substrates
are captured by the C-terminal domain of FIhB through head-to-tail linkage of terminal
helices [84]. This led to a model where a chain of head-to-tail linked unfolded flagellin
subunits would span the complete length of the secretion channel from the export gate
to the tip of the filament. Crystallization of the most distal flagellin subunit at the tip
would exert a force to pull the next subunit from the export gate, maintaining a constant
rate of flagellin subunit transport to the tip of the flagellum. While elegant, this model
of inter-subunit chain formation is not compatible with the simultaneous secretion of
non-chaining substrates such as the anti-o factor FIgM or excess hook-associated proteins
(FlgK, FlgL, FliD), which are known to be continuously secreted during the assembly
process [85], but do not interact with FliC [86]. The chain model can also not explain
the secretion of non-flagellar proteins fused to an N-terminal T3SS signal peptide (e.g.,
FlgM) and subsequently exported via the flagellar protein secretion system [87]. Finally,
premature termination of translation is occurring frequently [88] and presumably result
in a sub-population of C-terminal truncated secretion substrates, which would be unable
to form inter-subunit chains. This was confirmed by co-expression of truncated flagellin
unable to form inter-subunit chains and to assemble into the filament, which did not affect
the filament elongation kinetics [89].

In 2017, Renault et al. provided further evidence in support of a model of flagellar
filament growth that is dependent on PME-driven injection of flagellin subunits into the
empty secretion channel and one-dimensional diffusion inside the channel from the base
to the distal tip [89]. Here, the site-specific labelling of flagellin subunits containing a
surface-exposed cysteine residue using maleimide-coupled fluorochromes was optimized
by exchanging dyes multiple times in situ during normal bacterial growth. The high-
resolution multiple labelling approach revealed a length-dependent filament growth with
an elongation speed that gradually decreased from ~100 nm-min~! to ~20 nm-min~! for
8 um long filaments, which translates to an initial flagellin secretion rate of ~1700 amino
acids per second. In an earlier study that investigated the growth rate of the filament, lino
used p-fluorophenylalanine (pFPA), which incorporates into the growing filament and
changes the filament curvature. The incorporation of pFPA results in a curly filament that
can be distinguished from the usual filament structure and enabled Iino to estimate the
growth of filament fragments after addition of pFPA. Using this technique, Iino observed
that the rate of elongation decreases exponentially with the increase in flagellar filament
length, and attributed this to a decrease in the efficiency of flagellin transportation through
the secretion channel. However, the decreased transport efficiency was not fully understood
at that time, as the initial fast growth rate caused by the injection was not integrated in
lino equations [13]. The more recent injection-diffusion model considers the injection
of the substrates into the channel, the diffusion coefficient of the monomer inside the
channel, the length of the monomer and the increment in length of the flagellum. For
more precise, quantitative measurements of the filament elongation rate, Renault et al.
further employed a strain where the master regulator FIhDC expression is dependent
of an inducible promoter. This enabled Renault et al. to control the timing of filament
initiation and growth. Using the maleimide approach described above, the authors could
determine the growth rate of several different filament segments over time. They found
that the growth rate of a new, distal filament fragments was inversely proportional to the
initial basal-fragment length. This approach also allowed to exclude broken filaments
from the analysis [89]. In support of the injection-diffusion model, a length-dependent
growth of the flagellar filament was also observed by Zhao et al. in Vibrio alginolyticus using

58



Biomolecules 2021, 11, 186

real-time fluorescent labelling of the flagellar sheath, as well as in E. coli [90,91]. Here, real
time fluorescence microscopy of filament growth confirmed that flagellar growth rate was
inversely proportional to the length and further revealed that an insufficient cytoplasmic
flagellin supply results in intermittent pauses during filament elongation in E. coli [90].

6. Conclusions

The T3SS of Gram-negative bacteria is a protein secretion machine that primarily uses
a PMF-driven mechanism to translocate its substrate proteins across the inner membrane
into a narrow secretion channel, and is essential for the assembly of complex nanomachines
such as the flagellum and injectisome. The associated ATPase complex might have a
facilitating role during the secretion process by activating the PMF-driven export gate or
facilitating secretion substrate docking and unfolding. Among all of the secretion systems
developed by bacteria, the T3SS displays striking features. It facilitates the secretion of
substrate proteins from the cytoplasm at a remarkably high speed of several thousand
amino acids per second in a one step process through the IM and OM, using both ATPase
hydrolysis and the PMF. Although some principle aspects of the protein secretion process
via the T3SS are now well-established, numerous questions remain on the underlying
molecular mechanisms of the actual secretion and the energisation processes. In particular,
it remains to be elucidated how the T3SS is able to transport substrate proteins at such
a high rate while preventing the leakage of small molecules. How different classes of
substrates are recognized and what constitutes the switch in secretion substrate specificity
remain equally elusive. Considering its dispensability at least for secretion of flagellar
proteins, the role of the cytoplasmic ATPase complex and its potential contribution to
substrate targeting, unfolding and chaperone release continues to be a big mystery. Finally,
the holy grail of the T3SS secretion mechanism will be a molecular understanding of how
the PMF is actually coupled to the protein secretion process.

Box 1. Energy requirements of other bacterial secretion systems.

Bacteria have evolved different ways to secrete proteins into the external environment and/or into mammalian or plant hosts cells.
Proteins are secreted into the periplasm or inserted in the inner membrane by the general secretion system (Sec) and the Twin-arginine
translocation (Tat), which secrete unfolded and folded (co-factor containing) proteins, respectively. The Sec system is found in all
domains of life, while the Tat system is found in bacteria and archaea. Protein translocation through the Sec system is powered by
the ATPase SecA, which couples ATP hydrolysis to substrate protein insertion into the protein conducting channel formed by the
translocase SecYEG. The PMF is required for a high substrate secretion rate, but it is currently unknown which component of the PMF
is necessary. Usage of the PMF was proposed to favour the outward flow of the substrate polypeptide in a Brownian ratchet-type
mechanism. It is still under debate how ATP hydrolysis and the PMF enable substrate protein translocation, however. Two main
models have been proposed to explain it: the Brownian ratchet model for the ATP-driven reaction, potentially aided by the PMF,
and a “push-and-slide” model, involving diffusion and powerstroke movements of the components driven by the ATPase SecA.
There also seems to be a critical role of the phospholipids of the membrane. Notably, cardiolipin a specialized phospholipid, which
is necessary for the stability of the complex, and for both ATP and PMF-driven protein translocation activity [92,93], indicating
that an essential lipid-protein interface exists for the secretion process. Membranes lacking cardiolipin are unable anymore of PMF
stimulated translocation, suggesting a direct role of cardiolipin on the diffusion of the protons. Contrary to the Sec system, substrate
protein translocation through the Tat system (formed by TatA, TatB and TatC) is exclusively driven by the PMF. In vivo studies have
shown that the Ay component alone is sufficient to energize protein translocation. The assembly of TatA is also promoted by the PMF,
but the mechanism how the PMF contributes to the assembly of the Tat system remains unknown. Currently, two different models
exist to explain substrate protein translocation by the Tat system; the first is based on pore formation in the membrane, and the
second on membrane weakening by TatA complexes, where short TM domains would locally reduce the membrane thickness after
binding of the cargo proteins [94].

59



Biomolecules 2021, 11, 186

Box 1. Cont.

Among other protein secretion systems of Gram-negative bacteria, the T2SS and T5SS utilize a two-step protein secretion
mechanism, as their substrates are first translocated into the periplasm in a Sec/Tat- and Sec-dependent manner, respectively, before
getting translocated outside of the bacterial cell. The T2SS (e.g., responsible for secretion of the cholera toxin of Vibrio cholerae or
the heat-labile enterotoxin of enterotoxigenic Escherichia coli) can be separated in four subassemblies: the OM complex, the IM
platform, the secretion ATPase in the cytoplasm, and the pseudopilus in the periplasm. The secretion ATPase interacts with the IM
platform at its cytoplasmic interface and the OM complex translocates the substrates through the outer membrane. The energy for
the translocation is provided by the ATPase in the cytoplasm, as ATPase mutants with no activity are unable to secrete effectors.
ATP hydrolysis by the ATPase induces the formation of the pseudopilus, that in turn pushes exoprotein substrates through the OM
complex channel by alternating extension and retraction similar to a piston, and comparable to what can be observed for type 4 pilus
assembly systems (T4PS) [95,96]. The high similarity between T4PS and T2SS, as well as to archaeal flagella, suggest an early common
origin, potentially from archetypal structure that evolved in specialized T4PS and T2SS pseudopilus [97]. T5SS are autotransporters
that can be classified into monomeric and trimeric autotransporters, and two-partner secretion systems (TPSS). Several types of T5SS
exist, reviewed in Leo et al. [98]. Contrary to the others Gram-negative protein secretion systems, the energy requirement for the
translocation of T5SS is not provided by ATP hydrolysis or the PMF, but by protein folding. It is presumed that the folding of the
C-terminal domain of the secreted substrate protein in the extracellular space acts as a Brownian ratchet to move passively across the
OM [99].

The T1SS and T4SS are one-step protein secretion systems that use energy derived from ATP hydrolysis to drive substrate protein
transport from the cytoplasm through the IM and OM. T4SS form pili that are able to extend and retract, and are used for the transfer
of DNA from a donor to a recipient cell by a process called conjugation, or to secrete proteins to the outside of the cell envelope.
The cycles of pilus extension/retraction are powered by ATP hydrolysis of a dedicated ATPase, and pilin subunits are reinserted
in the membrane during the retraction cycles. The pilin subunits are processed in the IM before incorporation into the growing
pilus and assemble into the pilus at the base of the T4SS. In the case of the T4SS from F-like plasmids, it is now known that F-like
pili are not composed solely of pilin, but also of phospholipids from the inner membrane (mainly phosphatidylglycerol 32:1 and
phosphatidylglycerol 34:1, which are the two most common phosphatidylglycerol species found in the bacterial cell membrane) in a
stoichiometric manner. The presence of these lipids inside of the F-like pili structure would then help the transfer of the ssDNA through
the T4SS by making the channel moderately electronegative (without phosphatidylglycerol, the pilus lumen is overwhelmingly
electropositive). The presence of phospholipids in the structure might also lower the energetic barrier for the extraction or re-insertion
of pilus subunits from, or into, the inner membrane, thereby facilitating pilus extension or retraction, respectively. The lowered
energy barrier may also facilitate pilus insertion into the recipient cell membrane for efficient cargo delivery [100]. Interestingly,
the pilin subunit TraA is integrated in the inner membrane and extracted from it with a phosphatidylglycerol using an ATP and PMF
dependent process, independent of the Sec pathway. Depletion of the PMF causes an inhibition of pilin processing, which in turn
prevents pilus assembly and the conjugation process [101].
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Abstract: The bacterial flagellar filament is an extracellular tubular protein structure that acts as a
propeller for bacterial swimming motility. It is connected to the membrane-anchored rotary bacterial
flagellar motor through a short hook. The bacterial flagellar filament consists of approximately
20,000 flagellins and can be several micrometers long. In this article, we reviewed the experimental
works and models of flagellar filament construction and the recent findings of flagellar filament ejection
during the cell cycle. The length-dependent decay of flagellar filament growth data supports the
injection-diffusion model. The decay of flagellar growth rate is due to reduced transportation
of long-distance diffusion and jamming. However, the filament is not a permeant structure.
Several bacterial species actively abandon their flagella under starvation. Flagellum is disassembled
when the rod is broken, resulting in an ejection of the filament with a partial rod and hook. The inner
membrane component is then diffused on the membrane before further breakdown. These new
findings open a new field of bacterial macro-molecule assembly, disassembly, and signal transduction.

Keywords: self-assembly; injection-diffusion model; flagellar ejection

1. Introduction

Since Antonie van Leeuwenhoek observed animalcules by using his single-lens microscope in
the 18th century, we have entered a new era of microbiology. The motility of single-cell organisms is
fascinating, but it took a long period of time to develop tools to determine the underlying mechanisms.
Among these single-cell organisms, many bacterial species swim by using flagella consisting of a long
extracellular filament, a hook, and a rotary bacterial flagellar motor anchored on the cell envelope
(Figure 1) [1].

The flagellum consists of a thin helical flagellar filament that acts as a propeller, a reversible rotary
molecular motor embedded on the envelope, and a hook that acts as a universal connection joint
between the motor and the flagellar filament [2] (Figure 1). Flagellar distribution on the cell surface
varies on different bacterial species. Peritrichous bacteria, such as Escherichia coli and Salmonella enterica,
can produce multiple flagella distributed around the cell body. Monotrichous bacteria, such as
Vibrio alginolyticus, have one single polar flagellum, and lophotrichous bacteria, such as Vibrio fischeri,
have multiple flagella on one pole. The flagellar distribution affects bacterial swimming patterns as
well as chemotaxis strategies. By switching motor rotation between counterclockwise to clockwise
states, peritrichous E. coli can do a run-and-tumble swimming pattern [3]. Monotrichous V. alginolyticus
can do forward-backward-turn through the flagellar flick [4,5].

The flagellar motor has a rotor and energy-conversion stator units that couple the ion-motive force
and ion flux to the rotation. For example, E. coli and Salmonella use the proton (hydrogen nucleus),
whereas marine Vibrio species use the sodium ion [6,7] (Figure 1). Recent reports have confirmed five
MotA and two MotB proteins form one stator unit [8-10]. It is believed the ion flux passes through
the stator unit ion channel coupled to the torque generation. Hence, a rotating flagellar motor can
propel the cell body at a speed of 15-100 um/s [11,12], and motor rotational speed is linear with proton
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motive force (PMF) [13]. The rotor comprises several stacked ring-link structures. The MS ring is
composed of FliF, and the C ring is composed of FliG/FliM/FliN [14], which is located under the MS
ring [15,16]. The rotary motor is driven by the interaction between the FliG and stator units to generate
torque [17-19]. Moreover, a single stator unit can drive the rotor through conduction of at least 37 ions
per revolution [20].

H*-type Na*-type
(E. coli) (V. alginolyticus)

Flagellum —
_— Sheath
~ Junction
Hook
L- & P-rin
g\ O-ring
OM
.- S H- & T-ring
i g - PG
Stator-units —| Stator-units
(MotAB) (PomAB)
M
MS-ring C-ring

ATPase

Figure 1. Bacterial flagellar motors are mainly classified into proton-driven and sodium-driven
motors. Torque generation requires an interaction between stator units and FliG on the C-ring. In the
proton-driven motor of E. coli, the stator is composed of MotA and MotB, whereas PomA and PomB
are sodium-driven analogues in V. alginolyticus. The common elements for both motor types are LP,
MS, and C rings. In V. alginolyticus, an additional sheath covers the flagellar filament.

In this article, we reviewed the current understanding of bacterial flagellar filament constructions
and the mechanisms of flagellar loss. A flagellar filament is typically about 5-20 um (2-10 times the cell
body length) and is a hollow cylinder with outer and inner diameters of 20 and 2 nm, respectively [21].
This long extracellular component is self-assembled with several thousand flagellin monomers [21].
The construction of flagellar filament is considered to occur in an inside-out manner, that is, flagellins
are delivered from the base of the flagellar type-III secretion system (fT3SS), which attaches to the basal
body of the flagellum [2,14,22]. Using energy derived from ATP hydrolysis and PMF [23-25], the fT3SS
pumps unfolded flagellins into the flagellar channel. These unfolded flagellins are transported to the
distal end and are then folded as the new part of the flagellar filament.

Although the structure and mechanical functions of bacterial flagella are well researched,
the dynamics of flagellar loss remains poorly understood. Recent works have revealed that flagella are
impermanent cellular structures, and cells can actively abandon this large motility apparatus [26-30].
Whereas molecular triggering and the activation mechanism remain unknown, the novel finding of the
active ejection of the flagellar filament provides a new direction of cellular adaptation to external stimuli.

2. Bacterial Flagellin Transportation

2.1. Architecture of the Type-111 Secretion System

The fT3SS is involved in the construction of the flagellar axial structure consisting of the rod, hook,
and filament and the virulence-associated T3SS (vI3SS) of the injection device used by gram-negative
bacteria injects toxic effectors into target cells [25]. The fT3SS and vT3SS have similar cytoplasmic
components and an inner membrane export apparatus, but the final destinations of secreted proteins
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are different. The fT3SS keeps the secreted proteins to form the flagellar filaments while the vT3SS
delivers the effectors into the target cells.

The basal body of the flagellar rotary motor is composed of an axial rod and MS, C, and LP rings
(Figure 1). The MS ring consists of 33 subunits of protein FIiF [31], and FliP/FliQ/FliR is assembled
and embedded in the cytoplasm first during the flagellum formation on the membrane [32-34]. The C
ring consists of 26-34 FliG [35], 34-44 FliM [36], and > 100 FliN [37] subunits and is located under
the MS ring. All flagellar axial parts self-assemble through protein export of the fT3SS [38]. The core
integral-membrane components of the flagellar export apparatus (FIhA/B and FliP/Q/R) are similar to
the virulence-associated vT3SS [39]. Furthermore, fT3SS and vI3SS are powered by ATP hydrolysis and
PMF [23-25,40-42]. Hence, during flagellar assembly, FIiF first forms the MS ring in the cytoplasmic
membrane. Next, FliG, FliM, and FliN assemble the C ring on the cytoplasmic side. FIiG is also directly
associated with the MS-ring component FIiF [43,44]. After the basal body is complete, the axial proteins
are exported through fT3SS [12,22,45,46].

The T3SS needle complex or flagellum is composed of rings for supporting a needle filament
or flagellar filament, which extend from the inner membrane, through the periplasmic space and
peptidoglycan layer, to the outer membrane (Figure 2). It serves as the central channel for translocating
proteins. Several additional proteins combine with the basal body to form a functioning needle
complex [47,48]. Sctl assembles between membranes forming an inner rod as a needle adaptor,
which can anchor the needle filament or the flagellum [49-52]. Then, extending from the inner rod to
the extracellular environment is the needle filament or flagellar filament composed of protein SctF or
FliC, respectively [53]. Additionally, there are several proteins surrounding the cytoplasmic side of the
membrane-spanning rings, which form the sorting platform complex [54] similar to the flagellar C ring
complex [55].

virulence type III secretion system flagellar type III secretion system

needle flagellum

Sorting platform

Figure 2. Schematic of vI3SS and fT3SS. The vI3SS and fT3SS are similar in terms of cytoplasmic
components and the inner membrane export apparatus. ATPase associates with proteins to pump
unfolded substrates into the export channel. Then, the sorting platform and export gate help line up the
sequence of unfolded substrates. The flagellum consists of a rod, hook structure, and flagellar filament.
The needle connects with rings to directly pass through the outer membrane.

2.2. Strcture of the Flagellin

The bacterial flagellar filament is a 5-20 um long, thin, and hollow helical propeller with an outer
diameter of 20 nm and an inner diameter of 2 nm. It is packed with flagellins of two conformations,
L and R types [56,57]. Folded flagellin FliC consists of four domains (D0, D1, D2, and D3) and is shaped
like “T"” with vertical and horizontal lengths of approximately 140 and 110 A, respectively. In total,
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11 flagellins are packed into one round of the filament tube in which the D0O/D1 domain forms the
double tubular structure as the inner core and the D2/D3 domain forms the outer structure [21]. Most of
the subunit interactions in the outer part are through polar-to-polar interaction, and hydrophobic
interactions are small. By contrast, the inner tube is mostly hydrophobic for high stability of the
flagellar filament. The narrow channel diameter would reduce the diffusion rate of the unfolded
flagellins during transportation in the flagellar tube. More details would be discussed in Section 3.2.

2.3. Substrates Accumulation and Delivery

The fT3SS is similar to the vT3SS in that both have five proteins that form the export apparatus
and connect with the MS ring [25] (Figure 2). The fT3SS plays a crucial role in bacterial flagellar
motor system as the rod, hook, and filament subunits are transported via the fT3SS, which includes an
ATPase complex (Flil, FliJ, and FliH), an export substrate-chaperon docking platform (FlhAc), and a
transmembrane export gate (FIhAB and FliPQR). The ATPase complex (Flil and Fli]) connects with the
C ring (FliG, FliM, and FliN) through an interaction between FliH and FliN. There are two components
of fT3SS to collect substrates nearby the export gate to increase the binding efficiency [58]. One is the
associated ATPase complex (FliHIJ), which is composed of an ATPase (Flil), a regulator of ATPase
(FliH), and a central stalk protein (FliJ) [59-61]. The other one is the C ring, which is located under the
MS ring. The ATPase complex can deliver proteins to the export gate after the cytoplasmic FliH2FIil
complex recruit the substrate-chaperone complexes [61,62]. The C ring provides binding sites for
substrate-chaperone complexes and promotes the accumulation of substrates near the export gate [63].

The ATPase and the T3SS export gate play an important role in cargo transfer across the
inner membrane. In early studies, ATP has been considered as the main energy source for T3SS.
Recent research studies have shown that the PMF provides the primary energy source [23,24,40,41,64,65].
PMF is the sum of electrical and chemical potential across the membrane. Bacteria use PMF for
several import cellular functions such as ATP synthesis, active membrane transport, and flagellar
motility. The stator proteins MotA and MotB couples the ion flux driven by PMF to the motor
rotation [66]. Further investigation revealed that the electrical components of PMF contributes as the
main energy source to flagellar protein export [67]. The ATPase may have dual roles for shuttling
substrates to the export gate and enhancing the efficiency of the export apparatus. However, the exact
mechanism of energy conversion for the protein translocation by the export apparatus remains
unknown. Once proteins are translocated across the inner membrane, the substrate proteins diffuse
through the narrow channel until they arrive at their site of assembly. There is no evidence of active
transportation involved in the proteins’ transportation inside the channel.

For example, for filament subunit FliC, the chaperone-subunit complex (FliS-FliC) binds with the
cytoplasmic ATPase complex before loading into the export channel. Then, the chaperone-subunit
complex goes through the export gate [62,68-70]. Finally, the flagellar filament subunits are translocated
across the cell membrane into the export channel and folded to become part of the filament at the
distal end. In gram-negative bacteria, there are two additional rings, L and P rings, surrounding the
axial rod rotation. These rings act as bearings for the axial rod. In other words, they anchor to the
outer membrane and peptidoglycan layer, respectively. Overall, proteins are delivered through the
fT3SS apparatus by using energy from ATP hydrolysis and PMF [23-25,40-42]. Filament subunit
transportation is discussed in detail in Section 3.

3. Flagellar Filament Construction

In this section, we outlined the crucial experimental and theoretical milestones in the study of the
flagellar filament construction. A timeline of experiments and models on flagellar filament construction
and loss is summarized in Figure 3.
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Figure 3. A timeline of experiments and models on flagellar filament construction and loss.
3.1. Milestones of Flagellar Filament Growth Measurements

The first attempt to probe the flagellar filament growth rate can be dated back to 1974. At that time,
the only tool for measuring flagellar filament length precisely was electron microscopy. lino compared
the flagellar length histogram at two different time points in a Salmonella typhimurium growing
culture [71]. Assuming that the length order of two samples are the same, he calculated the growth
rate of the flagellar filament from the filament length histograms. The most important finding from his
experiments was that flagellar growth rate is length dependent with exponential decay formulated
as follows.

V = Voe Kb (1)

where V is the flagellar length growth rate, V) is the initial flagellar growth rate at L = 0, K is the decay
rate, and L is the flagellar length. Iino found that the initial flagellar filament growth rate can be as
high as 550 nm/min and that the fT3SS must secrete 18 FliC per second (Table 1).

In 1998, Aizawa and Kubori used dark-field microscopy to measure flagellar length distribution
in different growth phases, and their results regarding flagellar growth rate were similar to those
of Iino [72]. Both experiments show statistical filament growth from population data with limited
temporal resolution. For measuring growth dynamics, development of flagellar filament fluorescent
labelling is required [3].

In 2012, Turner et al. sequentially labeled E. coli’s flagellar filament with two colors of fluorophores
and found that the average flagellar growth rate is independent of filament length [73]. The average
filament growth rate was a constant (24 nm/min) but with high variation. These results motivate
scientists in the field to revisit this long-standing question.

In 2017, based on improved in situ labeling and immunostaining, Renault et al. monitored the
flagellar growth of Salmonella [74]. They provided a living-cell method for observing single cells
dynamically growing individual flagella. Their results reported the length-dependent elongation
mechanism with elongation speed decreasing gradually from approximately 100 (nm/min) to
20 (nm/min), thus, confirming the results of Iino [71].

Simultaneously, Chen et al. used the sheathed flagellar filament and fast easy sheath labeling of
V. alginolyticus to largely improve temporal resolution of flagellar growth dynamics [75]. The sheath
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is a membrane-like structure and contiguous of the outer membrane [76-78]. The sheath can be
easily labeled using lipophilic fluorescent dyes within a sub-second time scale [79,80]. Furthermore,
the single polar flagellum system of V. alginolyticus reduces the difficulty faced during image analysis
in separating entangled flagella. This report revealed that the flagellar growth process is highly
length-dependent with an initial constant growth rate and then a decaying growth rate. The initial
growth rate is approximately 50 nm/min (Table 1).

In 2018, Zhao et al. revisited E. coli flagellar growth by using biarsenical dyes to label flagellin
with tetracysteine tag for single-cell observation [81] and showed that the flagellar growth of E. coli has
frequent pauses due to insufficient flagellins [82]. Although a high fluctuation of the filament growth
rate was observed similarly to that observed by Tuner. The average growth rate also decayed.

Table 1. Summary of flagellar filament growth in different species.

Species Vj (nm/min) Secretion Rate (#/sec) Microscopy Reference
Salmonella 550 (Decay) 18.33 Electron microscopy [71]
Decay Dark-field imaging [72]
100 (Decay) 3.33 Fluorescence imaging [74]
E. coli 24 (Constant) 0.80 Fluorescence imaging [73]
27 (Decay, pauses) 0.90 Fluorescence imaging [82]
V. alginolyticus 50 (Decay) 1.67 Fluorescence imaging [75]

With improved fluorescent labelling techniques, flagellar filament growth was observed in live
single cells and showed a length-dependent decay in the growth rate. Temporal and spatial resolutions
can be further improved to reveal the initial flagellar growth rate and transportation details.

3.2. Models for Flagellin Transport and Filament Growth

Once the secreted flagellin passes across the inner membrane, it continuously travels through the
flagellar filament that could be up to 10 um long. The filament central channel is too narrow for folded
flagellin to pass. The energy source and transportation mechanism are the main mysteries.

The simplest model for flagellin transportation is that partially unfolded flagellins diffuse through
the channel in a single-file and then fold at the distal end. Considering this model, Schmitt and Stark
used the totally asymmetric simple exclusion process (TASEP) models with open boundary to simulate
flagellin transportation and flagellar growth [83]. TASEP has been applied successfully to study
nonequilibrium steady states such as the motion of ribosomes along mRNA, molecular motors along
microtubule filaments, or the traffic of the car on the highway. In the TASEP model, particle diffusion
is described based on the forward/backward rate with lattice sites. The single-file feature is simulated
using particles that can only move when the target site is empty. This Monte Carlo simulation has four
parameters, namely loading rate, crystallization rate, forward rate, and backward rate. With a small
negative drift, that is, the forward rate smaller than the backward rate, the simulation data can match
the experimental result of Iino. However, it was unclear why the filament channel exhibits biased
Brownian diffusion of flagellin transportation.

In 2013, Stern and Berg performed a single-file diffusion simulation with more realistic parameters [84].
They assumed that the flagellin is unfolded into an «-helical chain, and the pump extrudes one flagellin
every two seconds into a one-dimensional lattice tube. The diffusion process is modeled using the
diffusion constant D. They found that, by changing the flagellin diffusion constant, the flagellar growth
could be varied from a constant growth rate to a length-dependent decay rate. Furthermore, they used
diffusion constants 30-480 times smaller than the estimated diffusion constant for an o-helical flagellin
subunit diffused freely in water.

In 2017, Chen et al. built an injection-diffusion model to explain the high-resolution experimental
data from V. alginolyticus flagella growth [75] with an initial constant growth rate and then a decayed
growth rate (Figure 4A,C). The main difference of this model from the previous diffusion mechanism
model is the addition of the pumping force at the secretion side that can push flagellin into the channel
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(Figure 4A). With Brownian dynamic simulation, they successfully reproduced the length-dependent
growth rate and determined that the effective diffusion constant of flagellin in the channel is 1000 times
smaller than that in the bulk water. With a reduction in the injection force, the initial constant growth rate
region can be eliminated. Simultaneously, Renault et al. demonstrated the length-dependent Salmonella
flagellar growth rate based on the injection-diffusion mechanism with analytical approaches [74].

To explain Tunner’s 2012 result of constant flagellar growth rate, Evans et al. proposed a chain
mechanism model that harnesses the entropic force of the unfolded flagellins for the flagellar growth
(Figure 4A,B) [85]. This model required all the transporting flagellins in the flagellar channel to form
a long chain and the folding force of the distal end flagellin to pull the entire chain (Figure 4A,B).
They demonstrated that a subunit docked at the export apparatus can be captured using a free
subunit with a head-to-tail linkage of N-terminals and C-terminals. The pulling force adjusts as
the flagellar length increases to maintain the constant flagellar growth rate. Although the chain
model is physically simple, it is incompatible with some properties of flagellins [74]. First, N and C
terminals of flagellin are anti-parallel in the linked chain but parallel in the folded flagellar structure.
Second, the channel is too narrow to accommodate the linking regions of chains. Third, Renault et al.
demonstrated that truncation of flagellin N-terminal and C-terminal linking region do not affect the
flagellar growth rate [74]. Thus, it is less likely that the chain model is the fundamental mechanism of
flagellin transportation.

The flagellin is delivered in a 2-nm narrow channel that is different from the bulk water
environments. A decrease in an effective diffusion constant is expected. The decays of the flagellar
growth rate are due to reduced transportation of long-distance diffusion and increased jamming
(Figure 4C). However, the underlying reason for high variation in the measured initial flagellar growth
rate is unclear (Table 1). A high flagellar growth rate of 550 nm/min requires transporting 18 flagellins
per second. A new high-spatial-resolution real-time imaging method is required for further studies to
reveal the mysterious high-speed initial growth rate and transportation mechanism.
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= = )
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Figure 4. Potential mechanisms of the flagellar growth process. (A) Schematics of the chain model
(left) and the injection-diffusion model (right) are shown. The chain model proposed that sequential
flagellins are linked head-to-tail to form a chain, and the first flagellin anchors beneath the distal
end of the flagellum to provide a pulling force. Therefore, constant force contributes to a constant
growth rate. According to the injection-diffusion model, the secretion system applies a secretion force
on an unfolded flagellin, and flagellins are delivered through diffusion after entering the channel.
Hence, flagellins are crowded on the channel when the flagellum is getting longer. (B) The chain model
predicts a constant growth rate, and the injection-diffusion model predicts a length-dependent growth
rate. (C) The summary of flagellar growth rate of three bacteria using fluorescent-based techniques.
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4. Loss of Flagella

Bacterial flagellar motility is a fascinating feature of single-cell organisms. The construction
of whole flagellum requires >20,000 proteins. Therefore, it is generally believed that constructing
flagellum is costive and flagella are valuable for bacteria. However, a highly motile planktonic bacterial
phase is only a part of the bacterial life cycle. Bacteria must switch between different phases and
manage their flagellar motility. We have studied the construction sequence of the bacterial flagellar
motor [2], but little is known regarding flagellar disassembly.

The unique life cycle of freshwater bacterium Caulobacter crescentus provides an opportunity
to learn the potential mechanism of flagella loss through ejection. C. crescentus transitions between
two distinguishable cell states known as a motile swarmer cell state with a polar flagellum and a
surface-attached stalked cell state. In 2004, Griinenfelder et al. demonstrated that, in C. crescentus,
ejection started from the inside out and reported that flagellar ejection is trigged by ClpA [86].
During differentiation into a stalked cell state, the swarmer cell releases its single polar flagellum.
The flagellum released is synchronized with cell differentiation, and the ejected flagellum has a
hook and partial rod of approximately 18 nm [30]. The breaking point of the structure can be
localized to the MS ring-rod junction. Thus, two potential flagellum-releasing models are available
for C. crescentus—destruction of the MS ring or breakage between the MS ring and the rod [30].
Moreover, the assembly and loss of the polar flagellum in symbiont V. fischeri [87] and plant-associated
Methylobacteria [88] have been reported, but the mechanism remains unclear.

In the beginning, scientists focused only on the released flagellar structure. However, in 2019,
multiple groups simultaneously noted another important finding. These groups observed a flagellar
outer membrane complex (FOMC) [26-28] in different bacterial species by using cryo-electron
tomography. A common feature of the FOMC is containing L and P rings of the bacterial flagellar motor
with a plug located inside the P ring and without the hook, the flagellar filament, and the MS ring.
This finding raises a new question of whether the FOMC is a precursor or a relic of bacterial flagella.

To further investigate the FOMC and its relation to the fully assembled flagellar motor, these groups
also imaged different mutants disrupting the flagellar construction sequence. The FOMC could not
be detected in strains lacking the rod protein, FlgG (e.g., Pseudomonas aeruginosa) [27,28], or intrinsic
flagellar type III secretion system protein, FIhA (e.g., Shewanella putrefaciens) [26]. These results
strongly suggest that the FOMC cannot form in the absence of the distal rod and secretion system.
These results support previous models that suggest that P and L rings form around the assembled rod.
Therefore, the FOMC is not a precursor of the flagellar motor assembly process.

Evidence suggests that bacteria can somehow disassemble their flagella and leave FOMC or a relic
structure in the membrane. Since the flagellar motor is used for swimming, Ferreira et al. demonstrated
that the swimming speed and the number density of flagellar motors of Plesiomonas shigelloides and
V. fischeri decrease at high cell density in the growth medium [26]. Later, Zhuang et al. used fluorescent
labeled V. alginolyticus single polar flagellum and measured the percentage of flagellated bacteria
(PFB) during the V. alginolyticus growth. They found that the PFB increase rapidly in the early
exponential phase through widespread flagella production. The PFB peaks at approximately 76% in
the mid-exponential phase. After entering the stationary phase, the PFB begins to decline due to
cessation of flagella production in daughter cells. When the cells enter the prolonged stationary
phase, the flagellated cell concentration suddenly drops, indicating that the bacteria actively abandon
flagella [29]. In their study, the swimming speed of V. alginolyticus was strongly correlated to the PFB,
which is consistent with the finding of Ferreira et al. [26].

To catch the flagella ejection event, Ferreira et al. presented a striking image from in situ
cryo-EM, showing a flagellar filament with a hook and short distal rod breaking off from the
motor [26]. More importantly, Zhuang et al. recorded time-lapse images showing the polar flagellum of
V. alginolyticus being ejected from the cell pole [29]. These single-cell experimental results confirmed
that these bacterial cells actively eject their flagella. However, the trigger is unknown.
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Ferreira etal. first demonstrated that the depletion of nutrients triggers ejection [26]. Further studies
on V. alginolyticus showed that a lack of carbon source promotes flagellar disassembly. Whether flagella
ejection has a universal trigger or has a species-dependent trigger is unknown. Further investigation is
required to determine the molecular-level triggers.

The mechanism of flagellar filament release by bacteria is not clear. In C. crescentus, the protease
ClpAP is associated with FliF degradation. However, the depletion of ClpA and ClpX did not
prevent flagellar ejection in S. putrefaciens [26]. Again, we can have a hint from in situ cryo-EM
images. Kaplan et al. found inner-membrane complexes (C and MS rings) near FOMC (P and L rings).
Zhuang et al., by using the single-molecular tracking of GFP-fused FliG of V. alginolyticus, found fast
movement of FliG clusters on the inner membrane before flagellar filament loss. These results together
suggest the “break the rod” model for flagellar filament release (Figure 5).

The FOMC are relics of ejected flagella but not flagellar assembly intermediates [26]. These findings
raise the question of why bacteria do not keep the flagella as permanent cellular structures. A flagellum
is composed of ~2 x 10* proteins, which is a significant fraction of the total of 3 x 10° proteins for a
bacterial cell [29]. Building and rotating the flagella are energy-consuming for bacteria. However,
several known mechanisms enable bacteria to stop flagellar rotation. For instance, with nutrient
depletion, the activation of cyclic di-GMP signaling triggers YcgR, which is a c-di-GMP binding protein,
to interact with the flagellar switch-complex proteins FliG and FliM, stopping flagellar rotation and
acting as a “molecular brake” [89,90]. Additionally, reducing the ion motive force dissociates stator
units from the flagellar motor in E. coli and V. alginolyticus [91]. The main purpose of active flagella loss
under starvation is unclear.

Although flagella play a crucial role in bacterial motility, flagellins are also essential antigens
that can stimulate both innate inflammatory response and adaptive immunity development [92-94].
Two specialized receptors on immune cells, cell surface Toll-like receptor 5 (TLR5) [95-97], and intracellular
receptor Ipaf [94,98,99] are responsible for recognizing flagellins as a warning of a pathogenic bacterial
invasion. Hence, flagella ejection may be a common feature of flagellated bacteria. Further investigation
is required on the active response of flagella ejection.

= A

)
o

- “Plug formation

Intact flagellum Flagellum detachment

Figure 5. A model summarizing the disassembly process of a V. alginolyticus flagellum, showing that
it begins with breaking the rod above the MS ring before FliG depolymerization. The C ring, with inner
membrane components, then mobilizes on the cell membrane. Finally, the LP ring is likely sealed and
the flagellum is ejected.

5. Concluding Remarks and Future Perspective

The self-assembly of tens of thousands of flagellins into an extracellular filament is an amazing
process. Current data support the injection-diffusion mechanism for flagellin transportation and
length-dependent decay in the flagellar growth rate. In the near future, investigating the efficiency
of the secretion system, the initial flagellar growth rate, and the transportation mechanism will
be noteworthy.

The active ejection of flagella causes flagellum loss and is different from the flagellar loss by
shearing [100,101]. We speculate the presence of some trigger signals and a signal transduction
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pathway [102]. Moreover, a molecular level understanding is required to understand the “braking rod”
process. Certainly, a significant amount of information needs to be explored regarding the flagellar
motor, which is a phenomenal, tiny molecular machine.

Author Contributions: Conceptualization, X.-Y.Z. and C.-J.L; writing—original draft preparation, X.-Y.Z.;
writing—review and editing, C.-J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Ministry of Science and Technology, Republic of China, under contract
No. MOST-107-2112-M-008-025-MY3 and MOST-109-2628-M-008-001-MY4.

Acknowledgments: We thank Keiichi Namba and Tohru Minamino for their comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Berg, H.C,; Anderson, R.A. Bacteria swim by rotating their flagellar filaments. Nature 1973, 245, 380-382.
[CrossRef] [PubMed]

2. Macnab, RM. How bacteria assemble flagella. Annu. Rev. Microbiol. 2003, 57, 77-100. [CrossRef] [PubMed]

3. Turner, L.; Ryu, W.S,; Berg, H.C. Real-time imaging of fluorescent flagellar filaments. ]. Bacteriol. 2000, 182,
2793. [CrossRef] [PubMed]

4. Seishi, K.; Imai, N.; Nishitoba, M.; Sugiyama, S.; Magariyama, Y. Asymmetric swimming pattern of
Vibrio alginolyticus cells with single polar flagella. FEMS Microbiol. Lett. 2005, 242, 221-225.

5.  Taute, KM,; Gude, S.; Tans, S.J.; Shimizu, T.S. High-throughput 3D tracking of bacteria on a standard phase
contrast microscope. Nat. Commun. 2015, 6, 8776. [CrossRef] [PubMed]

6.  Manson, M.D.; Tedesco, P,; Berg, H.C.; Harold, EM.; Van Der Drift, C. A protonmotive force drives bacterial
flagella. Proc. Natl. Acad. Sci. USA 1977, 74, 3060-3064. [CrossRef] [PubMed]

7. Hirota, N,; Kitada, M.; Imae, Y. Flagellar motors of alkalophilic bacillus are powered by an electrochemical
potential gradient of Na*. FEBS Lett. 1981, 132, 278-280. [CrossRef]

8. Hennell-James, R.; Deme, J.; Alcock, F; Silale, A.; Lauber, E; Berks, B.C.; Lea, S.M.; Kjaer, A. Structure of a
proton-powered molecular motor that drives protein transport and gliding motility. bioRxiv 2020. [CrossRef]

9.  Deme, ].C.; Johnson, S.; Vickery, O.; Muellbauer, A.; Monkhouse, H.; Griffiths, T.; James, R.H.; Berks, B.C.;
Coulton, J.W.; Stansfeld, PJ.; et al. Structures of the stator complex that drives rotation of the bacterial
flagellum. Nat. Microbiol. 2020, 1-12. [CrossRef] [PubMed]

10. Santiveri, M.; Roa-Eguiara, A.; Kiihne, C.; Wadhwa, N.; Berg, H.C.; Erhardt, M.; Taylor, N.M.L Structure and
function of stator units of the bacterial flagellar motor. Cell 2020, 183, 244-257. [CrossRef]

11.  Furuno, M.; Atsumi, T.; Yamada, T.; Kojima, S.; Nishioka, N.; Kawagishi, I.; Homma, M. Characterization of
polar-flagellar-length mutants in Vibrio alginolyticus. Microbiology 1997, 143, 1615-1621. [CrossRef]

12.  Xue, R;; Ma, Q.; Baker, M.A.; Bai, F. A delicate nanoscale motor made by nature—The bacterial flagellar
motor. Adv. Sci. 2015, 2, 1500129. [CrossRef]

13.  Gabel, C.V,; Berg, H.C. The speed of the flagellar rotary motor of Escherichia coli varies linearly with
protonmotive force. Proc. Natl. Acad. Sci. USA 2003, 100, 8748-8751. [CrossRef]

14. Chevance, EF; Hughes, K.T. Coordinating assembly of a bacterial macromolecular machine.
Nat. Rev. Microbiol. 2008, 6, 455-465. [CrossRef] [PubMed]

15.  Murphy, G.E.; Leadbetter, ].R.; Jensen, G.J. In situ structure of the complete Treponema primitia flagellar motor.
Nature 2006, 442, 1062-1064. [CrossRef] [PubMed]

16. Thomas, D.R.; Francis, N.R.; Xu, C.; DeRosier, D.J. The three-dimensional structure of the flagellar rotor
from a clockwise-locked mutant of Salmonella enterica serovar Typhimurium. ]. Bacteriol. 2006, 188, 7039-7048.
[CrossRef] [PubMed]

17. Zhou, J.; Lloyd, S.A.; Blair, D.F. Electrostatic interactions between rotor and stator in the bacterial flagellar
motor. Proc. Natl. Acad. Sci. USA 1998, 95, 6436—-6441. [CrossRef]

18.  Blair, D.F. Flagellar movement driven by proton translocation. FEBS Lett. 2003, 544, 86-95. [CrossRef]

19. Takekawa, N.; Kojima, S.; Homma, M. Contribution of many charged residues at the stator-rotor interface of
the Na*-driven flagellar motor to torque generation in Vibrio alginolyticus. J. Bacteriol. 2014, 196, 1377-1385.
[CrossRef]

74



Biomolecules 2020, 10, 1528

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42,

Lo, C.J.; Sowa, Y.; Pilizota, T.; Berry, R M. Mechanism and kinetics of a sodium-driven bacterial flagellar
motor. Proc. Natl. Acad. Sci. USA 2013, 110, E2544-E2551. [CrossRef]

Yonekura, K.; Maki-Yonekura, S.; Namba, K. Complete atomic model of the bacterial flagellar filament by
electron cryomicroscopy. Nature 2003, 424, 643-650. [CrossRef]

Minamino, T.; Imada, K.; Namba, K. Mechanisms of type III protein export for bacterial flagellar assembly.
Mol. Biosyst. 2008, 4, 1105-1115. [CrossRef]

Minamino, T.; Namba, K. Distinct roles of the Flil ATPase and proton motive force in bacterial flagellar
protein export. Nature 2008, 451, 485-488. [CrossRef]

Paul, K; Erhardt, M.; Hirano, T.; Blair, D.F.; Hughes, K.T. Energy source of flagellar type III secretion. Nature
2008, 451, 489-492. [CrossRef]

Lee, P.C; Rietsch, A. Fueling type III secretion. Trends Microbiol. 2015, 23, 296-300. [CrossRef]

Ferreira, J.L.; Gao, EZ.; Rossmann, EM.; Nans, A.; Brenzinger, S.; Hosseini, R.; Wilson, A.; Briegel, A.;
Thormann, K.M.; Rosenthal, P.B.; et al. y-proteobacteria eject their polar flagella under nutrient depletion,
retaining flagellar motor relic structures. PLoS Biol. 2019, 17, €3000165. [CrossRef]

Kaplan, M.; Subramanian, P.; Ghosal, D.; Oikonomou, C.M.; Pirbadian, S.; Starwalt-Lee, R.; Mageswaran, S.K.;
Ortega, D.R.; Gralnick, J.A.; El-Naggar, M.Y,; et al. In situ imaging of the bacterial flagellar motor disassembly
and assembly processes. EMBO ]. 2019, 38, €100957. [CrossRef]

Zhu, S.; Schniederberend, M.; Zhitnitsky, D.; Jain, R.; Galan, J.E.; Kazmierczak, B.L; Liu, J. In situ structures
of polar and lateral flagella revealed by cryo-electron tomography. J. Bacteriol. 2019, 201, €00117-e00119.
[CrossRef]

Zhuang, X.; Guo, S.; Li, Z.; Zhao, Z.; Kojima, S.; Homma, M.; Wang, P; Lo, C.; Bai, F. Live-cell fluorescence
imaging reveals dynamic production and loss of bacterial flagella. Mol. Microbiol. 2020, 114, 279-291.
[CrossRef] [PubMed]

Kanbe, M.; Shibata, S.; Umino, Y.; Jenal, U.; Aizawa, S.I. Protease susceptibility of the Caulobacter crescentus
flagellar hook-basal body: A possible mechanism of flagellar ejection during cell differentiation. Microbiology
2005, 151, 433-438. [CrossRef]

Johnson, S.; Fong, Y.H.; Deme, ].; Furlong, E.; Kuhlen, L.; Lea, S.M. Structure of the bacterial flagellar rotor
MS-ring: A minimum inventory/maximum diversity system. bioRxiv 2019, 718072. [CrossRef]

Fabiani, ED.; Renault, T.T.; Peters, B.; Dietsche, T.; Galvez, E.J.C.; Guse, A.; Freier, K.; Charpentier, E.;
Strowig, T.; Franz-Wachtel, M.; et al. A flagellum-specific chaperone facilitates assembly of the core type III
export apparatus of the bacterial flagellum. PLoS Biol. 2017, 15, €2002267. [CrossRef]

Fukumura, T.; Makino, F.; Dietsche, T.; Kinoshita, M.; Kato, T.; Wagner, S.; Namba, K.; Imada, K.; Minamino, T.
Assembly and stoichiometry of the core structure of the bacterial flagellar type III export gate complex.
PLoS Biol. 2017, 15, €2002281. [CrossRef]

Kuhlen, L.; Abrusci, P; Johnson, S.; Gault, J.; Deme, J.; Caesar, J.; Dietsche, T.; Mebrhatu, M.T.; Ganief, T.;
Macek, B.; et al. Structure of the core of the type III secretion system export apparatus. Nat. Struct. Mol. Biol.
2018, 25, 583-590. [CrossRef]

Suzuki, H.; Yonekura, K.; Namba, K. Structure of the rotor of the bacterial flagellar motor revealed by electron
cryomicroscopy and single-particle image analysis. J. Mol. Biol. 2004, 337, 105-113. [CrossRef]

Lele, P.P; Branch, R.W.; Nathan, V.S.; Berg, H.C. Mechanism for adaptive remodeling of the bacterial flagellar
switch. Proc. Natl. Acad. Sci. USA 2012, 109, 20018-20022. [CrossRef]

Zhao, R.; Pathak, N.; Jaffe, H.; Reese, T.S.; Khan, S. FliN is a major structural protein of the C-ring in the
Salmonella typhimurium flagellar basal body. J. Mol. Biol. 1996, 261, 195-208. [CrossRef]

Macnab, R.M. Type III flagellar protein export and flagellar assembly. Biochim. Biophys. Acta 2004, 1694,
207-217. [CrossRef]

Cornelis, G.R. The type III secretion injectisome. Nat. Rev. Microbiol. 2006, 4, 811-825. [CrossRef] [PubMed]
Galperin, M.Y.; Dibrov, P.A.; Glagolev, A.N. AuH+ is required for flagellar growth in Escherichia coli. FEBS Lett.
1982, 143, 319-322. [CrossRef]

Wilharm, G.; Lehmann, V.; Neumayer, W.; Trcek, ].; Heesemann, J. Yersinia enterocolitica type III secretion:
Evidence for the ability to transport proteins that are folded prior to secretion. BMC Microbiol. 2004, 4, 27.
Lee, P.C.; Stopford, C.M.; Svenson, A.G.; Rietsch, A. Control of effector export by the Pseudomonas aeruginosa
type III secretion proteins PcrG and PerV. Mol. Microbiol. 2010, 75, 924-941.

75



Biomolecules 2020, 10, 1528

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Ogawa, R.; Abe-Yoshizumi, R.; Kishi, T.; Homma, M.; Kojima, S. Interaction of the C-terminal tail of FliF
with FliG from the Na+-driven flagellar motor of Vibrio alginolyticus. ]. Bacteriol. 2015, 197, 63.

Lynch, M].; Levenson, R.; Kim, E.A_; Sircar, R.; Blair, D.E; Dahlquist, EW.; Crane, B.R. Co-folding of a
FliF-FliG split domain forms the basis of the MS:C ring interface within the bacterial flagellar motor. Structure
2017, 25, 317-328. [PubMed]

Erhardt, M.; Namba, K.; Hughes, K.T. Bacterial nanomachines: The flagellum and type III injectisome.
Cold Spring Harb. Perspect. Biol. 2010, 2, a000299.

Galan, J.E.; Lara-Tejero, M.; Marlovits, T.C.; Wagner, S. Bacterial type III secretion systems: Specialized
nanomachines for protein delivery into target cells. Annu. Rev. Microbiol. 2014, 68, 415-438.

Miletic, S.; Goessweiner-Mohr, N.; Marlovits, T.C. The structure of the type III secretion system needle
complex. In Bacterial Type 11 Protein Secretion Systems; Wagner, S., Galan, J.E., Eds.; Springer: Cham,
Switzerland, 2020; pp. 67-90.

Minamino, T.; Kawamoto, A.; Kinoshita, M.; Namba, K. Molecular organization and assembly of the export
apparatus of flagellar type III secretion systems. In Bacterial Type III Protein Secretion Systems; Wagner, S.,
Galan, ].E., Eds.; Springer: Cham, Switzerland, 2020; pp. 91-107.

Marlovits, T.C.; Kubori, T.; Sukhan, A.; Thomas, D.R.; Galan, J.E.; Unger, V.M. Structural insights into the
assembly of the type III secretion needle complex. Science 2004, 306, 1040-1042.

Marlovits, T.C.; Kubori, T.; Lara-Tejero, M.; Thomas, D.; Unger, V.M.; Galan, J.E. Assembly of the inner rod
determines needle length in the type III secretion injectisome. Nature 2006, 441, 637-640.

Hu, J.; Worrall, L.J.; Hong, C.; Vuckovic, M.; Atkinson, C.E.; Caveney, N.; Yu, Z.; Strynadka, N.C.J. Cryo-EM
analysis of the T3S injectisome reveals the structure of the needle and open secretin. Nat. Commun. 2018, 9, 3840.
Torres-Vargas, C.E.; Kronenberger, T.; Roos, N.; Dietsche, T.; Poso, A.; Wagner, S. The inner rod of
virulence-associated type III secretion systems constitutes a needle adapter of one helical turn that is deeply
integrated into the system’s export apparatus. Mol. Microbiol. 2019, 112, 918-931.

Kubori, T.; Sukhan, A.; Aizawa, S.I.; Galan, J.E. Molecular characterization and assembly of the needle
complex of the Salmonella typhimurium type III protein secretion system. Proc. Natl. Acad. Sci. USA 2000, 97,
10225-10230. [CrossRef]

Lara-Tejero, M.; Kato, J.; Wagner, S.; Liu, X.; Galan, J.E. A sorting platform determines the order of protein
secretion in bacterial type III systems. Science 2011, 331, 1188-1191. [CrossRef]

Francis, N.R.; Sosinsky, G.E.; Thomas, D.; DeRosier, D.J. Isolation, characterization and structure of bacterial
flagellar motors containing the switch complex. J. Mol. Biol. 1994, 235, 1261-1270. [CrossRef] [PubMed]
Kamiya, R.; Asakura, S.; Wakabayashi, K.; Namba, K. Transition of bacterial flagella from helical to straight
forms with different subunit arrangements. J. Mol. Biol. 1979, 131, 725-742. [CrossRef]

Yamashita, 1.; Hasegawa, K.; Suzuki, H.; Vonderviszt, F.; Mimori-Kiyosue, Y.; Namba, K. Structure and
switching of bacterial flagellar filaments studied by X-ray fiber diffraction. Nat. Struct. Biol. 1998, 5, 125-132.
Renault, T.T.; Guse, A.; Erhardt, M. Export mechanisms and energy transduction in type-III secretion
machines. In Bacterial Type III Protein Secretion Systems; Wagner, S., Galan, J.E., Eds.; Springer: Cham,
Switzerland, 2020; pp. 143-159.

Minamino, T.; Macnab, R.M. Components of the Salmonella flagellar export apparatus and classification of
export substrates. J. Bacteriol. 1999, 181, 1388-1394. [CrossRef] [PubMed]

Minamino, T.; MacNab, R.M. FliH, a soluble component of the type III flagellar export apparatus of Salmonella,
forms a complex with Flil and inhibits its ATPase activity. Mol. Microbiol. 2000, 37, 1494-1503. [CrossRef]
[PubMed]

Ibuki, T.; Imada, K.; Minamino, T.; Kato, T.; Miyata, T.; Namba, K. Common architecture of the flagellar type
III protein export apparatus and F- and V-type ATPases. Nat. Struct. Mol. Biol. 2011, 18, 277-282. [CrossRef]
Bai, F.; Morimoto, Y.V,; Yoshimura, 5.D.; Hara, N.; Kami-lke, N.; Namba, K.; Minamino, T. Assembly
dynamics and the roles of Flil ATPase of the bacterial flagellar export apparatus. Sci. Rep. 2014, 4, 6528.
[CrossRef]

Gonzalez-Pedrajo, B.; Minamino, T.; Kihara, M.; Namba, K. Interactions between C ring proteins and export
apparatus components: A possible mechanism for facilitating type III protein export. Mol. Microbiol. 2006,
60, 984-998. [CrossRef]

Erhardt, M.; Mertens, MLE.; Fabiani, ED.; Hughes, K.T. ATPase-independent type-III protein secretion in
Salmonella enterica. PLoS Genet. 2014, 10, e1004800. [CrossRef]

76



Biomolecules 2020, 10, 1528

65.

66.

67.

68.

69.

70.

71.
72.
73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

Lee, P.C.; Zmina, S.E.; Stopford, C.M.; Toska, J.; Rietsch, A. Control of type III secretion activity and substrate
specificity by the cytoplasmic regulator PcrG. Proc. Natl. Acad. Sci. USA 2014, 111, E2027-E2036. [CrossRef]
Blair, D.F; Berg, H.C. The MotA protein of E. coli is a proton-conducting component of the flagellar motor.
Cell 1990, 60, 439-449. [CrossRef]

Minamino, T.; Morimoto, Y.V.; Hara, N.; Namba, K. An energy transduction mechanism used in bacterial
flagellar type III protein export. Nat. Commun. 2011, 2, 475. [CrossRef]

Bange, G.; Kiimmerer, N.; Engel, C.; Bozkurt, G.; Wild, K.; Sinning, I. FIhA provides the adaptor for
coordinated delivery of late flagella building blocks to the type IIl secretion system. Proc. Natl. Acad. Sci. USA
2010, 107, 11295. [CrossRef]

Kinoshita, M.; Hara, N.; Imada, K.; Namba, K.; Minamino, T. Interactions of bacterial flagellar chaperone—
substrate complexes with FIhA contribute to co-ordinating assembly of the flagellar filament. Mol. Microbiol.
2013, 90, 1249-1261. [CrossRef]

Abrusci, P.; Vergara-Irigaray, M.; Johnson, S.; Beeby, M.D.; Hendrixson, D.R.; Roversi, P; Friede, M.E.;
Deane, J.E; Jensen, G.J.; Tang, C.M.; et al. Architecture of the major component of the type III secretion
system export apparatus. Nat. Struct. Mol. Biol. 2013, 20, 99-104. [CrossRef]

Iino, T. Assembly of Salmonella flagellin in vitro and in vivo. |. Supramol. Struct. 1974, 2, 372-384.

Aizawa, S.I.; Kubori, T. Bacterial flagellation and cell division. Genes Cells 1998, 3, 625-634. [CrossRef]
Turner, L.; Stern, A.S.; Berg, H.C. Growth of flagellar filaments of Escherichia coli is independent of filament
length. . Bacteriol. 2012, 194, 2437. [CrossRef]

Renault, T.T.; Abraham, A.O.; Bergmiller, T.; Paradis, G.; Rainville, S.; Charpentier, E.; Guet, C.C.; Tu, Y.;
Namba, K.; Keener, ].P; et al. Bacterial flagella grow through an injection-diffusion mechanism. eLife 2017, 6,
€23136. [CrossRef]

Chen, M.; Zhao, Z.; Yang, ].; Peng, K.; Baker, M.A.B.; Bai, E; Lo, C.J. Length-dependent flagellar growth of
Vibrio alginolyticus revealed by real time fluorescent imaging. eLife 2017, 6, €22140. [CrossRef] [PubMed]
Glauert, AM.; Kerridge, D.; Horne, R.W. The fine structure and mode of attachment of the sheathed flagellum
of Vibrio metchnikovii. J. Cell. Biol. 1963, 18, 327-336. [CrossRef]

Allen, R.D.; Baumann, P. Structure and arrangement of flagella in species of the genus Beneckea and
Photobacterium fischeri. ]. Bacteriol. 1971, 107, 295-302. [CrossRef]

McCarter, L.L. Polar flagellar motility of the Vibrionaceae. Microbiol. Mol. Biol. Rev. 2001, 65, 445-462. [CrossRef]
Grossart, H.P,; Steward, G.F.; Martinez, J.; Azam, F. A simple, rapid method for demonstrating bacterial
flagella. Appl. Environ. Microbiol. 2000, 66, 3632. [CrossRef]

Wu, Y;; Yeh, EL.; Mao, F; Chapman, E.R. Biophysical characterization of styryl dye-membrane interactions.
Biophys. ]. 2009, 97, 101-109. [CrossRef]

Copeland, MLF; Flickinger, S.T.; Tuson, H.H.; Weibel, D.B. Studying the dynamics of flagella in multicellular
communities of Escherichia coli by using biarsenical dyes. Appl. Environ. Microbiol. 2010, 76, 1241-1250. [CrossRef]
Zhao, Z.; Zhao, Y.; Zhuang, X.Y.; Lo, W.C.; Baker, M.A.B.; Lo, C.J.; Bai, F. Frequent pauses in Escherichia coli
flagella elongation revealed by single cell real-time fluorescence imaging. Nat. Commun. 2018, 9, 1885. [CrossRef]
Schmitt, M.; Stark, H. Modelling bacterial flagellar growth. Europhys. Lett. 2011, 96, 28001. [CrossRef]
Stern, A.S.; Berg, H.C. Single-file diffusion of flagellin in flagellar filaments. Biophys. J. 2013, 105, 182-184.
[CrossRef]

Evans, L.D.B.; Poulter, S.; Terentjev, EM.; Hughes, C.; Fraser, G.M. A chain mechanism for flagellum growth.
Nature 2013, 504, 287-290. [CrossRef]

Grunenfelder, B.; Tawfilis, S.; Gehrig, S.; Osterds, M.; Eglin, D.; Jenal, U. Identification of the protease and
the turnover signal responsible for cell cycle-dependent degradation of the Caulobacter FiF motor protein.
J. Bacteriol. 2004, 186, 4960-4971. [CrossRef]

Ruby, E.G.; Asato, L.M. Growth and flagellation of Vibrio fischeri during initiation of the sepiolid squid light
organ symbiosis. Arch. Microbiol. 1993, 159, 160-167. [CrossRef]

Doerges, L.; Kutschera, U. Assembly and loss of the polar flagellum in plant-associated methylobacteria.
Naturwissenschaften 2014, 101, 339-346. [CrossRef]

Boehm, A.; Kaiser, M.; Li, H.; Spangler, C.; Kasper, C.A.; Ackermann, M.; Kaever, V.; Sourjik, V.; Roth, V.;
Jenal, U. Second messenger-mediated adjustment of bacterial swimming velocity. Cell 2010, 141, 107-116.
[CrossRef]

77



Biomolecules 2020, 10, 1528

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Paul, K; Nieto, V.; Carlquist, W.C.; Blair, D.F.; Harshey, R.M. The c-di-GMP binding protein YcgR controls
flagellar motor direction and speed to affect chemotaxis by a “backstop brake” mechanism. Mol. Cell. 2010,
38, 128-139. [CrossRef]

Fukuoka, H.; Wada, T.; Kojima, S.; Ishijima, A.; Homma, M. Sodium-dependent dynamic assembly of
membrane complexes in sodium-driven flagellar motors. Mol. Microbiol. 2009, 71, 825-835. [CrossRef]
Honko, A.N.; Mizel, S.B. Effects of flagellin on innate and adaptive immunity. Immunol. Res. 2005, 33, 83-101.
[CrossRef]

Salazar-Gonzalez, R.M.; McSorley, S.J. Salmonella flagellin, a microbial target of the innate and adaptive
immune system. Immunol. Lett. 2005, 101, 117-122. [CrossRef]

Miao, E.A.; Andersen-Nissen, E.; Warren, S.E.; Aderem, A. TLR5 and Ipaf: Dual sensors of bacterial flagellin
in the innate immune system. Semin. Immunopathol. 2007, 29, 275-288. [CrossRef]

Hayashi, F; Smith, K.D.; Ozinsky, A.; Hawn, T.R.; Yi, E.C.; Goodlett, D.R.; Eng, ].K.; Akira, S.; Underhill, D.M.;
Aderem, A. The innate immune response to bacterial flagellin is mediated by Toll-like receptor 5. Nature
2001, 410, 1099-1103. [CrossRef] [PubMed]

Smith, K.D.; Ozinsky, A. Toll-like receptor-5 and the innate immune response to bacterial flagellin. Curr. Top.
Microbiol. Immunol. 2002, 270, 93-108.

Smith, K.D.; Andersen-Nissen, E.; Hayashi, F.; Strobe, K.; Bergman, M.A.; Barrett, S.L.; Cookson, B.T.;
Aderem, A. Toll-like receptor 5 recognizes a conserved site on flagellin required for protofilament formation
and bacterial motility. Nat. Immunol. 2003, 4, 1247-1253. [CrossRef]

Franchi, L.; Amer, A.; Body-Malapel, M.; Kanneganti, T.D.; Ozoren, N.; Jagirdar, R.; Inohara, N.;
Vandenabeele, P.; Bertin, J.; Coyle, A.; et al. Cytosolic flagellin requires Ipaf for activation of caspase-1 and
interleukin 1beta in salmonella-infected macrophages. Nat. Immunol. 2006, 7, 576-582. [CrossRef]

Miao, E.A.; Alpuche-Aranda, C.M.; Dors, M.; Clark, A.E.; Bader, M.W.; Miller, S.I; Aderem, A. Cytoplasmic
flagellin activates caspase-1 and secretion of interleukin 1( via Ipaf. Nat. Immunol. 2006, 7, 569-575. [CrossRef]
Vogler, A.P.; Homma, M.; Irikura, V.M.; Macnab, R M. Salmonella typhimurium mutants defective in flagellar
filament regrowth and sequence similarity of Flil to FOF1, vacuolar, and archaebacterial ATPase subunits.
J. Bacteriol. 1991, 173, 3564-3572. [CrossRef]

Rosu, V.; Hughes, K.T. Sigma28-dependent transcription in Salmonella enterica is independent of flagellar
shearing. J. Bacteriol. 2006, 188, 5196-5203. [CrossRef]

Zhu, S.; Gao, B. Bacterial flagella loss under starvation. Trends Microbiol. 2020, 28, 785-788. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

78



‘O'
C‘.o y /
biomolecules ﬂw\b\w

Review

Structural Conservation and Adaptation of the
Bacterial Flagella Motor

Brittany L. Carroll -2 and Jun Liu -2*
E Department of Microbial Pathogenesis, Yale School of Medicine, New Haven, CT 06536, USA;
Brittany.Carroll@yale.edu
2 Microbial Sciences Institute, Yale University, West Haven, CT 06516, USA
*  Correspondence: jliu@yale.edu

Received: 5 October 2020; Accepted: 27 October 2020; Published: 29 October 2020

Abstract: Many bacteria require flagella for the ability to move, survive, and cause infection.
The flagellum is a complex nanomachine that has evolved to increase the fitness of each bacterium to
diverse environments. Over several decades, molecular, biochemical, and structural insights into the
flagella have led to a comprehensive understanding of the structure and function of this fascinating
nanomachine. Notably, X-ray crystallography, cryo-electron microscopy (cryo-EM), and cryo-electron
tomography (cryo-ET) have elucidated the flagella and their components to unprecedented resolution,
gleaning insights into their structural conservation and adaptation. In this review, we focus on
recent structural studies that have led to a mechanistic understanding of flagellar assembly, function,
and evolution.

Keywords: bacterial flagellum; cryo-electron tomography; cryo-electron microscopy; molecular motor;
structure and function; torque generation; evolution

1. Introduction

The flagellum, a complex nanomachine, propels bacteria through media and along surfaces,
using anion gradient across the cytoplasmic membrane (for review [1]). All flagella share basic structural
elements, including the filament, hook, and motor (Figure 1A). The filament acts as the propeller guiding
the bacterium through space, while the hook acts as a joint transmitting energy from the motor to the
filament [2-6]. The motor, or basal body is homologous to the non-flagellar type III secretion system
(T3SS) (for review [7]). The filament can present either externally (Figure 1B,C) or periplasmically
(Figure 1D). External flagella extend through the outer membrane into the media surrounding the
bacterium and can further be categorized as lateral, peritrichous, and polar [8], while periplasmic
flagella reside within the periplasmic space and are essential for spirochete motility [9].

The flagella of Salmonella enterica (henceforth called Salmonella) and Escherichia coli possess the
best-studied motors, consisting of the membrane/supramembrane (MS) ring, cytoplasmic (C) ring,
peptidoglycan (P) ring, lipopolysaccharide (L) ring, rod, stator, and export apparatus. The MS ring
(FliF) acts a base upon which the motor sits, and the C ring (FliG, FliM, and FliN) controls the
rotation sense [10-16]. The stator generates torque through ion gradients, mainly H* (MotA and
MotB) and sometimes Na* (PomA and PomB), which drives the rotation of the C ring [14,15,17-19].
The rod (FlgB, FlgC, and FlgF, and FlgG) acts as a drive shaft, connecting the MS ring to the
hook [20-22], and the L (FigH) and P (FIgI) rings act as the bushings, providing support to the rotating
rod [23]. The export gate complex, (FIhA, FIhB, FliP, FliQ, and FliR) and ATPase complex (FliH, Flil,
and FliJ) [24-26] are responsible for the temporal and spatial assembly, ensuring that a functional
flagellum is built [27]. Advances in structural biology techniques, specifically cryo-electron microscopy
(cryo-EM) and cryo-electron tomography (cryo-ET), have led to the investigation of flagella from many
other species, resulting in the identification of conserved and specifically adapted structural features.
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Cryo-ET uniquely allows for the visualization of flagellar structures in situ, without the necessity of
isolation and purification of the complexes. In this review, we summarize the plethora of structural
work that has widened our view of the assembly, adaptation, and evolution of bacterial flagella.
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Figure 1. Bacterial flagella control distinct motility. The flagellar motor is a complex nanomachine
that drives filament rotation. (A) Cartoon model of the flagellar motor. (B) In the two-step model
used by many species, such as E. coli and Salmonella, the cell body is propelled forward, or runs,
during counterclockwise (looking from the motor to the filament, CCW) rotation, and the filaments form
an organized bundle. To change direction, the cell tumbles by rotating the filament in the clockwise
(CW) direction, unwinding the bundle. (C) Vibrio spp. use a three-step method, with CCW rotation
moving the cell body forward, CW rotation moving the cell body in reverse, and a flicking motion
when CW-to-CCW randomly change direction. (D) Spirochetes, with periplasmic flagella at both poles,
require a unique two-step method. During the run, the flagella rotate CCW and CW at opposite poles,
such that one pole “pulls” while the other “pushes”. Both poles rotate in the CW direction while the
cell tumbles to change direction.

2. The Bacterial Flagellar Structure

Structural studies have illustrated how the flagellum is assembled and the unique features that have
evolved in different species. X-ray crystallography is particularly powerful in unveiling many atomic
structures of individual flagellar proteins as well as small subcomplexes (Table 1). These atomic models
provide invaluable insight into the individual proteins and protein—protein interactions involved in
flagellar assembly and aid in designing functional studies. Recently, cryo-EM has been increasingly
utilized to provide both medium- and high-resolution structures of many flagellar subcomplexes,
elucidating variable symmetry and complexity of the motor (Table 2). However, the flagellum as an
intact organelle is far too complex and flexible for X-ray crystallography and cryo-EM. Cryo-ET coupled
with subtomogram averaging [28] has the unique capacity to reveal the entirety of bacterial flagella in
multiple species, depicting the relative arrangement of the rings and other protein complexes of the
flagella in situ (Table 3). In this section, we review the structural information that not only is conserved
but also provides a basis for understanding the functions.
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Table 1. Crystal structures of flagellar proteins. A list of the flagellar protein structures deposited in

the PDB.
Protein(s) Species PDB ID Refs
Axial
Bacillus cereus 527Q [29]
. Salmonella typhimurium 1101 [30]
Flagellin Sphingaononas sp 27BI, 3K8V, 3KSW [31]
EliC Burkholderia psuedomallei 4CFI [32]
Pseudomonas aeruginosa ANX9 [33]
Aquifex aeolicus 10RY, 10R] [34]
FliS Bacillus cereus 5XEF [35]
Helicobacter pylori 3IQC [36]
. Salmonella typhimurium 5GNA
FIT Yersinia enterocolitica 3NKZ
FIjB Salmonella typhimurium 6RGV [37]
FepA Leptospira biflexa 6NQY [38]
FepB Leptospira interrogans 6NQZ [38]
Flagellin—FliS Bacillus subtilis 5MAW, 6GOW [39]
FliC-FliS fusion Aquifex aeolicus 4IWB [40]
FlgD Helicobacter pylori 477F, 477K, 5K5Y [41,42
Salmonella typhimurium 6IEE, 61EF
Campylobacter jejuni 5AZ4 [43]
Caulobacter crescentiis 5AY6 [43]
FIgE Helicobacter pylori 5NPY [44]
Salmonella typhimurium 1IWLG [45]
Treponema denticola 6NDT, 6NDW, 6NDV, 6NDX [46]
Figk Campylobacter jejuni 5XBJ [47]
Bacillus cereus 571Y [48]
FlgL Xanthomonas campestris 5Z1Z,57]0 [48]
Legionella pneumophila 5YTI
. Pseudomonas aeruginosa 5FHY [49]
FIiD (HAP2) Helicobacter pylori 6IWY [50]
FlgG Salmonella typhimurium 6]F2 [51]
FlgJ Salmonella typhimurium 5DN4, 5DN5 [52]
Basal Body
FigA Salmonella typhimurium 3VKI, 3V]JP, 3TEE [53]
FLF-FliG Helicobater pylori 5WUJ [54]
FliF-FliGy Thermotaoga maritima 5TDY [55]
Aquifex aeolicus 3HJL [56]
FliG Helicobacter Pylori 3USY, 3USW [57]
Thermotoga maritima 1LKYV, 1QC7, 3AJC [58-60]
Helicobacter pylori 4GC8 [61]
FliM Thermotoga maritima 2HP7 [62]
Helicobacter pylori 5XRW [63]
FIiN Thermotaoga maritima 1YAB, 106A [64]
FliY Thermotoga maritima 4HYN [65]
. . Helicobacter pylori 4FQO0 [61]
FLG-FLiM Thermotaoga o i 3SOH, 4FHR, 4QRM [66-68]
FliM-FLiN Salmonella typhimurium 4XYB [69]
FliM-FliN-FliH Salmonella typhimurium 4XYC [70]
FliM-SpeE Helicobacter pylori 5X0Z [71]
CheY Escherichia coli 1U8T, IZIZDII\SI’V% 361%(3271D7, 2109, [72,73]
Thermotoga maritima 4IGA [75]
CheY3 Vibrio cholerae 3TO5, 4H60, 4HNQ, 4JP1, 4LX8 [76]
CheY4 Vibrio cholerae 4HNR, 4HNS [76]
CheY-FliM Escherichia coli 1F4V [72]
FIhG Geobacillus thermodenitrificans 4RZ2,4R7Z3 [77]
MotB Salmonella typhimurium 5Y3Z,5Y40,27ZVY, 2ZVZ, 270V [78,79]
PomB. Vibrio alginolyticus 3WPW, 3WPX [80]
MotY Vibrio alginolyticus 27F8 [81]
FliL Vibrio alginolyticus 6AHQ, 6AHP [82]
FlgT Vibrio alginolyticus 3WIE [83]

81



Biomolecules 2020, 10, 1492

Table 1. Cont.

Protein(s) Species PDB ID Refs
Export Apparatus
Bacillus subtilis 3MIX [84]
FlhA Salmonella typhimurium 6CHI, 6AI0, 6AIL, 6AI2, 6AI3 [85,86]
FIhA FIT-FIiD Salmonella typhimurium 6CH2 [85]
complex
FIhA FliS-FHC Salmonella typhimurium 6CH3 [85]
complex
Aquifex aeolicus 3B1S [87]
FIhB Salmonella typhimurium 3B0Z [87]
FIhF Bacillus subtilis 2PXO0, 2PX3 [88]
Flil Salmonella typhimurium 2DPY [89]
FliJ Salmonella typhimurium 3A]W [90]
= Pseudomonas aeruginosa 2FUP
gN Lo
Salmonella typhimurium 5B3D [91]
FliH-Flil Salmonella typhimurium 5B0O [92]

Table 2. Cryo-EM structures for flagellar subcomplexes. A list of the cryo-EM maps and models

deposited in the EMDB and PDB.

Protein(s) Species PDB ID EMDB ID Refs
Axial
Campylobacter jejuni 5007 [93]
Salmonella typhimurium 1UCU, 3A5X 1641 [94,95]
SWIJT, 5WJU, 5WJV,
Flagellin Bacillus subtilis SWIW, 5WIX, B o0 [96]
5WJY, 5WJZ ’ ’
Pseudomonas aeruginosa 5WKS5, 5WK6 8855, 8856 [96]
Leptospira biflexa 6PWB 20504 [38]
Salmonella typhimurium 6JY0 9896 [97]
Kurthia spp. 6T17 10362 [98]
Helicobacter pylori 5]XL 8179 [99]
FlgE Caulobacter crescentus 2BGY 1132 [100]
L 2BGZ, 3A69, 6)ZT, [100,101]

Salmonella typhimurium 6KFK, 6K31 1132, 1647, 9974, 9909 [51,102,103]
Salmonella enterica 6K9Q 9952 [104]
FliD (HAP2) Escherichia coli 1873 [105]
FlgG Salmonella typhimurium 6]ZR 6683 [51]

Basal Body
Salmonella typhimurium 1887 [106]
65CN, 6SD1, 6SD2, 10143, 10145, 10146,
FliF Salmonella typhimurium 6SD3, 65D4, 10147, 10148, 10149, [107,108]
6SD5, 6TRE 10560, 6715
FliF-FliG Salmonella typhimurium 6716 [108]
MotA Aquifex aeolicus 3417 [109]
Campylobacter jejuni 6YKM, 6YKP, 6YKR 10828, 10829, 10830 [110]
MotA/B Clostridium sporogenes 6YSF 10895, 10897 [111]
Bacillus subtilis 6YSL 10899 [111]
PomA/PomB Vibrio mimicus 10901 [111]
Export Apparatus

Salmonella typhimurium 6R69, 6F2D 4733,4173 [107]
FliPQR Vibrio mimicus 6S3S 10096 [112]
Pseudomonas savastanoi 6S3R 10095 [112]
FliPQR-FIhB Vibrio mimicus 6S3L 10093 [112]
SctRST Salmonella typhimurium 6R6B 4734 [107]
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Table 3. In situ flagellar motors visualized by cryo-ET. A list containing the cryo-ET maps of flagellar
motors deposited in the EMDB. Note that not all cryo-ET maps are deposited.

Species EMDB ID Refs
Acetonema longum 5297 [113]
Arcobacter butzleri 3910 [114]

0525, 0534, 0536, 0537, 0538, 1644,
5298, 5627, 5628, 5629, 5630, 5631,
Borrelia burgdorferi 5632, 5633, 6088, 6089, 6090, 6091, [113,115-120]
6092, 6093, 6094, 6095, 6096, 6097,
6098, 9123, 21885, 21884, 21886

Bdellovibrio bacteriovorus 3911 [114]
3150, 3157, 3158, 3159, 3160, 3161,
Campylbacter jejuni 5300, 10341, 10342, 10343, 10345, [113,121,122]

10454, 10455, 10456, 10457
5312, 10943, 10945, 10949, 10950,

Caulobacter crescentus 10955, 10956, 10957 [113,123]
Escherichia coli 5311 [113]
Helicobacter pylori 8459 [57]
Heliobacter Hepaticus 5299 [113]
Hylemonella gracilis 5309 [113]
Hyphomonas neptunium 5313 [113]
Legionella pneumophila 0464 [124]
Leptospira biflexa 20503, 20504 [38]
Leptospira interrogans 5912, 5913, 5914 [6]
Plesiomonas shigelloides 4569, 10057 [125]
Pseudomonas aeruginosa 0465 [124]
Salmonella enterica 2520, 2521, 3154, 3813, 5310 [113,121,126]
Shewanella oneidensis 0467 [124]
Treponema primitia 1235 [127]
Vibrio cholerae 5308 [113]
Vibrio fischeri 3155, 3156, 3162 [121]
Vibrio alginolyticus 21819, 21837 [128]
Wolinella succinogenes 3912 [114]

2.1. The Rod, Hook, and Filament Extend from the Cell Body

The flagellar filament is comprised of 11 protofilaments, each with thousands of repeating units
of flagellin (for review [129]). Although, variation of the filament is possible, such as in the case of
Campylobacter jejuni with 7 protofilaments [93]. The flagellin protein (FliC) has four domains—DO0,
D1, D2, and D3 [30]—and the protofilaments can adopt both left- and right-handed helical rotations.
The filament forms a left-handed supercoil when rotating CCW and a right-handed supercoil during CW
rotation, together coined polymorphic switching [130-132]. The Namba group solved atomic models
of locked right-handed and left-handed Salmonella filaments using cryo-EM, elucidating key interacting
regions of the flagellin protein [94,95]. Recently, the Bacillus subtilis and Pseudomonas aeruginosa locked
filaments were revealed by using cryo-EM as well [96]. Importantly, due to improved resolution,
Wang et al. were able to predict point mutations involved in polymorphic switching, which will aid
future work towards a better understanding of the filament rotation [96].

The hook, composed of ~120 copies of FIgE forming 11 protofilaments, has the critical job of
joining the filament to the basal body, requiring a balance of rigidity and flexibility to allow the transfer
of energy without breaking [133]. FIgE has 4 domains: DO forms the channel, D1 forms the middle body,
D2 forms the exposed surface, and Dc loops back in towards D0 [103]. Advances in cryo-EM enable
high-resolution views of the hook as a bended structure during flagellar rotation [103,104] or the earlier
structures that were limited to straight segments [45,94,99]. Different from the two-state model [134],
these studies revealed 11 different subunit conformations, suggesting that each protofilament has
unique interdomain interactions allowing for compression and extension as necessary during rotation.
The super helical pitch of the hook is dependent upon the environment, with a helical pitch of 996 A
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at pH 3.5 [103] and 1,290 A at pH 8 [104], indicating that the environment also plays a role in the
supercoiled form.

The rod is the most proximal region of the axial structure and acts as the drive shaft. It can be
divided into two regions: the proximal rod contains six monomers of FlgB, FlgC, and FIgF and nine
monomers of FliE, and the distal rod contains 26 copies of FigG [135-137]. Biochemical characterization
of the rod proteins suggests that FIiE associates with the MS ring [25,137] and also with the proximal
protein assembly of FlgB, FlgF, and FlgC [138]. A cryo-ET study looking at flagellar assembly in
the spirochete Borrelia burgdorferi broke down the assembly of the proximal rod, distal rod, hook,
and filament using various deletion mutants, confirming the previous cellular studies [119]. A recent
crystal structure of the core fragment of FIgG from Salmonella docked into the cryo-EM maps of the
distal rod [139] and hook [102] identified the importance of the L-stretch in stabilization of the rod-hook
junction [51]. There was also striking similarity between FIgG and FIgE, highlighting the fluidity of
the rod-hook junction evolution [51]. Importantly, the static structures of the rod, hook, and filament
observed by X-ray and cryo-EM lack the payload stress that occurs during flagellar rotation; therefore,
different forces acting on these structures during filament rotation may alter their configuration.

2.2. The Periplasmic P and L Rings Stabilize the Rod

Analogous to the bushing, the P (FlgI) and L (FIgH) rings are located within the periplasmic space
and encircle and stabilize the rod [23]. The L ring was thought to catalyze the removal of the rod
cap protein, Flg]J [140]. Bioinformatic analysis suggests that the P and L rings are highly conserved
yet evolved separately, rather than via horizontal gene transfer [141]. Visualization of the PL rings
from a dozen diverse bacterial species further supports their conservation among phyla [141,142].
Recent cryo-ET studies have found that the P and L rings form the outer membrane structures when
the flagellum is absent [125,142,143]. These novel structures, identified by different groups, have been
called outer-membrane partial flagellar structures, flagellar outer membrane complexes (FOMCs),
or PL subcomplexes [125,141-143]. These complexes were suggested to be relics from which flagella
have detached or been sheared, as the rod appears to be required for the assembly of the subcomplexes.
Furthermore, Zhu et al. did not observe FOMCs in a P. aeruginosa flgG mutant, suggesting that the
distal rod is necessary for the formation of the FOMCs [143]. Interestingly, the sheathed flagellum
(discussed below) of Vibrio spp. also possesses the PL subcomplexes [141], and spirochetes and
firmicutes lack the L ring and PL ring, respectively [144], raising the question of whether there are still
unknown functions of the P and L rings.

2.3. The MS Ring is the Base of the Motor

The MS ring, comprised solely of FIiF, sits mainly in the periplasmic space but is anchored to
the inner membrane via N- and C-terminal transmembrane helices [16,145]. FliF is a multidomain
protein with two transmembrane domains, the ring-building motif domains (RBM) RBM1, RMB2,
RBM3a, RBM3b, the -collar domain, and C-terminal domain [146]. The C-terminal domain of FliF
interacts with the N-terminus of the C-ring protein FliG [54,55], and the export gate complex resides
within the MS ring [126,147]. A recent cryo-EM structural analysis of the MS ring answered the
outstanding question of symmetry mismatch between the MS ring (25-fold) [106,108] and C ring
(34-fold) [106,148,149]. The Lea group found that symmetry within the MS ring due to FIiF folding
creates an inner and outer ring. The export gate complex interacts with the 21/22-fold inner RBM
domains, and the outer ring with 33/34-fold symmetry matches that of the C ring [146]. The unique
organization of FliF allows the MS ring to grasp the rotor and export gate, acting to stabilize the
basal body.

2.4. The C Ring Acts as a Rotor Within the Cytosol

The C ring, a notable structure located in the cytosol, is essential for flagellar rotation and assembly.
The overall structure and shape are conserved, while the diameter of the C ring can vary across

84



Biomolecules 2020, 10, 1492

species [113]. Cryo-EM and cryo-ET studies have shown that Salmonella and E. coli have C rings with
~34-fold symmetry [148,150], and bacterial species with larger motors, such as e-proteobacteria [114,121]
and spirochetes, possess C rings with higher symmetry [116]. The increased resolution of cryo-ET has
confirmed and expanded upon the initial observations of the C ring diameter variation.

Insights into the C ring composition were inferred from the homologous non-flagellar type III
secretion system (or injectosome, for review [7]) of Shigella [69,151]. Using sequence alignments,
mass spectroscopy, and cryo-EM, McDowell et al. suggested that multimerization of a repeating
heptamer [151] containing FliG, FliM, and FliN creates a C ring with a spiral base in lieu of the
previously postulated hexamer [152,153]. This finding has further been substantiated by bioinformatics
techniques, establishing an evolutionary precedent [154] and pseudo-atomic models built into cryo-ET
maps [120,128]. FliG, comprised of three domains (FliGy;, FliGy;, and FliGc), occupies the C ring
adjacent to the MS ring and stator, with FliGy interacting with FIiF of the MS ring [54,55,155], and FliG¢
interacting with MotA of the stator complex via charged residues [156-158]. FliM also contains
three domains with similar nomenclature: FliMy binds to CheY-P [67,159], FliMy; interacts with
FliGyg [160-162], and FliM¢ forms a heterodimer with FliN [69,154]. FliN is a single-domain protein
that dimerizes with FliM or itself [163,164]. Numerous crystal structures of the C-ring proteins provide
critical information on protein—protein interactions (Table 1).

Some species have FliY, a protein with strong sequence homology to FliN and weak homology to
FliM [163]. Typically, FliY replaces FliN, but in Leptospira and e-proteobacteria, both FliY and FliN are
expressed and necessary for flagellation [63,165]. The crystal structure of the FliN and FliY complex
showed that these proteins form a heterodimer [63]. Co-expression and purification showed that
Campylobacter jejuni FIiY interacts with both FliN and FliM, but interestingly, FliN and FliM do not
interact in e-proteobacteria, Helicobacter pylori, or C. jejuni [63,166,167]. Recently, a detailed study
of the C. jejuni C ring composition established the distinct roles of FliY and FliN, as they appear to
have evolved independently. The FliY and FliM interactions are important for stabilization of FliH,
while FliN is necessary for stabilization of the C ring, suggesting that the C ring is composed of a
FliG-FliM-FliN-FLiY complex in C. jejuni [122]. Understanding C ring composition has proven very
important in revealing the switching mechanism for controlling the rotational sense (discussed below).

2.5. Torque is Generated by the Stator Through Ion Gradients

The stator complex generates the torque required to rotate the C ring through a proton gradient,
although some species use Na* ions [5,19,168,169]. Two membrane proteins, MotA and MotB,
form the stator complex as the H" powered pump, while the Na*-driven pump assembles from
PomA and PomB [170]. The complexity of the stator complex is two-fold: (1) the stator complex
undergoes conformational changes to gain functionality, and (2) the stator complex pool is known to
be dynamic [171], leading to variations in stator assembly [172-174]. The dynamic nature of the stator
complex makes trapping it with the motor during purification difficult. For these reasons, much of
our knowledge of the conformational changes during stator assembly has been accumulated through
biochemical experiments, although structural information is starting to accumulate [175].

Initially, cryo-EM structures of PomA/PomB and MotA wuncovered the shape and
organization of a stator subunit but lacked vital information about stator stoichiometry and
rotor-stator interactions [109,171,176]. Freeze-fractured micrographs [177,178] and low-resolution
cryo-ET [113,117,121,127,179,180] studies show the stator as a stud-like particle, with different species
utilizing varying numbers of stators. Two recent high-resolution cryo-EM structures show that
MotA:MotB and PomA:PomB exist in a 5:2 ratio [110,111]. Interestingly, one of these cryo-EM studies
found very little conformational rearrangement of the stator complex during protonation in C. jejuni,
using a protonation mimic mutant [110]. A cryo-ET study on B. burgdorferi greatly extended the
resolution of the stator-C ring complex in situ, as the spirochete-specific collar of B. burgdorferi appears
to stabilize the stator complexes around the C ring [116]. Mutations in MotB (D24N and D24E) result in
non-motile and motile deficient spirochetes, respectively [116]. Furthermore, these mutations alter
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the number of stators assembled around the C ring; from these variations in stator number, C ring
deformation increases with increased torque [116]. Cryo-ET partially resolved the elusive stator of
Vibrio alginolyticus such that PomB appears to interact with MotX and MotY of the T ring, supporting
the idea that the H and T ring help recruit the stators and allow for increased torque [181]. Evidently,
bacteria have evolved sophisticated mechanisms to recruit stator complexes, perhaps to control torque
necessary for different bacterial motility and behavior.

2.6. A Conserved Mechanism for Flagellar Rotational Switching

Bacteria move forward when the external flagella rotate in the CCW direction and tumble during
CW rotation (Figure 1B) [5,56,160,169,182]. Notably, Vibrio spp. have a three-stroke swimming pattern,
moving forward during CCW rotation, backward during CW rotation, and using a flicking motion
upon CW-to-CCW rotation, analogous to the tumble (Figure 1C) [183]. Spirochete’s periplasmic
flagellar rotation is unique as forward movement occurs when flagella at one pole rotate CCW
and the other CW, and tumbling occurs when flagella at both poles rotate in the CW direction
(Figure 1D) [120,184-186]. The C ring controls the rotational sense in response to chemical attractions
and repellents [12]. A chemotaxis system mediates the rotational sense via cooperative binding of
phosphorylated CheY (CheY-P) to FliM, resulting in a CCW motor switching to the CW sense [67,159]
(for review see [187]). A co-crystal structure of CheY-P bound to a truncation of FliMy provided direct
evidence of this interaction [72]. The presence of CheY at the C ring has further been confirmed by two
recent cryo-ET studies showing GFP-CheY at the outer periphery of the C ring. The first study used
GFP-tagged CleD and CheY homolog in Caulobacter cresecentus [123], and the second used GFP-tagged
CheY in B. burgdorferi [120].

The molecular mechanism of the C ring rotational switching has been extensively studied.
High-resolution microscopy of fluorescently tagged FliM and FliN provided evidence of a high
turnover rate of FliM and a slower but significant turnover of FliN [188-191]. Fluorescent studies of
FliM suggest ~34 copies are in CW rotating motors and ~44 copies in CCW rotating motors [189]. It is
still unknown what makes FliM appear more stable during CCW rotation. Cryo-EM studies of purified
motors do not show the large change suggested by high-resolution light microscopy studies [191] but
suggest a slight diameter difference between CCW and CW motors [192]. Two recent cryo-ET studies
in B. burgdorferi and V. alginolyticus revealed the C ring conformational changes during rotational
switching in situ [120,128]. These studies suggest that FliG-FliM-FliN stoichiometry remains consistent
at 1:1:3 during switching, whereas there is a conformational change of the C ring subunits that leads to
the different presentation of FliG to the stator. The stator complexes were resolved in the B. burgdorferi
motor structure, showing direct evidence for a difference in FliG-MotA interactions between the two
rotational senses [120]. Using cryo-EM coupled with functional assays, Santiveri et al. suggest that
MotA of the stator unit in C. jejuni rotates, specifically in a clockwise direction during protonation [110].
Together, these studies support a new model for the C ring rotational switching, whereby the stator
complex rotates in a CW manner, and the differences in the presentation of FliG to the stator complexes
change the rotational sense of the C ring [110,111,120,128].

2.7. The Export Apparatus Secretes Flagellar Proteins for Assembly

The export apparatus is responsible for secreting proteins out of the cytoplasm and across the
bacterial membranes to form a functional flagellum. Both proton motive force and ATP are utilized to
unfold and translocate proteins across the cytoplasmic membrane. The export apparatus is composed
of nine proteins: FlhA, FIhB, FliO, FliP, FliQ, FliR, FliH, Flil, and FliJ [24,25,118]. FIhA forms an
ion channel [193-196] and has been shown biochemically and genetically to interact with multiple
flagella-associated proteins [24,197-199]. FlhB, critical for substrate specificity, regulates the hook
length and switching to flagellin secretion for filament assembly via an autocleavage event [200,201].
FliPQR forms the core complex, which is the channel that secretes the proteins [202]. The ATPase
complex is formed by the ATPase (Flil), stalk protein (Fli]), and negative regulator (FliH) [7,118].
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The first hints of structural and spatial information about the export apparatus came from freeze
fracture experiments, establishing the presence of a pore [177,203]. Multiple cryo-ET studies proposed
the location of the export apparatus [113,127,179,204]; however, Chen et al. were the first to study
the structural detail export apparatus in depth [113]. By comparing flagella from many species,
they showed that the export apparatus is highly conserved in shape and location, with a dome feature
below the MS ring, a torus, and a spherical structure. A Flil deletion in C. jejuni resulted in intact
flagella missing the spherical density, solidifying the location of the export apparatus, specifically the
ATPase portion [113]. A recent cryo-ET study showed that the ATPase portion of the export apparatus
is connected to the C ring via interactions with FliH and likely rotates with the C ring [118]. FliH is
a negative regulator of Flil, but exactly how the assembled FliH-Flil complex is regulated is still
unknown; the crystal structure, while revealing an intriguing FliH dimer, did not bare the assembled
ATPase complex structure [92]. Deletion of fliH in C. jejuni led to loss of Flil density but still allowed
for flagella assembly, providing direct evidence that the ATPase is non-essential for flagella assembly,
consistent with biochemical results [122].

A proton channel in FIhA has been shown to be critical for powering the export of flagellar
proteins [205-208]. FIhA is the largest protein of the export gate and contains three cytoplasmic
domains, CD1 with the FHIPEP motif, a linker domain FlhA; and a C-terminal domain FlhAc,
as well as two transmembrane regions [193,209]. The C-terminal domain, which interacts with the
chaperones and export substrate, has been crystallized and studied extensively but lacks structural
information for the remaining regions [84-86]. Inferences of the FIhA structure can be drawn from a
cryo-ET study of the Salmonella non-flagellar T3SS, in which a seahorse-shaped structure was resolved
for InvA, the homolog to FIhA [210]. The FliPQR-FIhB complex has recently been resolved in multiple
cryo-EM studies, whereby purified FliPQR and FliPQR-FIhB of the export gate complex from Salmonella
revealed an unexpected topology and orientation of the complex, with no canonical transmembrane
regions but rather with a helical structure that sits at the base of the basal body, mainly inside the
periplasm [107,112,202]. These studies also confirmed, using native mass spectrometry, that both the
flagellar and non-flagellar export gates have a PsQ4R; stoichiometry, and suggest that FIhB is important
not only for the regulation of substrate export but also for the opening of the export gate, adding to the
complexity [112,202]. A cryo-EM and cryo-ET study of the Salmonella non-flagellar T3SS showed that
thinning of the membrane around the export apparatus allows the export gate to span the membrane by
docking the high-resolution FIiPQR structure [210]. The accumulation of information about the export
apparatus points towards a complex highly conserved in sequence, structure, assembly, and function,
although the molecular mechanism underlying protein secretion remains poorly understood [193].

3. Specific Examples of Adaptation within the Bacterial Flagellum

Since the first intact flagellar motor was visualized in Treponema primitia, a spirochete with
periplasmic flagella, by cryo-ET [127,179], a thorough investigation of 11 bacterial species using
cryo-ET by Chen et al. highlighted the vast differences among flagellar motors, leading to new
insights into bacterial evolution [113]. The ‘generic’ model created by Chen et al., by averaging motors
from 11 different species, suggests that the hook, rod, and L, P, and MS rings are highly conserved
morphologically. The motors in Salmonella and E. coli are the best-known examples of the generic model
(Figure 2). However, the flagellar motors in other species have evolved unique structural features,
presumably to adapt to different environments [113]. In this section, we highlight evolutionary
differences by specifically examining three subsets of bacteria: marine Vibrio, e- proteobacteria,
and spirochetes.
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Figure 2. Intact flagellar motor structures reveal dramatic differences among species. Depicted for
each species, from top to bottom, are the deposited class average of the motor, a cartoon model
drawn from the class average, and a 3D reconstruction of the map. E. coli possess the simplest motor,
resulting in a functional flagellum (EMDB 5311). Vibrio spp. have evolved additional rings that increase
rotational speed. H. pylori (EMDB 8459), representing e-proteobacteria, and B. burgdorferi (EMDB 0534),
representing spirochetes, separately evolved structures that stabilize stators and increase rotor diameter,
leading to greater torque generation.

3.1. Vibrio Flagella Have Additional Rings in the Periplasm for Greater Torque Generation

Vibrio species are marine bacteria that can cause gastroenteritis in humans via the consumption
of contaminated water or seafood or via wound infections from swimming, with the well-known
pathogen in this species being Vibrio cholera. The Vibrio single, polar, and sheathed flagellum has been
studied in great detail biochemically (for example [211], for review of sheathed flagellum see [212]).
Cryo-ET with STA revealed predominantly sheathed and, to a lesser extent, unsheathed flagella in
wild-type V. alginolyticus (Figure 2). This allowed for the visualization of the membrane sheath and a
novel O-ring structure [180]. A V. alginolyticus flhG mutant that assembles multiple polar flagella [213]
was used to gain resolution due to more particles per cell pole, and as expected, the sheathed flagellum
appears very different from the unsheathed flagella of V. alginolyticus and E. coli. The diameter at the
base of the flagellum was larger due to the membranous sheath, and the loss of the outer membrane-L
ring fusion led to more mobility of the basal body. Additional density, named the O ring, was observed
outside of the outer membrane, creating a 90° kink in the outer membrane to form the sheath [180].

The Vibrio spp. motors also differ from E. coli and Salmonella, with the identification of the H (FIgT)
and T (MotX and MotY) rings believed to have evolved to help the rotor spin faster, and stators that
use Na* ion pumps in lieu of the more common H* ion pump composed of PomA/B [80,214,215].
The T ring was first identified via negative stain EM, whereby the Homma group showed that
MotX and MotY form additional density associated with the LP rings and are required for PomA/B
localization to the motor [214]. The H ring was later identified as FIgT and located above the T ring
via negative stain EM [215]. A V. fischeri AmotB mutant showed that the stator interacts with the
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T ring, allowing for the wider incorporation of the stator relative to Salmonella and thus increasing the
torque generation [80,83,121]. Further use of the V. alginolyticus flhG mutation strain in the presence of
AmotY or AmotX suggests that the majority of the T ring is composed of MotY, as the AmotY mutation
resulted in the loss of the T ring density, and the AmotX motors appeared relatively unchanged at low
resolution. Importantly, the V. alginolyticus map revealed 13-fold symmetry of MotY, corresponding to
the 13-fold symmetry of MotB in V. ficsheri [180]. Cryo-ET of V. ficheri AfigP [121] and V. alginolyticus
AflgO and AfIgT [216] mutants suggests that FIgT, FIgO, and FlgP create the proximal, medial, and distal
regions of the H ring, respectively. In the V. ficheri AflgP, the stators did not assemble, and in the
V. alginolyticus AfIgT the flagella were periplasmic. Taken together, these results suggest that the H and
T rings, unique to Na* ion pump flagella, are required for proper flagellar assembly, stator association,
and outer membrane penetration.

3.2. The e-Proteobacteria Flagellum Cage Traps Additional Stators

H. pylori is a well-known gastrointestinal pathogen that can cause stomach ulcers and cancer.
H. pylori cells possess unipolar, sheathed flagella which allow the microbe to swim through the stomach
mucosal lining and are essential for host infection. The function of the sheath still remains unknown.
One possibility is that it protects the filament from the low pH of the stomach. Cryo-ET of the H. pylori
motor revealed a very large motor ~86 nm in diameter and ~81 nm in height (Figure 2) [57]. The motor
consists of the basal body core structures along with a novel periplasmic “cage-like” structure.
The cage structure had 18-fold symmetry, with the densities below occupied by the stators [57].
This scaffold likely evolved to secure the 18 stators for the high torque generation needed to swim
though the viscous environment of the human stomach mucous [57]. E. coli require only 11 stators
in their flagella, as identified by total internal reflection fluorescence microscopy (TIRF) [171,174].
Cryo-ET revealed similar stator scaffolds in C. jejuni [121] (a gut pathogen that causes food poisoning)
and Wolinella succinogenes [114] (a cattle rumen commensal) motors, albeit with 17-fold symmetry,
suggesting that these microbes possess 17 stators. In C. jejuni, deletion mutants AflgP, AflgQ, ApflA,
and ApflB, were analyzed by cryo-ET to address questions of motor assembly and the composition of
the basal and medial disks. It was determined that FIgP creates the basal disk, FlgQ and PflA create the
medial disk, and PfIB creates the proximal disk [121]. There is a notable difference in C. jejuni, where the
medial ring is parallel to the proximal ring and basal disk, contrasting with the perpendicular medial
ring in H. pylori and W. succinogenes [57,114]. These structural difference most likely arise due to the
FlgQ sequence diversity [114]. Chaban et al. postulate that the energy demand for such a continuously
high stator load may be offset by the nutrient-rich habitat, as all three species are part of the gut flora
in animals.

3.3. The Periplasmic Flagella of Spirochetes Uses a Collar to Stabilize Stators

Spirochetes are a unique family of bacteria with distinct morphology and motility. Some of them
are known to cause diseases such as leptospirosis (Leptospira interrogans), syphilis (Treponema pallidum),
and Lyme disease (B. burgdorferi). The flagella of spirochetes are unique due to the placement of the
filament in the periplasmic space; this location has implications for the unique motility, host infection,
and cell morphology of spirochetes [217] (for review [9]). From the first visualized in situ structures
of the periplasmic flagellar motors in T. primitia [127] and B. burgdorferi [117,204], it has been readily
apparent that the periplasmic flagella have a larger C ring, stator ring, and MS ring than those
of Salmonella external flagella [12,218]. A spirochete-specific structure, also known as the collar,
was identified [127]. The collar structure is approximately 71 nm in diameter and 24 nm in height,
meaning the assembly is larger than the C ring [204] (Figure 2).

The composition of the collar has recently been studied using B. burgdorferi as the model
system [9,217]. To begin assigning B. burgdorferi proteins to the collar structure, all known flagellar
proteins in B. burgdorferi were compared to those of externally flagellated genomes, and (BB0286)
FIbB was identified as a potential hit. The AfIbB mutant cells are rod-shaped and non-motile.
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Visualization of the AflbB motors by cryo-ET revealed that the collar did not assemble [219]. Furthermore,
when AflbB was complemented, fIbB fused with green fluorescent protein (GFP) extra densities near
the MS ring were resolved, suggesting that FIbB constitutes the base of the collar and that other
proteins must be involved in collar formation [219]. To further identify collar proteins, the T. pallidum
protein—protein interaction map was used to identify homologs with FIbB and interactors [220].
The protein of unknown function (BB0236) was identified and characterized via molecular and cryo-ET
experiments. BB0236 was determined to directly interact with FIbB in pull-down assays. Like the FIbB
deletion mutant, Abb0236 resulted in non-motile, rod-shaped bacteria. Cryo-ET showed that BB0236
is necessary for collar formation as well as for FliL and stator assembly, suggesting that BB0236 is a
chaperone protein that aids in the formation of the collar, and that the collar provides support for the
assembly of the stator and FIiL [221]. The most recently identified collar protein was determined by a
blast search of the peptidoglycan binding loop of MotB. The gene product of bb0326 was renamed FlcA.
The AflcA mutant cells exhibited motility and morphology defects. Interestingly, cryo-ET demonstrated
that the collar was assembled minus a region at the periphery, where FlcA resides. Density for FliL
and FIbB was observed, suggesting that FlcA subsequently binds the collar. The stator was absent
from the collar. FlcA was shown to interact with the stator protein MotB and the collar proteins
FIbB and FliL, but not with BB0236 [222]. While the story of the spirochetal collar is still unfolding,
cryo-ET combined with genetics has elegantly identified three proteins involved in collar assembly
and shown the importance of the collar both for stabilization of the stator, by directly binding to MotB
and the PG layer, and as a foundation for the stator assembly.

4. Conclusions and Perspectives

Bacterial flagella have evolved as highly versatile nanomachines that enable bacteria to navigate
and survive diverse environments such as the mucous of the mammalian gut. Over the last decade,
cryo-ET has enabled direct visualization of conservation and adaptation of the bacterial flagellum to
niche environments. Cryo-EM and X-ray crystallography have led to near-atomic views of purified
flagellar proteins and subcomplexes, such as the MS ring, C ring, and stator complexes. By combining
these techniques, it is becoming feasible to establish nearly complete models of the flagellar motor,
such as the one shown in Figure 3. High-resolution views of the intact flagellar motor not only
significantly enhance our understanding of flagellar structure and assembly but also provide the basis
to address fundamental questions about bacterial flagella: How does proton motive force drive the
flagellar assembly and rotation? How does the flagellum switch its rotational direction? And how has
the flagellum evolved as a highly diverse nanomachine?
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Figure 3. High-resolution cryo-EM and X-ray models placed in cryo-ET maps provide a basis
for understanding flagellar assembly and function. (A). An assembled cryo-ET map of z motor
trapped in the CW rotation (EMDB 3155, 21837, and [143]), depicting the general shape of the
molecular components that assemble into the intact motor. (B). High-resolution cryo-EM and
X-ray structures of the flagellar components are placed in the cryo-ET map (white). The motor
is sliced in half to show the inner and outer structures. (C). Available high-resolution structures are
shown in full. The models used for this reconstruction are: FIgE (PDB 6KFK), FlgG (PDB 6JZR),
FlgT (PDB 3W1E), MotY (PDB 2ZF8), MotX (theoretical [181]), PomB¢ (PDB 3WPW), FLiF (PDB 6SD5),
FliPQR-FIhB (PDB 6S3L), FIliG (PDB 3HJL and 4FHR), CheY (PDB 1F4V), FIliM (PDB 4FHR and
4YXB), FliN (PDB 4YXB and 1YAB), FIhA (PDB 6CH1), Flil (PDB 2DPY), FliJ (PDB 3AJW), and stator
(PDB 6YKM).
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Abstract: The rotary bacterial flagellar motor is remarkable in biochemistry for its highly synchronized
operation and amplification during switching of rotation sense. The motor is part of the flagellar
basal body, a complex multi-protein assembly. Sensory and energy transduction depends on a core of
six proteins that are adapted in different species to adjust torque and produce diverse switches. Motor
response to chemotactic and environmental stimuli is driven by interactions of the core with small
signal proteins. The initial protein interactions are propagated across a multi-subunit cytoplasmic
ring to switch torque. Torque reversal triggers structural transitions in the flagellar filament to
change motile behavior. Subtle variations in the core components invert or block switch operation.
The mechanics of the flagellar switch have been studied with multiple approaches, from protein
dynamics to single molecule and cell biophysics. The architecture, driven by recent advances in
electron cryo-microscopy, is available for several species. Computational methods have correlated
structure with genetic and biochemical databases. The design principles underlying the basis of
switch ultra-sensitivity and its dependence on motor torque remain elusive, but tantalizing clues
have emerged. This review aims to consolidate recent knowledge into a unified platform that can
inspire new research strategies.

Keywords: rotary molecular motor; protein allostery; chemotactic signaling

1. The Problem Framed—Historical Background (1973-2003)

Bacterial motility has been a long-standing example of motion on a microscopic scale [1].
The modern era began with the realization that bacterial flagella rotate, as opposed to eukaryotic
flagella that beat [2]. The fundamental issues that drive current research on the bacterial flagellar
switch were framed in the first thirty years (1973-2003). The first stage, the “classical period”,
established that the energy source for motility was the chemiosmotic ion potential rather than ATP.
Tethered cell assays demonstrated cell rotation driven by a single flagellum immobilized on glass
coverslips. These assays showed that eubacterial motors rotate both counterclockwise (CCW) and
clockwise (CW) and switch rotation sense without a detectible change in rotation speed. The CW
and CCW rotation intervals were Poisson distributed. Chemo-effectors changed motor rotation
bias with sub-second excitation followed by adaptation over seconds back to the pre-stimulus level.
Motor rotation bias (CW/(CW + CCW)) measured in tethered cell assays coupled to flagellar filament
polymorphic transitions could be correlated with the swim-tumble motility of free-swimming bacteria.
This literature has been reviewed [3]. It established there was a fundamental difference in switch
design and operation between bacterial and eukaryotic flagella (see [4] for a minireview). Advances in
bacterial flagellar switch function and structure in the second half of these thirty years were based on
the development of high-throughput genetic screens, sophisticated motor rotation assays, isolation and
biochemical characterization of the intact switch and sub-complexes together with atomic structures as
summarized in this section (Figure 1). Subsequent sections in this review consider progress in switch
dynamics and architecture in the light of these advances.
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The structural complexity of the flagellar switch: Swarm plate assays [5] provided high-throughput
isolation of motility mutants that could be grouped into three categories (non-flagellate (fla),
non-motile (mot) and non-chemotactic (che)). In 1986, a switch complex of three interacting proteins was
proposed based on swarm plate assays of suppressor mutations [6]. Five years later, the gene sequences
encoding the proteins were obtained by polymerase chain reaction (PCR), an early example of the use of
PCR in bacterial motility research. The sequences indicated that all three proteins (renamed FliG, FliM
and FliN) were cytoplasmic [7], and revealed mutation hotspots. The che mutations mostly localized
to fliM; the mot mutations largely localized to fliG [8,9]. The clustering of the fliM che mutations to
distinct regions that accentuated CW or CCW rotation suggested that the FliM structural determinants
assigned the rotation state [8]. Genetic evidence for electrostatic residue interactions between the
FliG C-terminal and MotA [10,11] implicated FliG in motor function. The motA and motB genes only
had mot alleles in contrast to genes for the switch complex. Tethered cell motility was resurrected in
similar, stepwise increments by motA or motB induction in the corresponding deletion strains, implying
multiple, independently acting MotA and MotB stator complexes [12]. None of the protonatable E. coli
FliG, FliM or FliN residues that were sites for mot substitutions was essential for motility [13]. These
data indicated that the energizing proton flux did not traverse the switch complex.

The development of gentler protocols in 1992 led to the isolation and morphological identification
of the switch complex, based on its impaired mutant structures, as an extended cytoplasmic component
of the basal body [14], subsequently termed the C ring [15]. Further purification enabled its biochemical
characterization [16]. FliN copy numbers (n) were 3—4 times the estimates for FliM (n = 34 + 3).
Analysis of the sub-complexes concurrently established that the switch proteins self-associate and
interact with each other [17]. Finally, structures that were morphologically identical to the C ring
formed upon overproduction of the switch complex proteins together with the FliF MS ring [18].
3D reconstructions in ice of the S. enterica basal body [15] combined developments in cryo-electron
microscopy with single-particle image analysis (reviewed in [19,20]) to resolve C ring periodicity [21]
and position individual domains, with FliG an early example [22]. The overproduced C rings had
variable symmetry (n = 32-38) [23], but the dominant 34-fold symmetry was consistent with the
biochemical estimates of FliM copies in the native C ring. This advance exploited the fact that fliF, fliG,
fliM and fliN were “early” genes in the flagellar regulon [24], and built upon MS ring assembly by FliF
overproduction [25].

Torque generation and switch activation: The torque, T, on a rotating spherical tethered cell of
radius, a, is balanced by the hydrodynamic drag. 8Hna3W, where W is the angular velocity, and 1 the
medium viscosity.

The torque velocity relation was examined over a limited load (8TIna®) range by changing 1 [26].
The relation had a biphasic form for CCW rotation. Visualization of the rotation of the “tethered”
beads attached to flagellar stubs extended the range of the torque velocity relation to high rotation
speeds. The torque was constant at low speed, and then decreased linearly above a threshold speed.
Temperature and isotope effects in the linearly decreasing, but not the constant, torque regime implied
the energizing proton transfer reactions limited the decreasing velocity [27]. Comparable results were
obtained for the sodium Vibrio alginolyticus motor [28]. Application of an external force with optical
traps [29] or electrorotation [30] allowed the study of the relation at negative as well as positive torque.
The integration of optical trap and bead rotation assays revealed the load-dependent modulation
of CW rotation interval [31], showing that the switching mechanism was not isolated from motor
mechanics. Rapid switching events, damped out in tethered cells due to compliance of the hook
structure connecting the basal body with the flagellar filament, were resolved earlier by laser dark-field
microscopy measurements of filament rotation under conditions similar to free-swimming bacteria [32].
This study recorded slowed rotation and pausing events in addition to rapid reversals and importantly
showed that these events increased in strains carrying switch complex mutations providing a direct
window into switch mechanics not accessed by swarm plate assays.
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The atomic structure of the FliG carboxy-terminal domain (FliG¢) [33] heralded the molecular era
in structural analysis of the switch complex. Armadillo (ARM) folds, a ubiquitous architecture found
in signal proteins, characterized both middle (FliGys) and C-terminal FliG domains [34]. The structures
revealed that charged FliG residues essential for torque generation [11] localized to a surface-exposed
face of an a-helix. Suppressor residue substitutions for the MotB stator protein [35] clustered to the
FliG\-FliG¢ inter-domain loop that included a conserved glycine pair. The CW and CCW biasing
substitutions mainly localized to FliGy; and the inter-domain linker, but importantly also to the FliG¢
conserved MXVF loop and adjacent x-helices.

Ultra-sensitivity of the chemotactic motor response: The 1989 atomic structure of the chemotaxis signal
protein CheY [36] identified a cluster of three aspartate residues as the probable phosphorylation
site. This study was an early application of site-specific mutagenesis for structure determination in
bacterial motility and chemotaxis. Subsequent studies established that CheY aspartyl phosphorylation
by the receptor associated CheA kinase coupled receptor occupancy to the motor response. CheY
is one of a large superfamily of response regulators with diverse functional roles (reviewed in [37]).
Aspartyl phosphate is labile in contrast to the corresponding serine/threonine phosphates exploited in
developmental circuits, but beryllium fluoride (BeF3), an acyl-phosphate analogue, binds stably [38].
Biochemical studies determined the FliM N-terminus (FliMy) to be the CheY binding target at the
flagellar switch [39,40]. Phospho-CheY and BeF3-CheY had a comparable affinity, with the activating
structural transitions visualized in the BeF3-CheY.FliMy crystal structure [41]. 2D-NMR further
showed the bound FliMy; influenced phosphorylation site dynamics [42]. CheY did not associate with
incomplete switch complexes formed by FIiF MS rings with FliG [43]. A library of cheY mutant alleles
was generated guided by the atomic structures (reviewed in [37]). The phospho-mimetic mutations
13DK and 13DK106YW have figured prominently in the study of switch physiology (e.g., [44]).

The motor rotation bias, reported by tethered beads, was a function of intracellular GFP-tagged
CheY concentration, estimated by correlation intensity analysis in single S. typhimurium cells.
The bacteria carried mutations that ensured CheY was phosphorylated. The bias changed sharply
with CheY concentration (Hill coefficient, H = 10.3) [45]. Binding assays of CheY with overproduced
complexes reported a similar difference in affinity for the phosphorylated and non-phosphorylated
forms to that for FliMy;, but the binding was not cooperative (H ~ 1) [46]. Early models had formalized
the switch as an equilibrium thermal isomerization machine [44,47]. An important advance over
these models was the conformational spread model. that explicitly considered the multiple subunit
stoichiometry, N. The individual subunits fluctuated between the CW and CCW states with adjacent
subunits linked by a coupling energy term influenced by ligand (CheY) occupancy. The mean size of
the contiguous CW or CCW domains increased with the coupling energy. Above a critical threshold,
the entire ring flipped as a 1D Ising type switch to simulate the ultra-sensitive response with n = 34 [48].

In conclusion, a cluster of key publications between 1986 and 2003 (A) established a conceptual
framework for the bacterial flagellar motor (BFM) switch and (B) introduced new methodologies
pivotal for future advances in structure and dynamics. (A) The idea of the switch had developed from
a process, rotation reversal, to a material entity, the switch complex, to a physical object, the C ring,
The C ring was composed of a small set of core proteins that self-assembled into a large multi-subunit
assembly attached to the MS-ring. The C ring did not conduct protons but interacted as the rotor
module with the proton-conducting Mot complexes to generate torque. Mutant phenotypes linked
component lesions to switch phenotypes, influenced by motor operation, that included, but were not
restricted to, rotation reversal. The switch set-point was shown to be an ultrasensitive function of
the activity of the CheY signal protein, in contrast to non-cooperative CheY binding to the C ring.
The linkage between the highly cooperative output (motor rotation) and the non-cooperative input
required long-range allosteric communication across subunits between the FliMy binding sites for
CheY and the FliG interface with stator complexes. A formal model was developed [48] while atomic
protein structures [33,34,36,41] provided important clues into possible interactions. (B) The period
witnessed the timely application of new NMR methodologies for structure determination of large
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macromolecules [49] to CheY complexes [42], as well as cryo-EM allied single-particle image processing
of multi-subunit assemblies [19,20] to isolated basal bodies [15,23,50]. The Thermatoga maritama
FliG structures [33,34] set an important precedent for X-ray crystallography of thermophile switch
proteins. The first applications of live cell imaging with GFP biotechnology [51] to determine CheY
bias modulation [45] or localization [43]—and together with single-molecule, force microscopy to
characterize the load-dependent switching [31]—were to prove equally influential.
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Figure 1. The bacterial flagellar motor (BFM) switch—landmarks. (A) Conceptualization: (i) The
switch complex was proposed based on phenotypic characterization of mot, che and fla alleles and their
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suppressor mutations in swarm plate assays. Its interactions with chemotaxis components and Mot
proteins were also identified. {a} Schematic of a swarm plate—the native (WT) strain forms a swarm
with chemotactic rings. Strains carrying mot mutations (Mot-) do not swarm while those with che
mutations (Che-) have reduced swarms. Suppressor mutations yield pseudo-revertant strain (PR)
with partially restored swarming. {b} Color codes are followed in subsequent Figures for the switch
complex components (FliG (green), FliM (gold), FliN (cyan)), the CheY protein (salmon) and the
MS-ring scaffold (orange) (adapted from [6]). (ii) Gene sequencing identified the mutations. The fliM
gene (N-C terminal residue numbers) predominantly contained the che lesions, clustered into distinct
CW (green) and CCW (magenta) regions. Arrows mark mot lesions (adapted from [8]). (B) Structural
identification: (i) An extended cytoplasmic structure contiguous with the basal body MS-ring (yellow
arrow) was isolated using gentler protocols and subsequently established as the switch complex by
immuno-EM and biochemistry (from [14]). (ii) Assembly of switch complex by overproduction of
plasmid-encoded components allowed biochemical characterization culminating in the determination
of the C ring subunit stoichiometry (n = 33-34) (from [23]). (iii) Single-particle analysis resolved FliG
domain substructure (yellow arrows) from differences in central sections from wild-type (WT) and
AFIFFlG (A) 3D basal-body reconstructions (from [22] with permission). (C) Motor function and
mechanism: (i) Temporally resolved measurement of filament rotation, as a sinusoidal variation of
laser dark-field spot intensity, characterized aberrant phenotypes in switch complex mutant strains.
Panels (top to bottom) show slow rotation (S), pausing (P) and reversal (R) episodes (reproduced
from [32] with permission). (ii) The first atomic structure of a switch component (FliGce [33]) followed
by the FliGyjc structure localized much of the mutant library then available ((mot lesions (black);
CW lesions (red); CCW lesions (yellow); CW or CCW, depending on the residue substitution, orange;
and motB suppressors (purple)) to generate chemically explicit ideas for motor reversal (PDB: 1l1kv
(modified from [34])). (D) Switch chemotactic signal transduction: (i) {1}—Determination of switch
“ultra-sensitivity” (Hill coefficient, H = 10.3) by simultaneous measurement of the CW bias of beads on
flagellar stubs (red) and concentration of a fluorescent GFP-CheY fusion (green) locked in the active
state (*) in engineered strains (reproduced from [45] with permission). {2}—Plots show non-cooperative
binding of acetate-activated CheY to overproduced C rings [46] compared to the in-vivo change in CW
bias. (ii) The atomic structure of beryllium-fluoride (BeF3 (black))-activated CheY (salmon) bound
to the FliM N-terminal peptide (yellow) initiated structure guided mutagenesis to explain the switch
ultra-sensitivity. Aromatic residue (W58, Y106 (orange)) motions were early diagnostics for activation.
Magnesium ion (red) (PDB: 1f4v (modified from [41])).

Four fundamental issues could now be addressed. First, what was the nature of the coupling
between the FliGc motor domain and the FliMy CheY binding target? Secondly, how were the
dynamics of the C ring, a large multi-subunit assembly, synchronized for smooth rotation and rapid
reversal? Thirdly, how did CheY activation trigger an ultrasensitive switch response? Fourthly, how
was the switch regulated by the motor operation as dictated by the torque-velocity relations?

2. Switch Physiology and Mathematical Models

Motor dynamics are the direct outcome of the architectural dynamics of the molecular machinery.
Knowledge of motor dynamics, and the associated development of mathematical models, has advanced
concurrently with knowledge of the molecular architecture and dynamics. The spatiotemporal
resolution and mechanical range of the rotation assays have continued to increase for characterization
of speed fluctuations, the load dependence and stochastic properties of the switch machinery in
unprecedented detail. These advances provide additional constraints that must be addressed by the
study of the molecular mechanism. Motor dynamics have been reviewed recently [52]. An overview is
given in this short section, summarized in Figure 2, to provide additional context for the main body of
the review.

Focal back-plane interferometry with high spatiotemporal resolution (1°, 1073 s) recorded
incomplete, intermediate switching events to extend the temporally resolved measurement of switch
transitions [53]. More recently, gold nanospheres (d = 60 nm) conjugated to genetically engineered, rigid
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Salmonella flagellar hooks, imaged by dark-field and rapid (5000 Hz) CMOS cameras, have been exploited
to measure motor rotation [54]. This study interpreted the large speed fluctuations recorded near
the zero-torque speed (~400 Hz) that persisted over many revolutions as the association—dissociation
of individual stator units. The highlight of such studies was that the resolution of the angular step
periodicity per revolution was resolved in motors resurrected by single or a few stator units; first for
a sodium powered chimeric motor [55] and then for the S. enterica proton motor [56]. In each case,
26 steps per revolution were reported for both CW and CCW rotation. However, while the step size was
symmetrical for the Salmonella motor, the CW steps were smaller than the CCW steps in the chimeric
motor. A study of the unidirectional R. sphaeroides motor reported a similar estimate of 27-28 discrete
stopping angles [57]. The steps may be due to modulation of the elastic potential well by periodic
contacts between the static and mobile motor modules rather than individual energy coupling events.
A formal model of this idea successfully predicted the difference in CW versus CW step size [58].

The long-standing tethered cell measurements of the Poisson-distributed CCW and CW intervals
had been the bedrock for theoretical models. Filament-associated bead rotation measurements in
the phospho-mimetic E. coli CheY13DK mutant strain first revealed gamma distributions for both
CW and CCW intervals [59] to challenge the view of switch transitions as a single Poisson process
based on tethered cell data. Subsequent measurements of the rotation of beads attached to flagellar
stubs [53] and nanoparticles attached to flagellar hooks [60] obtained exponential distributions in
apparent contrast to [59], fueling speculation that filament polymorphic transitions [61] may have
complicated the rotation of filament-associated latex beads (0.5 um). The use of different-sized latex
spheres extended the dependence of switching kinetics on load [62]. The study reported that at near
zero-load speed both CCW<->CW and CW<->CCW transitions increased with the load. Furthermore,
the torque-velocity curve for CW rotation was linear in contrast to CCW rotation [63]. The load
dependence raised the possibility that it may underlie the apparent discrepancy between the gamma
and Poisson interval distributions. The comprehensive analysis of the rotation of different-sized beads
in the double mutant phospho-mimetic strain CheY13DK106YW showed this was indeed the case.
Both exponential and peaked distributions were obtained, depending on the different load, proton
potential and torque [64], to rule out speculation that the gamma distribution was an artefact.

The knowledge about the regulation of (CW/CCW) rotation bias by CheY has also advanced.
Temporally resolved recordings of bead rotation over minutes re-evaluated motor individuality in terms
of its rotation bias. Long-term recordings of variation in single bead rotation compared to population
variation of multiple beads concluded that individuality was due to intracellular chemistry. The bias of
individual motors had a bimodal distribution with cells with high switching frequencies binned into
a central trough. The CW and CCW fractions were dominant, consistent with the ultrasensitive switch
in rotation bias by CheY [65]. Single bead CW and CCW rotational intervals had earlier been reported
to be asymmetrically distributed around the bias midpoint (CW/(CW + CCW)) = 0.5), with the CCW
but not CW intervals varying with rotation bias [66]. These different relations argued against the
determination of transition rates by CheY or any other single parameter. The ultra-sensitivity has also
been re-evaluated. The local GFP-CheY concentration around single flagellar motors was measured
and correlated with (CW/CCW) rotation bias in a AcheY E. coli strain [67] for an estimate of the mean
CheY rotor occupancy during CW rotation. GFP-tagged fusion proteins also provided evidence that
the basal C ring components FliM and FliN undergo dynamic exchange [68,69]. An experiment was
designed to correct for the FliM copy variation that would be obtained based on the exchange being
adaptive. It estimated the Hill coefficient, H, for the ultra-sensitivity from bias changes due to attractant
removal and addition in strains lacking receptor adaptation was as high as 21 [70].

The experiments motivated the development of the conformational spread model [48] and the
formulation of a fundamentally distinct non-equilibrium model [71]. The initial interpretation for
the peaked gamma distribution was based on multiple Poisson events [59] to refine, but not radically
alter the conformational spread model. The asymmetry in the experimental torque-velocity curves
and the load dependence of the switching kinetics could also be accounted for by an integrated

108



Biomolecules 2020, 10, 833

model that combined torque generation models with the switch ultra-sensitivity as formalized by
conformational spread [72]. Theoretical models, in general, seek to explain the interdependence
between rotation bias, switching frequency and interval distributions. The experimental relations
between these motor parameters were set as constraints to model the coupling between synchronous
switching and signal amplification as a function of subunit number [73]. More recent simulations
explained the correlation between local CheY concentration and single motor rotation bias as well as
the utility of dynamic subunit exchange in the maintenance of switch ultra-sensitivity [74]. Detailed
balance within the equilibrium conformational spread framework was followed in both studies [73,74].
Tu’s non-equilibrium model, where the detailed balance is broken based on energy input, also explains
the gamma distribution data [71,75]. The model is consistent with the expanded set of interval
distributions obtained under different load and energization conditions as detailed in [64]. The energy
input for switching need only be a small fraction of the total input that is dominantly utilized to
power rotation.
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Figure 2. Advances in switch physiology. (A) Time-resolved motor rotation: Schematic of a motor
rotation assay with a nanosphere conjugated to the hook connector contiguous with the rod and basal
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body (reproduced from [54] with permission). (B) CW and CCW interval distributions: (i) Idealized
time series of a motor alternating between CW and CCW rotation. (ii) Interval (tcw, Tcow) distributions
measured under low and high torque (reproduced from [75] with permission). (C) Coupled energization
and switching of rotation: (i) Torque velocity curves for CW and CCW rotation [63]. (ii) Free energy
diagram of CW <-> CCW transitions and the mechanical work (blue arrow) contribution (reproduced
from [72] with permission). (D) Models for non-Poisson interval distributions: (i) Conformational spread
seeded from multiple CheY binding events (reproduced from [59] with permission). (ii) Breakdown of
detailed balance from motor energy dissipation (reproduced from [64] with permission).

3. Architecture and Molecular Mechanism

Structural work on the issues outlined in the previous two sections can be grouped into four major
areas based on the protein—protein interactions: the central processing unit (FliMy.FliGy), the trigger
machinery (CheY/C ring), the torque reversal mechanism (FliG¢/FliGys) and the torque transmission
platform (FliGn/FLiFc).

3.1. The Central Processing Unit—The FIiMy.FIiGyy Complex

X-ray crystallography led the effort guided by mutagenesis, in situ crosslinking and EM
reconstruction to characterize the linkage between the domains responsible for torque generation and
CheY signal reception. The atomic structure of the T. maritima FIiG middle (FliGy;) and C-terminal
(FliGc) domains had an established ARM architecture for both domains and localized hotspots for
E. coli che mutations to the sequence encoding the linker region between FliGys and FliG¢ [34]. The atomic
structure of the T. maritima FliM middle domain (FliM);), the central element in switch function, showed
that the CCW and CW substitutions localized to residue positions at the intradomain contact interface,
as deduced by subunit crosslinking in situ [76]. The CW substitutions aligned differently to the CCW
substitutions, suggesting distinct FliMy; orientations for CW versus CCW rotation (Figure 3A). In situ
crosslinking had been introduced in earlier work on FliGy; domain organization [77]. The in-situ
crosslinking experiments probed the subunit organization of the switch proteins as appropriate
controls established that cross-linking was negligible in non-flagellate strains [76,77]. The structures
of FliMy;.FliGy; complexes from T. maritima [78,79] and H. pylori [80] determined the functional
importance of the FliM GXXG and FliG EHPQR loop motifs at the FliMy;.FliGy interface. Comparison
of the T. maritima and H. pylori interfaces showed conservation of essential GXXG and EHPQR loop
contacts and their stabilization by complex formation. Additional interfacial residues important for
coupling were identified in H. pylori, supported by mutagenesis.

Protein dynamic simulations showed that the core architecture and dynamics of FliMy; do
not change upon complex formation and are conserved between T. maritima and H. pylori. FliMy
conformational ensembles generated from the T. maritima structure had a bimodal distribution, while the
FliGy; domain movements also alternated between the bi-stable states strongly coupled to FliMy; [81].
Targeted tryptophan substitutions had identified FliGy residue positions important for association
with FliMy [82]. In addition to the EHPQR loop, these residues were in a FliGe ARM-C hydrophobic
patch adjacent to the FliGyjc GG linker as well as non-interfacial FliGy; residue positions. Recent
NMR measurements of the FliGy; dynamics in the sodium V. alginolyticus motor have provided
important validation, supported by mutagenesis, of the conformational plasticity of the FliGy; domain
between the bi-stable conformational states [83]. The EHPQR E144D residue substitution increased the
switching frequency, a similar response to one obtained upon phenol repellent addition. It did not
alter FliGy; conformation. In contrast, residue substitutions in the GG hinge both locked the bias and
reduced the FliGy; dynamics, as assessed by NMR. The E144D and CCW-biased G214S motors were
both CCW-locked in the Ache strains, implying a close linkage between CheY occupancy and FliGy
conformational fluctuations (Figure 3B).

110



Biomolecules 2020, 10, 833

In H. pylori, co-crystallization of putative spermidine synthase (SpeE) with FliMy;, combined
with mutagenesis and motility assays, has shown how this protein affects motile speed and switching
behavior. The SpeE.FliMy contact interface partially overlaps with the FliGy;.FliMy; interface [84].
While several proteins important for cell metabolism have been identified in diverse bacteria to
influence motile behavior via direct interaction with FliG (cited in [84]), SpeE is the first known
to act at the FliGy.FliMy; interface. In conclusion, the crystal structure, allelic mutations, in situ
crosslinking, and protein dynamic simulations all argue for the alternation of FliMy; between bi-stable
conformational states, inter-species conservation of its fold and interfacial FliGys coupling.

1N (ppm)

"*N (ppm)

Figure 3. The central signal processing unit. (A) FliMy; dimer model. The model is based on the
T. maritima FliMy; structure (gold)) guided by in situ cross-link data (grey). Localized CW (green) and
CCW (magenta) biasing residue substitutions from bacterial homologs are mapped onto the colored
structural elements. FliG GXXG interaction loop (blue). C-terminus (orange) (PDB: 2hp7 (modified
from ([76])). (B) The central processing interface—FliGy-FliMyy. (i) T. maritima structure (PDB: 4fhr)
highlighted with homologous FliGy; residues to those implicated by E. coli tryptophan mutagenesis
(red [82]) and V. alginolyticus switch mutants G214S, G215A and E144D (orange [83]). (ii) 2D-NMR
TH-15N correlation spectra reveal that the native (WT) V. alginolyticus FliGy architecture is substantially
altered by substitutions in the conserved glycine pair that alter rotation bias, but is unaffected by the
EPQR E144D residue substitution that increases the switching frequency. Axes indicate the shift in the
magnetic field, in parts per million (ppm), relative to a reference compound for resonance (reproduced
from [83] with permission).
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3.2. The Trigger Machinery—CheY and the Basal C Ring

Motor response to chemotactic signals can be parsed into CheY activation and binding to the
C ring to bias FliMy; conformational fluctuations. There is a 20-fold increase upon phosphorylation in
CheY affinity for E. coli FliMy; [41]. The molecular analysis of CheY activation by the phospho-mimetic
CheY 13DK106YW double residue substitutions used to study motor response was initiated by
co-crystallization of the E. coli protein alone and in complex with the FliM N-terminal peptide
(FliMy) [85]. Strikingly, while the CheY13DK106YW in the complex was in a conformation akin to
BeF3 activated CheY, the free CheY13DK106YW adopted the inactive conformation. Subsequently,
the atomic structure of the native CheY.FliMy complex revealed that the electron density of a
critical hinge, the a4—{34 loop, in this complex partitioned between its active and inactive states [86].
Quantitative comparison of MD conformational ensembles from crystal structures of the CheY
superfamily representatives has extracted common signatures, including the «4—f34 hinge, for allosteric
communication between the phosphorylation and target binding sites [87]; the importance of the
a4—(34 loop further emphasized by MD simulations of acetate-activated CheY [88]. MD simulations
supported by oxygen-radical foot-printing solution measurements, a sensitive probe for sidechain
solvent accessibility [89], have now shown that closure of this loop hinge buried the allosteric relay
aromatic sidechains to both stabilize the global CheY fold and increase the local FliMy affinity.

The motor response is likely to depend on the intervening disordered linker between FliMy and
FliMy; that may, in principle, serve as a flexible tether to deliver FliMy-bound CheY to second binding
sites. Occupancy of these sites could control FliMy; conformational fluctuations and inter-subunit
coupling. Candidates have been identified in two species. There is NMR evidence for an interaction
between T. maritima FliMy-tethered CheY and FliMy [90]. Alternatively, in E. coli, pull-down assays
have reported evidence for an association of the CheY-FliMy fusion with FliN [91]. This evidence is
summarized in Figure 4A.

There is a close homology between FliN and FliMc. The atomic structure of the T. maritima FliN
homodimer [92] motivated mutagenesis and in situ crosslinking experiments to infer FliN tetrameric
quaternary organization in the E. coli flagellar motor [93]. These experiments reported cross-link
changes upon addition of chemotactic stimuli, consistent with domain motions, but the connectivity
between FliMy and the FliMc!.FliN® module is not well-understood as the FliM inter-domain linkers
have not been structurally characterized. The atomic structure of the FliMc.FliN heterodimer is similar
to the FIliN homodimer [94], consistent with a FliMc!.FIliN? tetramer identified by mass spectroscopy
and structural homology with the Type III injectosome components [95]. The C-terminal tail of the
FliH component of the flagellar export ATPase assembly has been co-crystallized and bound to the
FliMc .FliN heterodimer (Figure 4B). The co-crystal validated early predictions of the interactions of
the C ring with the flagellar export apparatus [96], as well as the proposal based on cryo-tomographic
(cryo-ET) reconstruction and FliH sequences from diverse species that FliH acts as a spacer to set C
ring diameter [97].

The switch complex contains FliY instead of, or in addition to, FliM and FliN in numerous
species [98]. The structure of T. maritima FliY reveals a middle domain with strong structural similarity
to FliM), while the FliY C-terminal domain is similar to F1iN [98]. This study also reported solution
assays to show that T. maritima FliY homodimerizes via its N-terminal domain and does not have an
increased affinity for activated versus inactive CheY, and that its middle domain does not bind FliG.
FliY was first reported in the Gram-positive B. subtilis [99] where CheY phosphorylation enhances
CCW, not CW rotation [100], in contrast to the Gram-negative y-proteobacteria E. coli and S. enterica.
The characterization of the B. subtilis rotor module by in situ crosslinking found that the FliMyFliGy
interface is conserved as in other bacteria with FliY proposed to form an external ring adjacent to the
FliMy ring [101].

Thus, FliMc interacts with FliN to form the C ring base and can, in principle, transmit structural
perturbations triggered by CheY-FliN association to FliMy;. Other bacteria, such as T. maritima, may
utilize a different signal strategy and a distinct basal ring architecture.
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Figure 4. Chemotactic signal processing in the basal C ring. (A) Secondary CheY binding sites:
(i) T. maritima FliMy; residues showing NMR chemical shifts (red) in the presence of BeF3-activated
CheY. Strongly shifted residue position (magenta) (PDB: 2hp7 (modified from [90])). (ii) E. coli
FliN homodimer showing residues that impair binding of an activated CheY-FliMy fusion protein.
Substitutions at these residue positions result in CCW rotation (PDB: lyab (modified from [91])).
(B) Basal C ring architecture: (i) Atomic structure of the FliMc (yellow)-FliN (cyan) heterodimer in
complex with the FliHc terminal peptide (brown) fused with lysozyme (PDB: 4yxc (modified from [94])).

3.3. Bidirectional Torque Generation—FliGy—FliG¢ Interactions

Vital clues driven by FliG multi-domain crystal structures have emerged since 2003 on the
mechanism of rotation reversal, albeit from a limited set of organisms (S. enterica, T. maritima,
H. pylori and A. aeolicus). Mutagenesis screens, experimental and computational analyses of protein
dynamics and coevolutionary information have supplemented the crystal structures in important
ways, as outlined below.

The variable orientations of the FliG¢c domain relative to FliGy; inform on both rotation reversal
in addition to assembly. A striking example has been a pair of H. pylori FliGyc structures that
show FliGc in orthogonal orientations relative to FliGys [102]. The underlying motions have been
characterized by experimental probes and atomistic protein dynamics simulations since the snapshots
of the kinetic mechanism provided by the crystal structures, though valuable, are too sparse to
determine reaction trajectories. FliG¢ reorientation was first deduced from in situ crosslinking in
E. coli [77]. Reorientation of the S. enterica o-helical linker (helixyic) adjacent to the GG pair was
inferred from in vivo crosslinking experiments and simulations, to regulate the switching between the
CW and CCW states. The crosslinking experiments found that the helixyic G174C residue substitution
formed crosslinks in the CW-locked FliGpgy but not the native, dominantly CCW S. enterica strain [103].
Analyses of conformational ensembles simulated from the FliGyc structures had identified helixyc
as a central hinge and predicted its melting regulated the FliG¢ orientation relative to FliGyc [81].
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These studies, taken together, supported the large reorientations deduced from the superimposition of
different crystal structures.

The simulations also reported that the T. maritima MEXF linker between FliGc ARM-C and Co;_¢
amplifies thermal fluctuations of the coupled FliMy—FliGy central processing unit [81]. This idea
was supported and extended in important ways by NMR and MD simulations of V. alginolyticus
FliGc. The conformational dynamics of FliGc-Cxy.4 helix ol in FliG A282T were reduced relative to
the native protein to give detectible peaks in the NMR spectra. The A282T strain has a CW bias in
contrast to the CCW bias of the native strain. MD simulations further showed the reduction was due
to additional hydrogen bonding contacts between the ARM-C and FliGc «1-6 that constrained the
flexibility of the intervening linker. MEXF;s54 hinge orientation, monitored by residue F254, partitioned
into conformational clusters that overlapped the subsets of the crystal structures representing either
the CW or CCW rotation states based on other criteria (Figure 5A,B). A prescient early analysis of
E. coli FliG residue substitutions in the helixysc linker, sensitized by a serendipitous E232G substitution
a few positions upstream of the MFXF hinge, had reported these gave rise to diverse phenotypes with
altered switching frequencies, pausing or altered bias [104].

The complete Aquifex aeolicus FliG structure revealed an ARM fold for the N-terminal domain
(FliGy) in addition to FliGy; and FliGc, separated by «-helical linkers [105]). Sequence similarity
suggests these domains arose from gene duplication [106]. The structure reported inter-molecular
stacking between the FliGy; and FliG ARM_C domains. In contrast, the S. enterica FliGpgy [107]
and T. maritima [78] crystal structures of the FliGyic complexes showed intramolecular stacking of
these domains. The consensus view now is that the assembly of the FliG middle and C-terminal
domain is mediated by intermolecular stacking. Solution pulsed dipolar ESR spectroscopy combined
with residue substitutions first indicated that, in T. maritima, these domains self-assemble via the
FliGy—FliG ARM_C intermolecular stacking contact; then, direct assembly of F1iM [108]. The central
and membrane-proximal sections of the S. enterica C ring map was fit well by the ESR-derived model
(Figure 5C). A domain-swap mechanism for FliG ring assembly in the E. coli motor was subsequently
determined with SAXS analysis supported by in situ cross-linking [109]. Binding energy from FliG
association with the FliF MS ring was speculated to alter the conformational equilibrium between the
compact and extended conformation of the malleable helixy;c to favor polymerization of a chained
FliGyjc ring in the flagellar motor but not in solution.

Coevolutionary information has emerged as an important high throughput tool to assess the
design principles of bacterial multi-protein complexes at the single residue level. Residue coevolution
supported the design of the switch machinery framed by experiments and simulations. First, the role of
FliM) as the central relay was consistent with its strongly coevolved inter-subunit and FliGy; interfacial
contacts [110]. Two distinct T. maritima FliMy; dimer configurations were obtained when dimer
formation was simulated based on coevolved subunit couplings [111], although one orientation did not
match either the CW and CCW dimers deduced from S. enterica residue substitutions [76], either because
of limited sampling and/or because the bi-directional switch is not universal across species. Secondly,
coevolution provided strong support for conservation of the FliGc-FliGy stacking contact [109,112]
relative to other contacts identified by cross-link data [77]. Thirdly, the coevolved coupling was mapped,
in part, onto the identified dynamic couplings and modules. Notably, the coevolved FliMy.—FliGy
contacts was mapped onto the dynamic couplings across the T. maritima FliMy;.FliGy interface [81]
and FliGyc, as a coevolved network with distinct nodes as allosteric sectors [110]. The nodes included
the well-characterized EHPQR and PEV (in S. enterica) at the FliMy;.FliGy; interface as well as «-helices
(helixyie, Cxy-6 helix «). The melting of these o-helices has been noted above. The coevolution signal
from FliGc ARM-C is sparse. This sub-domain may be the converter element that encodes different
species-specific outputs from a conserved input signal (Figure 5D).
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Figure 5. Mechanics of rotation reversal. (A) Mechanical amplification: (i) The T. maritima FliMyFliGyic
crystal structure (PDB: 4fhr. FliMy; (gold), FliGyjc (green)), modelled as a segmented rod with
flexible hinges. Two-stage amplification of FliMy; motions triggers large FliGc domain reorientations.
(ii) Bimodal hinge planar angle distributions from the dominant principal collective motions 1-3
extracted from the generated conformational ensemble. Lines plot the 3D angular displacement
distribution (solid) and unimodal fit (dotted). The distribution of the FIIMyFliGy interfacial hinge
(1 (gold)) has a narrow spread relative to the MFXF hinge distribution (2 (green)), indicating most of the
amplification occurs at the latter hinge (from [81]). (B) MEXF hinge dynamics: (i) The representative
structure of the V. alginolyticus FliGe A282T homology model from cluster analysis of the MD ensemble.
The predicted dynamic helix «; (pale green), the MEXF;54 motif, and residues G214, G215 (orange)
and T282 (magenta with an asterisk) are marked. 2D-NMR reports the CW-biasing A282T residue
substitution melts helix a; and reorients MEXF;s4. (ii) The 2D plot of F254 dihedral angle versus helix
g orientation relative to the FliGyy FliG¢ interface obtained from the MD trajectories. The wild-type
(WT) and mutant (A282T) conformational clusters map onto different subsets of the FliGc crystal
structures. Labeled circles (magenta) mark structures from T. maritima (CW-locked. PDB: 3ajc; wild type.
PDB: 1lkv; complexed with FliMys (PDB: 4fhr)), Helicobacter pylori (PDB: 3usy and 3usw) and A. aeolicus
(full-length. PDB: 3hjl) (from [113] with permission). (C) The FliGy-ARMc stacking interaction: The
best-fit of the pulsed dipolar ESR spectroscopy model of the T. maritima FliGy;-ARMc inter-domain
stack to the 3D S. enterica electron density map (from [108] with permission). (D) Residue coevolution
model for rotation reversal: Strong, coevolved FliMy; (yellow) contacts mediate conformational spread
(arrows) in the FliMy; ring. The FliG «C3-6 “motor domain” (dark green) is organized around the aC5
“torque helix” with charged residues (red) important for rotor-stator interactions. The primary nodes
of the coevolved network form a relay of allosteric sectors (numbered grey patches) across ARM-M
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and ARM-C (light green). ARM-C has sparse coevolved contacts implying a variable fold to generate
different motor responses from a conserved FliMy; switch transition Box. Coevolved interfacial pairs
(residues (white spheres) and contacts (red)) link the FliMy; GGXG motif with the FliGy; EHPQ motif.
The contacts and nodes are mapped onto PDB: 4fhr (from [110]).

In conclusion, the library of crystal structures now available, together with experimental and
computational measurements of their dynamics, position FliM, FliG and FLiN in the S. enterica C ring
map and charts out their connectivity and conformational plasticity. FliMy; has a central location in
the C ring with subunit contacts designed for propagation of both the CW and CCW conformational
states in the species studied thus far. FliMy; forms a tightly coupled complex with FliGy;, with a
central location in the C ring, connected via FliGy to FliG¢ adjacent to the membrane stator complexes,
and via FliMy; to FliM¢ in the basal C ring.

3.4. The Association of the Switch with the Mot Stators and the FliF ¢ Scaffold

The interactions of the FliGc domain with the MotA.MotB stator complexes determine torque.
The biochemical studies of rotor—stator interactions in E. coli [11] were soon extended to other bacterial
motors, notably the sodium-driven V. alginolyticus motor [114]. The FliG¢ torque helix and adjacent
segments in the V. alginolyticus motor contain more charged residues compared to E. coli [115].
Furthermore, substitutions at two residue positions selectively impair only CCW rotation [116].
Interestingly, the V. alginolyticus FliGc also determines the correct polar localization and assembly of
the stator complexes [117]. The mutagenesis of the residues involved in rotor-stator interactions in
the E. coli motor was extended in the related S. enterica [118]. Notably, these investigators coupled
fluorescent localization of the GFP-MotB fusion proteins with motility assays to parse out charged
residues at the FliG.—MotA interface that influence stator assembly from those dedicated to torque
generation. The first cryo-ET images documenting the alteration of C ring morphology by stator
complexes have now been obtained in the spirochete Borrelia burgdorferi. Comparative study of motB
mutant strains with defective versus restored proton conduction suggests that functional stators are
required for full expression of this effect [119] (Figure 6A). Thus, torque affects switch architecture,
in addition to CW/CCW rotation bias (Section 2), while the FliG rotor ting, in turn, affects assembly of
the force-generating stator complexes.

The CCW and CW torque generated by stator interactions with the FliG ring must be transmitted
via the intervening FIiF MS-ring to the external components of the filament whose rotation is the
physiologically relevant parameter. The fliF and fliG genes are adjacent in one operon for middle gene
expression in the S. enterica flagellar regulon [120]. Strains with these fusions are motile and form C
rings but have aberrant CW/CCW bias [121]. Their analysis has provided valuable clues on the effects
of the FliF-FliG association on switch operation and C ring morphology.

The bias of the full-frame fusion was restored by suppressor mutations in FliMy; and FliGy;,
as well as by insertion of a flexible, nine-residue glycine-rich linker at the fusion site [121], emphasizing
the influence of FliGy and FliGy; conformational plasticity on the sign of the transmitted torque.
The deletion the FliF-FliG fusion (AFliF.FliG) strain lacked a major part of FliGy;,and formed smaller
C rings with lower (n = 31) subunit stoichiometry [122]. In contrast, the FliGyAPAA deletion
strain formed smaller C rings with altered packing as their subunit stoichiometry was unchanged.
The bias of the AFiEFIiG strain could be also be compensated by residue substitutions localized
to the FliMy;.FliGy interface (FliGpio4y) and a likely FliMy; dimerization interface (F188Y, V186A).
Cryo-electron microscopy of isolated FliGpjp4y basal bodies showed that D124Y substitution partly
restored the C ring diameter towards wild-type values. These results demonstrate that either subunit
number or spacing variation can change C ring size. While FliEFliGy association primarily transmits
torque, it also has downstream effects on the switch machinery for torque reversal. There seems to be a
synergistic relationship between the supramolecular organization of the FliGy and FliMy; rings with
defects in one restored by compensating alterations in the other (Figure 6B).
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Figure 6. C ring modulation by interfacial membrane protein interactions. (A) C ring modulation by
stator operation: (i) Central tomogram section of the wild-type B. burgdorferi flagellar basal structure.
The C ring wall (box) is almost perpendicular (1.8°) to the Mot stator complexes (yellow arrows).
The C ring has different orientations in (ii) AMotB (7.8°) and (iii) MotB-24DE (3.2°) mutants. The AnotB
strain does not assemble stators; the motB-24DE strain assembles stators and is motile (reproduced
from [119] with permission). (B) FliF-FliG deletions alter C ring size. Size differences between S. enterica
(i) CCW and (ii) CW-locked (FliGapaa) C rings. (iii.a) The CW-biased S. enterica AFliF-FliG fusion
assembles smaller C rings. (iii.b) 2D class averages from the AFliF-FliG fusion basal body; without
and with the FliGy; D124Y residue substitution that restores normal bias (reproduced from [122]
with permission).

How does FliGy transmit torque generated at the FliG ring periphery to the axial rod and
filament via FliF? The architecture of the S. enterica hook basal body revealed by the work of
DeRosier and colleagues (see [50] and references therein) notably shows different symmetries for the
internal and external modules; the cytoplasmic C ring (n = 33-36) and the external hook (n = 11),
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for example. The architectural design by which torque transmission is achieved and symmetry mismatch
accommodated is starting to be understood. The structural adaptation for torque transmission was
determined in T. maritima [123] and, subsequently, the sodium-powered V. alginolyticus motor [124].
NMR reported extensive conformational changes in the T. maritima FliGy ARM fold upon interaction
with 46 FliF C-terminal residues. These changes were due to formation of the co-folded FliGy and
FiF C-tail domain. FliGy in the crystallized co-folded domain alters conformation to closely match
the FliGy fold [125], and possibly also conformational plasticity compatible with the compensatory
interactions between the two domains in the regulation of C ring size. The crystal structure of the
H. pylori co-folded domain corroborated the essential features reported for T. maritima [126].

The cytoplasmic FliF segment contiguous with the co-folded FliGy.FliFc_¢,j1 domain is predicted to
form a predominantly o-helical connector to the periplasmic C-terminal FIiF (FliFcP¢") [112]. The recent
3D-cryoelectron microscopy reconstruction of overproduced S. enterica FIiF rings has shown that FliF-P¢"
forms a periplasmic scaffold with a split ring-building motif (RBM) that staples together an anti-parallel
-barrel to form the external periplasmic modules of the MS ring while the N-terminal FIiF forms
inner RBM modules structurally homologous to RBMs characterized for Type-III injectosomes [127].
Both the split RBM and the (3-barrel were predicted by residue coevolution in the course of ongoing
work on the full-frame FIiEFliG fusion ring [112]. Thus, the FliF flagellar motor scaffold has evolved to
add a particularly stable, periplasmic C-terminal domain to the injectosome RBMs. The map further
reveals that FliFcP®" symmetry (n = 33-34), within the design tolerance reported for other biomolecular
assemblies, matches the C ring symmetry to dispel the MS and C ring symmetry mismatch conundrum
raised by initial estimates of a lower FIiF subunit stoichiometry. Figure 7 summarizes these advances.
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Figure 7. Transmembrane torque transmission. (A) (i) Conserved FliGn/FliFc_,i1 coevolved contacts
mapped onto the T. maritima crystal structure (PDB: 5tdy [125]). (ii) Predicted FliF-P" architecture
obtained by residue coevolution. Red lines denote coevolved residue pairs as in Figure 5D (modified
from [112]). (B) The 3D model of the S. enterica hook-basal body complex. The basal body part
of the structure was from a 3D reconstruction as published [50]. The hook with attached FliD cap
structure was done by single-particle methods using the entire hook with the cap as the single-particle
(Dennis Thomas, unpublished results (with permission)). (C) The 3D map of the S. enterica FliF¢c torque
transmitter module (EMD-10143, 3.1-angstrom resolution (modified from [127])). The en-face view
resolves 33-subunits.
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In summary, rotor-stator interactions employ a core set of charged residues and control large
scale changes in stator assembly and C ring morphology either side of the interaction interface.
The FliFcP¢" module presumably templates the assembly of the FliG ring via FliFc_i,; that is part of
the co-folded domain. FliGy then dictates FliM assembly via contacts with FliMys. The FliMy; ring
drives reorientation of FliG¢ for bidirectional torque generation and remodels in response to lesions
in the co-folded FliGn.FliFc 551 domain, Thus, there is conformational coupling of FliMy, to these
distant domains via FliGys. The correlation between C ring size and rotation state, driven by defined
lesions, is comparable to the rotation—fluorescence intensity correlation reported for GFP-tagged
motors. It provides the first structural clue for the difference reported for the CW versus CCW
torque-velocity relations.

4. Current Challenges

This review draws overwhelmingly from the E. coli, S. enterica and sodium V. alginolyticus motors
for the elucidation of their molecular mechanisms, with a notable contribution from thermophile and
H. pylori crystal structures. The fundamental issues regarding switch synchrony and ultra-sensitivity
had been posed by 2003. The present knowledge of the structural basis for torque generation and
transmission does not answer these issues but takes their study to a new level. Other species with
diverse phylogeny have revealed the diversity of the switch operation. The bacillus B. subtilis has
inverted motile responses to CheY. V. alginolyticus is one of several bacteria that alter switch frequency
rather than rotation bias in response to CheY activation. The flagellum of the a-proteobacterium
R. sphaeroides stops and starts. The thermophile A. aeolicus has been reported to lack FliM, consistent
with its mostly smooth-swim motile behavior [128]. A major new challenge as illustrated by the
phylogenetic tree of FliGc, the “motor” domain (Figure 8A), is to explain how such diversity can arise
from a small core of protein components.

Cryo-electron tomography (cryo-ET) has been an important role for the appreciation of the diverse
morphology of flagellar motors (reviewed in [129,130]), even though it is presently limited to thin
bacteria or mini-cells. Crucially, the technique provides 3D-reconstructions of complete motors that
capture rotor-stator interactions [131], the effect of the cell membrane upon rotor flexure [132]
and novel cell wall motor components [133]. Mutagenesis guided Cryo-ET has, interestingly,
established diversification of C ring architecture for various cellular functions within a single species
(Campylobacter jejuni) [133], and has led to the realization that high-torque motors have larger diameter
stator and C rings [134].

The emergence of informatics due to developments in high-throughput sequencing, mass
spectroscopy and high-performance computing is the highlight of this era, as appreciated by the
increase in protein sequences (135,850 (2003) -> 177,754,527 (2020) (www.ebi.ac.uk/uniprot)) and atomic
structures (<20,000 (2003) -> >140,000 (2018) [135]). Computational strategies for protein dynamic
simulations [87,136] have benefited from the expanded databases. Most core switch components
belong to a larger superfamily. The remarkable diversity of the CheY response regulator superfamily
has been reviewed recently [137]. Several response regulators are expressed concurrently within one
species. Many species have multiple CheYs of which typically one interacts with the flagellar motor:
a study on V. cholerae being an early example [138]. FliF, FliM, FliN and FliY are members of larger
families that include Type III injectosome components (reviewed in [139]). FliG has distant homology
to the MgtE transporter family [140]. The diversity of the basal C ring and the CheY atomic structures
suggests that bacteria utilize multiple strategies for signal reception.

TheE. coliand S. enterica bacteria remain the primary source for motor rotation assays in conjunction
with native and chimeric V. alginolyticus sodium motors. Structural knowledge, while anchored in
these bacteria, now has important contributions from other species driven by the developments in
cryo-ET and informatics. The current understanding of the flagellar motor switch is based on a generic,
integrated assembly with contributions from multiple species, as schematized in Figure 8B.
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Figure 8. (A) The phylogenetic tree of the FliGc motor domain. 160 seed sequences (multiple
sequences from 23 species). Species (red lines), with well-studied flagellar biochemistry, physiology
or structure (1 = Thermatoga maritima, 2 = Bacillus subtilis, 3 = Borrelia burgdorferi, 4 = Escherichia coli,
5 = Salmonella enterica, 6 = Vibrio cholerae, 7 = Vibrio alginolyticusl, 8 = Rhodobacter sphaeroides1,
9 = Helicobacter pylori, 10 = Aquifex aeolicus, 11 = Vibrio alginolyticus2, 12 = Rhodobacter sphaeroides2,
13 = Vibrio parahaemolyticus, 14 = Caulobacter crescentus, 15 = Rhizobium meliloti). Asterisks (R. sphaeroides
(red), V. alginolyticus (green)) mark duplicates. (from ([110])). (B) The signal pathways in the BEM
switch for the response to chemotactic stimuli, motor torque and load. The N-terminal FliM peptide (N)
anchors activated CheY (CheY*) by a flexible tether and primes it to bind additional sites on the basal C
ring (FliM/FliN). The bound CheY* modulates thermal FliMy; fluctuations for radial circumferential
conformation spread and amplifies them via the conserved FliMy;.FliGy; interface (red circle), and two
hinges (red diamonds) bordering FliG ARM-C to reorient the peripheral FliGc Cal-6 sub-domain.
Inter-subunit stacking between the dynamic FliGy; and ARM-C modules stabilizes the FliG ring and
regulates rotation reversal. The Mot stator complexes step along Cal-6 to generate torque and influence
FliGyjc dynamics. The conserved co-folded FliGn/FliF i, domain ensures matching MS and C ring
subunit stoichiometry. It is contiguous with the FliF C-terminal half (FliFcpe,) that forms a stable
assembly scaffold. Co-folded domain lesions/fusions have long-range effects on C ring architecture.
Thus, FliGy orchestrates bidirectional conformational coupling between FliMy; and either FliG¢ or
FliGN. The atomic details of the rotor-stator interactions or the linkage between FliGy; and FliFcp.e, are
poorly understood. 120
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Charged residues on a single FliG¢c o-helix (torque helix) are the primary determinant of
rotor-stator interactions. FliGy co-folds with a FliF C-terminal fragment (FLiGn.FliFc_tai1) to form a
domain with a similar architecture to FliGy; FliGy full-frame or deletion fusions can be compensated by
engineered modifications in the FliGy; domain. The co-folded domain connects to FliF-P¢", the assembly
scaffold for the C ring. The matching 33-34 symmetries of FliFcP®" and the C ring support the 1:1
stoichiometry for FliGy;,FliFc.t,5) seen in the crystal structures. A chained FliGc-FliGy stack is the
working model for rotor ring organization, but its assembly is probably modulated by other C ring
components whose genes encode mot alleles [8,9]. There is not a straightforward match of the FliG
subunit symmetry with the 26 steps per revolution resolved in rotation assays. Other stator—rotor
contacts may determine step periodicity. The in-situ conformation and dynamics of the linkage between
the chained FliGc-FliGy, the co-folded FliGy.FliFc_i,j; domain and FliF-P¢' remain to be determined.

The connectivity of the molecular linkage between the FliMy CheY binding site and the FliG¢
torque helix is now understood in broad outlines. FliMy tethered the CheY associates with secondary
binding sites on the basal C ring that may differ with species. FliMy; monomers fluctuate between
bi-stable conformations that likely reflect the CCW and CW operational states. These states propagate
across the C ring via inter-domain contacts and across a conserved interface to FliGy;. FliGy; and its
stacking contact with FliGc ARM-C are dynamic. Helixyc melting within the flexible inter-domain
GG linker in conjunction with adjacent x-helices orchestrates these dynamics. The FliGc intra-domain
MEXEF hinge amplifies FliGy; motions to cause a large re-orientation of the FliGc «Cs.4 torque helix
subdomain. These reorientations may reflect CCW <-> CW transitions. CW and CCW-locked motors
have different torque velocity relations. Substitutions that alter the fold of FliGc «Cj.4 affect MEXFE
hinge dynamics and selectively impair CCW rotor-stator interactions. Residue substitutions that
enhance CW or CCW bias have different FliGy; dynamics. Rotation state is influenced by changes in
C ring size due to subunit number or packing variations. C ring morphology is also altered by the
presence and activity of the stator complexes. The molecular basis of the coupling between FliGy
dynamics and CCW <—> CW transitions is not defined, let alone the coupling between the C ring
dynamics and the torque—velocity relation. Adaptive subunit exchange of GFP-tagged basal-ring
components may influence switch ultra-sensitivity to CheY activity. The C-ring is disrupted by
single residue perturbations [141] and might also be impaired by GFP, which has a similar size to
the proteins tagged. However, the CCW adaptive increase in basal body fluorescence is difficult to
explain by GFP perturbation of C ring assembly. Nevertheless, the correlation between adaptation and
subunit turnover is qualitative and determination of whether it is determinative or incidental must
await structural elucidation of the turnover mechanism. Finally, the integrated picture is based on
studies of a few species. The complete diversity of the species under current study is substantially
more, as glimpsed in motor output, CheY function, basal C ring composition and C ring architecture.
The determination of the conformational transitions of the stator complexes during the work cycle is a
likely prerequisite for the explanation of their long-range effects on C ring morphology. More generally,
elucidation, as opposed to description, of switch diversity is a severe challenge that may be intractable
is the absence of the fundamental signal and energy transduction mechanism.

Mathematical models have closely tracked the progress in motor physiology. The conformational
spread model has been modified and extended, while a fundamentally different non-equilibrium motor
model has been developed. These advances have led to the appreciation that switch operation cannot
be understood in isolation from motor mechanics. However, the details of the chemical machinery
that these models seek to explain has remained at the 2003 level. There is an urgent need for a
top—down development of these models to discriminate between possible molecular mechanisms.
MD simulations based on X-ray structures, NMR, ESR spectra and foot-printing techniques offer a
bottoms-up approach to supply the kinetics required to correlate the molecular level descriptors known
thus far with motor physiology. An atomic-level model of a rotor module from even one species will
be a game-changer for a kinetic model with the necessary predictive power, although the scale-up of
the simulations will be a logistic challenge with present-day resources. Nevertheless, research on this
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remarkable biomolecular machine has consistently advanced in unforeseen ways with fundamental
implications for protein energetics and allostery. The innovation of its research community will ensure
that it continues to do so.
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Abstract: A number of Gram-negative bacteria have a membrane surrounding their flagella, referred
to as the flagellar sheath, which is continuous with the outer membrane. The flagellar sheath was
initially described in Vibrio metschnikovii in the early 1950s as an extension of the outer cell wall layer
that completely surrounded the flagellar filament. Subsequent studies identified other bacteria that
possess flagellar sheaths, most of which are restricted to a few genera of the phylum Proteobacteria.
Biochemical analysis of the flagellar sheaths from a few bacterial species revealed the presence of
lipopolysaccharide, phospholipids, and outer membrane proteins in the sheath. Some proteins
localize preferentially to the flagellar sheath, indicating mechanisms exist for protein partitioning
to the sheath. Recent cryo-electron tomography studies have yielded high resolution images of the
flagellar sheath and other structures closely associated with the sheath, which has generated insights
and new hypotheses for how the flagellar sheath is synthesized. Various functions have been proposed
for the flagellar sheath, including preventing disassociation of the flagellin subunits in the presence
of gastric acid, avoiding activation of the host innate immune response by flagellin, activating the
host immune response, adherence to host cells, and protecting the bacterium from bacteriophages.

Keywords: flagellum; flagellar sheath; Helicobacter; Vibrio; cardiolipin

1. Introduction

The bacterial flagellum is a complex organelle used for motility and is organized into three basic
structures referred to as the basal body, hook and filament. Of these structures, the filament is the
most prominent, forming a thin, helical structure that is typically 5-10 um in length and is several
times longer than the body of the bacterial cell. The filament is composed of tens of thousands of
copies of a single flagellin protein or of multiple closely related flagellin proteins that self-assemble to
form a hollow, tubular structure. In most bacterial species, the flagellar filament is exposed directly
to the surrounding medium. The filament in several genera of Gram-negative bacteria, however, is
surrounded by a membranous sheath that is contiguous with the outer membrane. Flagella in these
bacteria are located almost exclusively at the cell pole, and occur as a single flagellum at one cell
pole (polar flagellum), as a single flagellum at each cell pole (amphitrichous or bipolar flagella) or as
multiple flagella at one cell pole (lophotrichous flagella). In bacteria with a lophotrichous arrangement
of flagella, each flagellum is enclosed within a separate sheath. Other types of flagellar sheaths have
been described, such as one found in the marine magnetotactic bacterium MO-1, which has a flagellar
sheath composed of glycoprotein [1]. The MO-1 flagellar sheath differs further from membranous
flagellar sheaths in that it surrounds a flagellar bundle consisting of multiple flagella rather than
surrounding each flagellum [1]. Spirochetes enclose their flagella within the periplasmic space, which
is somewhat analogous to the flagellar sheath in that the flagella of spirochetes are separated from
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the surrounding medium by a membrane. For additional information on the periplasmic flagella of
spirochetes, we refer the reader to a recent review by Wolgemuth [2]. For the purposes of our review,
we focus on bacteria that possess membranous flagellar sheaths. It has been nearly four decades since
the last comprehensive review of the bacterial flagellar sheath [3], which was a major impetus for
this review.

2. Phylogenetic Distribution of Flagellar Sheaths

Accurately assessing how widely distributed flagellar sheaths are among bacterial species is not a
trivial task since reports on novel species often fail to indicate the presence or absence of a flagellar sheath.
Moreover, when reports of novel bacterial species do indicate the presence of a flagellar sheath, they
often omit a description of the ultrastructure of the sheath or do not include electron micrographs that
clearly show the ultrastructure of the sheath. With these caveats in mind, membranous flagellar sheaths
are found primarily in a handful of genera that are scattered throughout the phylum Proteobacteria.
Within the Proteobacteria, representatives from five classes (Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, Deltaproteobacteria and Epsilonproteobacteria) are reported to possess a
membranous flagellar sheath. In addition to the Proteobacteria, some members of the phylum
Planctomyces appear to have membranous flagellar sheaths, including Pirella marina and several
members of the genus Planctomycetes [4,5].

Members of Alphaproteobacteria that have flagellar sheaths include Seliberia stellate, Azospirillum
brasilense, Rhodospirillum centenum, and Brucella melitensis, all of which possess a single polar
flagellum [6-9]. Within the Betaproteobacteria, the soil bacterium and plant pathogen Robbsia
andropogonis (formerly known as Burkholderia andropogonis, Pseudomonas andropogonis, Pseudonionas
stizolobii, as well as other names) has a single polar sheathed flagellum [10]. Busse and Auling
indicate that members of the genus Achromobacter, which belong to the class Betaproteobacteria, have
a peritrichous arrangement of sheathed flagella [11]. They do not report whether the Achromobacter
flagellar sheaths are membranous, although the ultrastructure of Achromobacter xylosoxidans flagella
appears consistent with that of a membranous flagellar sheath [12]. If the flagella of Achromobacter are
indeed surrounded by a membranous sheath, this would be the only example of a bacterium with
peritrichous sheathed flagella of which we are aware. Members of Gammaproteobacteria that have
flagellar sheaths include Halorhodospira adbelmalekii [13], several species of Pseudoalteromonas [14-17],
and most or all Vibrio species [18]. All of these members of Gammaproteobacteria possess either
a single or multiple polar flagella that they use for swimming. In addition to producing a polar
sheathed flagellum for swimming, various marine Vibrio species, including Vibrio parahaemolyticus,
Vibrio alginolyticus, Vibrio harveyi, and Vibrio shilonii, elaborate lateral flagella that are used for rapid
movement on surfaces [19-21]. The lateral flagella of the marine Vibrio species, as well as those
of A. brasilense and R. centenum, lack a sheath [8,19-22], indicating that sheath biosynthesis is not
inherently linked with flagellum biogenesis in these bacteria. Bdellovibrio bacteriovorus, Bacteriovorax
stolpii, and Bacteriovorax starrii, which are predators of other Gram-negative bacteria, are members
of the class Deltaproteobacteria that possess a single polar sheathed flagellum [23-25]. Within the
class Epsilonproteobacteria, only members of the genus Helicobacter are reported to have flagellar
sheaths. Most Helicobacter species possess a single sheathed polar flagellum or bipolar sheathed flagella;
although the most extensively studied species, Helicobacter pylori, has lophotrichous sheathed flagella,
and several Helicobacter species have unsheathed polar flagella. Interestingly, Helicobacter species that
possess flagellar sheaths and Helicobacter species that have unsheathed flagella appear to segregate into
distinct phylogenetic groups [26].

3. Composition of Flagellar Sheaths

Early ultrastructural studies of flagellar sheaths from various bacteria revealed two electron dense
layers separated by a region of less electron density, consistent with the flagellar sheath being a unit
membrane [3]. For some bacteria, including B. bacteriovorus, B. melitensis, H. pylori, and V. fischeri, a
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bulb-like structure is typically observed at the distal end of the flagellar sheath [7,27-29]. The detailed
electron micrographs from the early studies suggested the flagellar sheath was contiguous with the
outer membrane, and recent cryo-electron tomography (cryo-ET) studies of sheathed flagella from
various bacteria have yielded detailed images that confirm the structural continuity between the outer
membrane and flagellar sheath [30-34]. Figure 1 shows tomograms of V. cholerae and H. pylori sheathed
flagella (authors’ data).

Figure 1. Cryot-ET reconstructions of intact cells show sheathed flagella. (a,b) Two representative
sections from cryo-ET reconstructions of V. cholerae cells. (c,d) Two representative sections from cryo-ET
reconstructions of H. pylori cells. The arrows indicate the flagellar sheath. For each flagellum, note the
central core that consists of the hook and filament. The outer (OM) and cytoplasmic membranes (CM)
are indicated.

Early studies on the flagellar sheath sought to determine if the composition of the sheath was
similar to that of the outer membrane by using antibodies directed against lipopolysaccharide (LPS) or
other surface antigens in the outer membrane. Hranitzky and co-workers reported for V. cholerae that
antibodies directed against a crude flagellar sheath preparation reacted strongly with a component
in both the sheath and surface of the cell body [35]. Conversely, Yang and co-workers found that
antibodies directed against a purified antigen from the cell body of V. cholerae cross-reacted with and
immobilized the flagellum [36]. Although Hranitzky and co-workers reported that antibodies directed
against V. cholerae LPS did not bind to the flagellar sheath [35], a subsequent study with V. cholerae found
that anti-LPS did indeed recognize the flagellar sheath [37]. While these studies indicated that at least
some components are shared between the outer membrane and flagellar sheath, determining whether
specific macromolecules localize to the flagellar sheath required further biochemical characterization
of isolated flagellar sheaths.

Little information is available on the lipid composition of the flagellar sheath for any bacterium,
but the data that are available are intriguing. Thomashow and Rittenberg reported that the LPS
of the flagellar sheath of B. bacteriovorous was moderately enriched (~2.7-fold) for the fatty acid
nonadecenoic acid (Cj9.1) and depleted greatly (~17-fold) in B-hydroxymyristic acid (3-OH Ci4.)
compared to LPS from bdellovibrios grown on Escherichia coli as a host [29]. This observation indicates
B. bacteriovorous partitions specific LPS species into the flagellar sheath that differ from those in the
outer membrane. Interestingly, the total LPS (i.e., LPS from both the outer membrane and flagellar
sheath) from bdellovibrios grown axenically (i.e., on medium instead of host cells) was similar to the
flagellar sheath LPS in that it was enriched for nonadecenoic acid and depleted for 3-hydroxymyristic
acid [29]. Using immunogold labelling, Norqvist and Wolf-Watz identified a surface antigen in the fish
pathogen Vibrio anguillarum that localized specifically to the flagellar sheath [38]. The V. anguillarum
surface antigen was resistant to proteinase K, but sensitive to periodic acid treatment. In addition, the
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antigen was absent in mutants that had transposon insertions in virA and virB, which encode enzymes
involved in LPS O1 antigen biosynthesis. Collectively, these findings indicate the V. anguillarum surface
antigen is LPS [38], and further suggest that like B. bacteriovorus, V. anguillarum partitions specific LPS
species to the flagellar sheath. The mechanisms these bacteria use to segregate specific LPS species to
the flagellar sheath are unknown.

In an examination of the fatty acid composition of H. pylori flagellar sheaths, Geis and co-workers
found there were no fatty acids uniquely associated with the flagellar sheath, but the fatty acid
composition profile of the sheath does differ from that of the whole cell membranes [39]. Cardiolipin
is a phospholipid that accumulates in regions of membranes that have negative curvature, such as
the cell pole and septal regions in rod-shaped bacteria [40-43]. Given the propensity of cardiolipin to
accumulate in membranes with negative curvature, one might expect the flagellar sheath to contain
significant amounts of cardiolipin. Consistent with this hypothesis, the H. pylori flagellar sheath appears
to contain high amounts of cardiolipin [44]. In further support of the hypothesis, the two most abundant
fatty acids in H. pylori flagellar sheaths, myristic acid (C14,0) and cyclopropane nonadecanoic acid (Cjg.0
cyc) [39], are also the two most common fatty acids in cardiolipin species from H. pylori [45-47].

A number of studies have investigated the proteins associated with bacterial flagellar sheaths,
although the information on flagellar sheath proteins is still scant. Knowledge of the proteins that
localize to the flagellar sheath is critical for understanding the function of the sheath. Early studies on
characterizing flagellar sheath proteins relied on serological approaches or SDS-polyacrylamide gel
electrophoresis to identify proteins that appeared to be enriched in the flagellar sheath [29,35,39,48-51].
These studies typically reported the sizes of the putative flagellar sheath proteins, but did not identify or
further characterize the proteins. The B. bacteriovorus flagellar sheath was reported to have substantially
less total protein (23%—-28% dry weight) than that of outer membranes from other bacteria, which
typically ranges from 40 to 70% [29]. Using monoclonal antibodies to an outer membrane fraction from
H. pylori NCTC 11637, Doig and Trust identified six protein antigens that either localized within or were
associated with the outer membrane, but did not recognize the flagellar sheath, which suggested the
proteomes of the outer membrane and flagellar sheath of H. pylori differ from each other [48]. Bari and
co-workers identified three outer membrane proteins associated with the V. cholerae flagellum-OmpU
and OmpT, which are porins, and VC1894, which is a predicted collagen-binding surface adhesion [52].
Disrupting ompU or ompT in V. cholerae resulted in several flagellum-associated defects, including
reduced motility, thinner flagella, increased proportion of non-flagellated cells, and increased release
of flagellin into the growth medium [52]. These findings suggest OmpU and OmpT help to stabilize
the V. cholerae flagellar sheath.

An important question is whether there are proteins that localize preferentially to the flagellar
sheath. One protein reported to localize specifically to the H. pylori flagellar sheath is the H. pylori
adhesion A (HpaA), although there are conflicting reports on the localization of this protein. HpaA
was first described as a hemagglutinin that was shown by immunogold labelling to be located on
the cell surface, but was not detectable on the flagellar sheath [53]. A subsequent study indicated
HpaA occurred predominantly in the cytoplasmic fraction of Sarkosyl-solubilized cells, with only trace
amounts of HpaA in the inner membrane fraction and no detectable HpaA in the outer membrane
fraction [54]. Other immunogold labelling studies showed HpaA was specifically localized to the
flagellar sheath [51,55]; while a later immunogold labeling study examined localization of HpaA in
five H. pylori strains and detected HpaA on both the flagellar sheath and the bacterial surface in all of
the strains [56]. The case for HpaA being a flagellar sheath protein is very compelling, and some of the
discrepancies between the reports on the surface location of the protein may be attributed to differences
in growth phases of the H. pylori cultures, media used for growing the bacteria, strain variability or
choice of antibody [55,56].

In a study of H. pylori genes predicted to encode proteins secreted by the type V (autotransporter)
pathway, Radin and co-workers found one of these proteins localized specifically to the flagellar
sheath, which was determined by immunogold electron microscopy and fluorescence microscopy
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using an antibody to a c-myc tag introduced within the autotransporter [57]. Given the association
of the autotransporter with the flagellar sheath, the researchers designated the protein as FaaA
(flagellar-associated autotransporter A). Disrupting faaA resulted in reduced motility and a variety of
defects in flagellum biosynthesis or stability, which included increased number of non-flagellated cells,
reduced number of flagella per cell, increased frequency of broken flagella, and increased proportion of
flagella that localized to nonpolar sites [57]. faaA is not part of any of the known flagellar gene regulons
in H. pylori [58]. FaaA is synthesized and localized to the cell surface in a H. pylori 26695 strain that
does not produce flagella [59]. Taken together, these findings suggest a role for FaaA in assembly of
the flagellum and/or flagellar sheath, but expression of faaA is not tightly coupled with the expression
of flagellar genes.

The physiological role of FaaA is not known, although it is required for optimal colonization in a
mouse animal model by H. pylori during early stages of infection [57]. The colonization deficiency of
the fanA mutant may result from the defects in motility and flagellum biosynthesis since H. pylori must
be motile to penetrate the gastric mucus layer to colonize the gastric mucosa [60]. Proteins secreted by
the autotransporter pathway have two domains, a secreted passenger domain and a (3-barrel domain
that inserts in the outer membrane and facilitates transport of the passenger domain across the outer
membrane [61]. Passenger domains participate in a variety of cellular functions, including enzymatic
activities (e.g., proteases, lipases/esterases), contact-dependent growth inhibition, immune evasion,
cytotoxicity, cyto-/hemolysis, adherence, biofilm formation, auto-agglutination, and activation of actin
polymerases for intracellular motility [61]. Depending on the autotransporter, the passenger domain is
cleaved and released outside the cell after it is transported across the outer membrane or it remains
linked to the 3-barrel domain and is exposed on the cell surface. Since the c-myc tag used to examine
the localization of FaaA was introduced into the passenger domain [57], FaaA belongs to this later
class of autotransporters.

4. Rotation of the Sheathed Flagellum

Researchers who initially studied flagellar sheaths raised questions about how to apply the rotary
model for the bacterial flagellum mechanism. Fuerst proposed two models for how the flagellar
filament and sheath cooperated in motility [62]. The first model proposed the filament and sheath
rotate together. This model requires the flagellar sheath to be rigid and the intersection of the base of
the flagellar sheath and outer membrane to be discontinuous and fluid to enable the sheath to rotate
with the filament. The sheath would also interact with the filament, perhaps through hydrophobic
interactions, to generate a rigid membrane structure. In the second model, which makes fewer
assumptions about the nature of the outer membrane and is seemingly more plausible, the filament
rotates freely within a flexible wave-propagating sheath [62]. In this second model, the membrane of
the flagellar sheath must be flexible enough to allow distortion by the rotational forces induced by the
filament, but robust enough to remain associated with the cell body. Fuerst proposed experiments to
examine the movement of polystyrene latex beads attached to the flagellar sheath through anti-sheath
antibodies as a possible way to distinguish between his two models [62]; however, to the best of our
knowledge, there are no reports that address the behavior of the flagellar sheath as the filament rotates.

Rotation of the sheathed flagellum of various Vibrio species is a major source for outer membrane
vesicles (OMVs) that are released from the bacterial cell [63,64]. Aschtgen and co-workers demonstrated
that the amount of OMVs released is proportional to the number of sheathed flagella per cell [63].
Specifically, the researchers showed that V. cholerae, which has a single polar sheathed flagellum,
released fewer OMVs than V. parahaemolyticus or V. fischeri, which have multiple polar sheathed flagella.
The researchers also showed that E. coli, which has unsheathed peritrichous flagella, released the
fewest amount of OMVs, and a non-flagellated E. coli strain released the same amount of OMVs as its
parental strain [63]. It is not known how flagellar rotation results in release of OMVs, but it seems
likely that they are shed from the flagellar sheath as the flagellum rotates. Membrane blebs have been
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observed at the tip and shaft of Vibrio flagellar sheaths [65,66], and these blebs may be the source of
OMVs that are released during rotation of the flagellum [63].

The outer membrane of Gram-negative bacteria is an asymmetrical lipid bilayer with LPS at the
outer leaflet and phospholipids at the inner leaflet, and serves as an effective barrier to antibiotics,
detergents and other toxic compounds. Exposure of bacterial cells to antimicrobial peptides or metal
chelating agents such as EDTA leads to shedding of LPS and allows phospholipids from the inner
leaflet to move into the outer leaflet, thereby compromising the outer membrane as a barrier [67]. Loss
of LPS and other macromolecules associated with the flagellar sheath as the flagellum rotates could
similarly lead to the migration of phospholipids from the inner leaflet to the outer leaflet, which could
be deleterious to the bacterium. Consistent with this hypothesis, the B. bacteriovorus flagellar sheath
was reported to have a higher proportion of phospholipids than typical outer membranes, and the
authors of this study speculated that this might account for the unusual sensitivity of bdellovibrios
to detergents [29]. Gram-negative bacteria have mechanisms for removing phospholipids from the
outer leaflet of the outer member to maintain lipid asymmetry [68,69]. If shedding of sheath material
does indeed compromise the flagellar sheath as a barrier, one might expect some bacteria that possess
flagellar sheaths to have robust mechanisms for maintaining the lipid asymmetry of the outer membrane
and sheath.

5. Biogenesis of the Flagellar Sheath

Little is known regarding the biosynthesis of the flagellar sheath in any bacterial species, which
makes any attempt to attribute the phylogenetic distribution of the flagellar sheath to horizontal gene
transfer or convergent evolution highly speculative. Regardless of the evolutionary history of the
flagellar sheath, it likely is not coincidental that almost all bacteria reported to have a flagellar sheath
possess polar flagella. The bacterial cell pole has unique physiochemical properties that may have
facilitated the evolution of a membranous sheath at this location. For example, the accumulation of
cardiolipin at the bacterial cell pole is attributed to its ability to form clusters or microdomains, which
exhibit a high intrinsic curvature and therefore have a lower energy when localized to regions of the
membrane with negative curvature [70,71]. In addition to forming microdomains, cardiolipin induces
other changes in the physical properties of membranes that may be critical for assembly of the flagellar
sheath, such as the ability to form nonbilayer structures [72-74] and decreasing lateral interactions
within the monolayer leaflet, which lowers the energy needed to stretch membranes [75]. Localization
of specific proteins to the cell pole may also contribute to formation of the flagellar sheath. Cardiolipin
interacts strongly with many proteins [76] and, in some cases, cardiolipin is required for recruitment of
specific proteins to the cell pole [43,77-79]. Additional mechanisms for localizing specific proteins to
the cell pole that do not involve cardiolipin exist in rod-shaped bacteria [80], and such mechanisms
could also facilitate flagellar sheath biosynthesis.

An important matter regarding flagellar sheath biogenesis is ascertaining the degree to which it
is coupled to assembly of the flagellar filament. Richardson and co-workers generated non-motile
mutants of V. cholerae following transposon mutagenesis, and identified five mutants that produced
sheath-like structures that lacked the flagellar core [81]. In the coreless sheath mutants, a sheath-like
structure was observed in about half the cells, and in contrast to the wild-type flagellum, the sheath-like
structures were located almost always (>99%) at non-polar sites [81]. The coreless sheaths were
elongated like normal sheaths, but in contrast to normal sheaths, the diameters of the coreless sheaths
were irregular. These findings suggest that sheath biogenesis and flagellar assembly in V. cholerae can
be uncoupled. This uncoupling, however, may be strain specific as the researchers were only able to
isolate coreless sheath mutants from the classical strain of V. cholerae, and not the El Tor strain [81].
Unfortunately, the genes that were disrupted in the coreless sheath mutants were never identified,
which would have provided clues that might explain the molecular basis for the unusual phenotype of
these mutants. Ferooz and Letesson reported that in mutants of B. melitensis where fliF (encodes MS-ring
protein), fIgE (encodes hook protein), fliC (encodes flagellin) or ftcR (encodes flagellar gene master
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regulator) were deleted, coreless sheaths could be observed on some of the cells [7]. These findings are
intriguing since the MS-ring is one of the earliest flagellar structures to be assembled, which suggests
sheath biogenesis in B melitensis can initiate and proceed in the absence of any flagellar structure.

In contrast to the studies with V. cholerae and B. melitensis flagellar mutants [7,81], studies with
wild-type H. pylori suggest assembly of the flagellum and sheath biogenesis are tightly coupled. In a
high-throughput cryo-ET approach, Qin and co-workers visualized over 300 H. pylori flagella, which
allowed them to image intermediate structures during flagellum assembly [32]. Figure 2 shows the
intermediate structures of the flagellar sheath that are observed during flagellum assembly (author’s
data). Based on the series of H. pylori flagellum assembly intermediates, the growing rod assembly
seems to push against the outer membrane and deform it. As the hook is assembled and grows,
the outer membrane is deformed further and eventually forms a bubble that surrounds the hook.
During filament assembly, the flagellar sheath and filament appear to elongate simultaneously, and the
bulb-like structure seen in the mature flagellum is present in the nascent flagellum [32].

Figure 2. Cryo-ET reconstructions of intact cells show early stages of flagellar assembly and sheath
formation. (a,b) Two representative sections from cryo-ET reconstructions of H. pylori cells show
flagellar basal bodies without hook and filament. (c,d) Two representative sections from cryo-ET
reconstructions of H. pylori cells show short flagellum. The outer (OM) and cytoplasmic membranes
(CM) are indicated.

Virtually nothing is known about proteins that have roles in flagellar sheath biogenesis. The only
studies that have shed any light on proteins with potential roles in sheath biosynthesis have been done
with V. alginolyticus. In a cryo-ET analysis of the V. alginolyticus sheathed flagellum, Zhu and co-workers
observed a ring-like structure associated with the base of the flagellar sheath [33]. The structure,
designated as the O-ring, was located on the exterior side of the outer membrane, which displayed a
striking 90° bend at the site of the O-ring [33]. The location of the O-ring and apparent deformation
in the outer membrane that it elicits suggests a critical role for the O-ring in formation or function of
the flagellar sheath. Figure 3 presents a model for assembly of the flagellum and flagellar sheath in V.
alginolyticus. The genes encoding the O-ring protein(s) have yet to be identified, which has prevented
researchers from confirming a role for the O-ring in flagellar sheath biogenesis. Structures that are
analogous to the O-ring have not been identified in any other bacteria with sheathed flagella, indicating
that any role for the O-ring in flagellar sheath biogenesis in V. alginolyticus is not universal among
bacteria that possess flagellar sheaths.
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Figure 3. A schematic of assembly and sheath formation of a sheathed flagellum of Vibrio alginolyticus.
The O-ring is assembled on the exterior side of the outer membrane at the point where the nascent
flagellar sheath emerges. As the hook and filament are assembled, the flagellar sheath extends to encase
these structures. The O-ring remains positioned at the base of the flagellar sheath where it stabilizes or
induces a sharp bend in the outer membrane as it transitions into the flagellar sheath. The outer (OM),
cytoplasmic membranes (CM), and peptidoglycan (PG) are indicated.

The flagellar motors of many bacteria have embellishments that are absent in the archetypical
flagellar motors of E. coli and S. enterica serovar Typhimurium [30-33,82]. One such embellishment is
the H-ring, which is closely associated with the L-ring/P-ring complex and in close proximity to the
outer membrane in Vibrio species [30,33]. The H-ring is located on the periplasmic side of the outer
membrane, and the proteins that comprise the H-ring (FlgO and FlgT) have been identified [30,83,84].
Zhu and co-workers demonstrated that deletion of fIgO or fIgT in V. alginolyticus disrupted formation
of the H-ring and resulted in a many of the flagella being located in the periplasm [84]. About 80% of
the flagella in the fIgT mutant were located in the periplasm, compared with about 10% of the flagella
in the flgO mutant and none of the flagella in the parental strain having a periplasmic location [84].
Some of the filaments of the periplasmic flagella protruded through the outer membrane at sites that
were far from the cell pole. Some of the protruding filaments were encased in a flagellar sheath, while
others lacked a sheath [84]. Taken together, these observations suggest the H-ring assists the flagellum
in penetrating the outer membrane and forming the flagellar sheath.

6. Proposed Functions for Flagellar Sheaths

A variety of functions have been proposed for bacterial flagellar sheaths, however, the lack of
sheath-less mutants for any bacterial species makes it difficult to confirm proposed functions for the
flagellar sheath. The flagellar sheath may have multiple functions within a given bacterial species, and
functions of the sheath may vary between species. For H. pylori, one of the original proposed functions
for the flagellar sheath was to protect the filament subunits from dissociation in the presence of gastric
acid. The H. pylori flagellar sheath has also been proposed to be involved in adherence. In support of
the proposed role of the H. pylori flagellar sheath in adherence, the putative adhesion HpaA is reported
to be located in the flagellar sheath. While HpaA was originally described as a sialic acid binding
adhesion [53,85], supporting evidence for this activity is still lacking [54,55], and so it is unclear if
HpaA does indeed have a role in adherence. Nevertheless, HpaA is required for colonization of the
mouse model [86].

Another proposed function for the flagellar sheath is escaping detection of the flagellins by the host
innate immune system. Toll-like receptor 5 (TLR5) is a surface exposed host receptor that recognizes
flagellin [87]. Binding of flagellin to TLR5 stimulates proinflammatory cytokine production, which
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induces an inflammatory response that can lead to active clearance of the invading bacterium and
an enhancement of the adaptive immune response [88]. Yoon and Mekalanos demonstrated that
compared to the unsheathed flagella of Salmonella enterica serovar Typhimurium, the sheathed flagella
of V. cholerae were significantly reduced in their relative potency to trigger the host innate response [89].
The V. cholerae flagellins and S. enterica serovar Typhimurium flagellin were similar in their potencies
to trigger the host innate response, indicating that the V. cholerae flagellar sheath is effective in hiding
immunogenic flagellins [89]. TLR5 recognizes a highly conserved region of flagellin that is required for
flagellum assembly in members of the Gammaproteobacteria [90]. Flagellins of H. pylori and other
members of the Epsilonproteobacteria lack the conserved region that interacts with TLR5 [91], which
suggests the flagellar sheath does not play a major role in avoiding triggering the host innate immune
response by flagellin in these bacteria.

The flagellins of several bacterial species are glycosylated (i.e., post-translationally modified by
the covalent attachment of carbohydrates to specific amino acids), and some of these bacteria possess
flagellar sheaths [92,93]. Flagellar glycans have roles in a variety of processes, including flagellar
filament assembly, motility, autoaggultination, adherence to and invasion of host cells, virulence, and
evasion of the host innate immune system [94-100]. H. pylori flagellins FlaA and FlaB are modified
with a single type of glycan, pseudaminic acid, and flagellin glycosylation is required for assembly of
the flagellar filament [100]. Flagellin glycosylation in Campylobacter jejuni, which is closely related to H.
pylori, is also required for filament assembly, but the glycans of the C. jejuni flagellins are much more
heterogeneous, and include various derivatives of pseudaminic acid and a derivative of legionaminic
acid [101,102]. Logan proposed that the H. pylori flagellar sheath prevents recognition of the flagellin
glycan by the host immune system, which may have decreased the evolutionary pressure for glycan
heterogeneity in this bacterium [92].

As discussed previously, rotation of the sheathed flagellum of Vibrio species releases OMVs, which
are known to have important roles in host signaling in symbiosis and pathogenesis. In the symbiosis
between V. fischeri and the Hawaiian bobtail squid, Euprymna scolopes, LPS associated with the OMVs
induces apoptotic cell death within the surface epithelium of the squid light organ that is required
for its normal development [63,64]. Vanhove and co-workers found that OMVs released from V.
tasmaniensis, a facultative intracellular pathogen of oyster haemocytes, contained several virulence
factors that could be delivered to host cells either extracellularly or intracellularly [66]. The presence
of several flagellar proteins in the OMVs and the occurrence of membrane blebs on flagellar sheaths
suggested that some of the OMVs originated from the flagellar sheath [66]. It is not known, however, if
OMVs derived from the flagellar sheath contain virulence factors.

OMVs also have a potential role in innate bacterial defense, as Manning and Kuehn showed OMVs
protected enterotoxigenic E. coli from certain outer membrane-acting stressors, such as antimicrobial
peptides and T4 bacteriophage [103]. OMVs interacted with antimicrobial peptides in a dose-dependent
manner; and irreversibly bound phage, as well as reduced the ability of phage to infect once attached
to the OMV [103]. In a somewhat related study, Zhang and co-workers demonstrated that rotation of
the polar sheathed flagellum reduced absorption of phage OWB to V. parahaemolyticus [104]. Mutations
that prevented either the synthesis or rotation of the polar flagellum enhanced the ability of the phage
to lyse the bacterium [104]. The authors of this study suggested rotation of the sheathed flagellum of V.
parahaemolyticus protects the bacterium from phage by releasing OMVs that bound the phage [104].
Alternatively, rotation of the polar flagellum is a mechanosensory mechanism that regulates gene
expression [105], and mutations that prevent rotation of the polar flagellum may alter the cell surface
to enhance phage absorption.

Another potential function of flagellar sheaths is to protect bacteria from flagellotropic phages,
a group of phages that use the flagellar filament as a host receptor for attachment. The infection
mechanism of flagellotropic phages is poorly understood, but flagellar rotation is required for infection
and is thought to facilitate translocation of the phage along the filament to the cell surface [106]. It is
possible flagellar sheaths evolved as a mechanism to hide the flagellar filament from flagellotropic
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phages. Consistent with this hypothesis, we are unaware of any reports on flagellotropic phages of
bacteria that possess flagellar sheaths; although flagellotropic phages of bacterial species closely related
to bacteria that have flagellar sheaths have been reported, such as phage F342 of C. jejuni [107].

7. Conclusions and Future Directions

The 1983 review of bacterial flagellar sheaths by Sjoblad and colleagues begins with the statement,
“Although bacterial flagellar sheaths were observed over 30 years ago, they may still be characterized
as structures in search of a function” [3]. Some of the assumed roles for flagellar sheaths in 1983,
such as adherence, are still considered as possible roles for flagellar sheaths today. And although
additional roles have been postulated for bacterial flagellar sheaths over the last 37 years, limitations in
our knowledge of flagellar sheath biosynthesis and the lack of mutants that synthesize sheath-less
flagella thwart efforts to confirm proposed functions for flagellar sheaths.

The limited number of studies that have examined the composition of flagellar sheaths have
indicted the sheath is both similar to and different from the outer membrane. Differences in the LPS
composition of flagellar sheaths and the outer membrane indicated by some studies [29,38] require
an unknown mechanism to segregate specific LPS species within what appears to otherwise be a
contiguous membrane. Mechanisms for localizing specific proteins to the sheath are easier to envision.
For example, bacterial proteins are localized to the cell pole through a diffusion-capture mechanism in
which proteins are inserted into the membrane where they can diffuse until encountering a geometrical
cue (e.g., membrane curvature) or biochemical cue (e.g., specific phospholipids or other proteins
already localized to the site) [80]. Given the unique physiochemical properties of flagellar sheaths
(e.g., shape, phospholipid composition), such a diffusion-capture mechanism is likely to be responsible
for the localization of proteins to the flagellar sheath. Studies in V. cholerae and H. pylori have identified
proteins that appear to localize to the flagellar sheath [51,52,55,57], and future studies in these bacteria,
as well as other bacterial species, will most certainly lead to the identification of additional flagellar
sheath proteins. Dissecting the lipid and protein composition of bacterial flagellar sheaths is critical for
understanding the function and biogenesis of these unique structures.

One of the most fascinating areas for future investigations into flagellar sheaths is understanding
how these structures are assembled. Making headway in understanding the molecular mechanisms
that control flagellar sheath biogenesis will require a combination of genetic, biochemical, and structural
approaches. High-throughput cryo-ET studies, like that done by Qin and co-workers with H. pylori [32],
will need to be done with other bacterial species. Identifying and disrupting genes that encode
structural features intimately associated with flagellar sheaths, such as the O-ring of V. alginolyticus,
will be required to ascertain the roles these genes play in flagellar sheath biosynthesis. Creative
genetic screens will be needed to identify genes that are required for flagellar sheath biosynthesis and,
hopefully, lead to the generation of mutant strains that produce sheath-less flagella, which can be
used to test the requirement of the flagellar sheath in host colonization and pathogenesis. Biochemical
studies will be needed to examine the composition of flagellar sheaths, as well as confirm the predicted
activities of the products of candidate genes for sheath biosynthesis identified through genetic and
genomic approaches.
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Abstract: Marine environments are generally characterized by low bulk concentrations of nutrients
that are susceptible to steady or intermittent motion driven by currents and local turbulence. Marine
bacteria have therefore developed strategies, such as very fast-swimming and the exploitation of
multiple directional sensing-response systems in order to efficiently migrate towards favorable places
in nutrient gradients. The magnetotactic bacteria (MTB) even utilize Earth’s magnetic field to facilitate
downward swimming into the oxic—anoxic interface, which is the most favorable place for their
persistence and proliferation, in chemically stratified sediments or water columns. To ensure the
desired flagella-propelled motility, marine MTBs have evolved an exquisite flagellar apparatus, and
an extremely high number (tens of thousands) of flagella can be found on a single entity, displaying a
complex polar, axial, bounce, and photosensitive magnetotactic behavior. In this review, we describe
gene clusters, the flagellar apparatus architecture, and the swimming behavior of marine unicellular
and multicellular magnetotactic bacteria. The physiological significance and mechanisms that govern
these motions are discussed.

Keywords: flagellar number and position; north-seeking and south-seeking; magnetic and
photo-response

1. Introduction

Magnetotactic bacteria (MTB) are a group of phylogenetically, morphologically, and physiologically
diverse Gram-negative bacteria [1,2]. They share the common capability of synthesizing unique
intracellular organelles, the magnetosomes, i.e., single-domain magnetic crystals of magnetite or
greigite, which are enveloped by membranes (Figure 1). Cytoskeleton MamK filaments enable the
magnetosomes to be organized into chains [3-5]. Magnetosome chains impart a net magnetic dipole
moment to the cell, which allows cells to align and swim along geomagnetic field lines [6]. This
behavior, referred to as magnetotaxis, is believed to facilitate microaerophilic or anaerobic MTB to
locate at the preferable oxic-anoxic interface in chemically stratified sediments or water columns [1].
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Figure 1. Magnetosomes and flagella of magnetotactic bacteria. (A) Bilophotrichously flagellated MO-1
cells possess two sheathed flagellar bundles (green arrow) and one magnetosome chain (yellow arrow).
(B) Peritrichously flagellated ellipsoidal magnetoglobule with flagella (blue arrows) and magnetosomes
(yellow arrows). Only the portion of flagellar filaments in the surface matrix was preserved during
sample preparation. Scale bar is equal to 0.5 um. Courtesy of the electron cryotomography micrograph
(A) from Dr. J. Ruan and Professor K. Namba, and of the Scan-TEM high-angle annular dark-field
(STEM-HAADF) mode micrograph (B) of ultrathin sections of high-pressure freezing/freeze substitution
fixation (HPF/FS) fixed ellipsoidal magnetoglobule from Professor N. Menguy and Dr. A. Kosta.

Phylogenetically, magnetotactic bacteria are members of several classes of the Proteobacteria
phylum including the Alpha-, Gamma-, Delta-, Zeta-, Candidatus Lambda-, Candidatus Eta-classes, the
Nitrospirae phylum, the Candidatus Omnitrophica phylum, the Candidatus Latescibacteria phylum,
and the Planctomycetes phylum [7]. They present various morphotypes including cocci, spirilla,
rod-shaped, vibrio, and more complex multicellular magnetotactic prokaryotes that are also called
magnetoglobules (MMP) [1,8].

Magnetotactic bacteria are found worldwide in aquatic environments from freshwater to marine
ecosystems. Here, we will discuss mainly three types of marine magnetotactic bacteria because of their
complex flagellar architecture and peculiar motile behavior. The first is the spirillum Magnetospira sp.
strain QH-2 isolated from the intertidal sediments of the China Sea [9]. Phylogenetically, QH-2 belongs
to Rhodospirillaceae and is closely related to two freshwater magnetotactic spirilla, Magnetospirillum
magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1. Yet, certain traits such as the synthesis
of osmoprotectant, Na*-dependent NADH-quinone oxidoreductase, and Na*-motive force driven
flagellar motors, make QH-2 better suited to a marine sedimentary lifestyle than its freshwater
counterparts [10]. The second is the ovoid-coccoid Magnetococcus massalia strain MO-1 isolated from
sediments of the Mediterranean Sea (Figure 1A) [11]. MO-1 belongs to the newly established class
Candidatus Etatproteobacteria and possesses the most exquisite flagellar apparatus [12]. The third
group is the magnetoglobules that have developed both multicellular and magnetotactic properties
during their evolution. To date, magnetotactic multicellular prokaryotes are found only in marine
environments [8]. They exhibit peculiar patterns of motility by coordinatively rotating tens of thousands
of peritrichous flagella (Figure 1B), including both polar and axis magneto-aerotaxis, ping-pong motion,
and photophobic and photokinesis swimming patterns.

2. Flagellar Apparatus of Marine Magnetotactic Bacteria

Flagella provide one of the most highly efficient means of bacterial locomotion and play a pivotal
role in adhesion, biofilm formation, and host invasion [13-16]. Bacterial flagella share a basic tripartite
structure; the basal body, the hook, and the filament [17]. The basal body contains a reversible rotary
motor made of a rotor, a drive shaft, a bushing, and about a dozen stators. The stator forms the proton
or sodium ion pathway and converts ion flow across the cytoplasmic membrane into the mechanical
work required for flagellar motor rotation. The basal body also contains the flagellar protein export
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apparatus, which recognizes, unfolds, and translocates flagellar components into the central channel
and to the distal, growing end of the flagellum [15,17]. Flagellar filaments have a helical structure and
function as a screw, where rotation pushes or pulls the cell. Despite structural similarities, bacterial
flagella exhibit extensive variations in both number and placement between species, and this criterion
had been used in bacterial taxonomy in the past. Bacteria may have a single flagellum (monotrichous)
at one end of the cell (polar flagellum), or a single flagellum at both ends (amphitrichous), numerous
flagella in a tuft (lophotrichous), or flagella distributed all over the cell (peritrichous). The three model
magnetotactic bacteria reviewed here possess amphitrichous, bilophotrichous, and peritrichous flagella
that underpin complex magnetotactic motion.

2.1. Flagellar Apparatus of Amphitrichously Flagellated Magnetospira sp. Strain QH-2

The spirillum Magnetospira sp. strain QH-2 was isolated from the intertidal sediments of the
China Sea [9]. The cells are amphitrichously flagellated with a single flagellum at each pole, their
composition and structure are probably the simplest when compared to the bilophotrichous flagella of
MO-1 and the peritrichous flagella of the multicellular magnetoglobules. Genomic analysis identified
flagellum synthesis genes at 10 locations (Figure 2) [10]. Intriguingly, multiple genes coding for either
proton-driven or sodium ion-driven motors were identified, including a single pomA, a single motB,
and two complete sets (pomAB/pomA-motB), although the paralogs share limited similarity (below
45%). In addition to the flagellar biosynthesis genes, well conserved in most prokaryotes, two genes
annotated as O-b-N-acetylglucosaminyltransferase were identified in flagellar gene clusters. They
contain a flagellin and several flagellar biosynthesis regulatory genes, demonstrating their function in
flagellin glycosylation.
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Figure 2. Organization of flagella genes in model magnetotactic bacteria. The data are derived from
genomic data of amphitrichously flagellated Magnetospira sp. QH-2 [10], bilophotrichously flagellated
M. massalia strain MO-1 [18] and M. marinus strain MC-1 [19], peritrichous flagellated spherical
magnetoglobules Ca. M. multicellularis Araruama [20], Ca. Magnetomorum strain HK-1 [21], and
ellipsoidal magnetoglobules Ca. Magnetananas updated from the incomplete genome sequence [22].
Separated localization of the gene clusters is marked by double slashes. Arrows show the genes and
their transcriptional direction; their lengths are proportional to the size of the genes.

2.2. Flagellar Apparatus of Bilophotrichously Flagellated M. massalia Strain MO-1

M. massalia strain MO-1 synthesizes two sheathed flagellar bundles on the long axis side of
its ovoid body (Figure 1A). Each bundle is composed of 7 flagella and 24 fibrils. The flagella are
organized in a 2:3:2 array, and each of them is surrounded by 6 fibrils; altogether they constitute seven
intertwined hexagonal arrays [12]. It has been hypothesized that the 24 fibrils might counter rotate
between the 7 flagellar filaments to minimize the friction that would be generated if the flagella were
directly packed together in a tight bundle [12]. The closely related M. marinus strain MC-1 and several
marine bilophotrichously flagellated magnetotactic cocci seem to possess a flagellar apparatus with a
similar architecture [11,23-26]. Recently, an even more complex flagellar apparatus consisting of 19
flagella arranged in a 3:4:5:4:3 array within the flagellar bundle has been observed in a magnetotactic
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cocci found in the biogenic sediments of a Mariana—Yap seamount [27]. Questions inevitably arose
about these exquisite flagellar apparatuses, such as: What is the factor that determines the accurate
localization of flagella and why are they constrained within a sheath structure?

Sheath or pseudo-sheaths, each enclosing a single flagellum, have been reported for Caulobacter
crescentus [28], Pseudomonas rhodos [29], Vibrio spp. [16], Helicobacter pylori [30], and Bdellovibrio
bacteriovorus [31]. These flagellar sheath structures are believed to be an extension of the outer
membrane. In contrast, the sheath of MO-1 is assembled from a large (>350 kDa) glycoprotein and
in a calcium ion-dependent manner made into a left-handed helical structure [12,32]. The sheathed
bundle of seven flagella produces a thrust force, which is nine times greater than an unsheathed one,
and this is indispensable for the smooth swimming motion of MO-1 cells [12,32]. In addition, as all
strains possessing similar flagellar structures reside in marine sediments, the presence of a sheath
could possibly protect the filaments from breaking whilst moving through sands, and this implies that
there is an evolutionary adaptation to this habitat.

The complexity of this bilophotrichous sheathed flagellar is further demonstrated by using genome
sequences. Genomic analysis revealed that the genetic structures of flagellar synthesis genes in strains
MO-1 and MC-1 are well conserved (Figure 2). Most intriguingly, they possess the highest number of
flagellin paralogs (14 flagellin genes in strain MO-1 and 15 in strain MC-1) found in bacterial genomes
to date [19,33]. In both strains, most flagellin genes are spread in a tandem array, while a single
fliC resides in a more compact flagellar gene cluster consisting of flgKL (hook-associated proteins),
fliW (antagonist of general regulator CsrA), a putative flaG gene (function unknown), fliD (filament
cap), and two fliS (chaperon) (Figure 2). There is no obvious element, such as insertion-sequence (IS)
elements or duplicated flanking sequences, which could explain the mechanism of duplication of
these fliC paralogs. As indicated by quantitative PCR (q-PCR) and mass spectrometry analyses, all 14
flagellins in MO-1 are expressed, highly glycosylated, and present in the flagellar filaments, although
they differ significantly in quantity [33]. The biological significance of highly redundant flagellins and
the way they make up the filament, i.e., whether each flagellin forms an individual simple filament or
whether multiple flagellins form complex segmented or mosaic filaments, requires in-depth research.
Nevertheless, the flagella of MO-1 cells show unprecedented complexity in spatial organization and
flagellin redundancy in unicellular microorganisms.

2.3. Peritrichous Flagella of Multicellular Magnetoglobules

There are two kinds of magnetoglobules. In 1983, Farina etal. discovered spherical or mulberry-like
magnetoglobules in the Rodrigo de Freitas lagoon in Brazil [34]. Typically, 15-45 bacterial cells
arrange themselves with a helical geometry in a multicellular entity [35]. Since then, these types of
magnetoglobules have been observed worldwide [36-42]. The second morphotype, the ellipsoidal or
pineapple-like magnetoglobules, were observed in the Mediterranean Sea [8,43,44], the China Sea, and
the Pacific Ocean [45-49]. Approximately 60 cells axisymmetrically assemble along the longitudinal
axis to achieve a one-layer hollow entity that is held by a lattice at the surface [8]. Phylogenetic studies
have identified eleven species belonging to six genera of spherical magnetoglobules and nine species
belonging to six genera of ellipsoidal magnetoglobules. They formed branches of a magnetoglobule
clade, which are affiliated with Deltaproteobacteria, but are distinguished from another multicellular
Deltaproteobacteria, the myxobacteria [8]. Both morphotypes exhibit a conspicuous periphery—core
architecture. Juxtaposed membranes adhere together cells surrounding the core lumen where material
and information exchange may occur among the cells. Magnetoglobules possess multiple magnetosome
chains arranged along their long axis at the cell periphery. The surface of magnetoglobules is covered
by approximately tens of thousands of flagella (Figure 1) [8,50].

Genomic analysis revealed the following salient features of the genes required for flagella
synthesis in magnetoglobules.  First, they possess well-conserved gene clusters containing
(motA)-2motB-fliRQPONL-flhB-(fliAFG-fliA) (Figure 2). Second, they have multiple copies of several
genes involved in motor rotation, such as motAB that code for proton—ion driven motors and fliN codes
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for a part of the motor switch complex, which modulates the motor activity. It is noticeable that the
second copy of fliN is twice the size of the copy in the conserved cluster. The long fliN of the switch
complex component might be involved in the coordination of flagellar rotation. Third, they have 2-3
copies of flagellin fliC genes, of which one copy is longer than the usual fliC genes. Finally, the fIiF and
flhG genes controlling the flagellar number and position are highly conserved in magnetoglobules.
They may bear intrinsic characteristics for the regular implantation of thousands of flagella at the outer
surface of magnetoglobule cells.

3. Magnetotaxis Behavior of Marine Magnetotactic Bacteria

Magnetotactic bacteria are capable of aligning and swimming along the geomagnetic field lines.
The efficiency of magnetic orientation depends on the local redox gradient and latitude of the habitats
where the MTB dwell, as well as on the flagellar apparatus of MTB cells.

3.1. Polar and Axial Magnetotaxis

Magnetotaxis and aerotaxis work together in MTB to perform a so-called “magneto-aerotaxis”.
Two different magneto-aerotactic mechanisms, termed polar and axial magnetotaxis, are found in
different bacterial species [1,24]. In droplets of samples on a microscope slide or cover, there is an
oxygen gradient that is created due to the diffusion of oxygen from the peripheric edge toward the
center. When inspected with the optical microscope under oxic conditions, polar magnetotactic bacteria
swim persistently in one direction, either the north or the south, in the magnetic field. In contrast, axial
magnetotactic cells swim in either direction along the magnetic field lines with frequent, spontaneous
reversals of swimming direction without turning around.

The bilophotrichously flagellated M. massalia strain MO-1 exhibits a polar magnetotactic behavior,
swimming northwards along the geomagnetic field lines by means of two sheathed flagellar bundles,
at speeds of up to 300 um/s, with frequent changes from a right to a left hand helical trajectory [11].
Freshwater amphitrichously flagellated M. magneticum AMB-1 shares a similar morphology with
the marine Magnetospira sp. strain QH-2, and its swimming behavior has been the most extensively
studied. Asymmetric rotation of the flagella (counterclockwise at the lagging pole and clockwise at the
leading pole) enables the cell to “run” while symmetric rotation triggers cell tumbling [51]. AMB-1
cells frequently tumble and change swimming direction, displaying the typical axial magnetotactic
behavior. Peritrichous magnetoglobules collected from the Mediterranean Sea swim preferentially
northward, a polar magnetotaxis. However, at times, some of them randomly change swimming
direction southward and subsequently change back to a north-seeking swim [8]. This is a typical
behavior of axial magnetotaxis. The stochastic backward motion may play a similar physiological
function to the tumbling of Escherichia coli that allows bacteria to randomly explore the favorable
direction in which to go. Therefore, a given MTB may perform both polar and axial magnetotactic
motilities that are not reciprocally exclusive, and the alternative usage is part of the adaptation strategy.

3.2. Bounce Motion

Magnetoglobules display a canonical escape or ping-pong motion. It is composed of a sudden
accelerated excursion from the droplet edge towards the center opposing the direction of magnetotaxis.
At variable distances, they decelerate, stop, and swim with acceleration back to the droplet edge [8,
34-36,41,42,44,45,48,52-57]. In fact, the ping-pong motion is not restricted to magnetoglobules; other
morphotypes of MTB also display this kind of motility. The small cell sizes make observations difficult.
Some of the big rod-shaped MTB exhibit obvious escape motion as shown in Figure 3A and Vdieo S1
ping-pong motion of big rod-shaped MTB.
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Figure 3. Ping-pong motion and photo-sensitive motility. (A) a magnetotactic bacillus of ~ 4 um
swims northward (red track) until the edge of the droplet. Then, it swims southward, opposite to the
north-seeking swimming direction to the center of the droplet (blue track), which is followed by a
returning north-seeking (magenta track). (B) is a representative photosensitive swimming behavior of
magnetoglobules and (C) is an Image] analysis of the data [8]. The dot-line square curve indicates the
north direction of the alternating magnetic field. Positive velocity means that the magnetoglobule swims
from left to right on the image whilst the negative values are opposite. The velocity curve colors in (C)
correspond to the same colors of the swim tracks in (B). When the velocity curve is on the same side
as the field curve using zero velocity line as a reference, the magnetoglobule exhibits a north-seeking
magnetotaxis (e.g., red and green tracks), otherwise it displays a south-seeking magnetotaxis (blue
and magenta tracks). Violet areas show the swimming of the magnetoglobule in the UV spot. Yellow
arrows with r1 and r2 indicate the sudden change of swimming direction to south-seeking; al to a6
show the accelerations.

The ping-pong motion can be observed when cells hit the edge of the droplets or other kinds of
obstacles, such as the wall of microchannels [8]. In addition, both the unicellular M. massalia strain
MO-1 [58] and multicellular magnetoglobules [8] exhibit a conspicuous backward motion when they
encounter particles. In all conditions, cells are prevented from swimming in a magnetotaxis direction,
and exhibit a bounce motion. The mechanism involved in the mechanical sensing of microchannel
walls and particles might be different from that of the surface/border of the droplets.

3.3. Photo-Sensitive Magnetotaxis: Photophobic Response and Photokinesis

Sunlight consists of electromagnetic waves, of which high energetic radiation is harmful for living
organisms. Fortunately, the geomagnetic field protects living beings from the deleterious effect of
radiation. In addition, the geomagnetic field provides a pervasive and reliable source of directional
and positional information for various organisms to use as an orientation cue, which maps migrating
or homing routes. Magnetotactic bacteria have developed means of sensing not only the geomagnetic
field, but also certain wavelengths of sunlight.

Microbes react to light illumination in different ways depending on their physiological properties.
Phototaxis refers to cells swimming along the direction of a light beam towards (positive) or away
from (negative) a light source [59]. In reaction to a sudden change of light intensity, photophobic
microbes will swim to lower intensity whereas scotophobic microbes will move to higher intensity
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regions. Photokinesis describes the change in velocity (speed and direction) in response to light. The
freshwater M. magneticum AMB-1 exhibits phototaxis behavior that is independent of the wavelength
and magnetotaxis [60]. Photophobic swimming has been reported for unicellular Magnetospira sp.
QH-2 [9] and multicellular magnetoglobules [20,37,41,42,44,45,48]. In this case, magnetotaxis drives
cells to the edge of droplets. In reaction to illumination with blue (450-480 nm), violet (400-410 nm),
and ultraviolet light (330-385 nm), the bacteria swim towards the center, in the opposite direction of
magnetotaxis, with increased acceleration, which is similar to ping-pong motion, but is distinct due to
the absence of a return swim. The reaction time is proportional to the wavelength: the shorter the
wavelength, the quicker the reaction.

Interestingly, ellipsoidal magnetoglobules show a photokinesis behavior. Reverse fluorescence
microscopes generally have two light-sources. One is a transmission background visible light (tungsten
halogen lamp) for observation and imaging, and the other is an epi-illumination for fluorescence
excitation. The second light source can be used to analyze the photo effect on swimming behavior by
illumination at a given wavelength on a defined area [8]. The swimming of ellipsoidal magnetoglobules
collected from the Mediterranean Sea was maintained within the illumination spots via the application
of an alternate uniform magnetic field in order to periodically reverse the swimming direction of
magnetoglobules (Figure 3B). At times, magnetoglobules suddenly changed their swimming direction
being opposite to the initial magnetotaxis direction with increased acceleration, when stimulated with
UV light (385 nm). Variable proportions of magnetoglobules reacted to violet (430 nm) [8]. This is a
typical photokinesis behavior, i.e., changing the swim speed and direction. The dependence of the
wavelength and intensity of the light stimulus remains to be characterized.

3.4. Physiological Function of Magnetotaxis

Magnetotactic bacteria live at, or just below, the oxic-anoxic interface or redoxocline in aquatic
habitats. Interestingly, magnetotactic bacteria collected from the Northern Hemisphere swim
preferentially northward, in parallel with the geomagnetic field lines (north-seeking (NS)) [23],
and those from the Southern Hemisphere swim preferentially antiparallel to the geomagnetic field lines
to the magnetic south pole (south-seeking (SS)) [61]. The geomagnetic field is inclined downward from
horizontal in the Northern Hemisphere, and upward in the Southern Hemisphere, with the inclination
magnitude increasing from the equator to the poles. Therefore, the hypothetical physiological function
of magnetotaxis can be that magnetotaxis guides the cells in each hemisphere downward to the less
oxygenated regions of the aquatic habitat [1].

Marine sediments are characterized by opposing oxygen and reductant (e.g., sulfide) gradients
within the upper millimeters of the sediments, which are covered by air-saturated seawater. The
pattern of the gradients constantly changes due to the convective water currents at the sediment
surface, dynamic metabolism of microbe populations, or periodic exposure to the air during low tide.
In order to adapt to these ever-changing environmental parameters, magnetotactic bacteria have to
combine magnetotaxis with aerotaxis. Moreover, penetration downward from the water phase into the
sediments and swimming in the water pockets requires robust flagellar propellers. As a consequence
of environmental selection, the M. massalia strain MO-1 synthesizes sheath-protected, well-organized,
and highly coordinated flagellar apparatus that ensure a high swimming velocity [11]. When they
encounter the bulk of an obstacle, MO-1 cells can squeeze through them or change direction using the
bounce motion, thereby circumventing the obstacles [58]. Backward swimming occurs using various
angles between the translation and field axes, which provides a large range of swimming directions in
order to circumvent the obstacle. The robust flagellar apparatus and versatile swimming capacity give
MO-1 cells a competitive fitness in marine sediments. In addition, studies with the axenic culture of
MO-1 provide compelling evidence to support the physiological significance of magnetotaxis.

The cultures in polystyrene plastic tubes exhibit a vertical downward oxidation-reduction potential
(ORP, or redox) gradient, and a radiate gradient with an oxygen concentration decrease from the
peripheral zone to the center, due to the diffusion of oxygen across the tube wall. During growth, MO-1
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generates an oxic-anoxic—oxic oxycline pattern and forms two bacterial swarm bands. Remarkably, the
upper band, where the magnetic field is parallel to the direction of the redox potential decrease, consists
of >95% north-seeking (NS) cells, while the lower bacterial band, where the downward magnetic
field lines are opposite to the upward direction of redox potential decrease, is composed of >90%
south-seeking (SS) cells [62]. In both loci, cells with the ‘correct’ magnetotaxis polarity that are directed
to swim towards the direction of the redox potential decrease are selected. Therefore, these observations
are consistent with the hypothesis of magnetotaxis function and indicate the configuration of the ORP
and magnetic field direction on a magnetotactic direction [62]. Further analysis by incubating MO-1
cells in a shielded, hypo-magnetic field (2 nT) showed that bacterial growth produces irregular forms
of oxycline. Most importantly, the biomass of the cultures incubated in a hypo-magnetic environment
are two orders of magnitude lower than those in the geomagnetic field, and could not grow at all when
inoculated with a low quantity of cells [58]. This clearly demonstrates that magnetotaxis does present
an advantage for the growth of MO-1 in the oxycline, and is even essential at low cell densities.

Magnetoglobules swim faster than most unicellular bacteria and are large in size, which has
an advantage in mitigating the risk of predation. Magnetoglobules dwell in intertidal sediments
as deep as 30 cm and undergo seasonal vertical movement in response to nutrient distribution
changes [63]. Shapiro et al. have suggested that photophobic behavior enables magnetoglobules to
optimize their location to adapt to circadian variations in chemical gradients and light intensity [37].
Indeed, genes involved in controlling the circadian rhythm have been found in the genomes of
magnetoglobules [20,22]. Therefore, magnetoglobules seem to have adopted a multicellularity and
photosensitive magnetotaxis in order to adapt to shallow marine environments.

4. Mechanism of Magnetotaxis

In seeking an environment optimal for their growth, bacteria change swimming direction frequently
by changing the direction of flagellar rotation. Our current understanding of chemotaxis stems mainly,
from the extensively studied, peritrichously flagellated enterobacteria E. coli and Salmonella spp. [15].
These alternate between periods of “run” and “tumble” and the swimming pattern is determined by
the direction of the flagellar motor rotation. When the motor rotates in the counterclockwise (CCW)
direction (as viewed from the distal end of the filament), several flagellar filaments form a loose bundle
to propel the cell forward to run. When the motor reverses its rotation to clockwise (CW), the bundle
falls apart and the cell tumbles [15]. Monopolar flagellum pushes marine vibrio forward by CCW
rotation and pulls it backwards through CW rotation [64]. According to the prevailing hypothesis,
magnetotactic bacteria align passively along the geomagnetic field lines, which guide swimming
downward from the oxic zone to the oxic-anoxic interface, by rotating their flagella counterclockwise [1].
When located in the anoxic zone magnetotactic bacteria swim upward by reversing the direction of
flagellar rotation from counterclockwise to clockwise. This is a simplified assumption, because it
does not explain the coordinated rotation of bilophotrichous flagella of MO-1 and tens of thousands
peritrichous flagella of magnetoglobules. MO-1 cells swim for very long distances without stopping,
until they encounter an obstacle, which causes them to turn their bodies and swim against the
magnetic field to circumvent the obstacle [58]. Such behavior is in contrast with the model of aligned
forward-backward motion. The ovoid MO-1 cells possess two flagellar bundles on the long axis side
of their body (Figure 1) [11,12]. These cells rotate around and translate along their short body axis [58].
It is consistent with the fact that the two flagellar bundles are placed on the long body axis, thus
presumably generating the propulsion along the short body axis [65]. Electron cryotomography (ECT)
analysis revealed that the magnetosome chains in MO-1 cells are roughly along the long body axis
in >90% of cells, or with angles of less than 45° to the short body axis in 5% of cells [12]. Therefore,
the direction of the magnetic moment is not parallel to the short body axis in most MO-1 cells, hence
MO-1 cells are not perfectly aligned along the magnetic field lines while they swim. The direction of
magnetic dipole moment exhibits a cyclical change perpendicular to their translation direction. The
poor alignment of magnetic moment along the magnetic field lines enables backward swimming with a
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body reversal in bounce motion. In contrast, ellipsoidal magnetoglobules align well in magnetic fields
and their bodies remain in the same direction when swimming backwards [8]. It is noteworthy that
the backward swimming in bounce motion and the axial magnetotaxis of magnetoglobules start with
the highest acceleration and have higher instantaneous velocity than the forward swimming. Hence,
magnetoglobules seem to steer their flagella according to the magnetic direction of their swimming.
Greenberg et al. have analyzed the kinematics of ping-pong motility in magnetic fields and proposed a
receptor-mediated mechanism for sensing the magnetic field by spherical magnetoglobules [56].

Bacteria can sense a wide range of environmental signals that steer bacterial locomotion through
the extensively studied chemotaxis mechanism [64,66]. The chemoreceptors, methyl-accepting
chemotaxis proteins (MCPs), detect the stimuli, and control, through histidine protein kinase CheA,
the phosphorylation state of the response regulator CheY. Phospho-CheY interacts with the flagellar
motor and switches the rotation direction. Rotation in one direction results in smooth swimming,
whilst switching the rotation direction may lead to backward motion, tumbling, or stopping swimming,
depending on the bacterial species [64]. We have proposed a chemotaxis-like magnetotaxis mechanism
for the freshwater M. magneticum strain AMB-1. We have shown that the Amb0994, an MCP-like
protein, lacks the periplasmic signal molecule-binding domain, and interacts with cytoskeleton MamK
filaments, on which the magnetosome chain is connected [67]. Our hypothesis is that poor alignment of
magnetosome chains in the magnetic field would generate a magnetic torque that applies a mechanical
strength on the MamK filament. Interaction between the MamK filament and Amb0994 converts the
mechanical signal to a biochemical signal, i.e., phosphorylation of CheA. Subsequent phosphorylation
of CheY and its binding onto the flagellar motor would slow down or stop the rotation of flagella, to
avoid them from swimming in the wrong direction. Two results are consistent with this hypothesis.
Overexpression of Amb0994 interferes with the AMB-1 response to the reversal of the magnetic
field [67]. Deletion of the amb0994 gene resulted in the failure of AMB-1 cells to align with the magnetic
field lines in a weak biologically relevant magnetic field, and this dysfunction was recovered by in
trans complementation of the mutant [68]. These results support the chemotaxis-like magnetotaxis
mechanism. Considering the morphological and physiological diversity of magnetotactic bacteria,
various magnetotactic mechanisms might be used.

Coordinated swimming behavior is a fundamental feature that emerged during the evolution of
multicellularity. Magnetoglobules exhibit a highly complex motion: polar and axial magnetotaxis,
bounce motion, photophobic response, and magneto-photokinesis [8]. Bacterial photo-sensing
might rely directly on dedicated photoreceptors, or indirectly on the products of photosynthesis or
other illumination by-products, i.e., reactive oxygen species, ATP, change of intracellular redox, or
force proton motif. Six types of photosensory proteins using four kinds of chromophores are well
characterized [69,70]. Among them, two groups, cryptochromes and sensory rhodopsins, are involved
in photo-responsive motion.

Flavin-based cryptochrome serves as magnetoreceptor for migratory birds to exploit the
geomagnetic field for direction and mapping [71]. Blue-light excitation of cryptochrome proteins in
the retina creates a radical—pair consisting of molecules with a single unpaired electron. The spins
of the two unpaired electrons are either antiparallel to one another (singlet state) or parallel (triplet
state). As with a compass, the spin of one unpaired electron is primarily influenced by the magnetism
of a nearby atomic nucleus, and the other is further away from the nucleus and influenced only by
Earth’s magnetic field [71,72]. The difference in the field shifts the radical pair between two quantum
states with differing chemical reactivity. Therefore, a change in surrounding magnetic field affects the
interconversion and the reaction direction, which results in an output signal being transferred to the
neural system in animals [71,73,74]. The radical pair compass is light-dependent, involves quantum
entanglement, and is thus considered as a representative example of quantum biology [72].

Prokaryotic rhodopsins (proteorhodopsins) are involved in photomotility at two levels [75]. They
function as photo-driven ion pumps, where proteorhodopsins translocate ions across cytoplasmic
membrane and establish ion gradients upon capture of light. In turn, the gradients drive the
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flagellar motors for motility [76]. Sensory rhodopsins are directly involved in phototaxis of archaea
Halobacterium halobium, which are attracted to long wavelength visible light (red-light attraction), and
repelled by shorter wavelength light (blue-light repellence). Together, two phototaxis receptors, sensory
rhodopsin I (SRI) and sensory rhodopsin II (SRII), and two transducers, haloarchaeal transducer for
SRI (Htrl) and haloarchaeal transducer for SRII (HtrII) form two phototaxis reception complexes [77].
Retinal-containing SRI or SRII are transmembrane proteins that encircle cognate Htrl or Htrll. The
transducers Htrl and HtrlI are structurally and functionally similar to MCP proteins. The SR-Htr
complexes modulate the CheA kinase activity and steer flagellar rotation through integration with
a switch regulator CheY. Orange-light activates SRI that interacts with Htrl and transiently inhibits
CheA kinase activity. Reduced concentrations of phosphorylated CheY decreases the probability
of switching motor rotation. As a consequence, the cell continues swimming towards the orange
light, displaying the red-light attraction behavior [77]. In contrast, blue-light activation of SRII excites
transient activation of CheA, an increase of phospho-CheY concentration, and has the probability of
switching flagellar motor rotation direction, which leads to the blue-repellence. In addition to these
two simple, direct reaction processes, sequential activation of SRI by orange followed by near-UV
results in a strong repellent response. Sensory proteorhodopsin has been found in marine bacteria but
their physiological function has not been demonstrated yet [77].

We have not identified genes that encode for either cryptochrome or proteorhodopsin in the
genomes of Mangetospira sp. QH-2 [10], M. massalia MO-1 [18], spherical magnetoglobules [21,78],
or incomplete genomes of ellipsoidal magnetoglobules. Therefore, the photo-sensing observed in
these magnetotactic bacteria might be performed with other kinds of photoreceptors, or indirectly
through chemical and physical reactions. Short wavelength light induces photoreaction and creates
active oxygen species, which modify physiological conditions and triggers cellular reaction. In
ellipsoidal magnetoglobules, we observed the fence-like structure, which looks like photosynthetic
membrane lamellae and could be an appropriate candidate for accommodating the photoreceptors
involved in photo-sensing [8]. It might also function as a grating to relay and convert light signals.
Multicellular magnetotactic prokaryotes displayed a helical trajectory of swimming and reacted to
illumination with UV-light perpendicular to the translation direction. They changed the magnetotaxis
direction and velocity suddenly within the illumination area. Therefore, the magneto-photokinesis
is unlikely to be a result of the detection of an intracellular spatial light gradient. The sudden
change of swim direction under constant illumination would suggest the cumulating effect of
periodical exposure of photoreceptive structures to UV-light, or the production of harmful by-products.
Therefore, multicellular magnetotactic prokaryotes reversed their swimming direction to escape from
the deleterious light. It remains an enigma how thousands of flagella of 60-80 cells coordinate their
rotations to propel the swimming direction away from the default magnetotaxis orientation.

5. Conclusions

Magnetotaxis is an obvious magnetic field reactive swimming behavior, and little is known about
the mechanism of magnetoreception. Despite extensive studies of magnetotactic bacteria over the last
two decades, it remains a question of debate whether bacteria steer their flagellar motors in response
to the state of their alignment in magnetic fields. Light is electromagnetic radiation and it affects
magnetotaxis. What might be the connection between magnetic and optical stimuli? Photoreceptors
known to be responsible for photomotion have not been identified in magnetotactic bacteria, in spite
of the advances in metagenomics. The scarcity of axenic marine bacterial cultures makes the study
of photo-sensitive magnetotaxis mechanisms even more complicated. The paradigm of bacterial
chemotaxis is underpinned by intracellular diffusion of phosphorylated proteins and their binding to
flagellar motors, in order to steer the swimming behavior in response to environmental stimuli [66].
How is a signal transmitted across multiple membranes to reach tens of thousands of flagellar motors
at the surface of approximately 60 cells? Considering the particle and wave duality of photons, the
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application of the quantum concept might provide a solution and shed some light onto the complex
study of magnetic photokinesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/3/460/s1,
Video S1: ping-pong motion of big rod-shaped MTB.

Author Contributions: L.-EW. has prepared the Figures 1 and 3 and W.-J.Z. has prepared the Figure 2. L.-EW. and
W.-].Z. have written the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by a funding from the Excellence Initiative of Aix-Marseille
University—A*Midex, a French “Investissements d’Avenir” programme, by grants 91751202 and 91751108 from
the NSFC, grants 2018YFC0309904, 2016YFC0302502, and 2016YFC0304905 from the National Key R&D Program
of China, grants Y950071 and Y9719105 from the Deep-sea Technology Innovation institute, grants 2018YDO01 and
2018YDO02 from Sanya City, and grants from the CNRS for LIA-MagMC.

Acknowledgments: We acknowledge Juanfang Ruan, Keiichi Namba, Nicolas Menguy, and Artemis Kosta for
the courtesy of the micrographs used in Figure 1, and Claire-Lise Santini for continuous valuable assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Bazylinski, D.A.; Frankel, R.B. Magnetosome formation in prokaryotes. Nat. Rev. Microbiol. 2004, 2, 217-230.
[CrossRef] [PubMed]

2. Schiiler, D. Genetics and cell biology of magnetosome formation in magnetotactic bacteria. FEMS Microbiol.
Rev. 2008, 32, 654-672. [CrossRef] [PubMed]

3. Komeili, A; Li, Z.; Newman, D.K,; Jensen, G.]. Magnetosomes are cell membrane invaginations organized
by the actin-like protein MamK. Science 2006, 311, 242-245. [CrossRef]

4. Scheffel, A.; Gruska, M.; Faivre, D.; Linaroudis, A.; Plitzko, ].M.; Schuler, D. An acidic protein aligns
magnetosomes along a filamentous structure in magnetotactic bacteria. Nature 2006, 440, 110-114. [CrossRef]

5. Pradel, N; Santini, C.L.; Bernadac, A.; Fukumori, Y.; Wu, L.-E. Biogenesis of actin-like bacterial cytoskeletal
filaments destined for positioning prokaryotic magnetic organelles. Proc. Natl. Acad. Sci. USA 2006, 103,
17485-17489. [CrossRef]

6.  Blakemore, R.P. Magnetotactic bacteria. Annu. Rev. Microbiol. 1982, 36, 217-238. [CrossRef]

7. Lin, W,; Zhang, W.; Zhao, X.; Roberts, A.P.; Paterson, G.A.; Bazylinski, D.A.; Pan, Y. Genomic expansion
of magnetotactic bacteria reveals an early common origin of magnetotaxis with lineage-specific evolution.
ISME . 2018, 12, 1508-1519. [CrossRef]

8. Qian, X.X; Santini, C.L.; Kosta, A.; Menguy, N.; Le Guenno, H.; Zhang, W.; Li, J.; Chen, Y.R; Liu, J.; Alberto, F;
et al. Juxtaposed membranes underpin cellular adhesion and display unilateral cell division of multicellular
magnetotactic prokaryotes. Environ. Microbiol. 2019. [CrossRef]

9. Zhu, K, Pan, H,; Li, J.; Yu-Zhang, K.; Zhang, S.-D.; Zhang, W.-Y.; Zhou, K,; Yue, H.; Pan, Y.; Xiao, T.; et al.
Isolation and characterization of a marine magnetotactic spirillum axenic culture QH-2 from an intertidal
zone of the China Sea. Res. Microbiol. 2010, 161, 276-283. [CrossRef] [PubMed]

10. Ji, B,; Zhang, S.D.; Arnoux, P; Rouy, Z.; Alberto, E; Philippe, N.; Murat, D.; Zhang, W.J.; Rioux, ].B.; Ginet, N.;
et al. Comparative genomic analysis provides insights into the evolution and niche adaptation of marine
Magnetospira sp. QH-2 strain. Environ. Microbiol. 2013. [CrossRef]

11. Lefevre, C.T.; Bernadac, A.; Yu-Zhang, K.; Pradel, N.; Wu, L.-F. Isolation and characterization of a
magnetotactic bacterial culture from the Mediterranean Sea. Environ. Microbiol. 2009, 11, 1646-1657.
[CrossRef] [PubMed]

12.  Ruan, J.; Kato, T.; Santini, C.-L.; Miyata, T.; Kawamoto, A.; Zhang, W.-].; Bernadac, A.; Wu, L.-E; Namba, K.
Architecture of a flagellar apparatus in the fast-swimming magnetotactic bacterium MO-1. Proc. Natl. Acad.
Sci. USA 2012, 109, 20643-20648. [CrossRef] [PubMed]

13.  Terashima, H.; Kojima, S.; Homma, M. Flagellar motility in bacteria structure and function of flagellar motor.
Int. Rev. Cell Mol. Biol. 2008, 270, 39-85. [PubMed]

14. Macnab, RM. How bacteria assemble flagella. Annu. Rev. Microbiol. 2003, 57, 77-100. [CrossRef] [PubMed]

15.  Berg, H.C. The rotary motor of bacterial flagella. Annu. Rev. Biochem. 2003, 72, 19-54. [CrossRef]

16. McCarter, L.L. Polar flagellar motility of the Vibrionaceae. Microbiol. Mol. Biol. Rev. 2001, 65, 445-462.
[CrossRef]

155



Biomolecules 2020, 10, 460

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nakamura, S.; Minamino, T. Flagella-Driven Motility of Bacteria. Biomolecules 2019, 9, 279. [CrossRef]

Ji, B.; Zhang, S.D.; Zhang, W.J.; Rouy, Z.; Alberto, E,; Santini, C.L.; Mangenot, S.; Gagnot, S.; Philippe, N.;
Pradel, N.; et al. The chimeric nature of the genomes of marine magnetotactic coccoid-ovoid bacteria defines
a novel group of Proteobacteria. Environ. Microbiol. 2017, 19, 1103-1119. [CrossRef]

Schiibbe, S.; Williams, T.J.; Xie, G.; Kiss, H.E.; Brettin, T.S.; Martinez, D.; Ross, C.A.; Schuler, D.; Cox, B.L.;
Nealson, K.H.; et al. Complete genome sequence of the chemolithoautotrophic marine magnetotactic coccus
strain MC-1. Appl. Environ. Microbiol. 2009, 75, 4835-4852.

Abreu, E; Morillo, V.; Nascimento, EF.; Werneck, C.; Cantao, M.E.; Ciapina, L.P,; de Almeida, L.G.;
Lefévre, C.T.; Bazylinski, D.A.; de Vasconcelos, A.T.; et al. Deciphering unusual uncultured magnetotactic
multicellular prokaryotes through genomics. ISME ]. 2013, 8, 1055-1068. [CrossRef]

Kolinko, S.; Richter, M.; Glockner, FO.; Brachmann, A.; Schuler, D. Single-cell genomics reveals potential for
magnetite and greigite biomineralization in an uncultivated multicellular magnetotactic prokaryote. Environ.
Microbiol. Rep. 2014, 6, 524-531. [CrossRef] [PubMed]

Leao, P; Chen, Y.R.; Abreu, F; Wang, M.; Zhang, W.J.; Zhou, K.; Xiao, T.; Wu, L.E; Lins, U. Ultrastructure of
ellipsoidal magnetotactic multicellular prokaryotes depicts their complex assemblage and cellular polarity
in the context of magnetotaxis. Environ. Microbiol. 2017, 19, 2151-2163. [CrossRef] [PubMed]

Blakemore, R. Magnetotactic bacteria. Science 1975, 190, 377-379. [CrossRef] [PubMed]

Frankel, R.B.; Bazylinski, D.A.; Johnson, M.S.; Taylor, B.L. Magneto-aerotaxis in marine coccoid bacteria.
Biophys. ]. 1997, 73, 994-1000. [CrossRef]

Zhou, K,; Pan, H.; Yue, H.; Xiao, T.; Wu, L.-F. Architecture of flagellar apparatus of marine magnetotactic
cocci from Qingdao. Marine Sci. 2010, 34, 88-92.

Bazylinski, D.A.; Williams, T.J.; Lefevre, C.T.; Berg, R.J.; Zhang, C.L.; Bowser, S.S.; Dean, A.J.; Beveridge, T.J.
Magnetococcus marinus gen. nov., sp. nov., a marine, magnetotactic bacterium that represents a novel lineage
(Magnetococcaceae fam. nov.; Magnetococcales ord. nov.) at the base of the Alphaproteobacteria. Int. ]. Syst. Evol.
Microbiol. 2013, 63, 801-808. [CrossRef]

Liu, J.; Zhang, W.; Li, X,; Li, X.; Chen, X,; Li, ].-H.; Teng, Z.; Xu, C.; Santini, C.-L.; Zhao, L.; et al. Bacterial
community structure and novel species of magnetotactic bacteria in sediments from a seamount in the
Mariana volcanic arc. Sci. Rep. 2017, 7, 17964. [CrossRef]

Trachtenberg, S.; DeRosier, D.J. A three-start helical sheath on the flagellar filament of Caulobacter crescentus.
J. Bacteriol. 1992, 174, 6198-6206. [CrossRef]

Schmitt, R.; Raska, I.; Mayer, F. Plain and complex flagella of Pseudononas rhodos: Analysis of fine structure
and composition. . Bacteriol. 1974, 117, 844-857. [CrossRef]

Geis, G.; Leying, H.; Suerbaum, S.; Mai, U.; Opferkuch, W. Ultrastructure and chemical analysis of
Campylobacter pylori flagella. ]. Clin. Microbiol. 1989, 27, 436—441. [CrossRef]

Thomashow, L.S.; Rittenberg, S.C. Isolation and composition of sheathed flagella from Bdellovibrio bacteriovorus
109J. J. Bacteriol. 1985, 163, 1047-1054. [CrossRef] [PubMed]

Lefevre, C.T.; Santini, C.L.; Bernadac, A.; Zhang, W.J.; Li, Y.; Wu, L.E. Calcium ion-mediated assembly
and function of glycosylated flagellar sheath of marine magnetotactic bacterium. Mol. Microb. 2010, 78,
1304-1312. [CrossRef] [PubMed]

Zhang, W.J.; Santini, C.L.; Bernadac, A.; Ruan, J.; Zhang, S.D.; Kato, T.; Li, Y.; Namba, K.; Wu, L.E. Complex
spatial organization and flagellin composition of flagellar propeller from marine magnetotactic ovoid strain
MO-1. J. Mol. Biol. 2012, 416, 558-570. [CrossRef] [PubMed]

Farina, M.; Lins de Barros, H.; Motta de Esquivel, D.; Danon, J. Ultrastructure of a magnetotactic
microorganism. Biol. Cell. 1983, 48, 85-88.

Keim, C.N.; Martines, ].L.; Lins de Barros, H.; Lins, U.; Farina, M. Structure, behavior, ecology and diversity
of multicellular magnetotactic prokaryotes. In Magnetoreception and Magnetosomes in Bacteria; Schiiler, D., Ed.;
Springer: Berlin/Heidelberg, Germany, 2006; pp. 104-132.

Rodgers, EG.; Blakemore, R.P.; Blakemore, N.A.; Frankel, R.B.; Bazylinski, D.A.; Maratea, D.; Rodgers, C.
Intercellular structure in a many-celled magnetotactic prokaryote. Arch. Microbiol. 1990, 154, 18-22.
[CrossRef]

Shapiro, O.H.; Hatzenpichler, R.; Buckley, D.H.; Zinder, S.H.; Orphan, V.J. Multicellular photo-magnetotactic
bacteria. Environ. Microbiol. Rep. 2011, 3, 233-238. [CrossRef]

156



Biomolecules 2020, 10, 460

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

Simmons, S.L.; Edwards, K.J. Unexpected diversity in populations of the many-celled magnetotactic
prokaryote. Environ. Microbiol. 2007, 9, 206-215. [CrossRef]

Winklhofer, M.; Abracado, L.G.; Davila, A.F.; Keim, C.N.; Lins de Barros, H.G. Magnetic optimization in a
multicellular magnetotactic organism. Biophys. ]. 2007, 92, 661-670. [CrossRef]

Wenter, R.; Wanner, G.; Schiiler, D.; Overmann, J. Ultrastructure, tactic behaviour and potential for sulfate
reduction of a novel multicellular magnetotactic prokaryote from North Sea sediments. Environ. Microbiol.
2009, 11, 1493-1505. [CrossRef]

Zhou, K.; Zhang, W.Y.; Pan, HM.; Li, ].H.; Yue, H.D.; Xiao, T.; Wu, L.E. Adaptation of spherical multicellular
magnetotactic prokaryotes to the geochemically variable habitat of an intertidal zone. Environ. Microbiol.
2013, 15, 1595-1605. [CrossRef]

Zhang, R.; Chen, Y.R.; Du, H].; Zhang, W.Y.; Pan, H.M.; Xiao, T.; Wu, L.F. Characterization and phylogenetic
identification of a species of spherical multicellular magnetotactic prokaryotes that produces both magnetite
and greigite crystals. Res. Microbiol. 2014, 65, 481-489. [CrossRef] [PubMed]

Lefevre, C.; Bernadac, A.; Pradel, N.; Wu, L.-E; Yu-Zhang, K_; Xiao, T.; Yonnet, ].-P.; Lebouc, A.; Song, T.;
Fukumori, Y. Characterization of mediterranean magnetotactic bacteria. J. Oce. Univ. China 2007, 6, 5-9.
[CrossRef]

Chen, Y.R.; Zhang, W.Y.; Zhou, K.; Pan, HM.; Du, H].; Xu, C.; Xu, ].H.; Pradel, N.; Santini, C.L.; Li, ] H.; et al.
Novel species and expanded distribution of ellipsoidal multicellular magnetotactic prokaryotes. Environ.
Microbiol. Rep. 2016, 8, 218-226. [CrossRef] [PubMed]

Chen, Y.R;; Zhang, R.; Du, H].; Pan, HM.; Zhang, W.Y.; Zhou, K.; Li, . H.; Xiao, T.; Wu, L.E. A novel species
of ellipsoidal multicellular magnetotactic prokaryotes from Lake Yuehu in China. Environ. Microbiol. 2015,
17,637-647. [CrossRef] [PubMed]

Dong, Y.; Li, J.; Zhang, W.; Zhang, W.; Zhao, Y.; Xiao, T.; Wu, L.-F; Pan, H. The detection of magnetotactic
bacteria in deep sea sediments from the east Pacific Manganese Nodule Province. Environ. Microb. Rep. 2016,
8,239-249. [CrossRef] [PubMed]

Du, H.-J.; Chen, Y.-R; Zhang, R; Pan, H.-M.; Zhang, W.-Y.; Zhou, K.; Wu, L.-E; Xiao, T. Temporal distributions
and environmental adaptations of two types of multicellular magnetotactic prokaryote in the sediments of
Lake Yuehu, China. Environ. Microb. Rep. 2015, 7, 538-546. [CrossRef]

Zhou, K.; Zhang, W.Y.; Yu-Zhang, K.; Pan, HM.; Zhang, S.D.; Zhang, W.].; Yue, H.D.; Li, Y,; Xiao, T.; Wu, L.E.
A novel genus of multicellular magnetotactic prokaryotes from the Yellow Sea. Environ. Microbiol. 2012, 14,
405-413. [CrossRef]

Teng, Z.; Zhang, Y.; Zhang, W.; Pan, H.; Xu, J.; Huang, H.; Xiao, T.; Wu, L.-F. Diversity and Characterization
of Multicellular Magnetotactic Prokaryotes from Coral Reef Habitats of the Paracel Islands, South China Sea.
Front. Microbiol. 2018, 9. [CrossRef]

Silva, K.T.; Abreu, F.; Almeida, EP,; Keim, C.N.; Farina, M.; Lins, U. Flagellar apparatus of south-seeking
many-celled magnetotactic prokaryotes. Microsc. Res. Tech. 2007, 70, 10-17. [CrossRef]

Murat, D.; Herisse, M.; Espinosa, L.; Bossa, A.; Alberto, E.;; Wu, L.F. Opposite and Coordinated Rotation of
Amphitrichous Flagella Governs Oriented Swimming and Reversals in a Magnetotactic Spirillum. J. Bacteriol.
2015, 197, 3275-3282. [CrossRef]

Lins de Barros, H.G.; Esquivel, D.M.; Farina, M. Magnetotaxis. Sci. Prog. 1990, 74, 347-359. [PubMed]
Lins, U.; Kachar, B.; Farina, M. Imaging faces of shadowed magnetite (Fe(3)O(4)) crystals from magnetotactic
bacteria with energy-filtering transmission electron microscopy. Microsc. Res. Tech. 1999, 46, 319-324.
[CrossRef]

Simmons, S.L.; Sievert, S.M.; Frankel, R.B.; Bazylinski, D.A.; Edwards, K.J. Spatiotemporal distribution of
marine magnetotactic bacteria in a seasonally stratified coastal salt pond. Appl. Environ. Microbiol. 2004, 70,
6230-6239. [CrossRef] [PubMed]

Keim, C.N.; Abreu, E; Lins, U.; Lins de Barros, H.; Farina, M. Cell organization and ultrastructure of a
magnetotactic multicellular organism. J. Struct. Biol. 2004, 145, 254-262. [CrossRef] [PubMed]

Greenberg, M.; Canter, K.; Mahler, I.; Tornheim, A. Observation of magnetoreceptive behavior in a
multicellular magnetotactic prokaryote in higher than geomagnetic fields. Biophys. ]. 2005, 88, 1496-1499.
[CrossRef] [PubMed]

157



Biomolecules 2020, 10, 460

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

Kolinko, I.; Lohsse, A.; Borg, S.; Raschdorf, O.; Jogler, C.; Tu, Q.; Posfai, M.; Tompa, E.; Plitzko, ].M.;
Brachmann, A_; et al. Biosynthesis of magnetic nanostructures in a foreign organism by transfer of bacterial
magnetosome gene clusters. Nat. Nanotechnol. 2014, 9, 193-197. [CrossRef] [PubMed]

Zhang, S.D.; Petersen, N.; Zhang, W.J.; Cargou, S.; Ruan, J.; Murat, D.; Santini, C.L.; Song, T.; Kato, T.;
Notareschi, P; et al. Swimming behaviour and magnetotaxis function of the marine bacterium strain MO-1.
Environ. Microbiol. Rep. 2014, 6, 14-20. [CrossRef]

Wilde, A.; Mullineaux, C.W. Light-controlled motility in prokaryotes and the problem of directional light
perception. FEMS Microbiol. Rev. 2017, 41, 900-922. [CrossRef]

Chen, C.;Ma, Q.; Jiang, W.; Song, T. Phototaxis in the magnetotactic bacterium Magnetospirillum magneticum
strain AMB-1 is independent of magnetic fields. Appl. Microbiol. Biotechnol. 2010. [CrossRef]

Blakemore, R.P; Frankel, R.B.; Kalmijn, A J. South-seeking magnetotactic bacteria in the Southern Hemisphere.
Nature 1980, 286, 384-385. [CrossRef]

Zhang, W.-].; Chen, C.; Li, Y.; Song, T.; Wu, L.-F. Configuration of redox gradient determines magnetotactic
polarity of the marine bacteria MO-1. Environ. Microbiol. Rep. 2010, 2, 646-650. [CrossRef] [PubMed]

Liu, J.; Zhang, W.; Du, H.; Leng, X; Li, J.-H.; Pan, H.; Xu, J.; Wu, L.-F; Xiao, T. Seasonal changes in the vertical
distribution of two types of multicellular magnetotactic prokaryotes in the sediment of Lake Yuehu, China.
Environ. Microb. Rep. 2018, 10, 475-484. [CrossRef] [PubMed]

Hazelbauer, G.L.; Falke, ].J.; Parkinson, ].S. Bacterial chemoreceptors: High-performance signaling in
networked arrays. Trends Biochem. Sci. 2008, 33, 9-19. [CrossRef] [PubMed]

Yang, C.; Chen, C.; Ma, Q.; Wu, L.-F; Song, T. Dynamic model and motion mechanism of magnetotactic
bacteria with two lateral flagellar bundles. J. Bio. Eng. 2012, 9, 200-210. [CrossRef]

Wadhams, G.H.; Armitage, ].P. Making sense of it all: Bacterial chemotaxis. Nat. Rev. Mol. Cell Biol. 2004, 5,
1024-1037. [CrossRef] [PubMed]

Philippe, N.; Wu, L.-F. An MCP-like protein interacts with the MamK cytoskeleton and is involved in
magnetotaxis in Magnetospirillum magneticum AMB-1. ]. Mol. Biol. 2010, 400, 309-322. [CrossRef]

Zhu, X; Ge, X; Li, N.; Wu, L.E; Luo, C.; Ouyang, Q.; Tu, Y.; Chen, G. Angle sensing in magnetotaxis of
Magnetospirillum magneticum AMB-1. Integr. Biol. 2014, 6, 706-713. [CrossRef]

Gomelsky, M.; Hoff, W.D. Light helps bacteria make important lifestyle decisions. Trends Microbiol. 2011, 19,
441-448. [CrossRef]

Kottke, T.; Xie, A.; Larsen, D.S.; Hoff, W.D. Photoreceptors Take Charge: Emerging Principles for Light
Sensing. Annu. Rev. Biophys. 2018. [CrossRef]

Hore, PJ.; Mouritsen, H. The Radical-Pair Mechanism of Magnetoreception. Annu. Rev. Biophys. 2016, 45,
299-344. [CrossRef]

Ball, P. Physics of life: The dawn of quantum biology. Nature 2011, 474, 272-274. [CrossRef] [PubMed]
Ritz, T.; Adem, S.; Schulten, K. A model for photoreceptor-based magnetoreception in birds. Biophys. ]. 2000,
78,707-718. [CrossRef]

Liedvogel, M.; Mouritsen, H. Cryptochromes-a potential magnetoreceptor: What do we know and what do
we want to know? J. R. Soc. Interface 2010, 7 Suppl 2, S147-5162. [CrossRef]

Govorunova, E.G.; Sineshchekov, O.A; Li, H.; Spudich, J.L. Microbial Rhodopsins: Diversity, Mechanisms,
and Optogenetic Applications. Annu. Rev. Biochem. 2017, 86, 845-872. [CrossRef] [PubMed]

Fuhrman, J.A.; Schwalbach, M.S.; Stingl, U. Proteorhodopsins: An array of physiological roles? Nat. Rev.
Microbiol. 2008, 6, 488-494. [CrossRef] [PubMed]

Spudich, J.L. The multitalented microbial sensory rhodopsins. Trends Microbiol. 2006, 14, 480-487. [CrossRef]
[PubMed]

Abreu, F; Martins, J.L.; Silveira, T.S.; Keim, C.N.; de Barros, H.G.; Filho, E]J.; Lins, U. ‘Candidatus
Magnetoglobus multicellularis’, a multicellular, magnetotactic prokaryote from a hypersaline environment.
Int. ]. Syst. Evol. Microbiol. 2007, 57, 1318-1322. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

158



‘O'
C‘.o y /
biomolecules ﬂw\b\w

Review

Spirochete Flagella and Motility

Shuichi Nakamura

Department of Applied Physics, Graduate School of Engineering, Tohoku University, 6-6-05 Aoba, Aoba-ku,
Sendai, Miyagi 980-8579, Japan; naka@bp.apph.tohoku.ac.jp; Tel.: +81-22-795-5849

Received: 11 March 2020; Accepted: 3 April 2020; Published: 4 April 2020

Abstract: Spirochetes can be distinguished from other flagellated bacteria by their long, thin, spiral
(or wavy) cell bodies and endoflagella that reside within the periplasmic space, designated as
periplasmic flagella (PFs). Some members of the spirochetes are pathogenic, including the causative
agents of syphilis, Lyme disease, swine dysentery, and leptospirosis. Furthermore, their unique
morphologies have attracted attention of structural biologists; however, the underlying physics of
viscoelasticity-dependent spirochetal motility is a longstanding mystery. Elucidating the molecular
basis of spirochetal invasion and interaction with hosts, resulting in the appearance of symptoms or
the generation of asymptomatic reservoirs, will lead to a deeper understanding of host—pathogen
relationships and the development of antimicrobials. Moreover, the mechanism of propulsion in fluids
or on surfaces by the rotation of PFs within the narrow periplasmic space could be a designing base for
an autonomously driving micro-robot with high efficiency. This review describes diverse morphology
and motility observed among the spirochetes and further summarizes the current knowledge on their
mechanisms and relations to pathogenicity, mainly from the standpoint of experimental biophysics.

Keywords: spirochetes; periplasmic flagella; motility; chemotaxis; molecular motor

1. Introduction

Motility systems of living organisms are currently classified into 18 types [1]. Even when focusing
on bacteria only, the motility is diverse when bacterial species are concerned [2]. A major motility
form would be the flagella-dependent swimming well observed and described in Escherichia coli and
Salmonella enterica, and these species have helical flagella extending to the cell exterior. Spirochetes,
which are members of a group of gram-negative bacteria with a spiral or flat-wave cell body, also show
flagella-dependent motility, but their flagella are hidden within the periplasmic space and are thus
called periplasmic flagella (PFs). Externally flagellated bacteria are propelled by direct interaction of
flagella and fluid, whereas spirochetes swim by rolling or undulation of a cell body driven by PFs
rotation beneath the outer membrane. Physics difference results in an invalidation of applying the
canonical model obtained from external flagella to spirochetal periplasmic flagella.

This review article describes the motility of spirochetes while connecting it with the unique
structures of their cell bodies and PFs. Taxonomically, the phylum Spirochaetae is classified into
Leptospiraceae, Brachyspiraceae, Spirochaetaceae, and Brevinemataceae families, containing pathogenic
species, for example, Leptospira interrogans (leptospirosis), Brachyspira hyodysenteriae (swine dysentery),
Borrelia burgdorferi (Lyme disease), and Treponema pallidum (syphilis). As observed with other motile
pathogens, spirochete motility is an essential virulence factor. Thus, the last part of this review discusses
the involvement of motility in spirochetal pathogenicity.

2. Cell Structure

A schematic of the basic structure shared among spirochete species is shown in Figure 1a. The
protoplasmic cylinder consists of a cytoplasm, a cytoplasmic membrane, and a peptidoglycan layer,
which is covered by the outer membrane. Each PF filament connects with a basal motor called the
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flagellar motor that is embedded in the cytoplasmic membrane and the peptidoglycan layer via a
short, bent structure corresponding to the universal joint hook in the E. coli flagellar motor (details
are described below) [3]. The morphologies of the cell body and the PF as well as the number of PFs
greatly differ among species, and those of three representative species are summarized in Table 1. The
cell body of Borrelia spp. exhibits a flat-wave shape and contains 7~11 PFs long enough to overlap with
those extending from the other end at the center of the cell body [4-7]. Brachyspira spp. appear to have
a flat-wave body because of their non-spiral, almost straight configuration observed in swimming
cells [8], but no explicit evidence has been reported. Brachyspira PFs overlap at the cell center, and so
do those of Borrelia [9]. The cell morphology of Leptospira spp. is distinguished from the other two
spirochetes by a small cell width and short wavelength [4,10]. The protoplasmic cylinder of Leptospira
(Figure 1b,c) is relatively rigid, maintaining the helix parameters even during swimming, whereas
both ends of the cell body are frequently transformed, as described later [11-14]. Unlike Borrelia and
Brachyspira, PFs of Leptospira are too short to overlap [15].

a Longitudinal view oM PF

Flagellar motor

Figure 1. Spirochetal cell structure. (a) Schematics of longitudinal and zoom-in cross-section views
of the cell structure and the flagellar motor shared by spirochete species; outer membrane (OM),
periplasmic flagellum (PF), peptidoglycan layer (PG), inner membrane (IM), cytoplasm (CP), and
protoplasmic cylinder (PC) are shown. If readers view from the hook to the motor, the flagellar
motor rotates in a counterclockwise (CCW) direction at one pole of a single cell, whereas the motor at
another cell pole rotates in a clockwise (CW) direction. (b) Dark-field micrograph of Leptospira biflexa.
(c) Longitudinal slice image obtained by cryo-electron tomography of L. biflexa (adapted from [14] with
permission from the publisher). OM, IM, and PF are clearly visible, and PGs observed in the yellow
square are indicated by yellow dashed lines in the enlarged view (inset).

Table 1. Comparison of the cell structure and the periplasmic flagella (PFs) among three
spirochete species.

Species Cell Body Parameters PF

i ) Cell Morphology Ref.
isease Length Width Wavelength  Number Shape Overlap  Proteins
Borrelia burgdorferi A ~ - ~ ~ Left-handed FlaA .
(Lyme disease) Flat wave 20 um 0.3 um 2.8 um 14-22 holix Yes FIaB [4-7]
Brachyspira hyodysenteriae _— Left-handed FlaA
(Swine dysentery) A~ Flat wave? 10um  ~03 um ~4 um 16~18 holix Yes FlaB12,3 [8,16-18]
. . - FlaA1,2
Leptospira interrogans s Righthanded 00 0 07 pm ) Coiled No FlaB1.2 [4,10,15,
(Leptospirosis) helix shape FepA, FepB 19-23]
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3. Periplasmic Flagella

3.1. Physical Properties of the PF Filament

The flagellar filament of E. coli functions as a screw propeller through interaction with fluid [24].
In contrast, spirochete PFs are thought to rotate or transform the cell body by intimate contact with cell
membranes, although direct observation of the PF rotation has not been successful. Another important
role of the PF is to establish a wavy morphology, similar to a cytoskeleton, and the PF dependence of
spirochete morphology has been observed in the periodontal disease-associated spirochetes Treponema
denticola [25], B. burgdorferi [26,27], and Leptospira spp. [15,19-22]. For example, the loss of the PF in B.
burgdorferi straightens the entire cell body [26]. In contrast, Leptospira PF depletion affects only the bent
morphology of the cell ends, and the short-pitch helix in the protoplasmic cylinder is believed to be
maintained by a bacterial actin homolog, MreB [28]. Both the cell body and the PF can be considered
elastic materials, and the observed PF-dependent spirochete morphology is a consequence of the
mechanical interaction between these two elastic bodies of different stiffness [29,30]. This difference in
stiffness between the cell body and the PF can be evaluated by calculating the ratio of bending moduli
(A), that is, (Acen/Apr), based on which a theoretical study predicted an Acey/Apr ratio of ~0.15 for
Leptospira [29]; the PF is stiffer than the cell body. Another model showed an Aceyi/Apr ratio of ~5 for
Borrelia, which was consistent with the experimental value obtained by stiffness measurements of the
borrelial cell body and the PF using optical tweezers [30]; in this case, the PF is stiffer than the cell
body. The elastic properties of the cell body and the PF are crucial determinants of species-specific
morphology and are thought to be related to the swimming mechanism described later [31].

The filament is connected to the flagellar motor via a hook structure. The hook in E. coli consists
of the flagellar hook protein (FIgE) and is flexible enough to function as a universal joint to transmit
the torque generated by the basal motor to the filament, regardless of the direction [24]. Although the
spirochetal hook is also formed by FIgE, T. denticola FIgE features self-catalytic intersubunit crosslinking
between conserved lysine and cysteine residues, thereby conferring structural stability [32]. The proper
stiffness of the hook could be important for the interaction between the PF and the cell body.

3.2. Structure of the PF Filament

The E. coli flagellar filament is formed by tens of thousands of copies of a single flagellin protein,
FliC [24]. Species with more complicated flagella are composed of multiple flagellins, for example,
Campylobacter jejuni (FlaA and FlaB) and Caulobacter crescentus (Flj], FIjK, FIjL, FjM, FljN, and FljO) [24].
All spirochete PFs known also consist of more than two proteins, and they generally contain FlaA
and FlaB. In B. burgdorferi, FlaB forms the entire PF filament, and FlaA is believed to be localized
around the base of the filament near the basal motor [27]. The PFs of B. hyodysenteriae and Leptospira
spp. comprise a core filament and sheath [16]. In B. hyodysenteriae, three FlaB proteins (FlaB1-3)
assemble to form a helical core filament (2.4 um in wavelength and 0.6 um in helix diameter), and an
FlaA protein assembles to form a straight sheath; association of the FlaB core with the FlaA sheath
determines the morphology of the fully assembled PFs (2.8 pm in wavelength and 0.9 um in helix
diameter) [17,18]. Synthesis of the PF and swimming motility in B. hyodysenteriae are affected by
double knockout of flaB1-flaB2 but not by double knockout of flaBI-flaB3 or single knockout of flaB3,
highlighting the importance of FlaB1 and FlaB2 in the Brachyspira core filament and the possibility of
functional compensation between these two proteins [18]. In Leptospira spp., PF also consists of the
core and the sheath, and six proteins have been identified as PF components: FlaAl, FlaA2, FlaB1,
FlaB2, FcpA, and FcpB. PFs isolated from leptospiral cells exhibit a coiled shape [15], but the core
filament is straight in the absence of a sheath, indicating that the sheath is indispensable for bending the
leptospiral PF [19,21]. The PF core filament of the non-pathogenic species Leptospira biflexa is formed
by FlaB1 and FlaB2 [19]. The remaining four proteins are involved in synthesizing the sheath or in
coiling the PF through core-sheath interactions; however, their roles are not fully elucidated. Deletion
of flaA1 and flaA2 does not affect the synthesis of the sheath [20], whereas fcpA knockout mutants lack
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a sheath [19,26]. Immunoprecipitations showed the interaction of FcpA with FlaB1 and FlaA2 [19].
These results suggest that FcpA is a major sheath component and plays a central role in coiling via its
interaction with the core filament. Recently, cryo-electron microscopy revealed that FcpB is a sheath
protein that is localized along the outer curve of the PF, suggesting a contribution to PF coiling [22,23].

3.3. Flagellar Motor

Spirochetes and externally flagellated species share fundamental motor parts for rotation, a
rotor and a dozen stator units (torque generators) [24], but spirochetes flagellar motor has some
spirochete-specific structures, resulting in a unique performance. Motor torque is generated by
interaction between the rotor and the stator [33]. Assuming that the force generated by a single stator
unit (Fs) is the same among species, the produced motor torque (M) depends on the radius of the rotor
ring (rr ~ the distance between the motor axis and the rotor-stator contact point) and the number of
stator units assembled to the motor (Ns): M = Fg X rg X Ng [34]. Cryo-electron tomography showed
that the rotor ring in spirochete motor is larger than that in other external flagellar motors: ~31 nm
for B. burgdorferi, ~20 nm for S. enterica, ~22 nm for Vibrio fischeri, and ~27 nm for C. jejuni [34]. Thus,
the flagellar motor with a larger rotor ring allows more stators to surround the rotor. In addition
to the geometrical advantage, the number of assembled stators of externally flagellated species is
dynamically altered by changes in load against the motor and the input energy for rotation (e.g., Ns is
decreased up to one near zero load) [24,35-38], whereas the maximum number of stator units could
be incorporated into motors under any conditions in spirochetes [3,39-41]. Such stable assembly of
the spirochete stators is thought to involve a spirochete-specific motor component called “P-collar”
conserved in T. primitia [39], T. pallidum [41], B. burgdorferi [3], L interrogans, and L. biflexa [40]; perhaps
the part plays a key role in stator assembly [34]. This knowledge predicts that the spirochetal motor
can produce higher torque, which is supported by motility measurements showing that Leptospira spp.
produce a stall torque of ~4000 pN nm [10], whereas the stall torque of E. coli is ~2000 pN nm [42].

4. Swimming Motility
4.1. PF-Dependent Swimming

In externally flagellated bacteria, when viewed from behind a swimming cell, a left-handed helical
flagellum rotates counterclockwise (CCW), which is balanced by the clockwise (CW) rotation of the cell
body (Figure 2a) [43]. In the case of spirochetes, the protoplasmic cylinder is believed to be rotated in
the opposite direction of the PF rotation (Figure 2b) [14]. Rotation of the PFs of Borrelia and Brachyspira
drives wave propagation along the cell body, thus providing thrust for swimming [44]. In contrast,
the swimming form of Leptospira is more complex. When viewing a swimming Leptospira cell from its
posterior side, the PF transforms both ends of the cell body into a left-handed spiral or a hook shape
and gyrates the bent ends in a CCW fashion; concurrently, the PF rotates the right-handed protoplasmic
cylinder in a CW manner (Figure 2c) [11,12]. The majority of thrust for Leptospira swimming is given
by gyration of the spiral end and rolling of the protoplasmic cylinder [10]. However, correlative speed
variation between the protoplasmic cylinder and the hook end was observed [14], suggesting that
Leptospira swimming depends on mechanical communication among the three rotating parts.
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Figure 2. Mechanical models for bacterial swimming. (a) Steady-state swimming of an externally
flagellated bacterium. Torques of the cell body (Tcen) and flagellum (Tgjagelium) are balanced, that is,
their sum is zero. (b) Schematic of spirochetal swimming, where the outer membrane is ignored. The
protoplasmic cylinder (PC) is rotated by the counter torque of the periplasmic flagella (PFs) rotating at
both ends of the cell body. (¢) Swimming model for Leptospira. Rotational directions are indicated by
large arrows.

4.2. Energy Input for Spirochete Motility

The bacterial flagellar motor is fueled by the ion motive force (IMF), which is the sum of the
membrane voltage (Ay) and the ion concentration gap between the cell exterior and interior (Apl).
E. coli and S. enterica use the proton motive force (PMF = Ay + ApH) for flagellar rotation, whereas
Vibrio cholerae uses the sodium motive force (SMF = Ay + ApNa) [24]. The coupling ion used in torque
generation by the flagellar motor depends on the type of stator units [45]. The MotA/MotB complex
presentin E. coli and S. enterica is an H-type stator, and the PomA/PomB complex of Vibrio spp. is a
Na™-type stator. Vibrio alginolyticus uses MotA/MotB and PomA/PomB stators for the lateral flagella
and polar flagellum, respectively [46,47]. Bacillus subtilis also possesses both H*-type MotA/MotB
and Na™-type MotP/MotS complexes [48,49]. Such hybrid stator systems can exchange stator units
in response to changes in environmental conditions, such as pH and viscosity [50]. The coupling
ion for spirochete motility was investigated in some species by using ionophores and Na* inhibitors,
showing that B. burgdorferi [51] and Spirochaeta aurantia [52] utilize H* for swimming, because they
are completely paralyzed by the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP).
Swimming of L. biflexa is also inhibited by CCCP in acidic to neutral pH, while some residual motility
is observed under alkaline conditions, even in the presence of CCCP [53]. Moreover, addition of Na*
to the medium enhances leptospiral motility [53]. These results suggest the possibility that the major
coupling ion for Leptospira swimming is H*, and that Na is used secondarily in alkaline conditions.

4.3. Coordinated Rotation of PFs

The flagellar motor rotates both CCW and CW, and a reversal of the direction of motor rotation
results in a change in the swimming direction. In E. coli, a rotational switch from CCW to CW unravels
the flagellar bundle and thus causes an instant tumbling motion, which is followed by swimming in a
randomly determined direction upon returning to CCW rotation [24,33]. Motor reversal from CCW to
CW rotation in the polarly flagellated bacterium V. alginolyticus changes the swimming direction from
forward to backward, whereas the reversal from CW to CCW causes “buckling” of the flagellum at the
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hook, resulting in a 90 degree change in swimming direction [54]. These motor reversal-based changes
in swimming direction are related to bacterial chemotaxis, which may be stimulated by chemicals,
temperature, light, and other trigger mechanisms [55]. In spirochetes, rotational directions of PFs are
important for directed swimming [6,44]. According to the schematic structure shown in Figure 1a,
the flagellar motors residing at both cell ends have to rotate in opposite directions to each other; if
they rotate in the same direction, the cell body will not be rotated due to the counterbalance of torques
generated by the two motors or the inability to swim due to a twist of the cell body. This mechanical
model suggests that asymmetric rotation and synchronized motor reversal between PFs are required
for the cells to swim smoothly and change swimming direction [44].

Coordinated rotation of E. coli flagellar motors can be observed when they reside close to each other,
which was explained by diffusion of the phosphorylated chemotaxis response regulator CheY (CheY-P)
within the cytoplasm. CheY-P molecules generated in response to methylation of the methyl-accepting
chemotaxis protein (MCP) bind to a rotor protein FliM and induce a conformational change of the rotor.
As a result, the rotor switch rotation direction from CCW to CW. The delay time of reversal observed
between the two motors is consistent with the diffusion time of CheY-P (~100 ms) [56]. CheY is also
involved in spirochete chemotaxis [57-60], but whether its diffusion can manage signal transduction
between motors depends on the distance. CheY-P diffusion could be effective in E. coli cells that are
1-2 pum in length [56] but not for rapid coordination [61] of spirochete motors that are more than 10 pm
apart from each other. Using the equation giving time f for diffusing x with the diffusion constant D,
t = x2/2D, CheY with a diffusion coefficient of D ~ 10 pm?/s [56,62] can be estimated to take 5 s for
diffusing 10 um. This estimation suggests that a CheY-independent mechanism could control the rapid
swimming reversal observed in spirochetes. Furthermore, a chemotaxis-deficient B. burgdorferi mutant
(cheA knockout strain) swims straight without reversal, indicating that asymmetric rotation of PFs at
different poles of a single cell during steady-state swimming is not related to the chemotaxis system [44].
B. burgdorferi possesses two fliG homologs, fliG1 and fliG2. FliG1 plays a central role for torque
generation through interaction with stator units. FliG2 is essential for PF synthesis in B. burgdorferi [63].
Knockout of fliG1 does not affect PF synthesis, but subcellular localization studies on FliG1 tagged
with green fluorescent protein (GFP) revealed that the localization of FliG1 is asymmetric [63]. This
suggests the possibility that asymmetric PF rotation observed for B. burgdorferi can be attributed to
structural differences in flagellar motors residing at both cell ends. Furthermore, a mathematical model
predicted the importance of the interaction between PFs at the cell center. In a borrelial model with a
single PF, free swimming of the spirochete was reproduced by assuming that both ends of the PF are
anchored to the cell body (intimate interaction between PFs) but not by assuming that only one end of
the PF is anchored (no interaction between PFs). In the case of Leptospira with short PFs, given that the
leptospiral cell body is stiffer than PFs [29], torque transmission from one end to the other may occur
along the cell body instead of being mediated by direct contact between PFs.

4.4. Translation Versus Rotation

Swimming speeds differ significantly among species (Figure 3a). E. coli and Salmonella spp.
swim at 20-30 um/s [64,65], while C. crescentus (~60 um/s) [66], V. cholerae (~100 pm/s) [67], and
the magnetotactic marine bacterium MO-1 (~300 um/s) [68] are examples of faster swimmers. In
comparison with externally flagellated bacteria, the swimming speed of spirochetes in liquid media
is much slower. The fastest swimmer is Leptospira spp. (~15 um/s) [10,69], which is followed by B.
burgdorferi (~7 um/s) [70], Brachyspira pilosicoli (~5 pmy/s) [8], and Treponema pallidum (~2 pm/s) [71].
Swimming speeds are correlated with cell body rotation rates or wave frequencies (Figure 3b). Dividing
the swimming speed v by the rotation rate or the wave frequency f gives the migration distance achieved
by one revolution of the helical body, that is, v/f. The ratio of v/f to helix pitch p, (v/f)/p, is similar to
motion efficiency; for example, equal values of v/f and p, that is, (v/f)/p = 1, indicate swimming without
slip [72]. The (v/f)/p ratios of S. enterica and V. alginolyticus are ~0.1 [64] and ~0.07 [72], respectively,
meaning that these bacteria move by less than 10% of the helix pitch of their flagella by one flagellar
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revolution. B pilosicoli and L. biflexa show (v/f)/p values of ~0.17 [8] and ~0.27 [73], respectively, showing
slightly more efficient swimming than external flagella-driven motility. Spirochetal (v/f)/p values
increase with viscosity, leading to increased swimming speeds at high viscosity (described below).
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Figure 3. Speeds of bacterial motility. (a) Swimming or gliding speeds of various bacterial species.
Spirochete-derived data are enlarged in the inset. Refer to the following literature for the corresponding
swimming measurements: E. coli [65], S. enterica [74], B. subtilis [49], V. alginolyticus [75], V. cholerae [67],
C. crescentus [66], Helicobacter pylori [76], C. jejuni [77], Pseudomonas aeruginosa [78], magnetotactic
bacterium MO-1 [68], B. pilosicoli [8], S. aurantia [79], B. burgdorferi [70], T. denticola [80], T. pallidum [71],
and L. biflexa [10]. (b) Relationships between rotation rates and swimming speeds: S. enterica [64], V.
alginolyticus [72], C. crescentus [81], B. pilosicoli [8], and L. biflexa [10].

4.5. Effect of Viscosity on Swimming Motility

Although the swimming ability of spirochetes seems to be inferior to that of other flagellated
bacteria (Figure 3), spirochete swimming is known to be improved by increased viscosity. Kaiser
and Doetsch reported that the swimming speed of L. biflexa monotonically increased with viscosity
in methylcellulose solutions [82]. Similar phenomena have been observed in B. burgdorferi [83], T.
denticola [80], and B. pilosicoli [8]. T. denticola cannot swim at all in medium without polymers, but
smooth translation is allowed by the addition of methylcellulose to the medium (~6 pm/s in 1%
methylcellulose 4000 solution) [80]. However, swimming motilities of these spirochetes cannot be
improved by all types of viscous fluids but only by gel-like, heterogeneous polymer solutions, for
example those containing methylcellulose, polyvinylpyrrolidone (PVP), or mucin [8,69,83,84]. These
linear polymers form a quasi-rigid network and are thus treated as viscoelastic fluids [85]. In contrast,
the swimming speeds of B. pilosicoli [8], L. biflexa [10], and B. burgdorferi slow down in the presence of the
branched polymer Ficoll that does not form a network [71]. Measurements in B. pilosicoli highlighted
that the v/f value of this spirochete was improved by addition of PVP but not Ficoll [8]. Although the
mechanisms by which spirochete motilities are influenced by the differences in microscopic polymer
structure are not fully understood, viscoelasticity is believed to be related to this unique phenomenon.

Leptospira are known to be attracted to higher viscosity, and the mechanism of this so-called
“viscotaxis” was explained by the viscosity-dependent increment of swimming speed [86]. However,
a recent motility study using Leptospira proposed another plausible model of taxis-like behavior,
which was based on the result that a change in viscosity affects the reversal frequency in swimming
direction [13]. When a leptospiral cell swims with the anterior spiral (S) end and the posterior hook
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(H) end (SH form), the transformation into symmetric cell morphology (SS or HH form) interrupts
swimming transiently, although the cell keeps rotating (Figure 4a). Leptospiral swimming is restarted
by transformation from symmetric to asymmetric forms, and the swimming direction after exhibiting
symmetric morphologies is determined by the cell forming SH or HS. The transformation process of
SH-SS/HH-SH causes a pause of swimming but does not change the swimming direction (stepping
movement), whereas SH-SS/HH-HS turns the swimming direction by 180 degrees (reversal movement)
(Figure 4b) [13]. Takabe et al. measured the stepping and the reversal events of individual leptospiral
cells in various viscous solutions containing methylcellulose, Ficoll, or the major viscous agent for
tissue mucin, showing that the reversal frequency increased with viscosity (Figure 4c) [13]. The reversal
movement returns the cell to its original position, indicating that there is no net migration. Thus,
viscosity-dependent impairment of net migration occurs due to the increment of the reversal event
that results in trapping leptospires in areas with higher viscosity, which could assist the accumulation
of spirochetes in the mucus layer in vivo (Figure 4d).
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Figure 4. Effect of viscosity on Leptospira swimming. (a) Association of cell morphology and swimming
in Leptospira. The spirochete can swim while displaying asymmetric morphologies (SH or HS),
with the front end pointing towards the swimming direction and usually displaying a spiral shape.
(b) Definition of stepping and reversal motions. (c) Reversal movements are enhanced by the addition
of methylcellulose to the medium. (d) A plausible explanation of “viscotaxis” in Leptospira. Enhanced
swimming reversal with elevated viscosity suppresses net migration of Leptospira cells, facilitating an
accumulation of spirochetes in high viscosity areas.

5. Chemotaxis

Early studies on chemotaxis using E. coli and S. enterica showed that these are attracted to nutritious
substrates, such as sugars and amino acids, but are repelled by harmful ones, such as alcohols. Notably,
not all of the attractants and repellants are related to metabolism [87,88]. In spirochetes, S. aurantia
shows an attraction response to many sugars, such as glucose, xylose, galactose, and fructose [79],
whereas B. hyodysenteriae is attracted to serine, fucose, and lactose [89]. B. burgdorferi does not respond
to common chemicals, such as sugars and amino acids, but is attracted to rabbit serum and is repelled
by ethanol and butanol [51]. Both pathogenic and saprophyte Leptospira spp. are attracted not only to
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their sole carbon sources, i.e., long-chain fatty acids, but also to sugars (e.g., glucose) that cannot be
metabolized in Leptospira [90-92]. Chemotaxis to hemoglobin was observed in the pathogenic species
L. interrogans but not in saprophytes [93].

Chemotaxis is closely related to the reversal of flagellar rotation, as described in Section 4.3.
Motor reversal in peritrichous bacteria results in an exploration of the environment by repeated
run-and-tumble movements [24,33] and causes back-and-forth movements with ~90 degree changes
in swimming direction by buckling in the case of polarly flagellated bacteria [54]. The swimming
pattern of spirochetes involves back-and-forth motions, and attractants increase the persistency of their
directed runs [91]. However, when swimming freely in liquid medium, the spirochetal back-and-forth
movement cannot result in changes in direction as large as Vibrio, because the spirochete cell body is
elastic but not too flexible to be buckled by mechanical stress. A physical study on Lepfospira showed
that such a long and spiral body has a larger diffusion coefficient than a simple rod, suggesting that the
exploration of spirochetes involves passive Brownian motion in addition to active swimming [94].

6. Movement on Solid Surfaces

Pseudomonas aeruginosa not only swim with a polar flagellum but can also move on a solid
surface using pili in a process called twitching motility [2,95]. To that effect, ambivalent motility
of P. aeruginosa is realized by two distinct machineries specialized for movement in liquid and on
solid media, respectively. A major motility form of spirochetes is swimming, but Leptospira spp.
can move both in liquid and on solid surfaces. Cox and Twigg first reported leptospiral snake-like
movement on a smooth surface, which was called “crawling” [96]. For moving while attached to
surfaces, Mycoplasma mobile uses abundant leg-like protein complexes that are expressed on the cell
surface; these legs successively catch and release sialylated oligosaccharides on surfaces, thereby
propelling the cell [97]. Another gliding bacterium, Myxococcus xanthus, has a machinery that is
composed of intracellular motor proteins and an external adhesive complex (Agl-Glt) [98]. Leptospiral
swimming is a result of flagella-dependent motility, but a machinery specialized in crawling has
yet to be identified. Charon et al. observed that microbeads attached to the leptospiral cell surface
via anti-whole cell antibody freely move along the cell body, suggesting that unspecialized antigens
residing on the outer sheath are involved in crawling motility by functioning as mobile adhesins [99].
A recent study by Tahara et al. showed that crawling is completely inhibited by CCCP, indicating
that PMF-dependent PF rotation drives crawling (Figure 5a) [73]. Furthermore, it was revealed that
modification of glass surfaces with anti-lipopolysaccharide (LPS) antibody affects the crawling speed
and that anti-LPS antibody-coated microbeads move on the outer bacterial membrane. These results
suggest that LPS is responsible for crawling, serving as one of the adhesins anchoring the cell to the
surface (Figure 5b—d) [73]. Electron microscopic observation of a hamster liver infected by pathogenic
leptospires showed entry of leptospiral cells into the intercellular junction of hepatocytes [100], implying
that leptospiral pathogenicity could involve adherence of spirochetes to host cells, followed by crawling
(discussed in Section 7).
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Figure 5. Crawling motility of Leptospira. (a) Effect of carbonyl cyanide m-chlorophenylhydrazone
(CCCP) on Leptospira crawling on a glass surface. (b) Effect of anti- lipopolysaccharide (LPS) antibody
on crawling speed. Open bars indicate the fractions of cells adhered to the glass without crawling.
(c) Movement of a microbead coated with anti-LPS antibody on the leptospiral cell surface. Sequential
frames of a movie were superimposed to show the bead trajectory. (d) Schematic explanation of
crawling. Adhesive molecules (red and purple symbols), such as LPS, anchor the cell to a surface,
and PF-dependent rolling of the protoplasmic cylinder propels the cell.

7. Motility as A Virulence Factor

In general, bacterial flagella and motility are related to virulence, such as invasion, adhesion, and
others [101,102]. Motility is an essential virulence factor for pathogenic spirochetes, and loss of motility
due to a lack of flagellar genes attenuates infections with B. burgdorferi [63], B. hyodysenteriae [103], and
L. interrogans [20,21]. Invasion of B. burgdorferi via a tick bite induces a hallmark rash, called erythema
migrans, at the initial stage of Lyme disease. Motility analyses of B. burgdorferi using the mouse dermis
showed three distinct motilities of the spirochete, which were termed translocating, wriggling, and
lunging [70]. The translocating state is similar to swimming in solutions, whereas the wriggling (the
entire cell body is fixed in place but keeps undulation) and the lunging (the cell body is partially fixed
on the surface) states are observed only in the dermis or the gelatin resembling the mouse dermis.
The translocation is essential for dissemination within the host, and transient adhesion by wriggling
and lunging is thought to be involved in changing the moving direction and evading host immune
system [70]. Brachyspira spp. penetrate the epithelial mucosa with one end of the cell body moving
in the same direction, and this well-aligned colonization is called “false-brush-border”, which could
involve directed motility of spirochetes [104]. In Leptospira spp., pathogenic strains are classified into
~300 serovars based on the structural difference in LPS, and the severity of the infection outcome
depends on the combination of host species and leptospiral serovars [105]. Although the details
on the relationship between motility of Leptospira serovars and their host-dependent pathogenicity
remain unknown, the crawling motility mediated by leptospiral LPS and other adhesion molecules is
a potential key factor [73,106]. Recently, we measured adhesivity and crawling of some leptospiral
serovars on kidney cells derived from various mammalian hosts, including humans, showing close
correlation of the measured parameters with the symptom severity of the host-serovar pairs; pairs
causing more severe symptoms, such as hemorrhage, jaundice, and nephritis, show high adhesivity
and persistent crawling of leptospires on the host cells [106]. This knowledge is an important step
toward understanding the host-pathogen relationship to develop novel antimicrobials for targeting
pathogen dynamics.
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8. Conclusions and Perspectives

Members of the spirochetes share a basic cell structure, but their configurations,
PF compositions, and motility forms are extremely diverse. Remarkable advancements in cryo-electron
microscopy/tomography have unveiled many spirochete-specific structures, such as the motor scaffold
P-collar, fully assembled stator units, and a combination of multiple proteins for establishing the
unique morphology of PFs. These are important clues to discuss high torque generation by the
spirochetal flagellar motor. Motility measurements by optical microscopy showed improved efficiency
of swimming motility in gel-like fluids and viscosity-dependent enhancement of swimming reversal,
probably facilitating an accumulation of spirochetes in viscous milieus that exist abundantly within
a host body. A recent study showed the close relationship of the spirochetal movements over host
cell surfaces and the severity of the symptoms caused, giving crucial insight into the practical role of
bacterial motility as a virulence factor.

Although the knowledge summarized in this review deepened the understanding of the mechanics
of spirochete motility and its biological significance, there are still many issues remaining, such as the
interaction between spirochetes and viscoelastic fluids, signal transduction for the coordinated rotation
of PFs between both cell ends, and the molecular basis of crawling motility on the host cells. Further
studies on these subjects will advance biomimetic technology and prompt the development of novel
prevention/medication strategies.
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Abstract: Rhodobacter sphaeroides is an a-proteobacterium that has the particularity of having two
functional flagellar systems used for swimming. Under the growth conditions commonly used in the
laboratory, a single subpolar flagellum that traverses the cell membrane, is assembled on the surface.
This flagellum has been named Flal. Phylogenetic analyses have suggested that this flagellar genetic
system was acquired from an ancient y-proteobacterium. It has been shown that this flagellum has
components homologous to those present in other y-proteobacteria such as the H-ring characteristic
of the Vibrio species. Other features of this flagellum such as a straight hook, and a prominent
HAP region have been studied and the molecular basis underlying these features has been revealed.
It has also been shown that FliL, and the protein MotF, mainly found in several species of the family
Rhodobacteraceae, contribute to remodel the amphipathic region of MotB, known as the plug, in order
to allow flagellar rotation. In the absence of the plug region of MotB, FliL and MotF are dispensable.
In this review we have covered the most relevant aspects of the Flal flagellum of this remarkable
photosynthetic bacterium.

Keywords: bacterial flagellum; Rhodobacter sphaeroides; motility; FliL; FlgT; flagellar rod; flagellar
hook; FlgP

1. Introduction

1.1. The Flagellar Structure

The bacterial flagellum is driven by a complex molecular motor. The flagellar basal body contains
the rotor and the export apparatus, and is composed of numerous proteins arranged in several rings
and a central rod (reviewed recently in [1]). The MS ring, embedded in the internal membrane, is the
base platform for the assembly of the rod. At the center of the MS ring a flagellar-specific export system
is responsible for the export of most of the axial proteins that form the basal body [2-5]. The flagellar
rod traverses the cell envelope and in its proximal end is formed by FlgB, FlgC and FIgF, and the distal
end by FIgG [6]. Around the distal rod, the P and L rings act as a bushing allowing rod penetration
through the peptidoglycan and the outer membrane, respectively [7,8]. This process is favored by the
action of the bifunctional protein FlgJ that acts as a scaffolding rod-capping protein and also possesses
glucosaminidase activity to penetrate the cell wall [9-12]. Once the rod reaches the outer membrane,
the hook is assembled outside the cell. This structure transmits torque to the flagellar filament [13].
The physical properties of these two axial structures are different given that the filament is a long
rigid helix and the hook is a short flexible structure that acts as a universal joint [14-16]. The distal
end of the hook is connected to the filament via the hook associated proteins, FlgK and FIgL that
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mediate the transition from the flexible hook to the rigid filament [6,17]. The filament is the most
prominent component, typically 5-10 pm in length and is several times longer than the cell body.
The flagellar motor contains a stator that is composed by multiple units of the MotA/MotB complexes
(4:2 stoichiometry) that form an ion channel that conducts the ions (H* or Na*) of the transmembrane
electrochemical gradient and generates motor rotation that propels the bacterial cell [1,18-20] (Figure 1).
Recruitment of the MotA/B complexes and activation of the proton channel are complex processes that
have been extensively reviewed recently [1,18,19,21]. Briefly, it is important to mention that recruitment
of these complexes to the basal body has been related to the interaction of the cytoplasmic loop of
MotA with FliG, which is part of the C-ring (Figure 1) [22-24]. Besides, in Vibrio the proteins MotY and
MotX form the periplasmic T-ring that interacts with PomB (equivalent to MotB in Vibrio) and stabilize
the stator complexes [25,26]. Activation of the proton channel requires extensive remodeling of the
periplasmic region of MotB [27-32], and it has been proposed that the flagellar protein FliL participates
in this process [33-37].

C-ring = Export apparatus

Figure 1. Scheme of the bacterial flagellum that shows the most relevant elements of the core structure
that is common to several species of Gram-negative microorganisms.

The flagellum has been thoroughly studied in various bacterial species, and recently the
advancement of cryo-electron tomography, a powerful non-invasive technique, has revealed a high
complexity and variability of its ultrastructural components [38—44].

1.2. The Two Flagellar Systems of Rhodobacter sphaeroides

R. sphaeroides is an a-proteobacterium from the non-taxonomic group of the purple non-sulfur
photosynthetic bacteria. This microorganism frequently found in lakes and stagnant water bodies has a
versatile metabolism since it grows by aerobic or anaerobic respiration, photosynthesis or fermentation [45].
The genome of several strains of R. sphaeroides has been sequenced and it consists of two chromosomes
and several plasmids [46—48] or by one chromosome, one chromide and several plasmids as it has been
recently suggested [49,50]. This microorganism was described as motile [45]. The characterization of these
motile cells revealed the presence of a single subpolar flagellum (later named as Flal) (see Figure 2)
that promotes a swimming pattern characterized by linear runs interrupted by short stop events.
This bacterium swims in liquid medium at average velocities of 80 to 45 um/s [51,52]. The flagellar
motor is dependent on the H* gradient and it rotates unidirectionally interrupted by short stop
periods [51,53]. During the stop events the flagellum is locked by an unknown mechanism [54].
The initial characterization revealed that most of the genes encoding for this structure were clustered
and its organization in the genome was similar to that found in other well characterized bacteria, such
as Escherichia coli and Salmonella enterica [55]. However, further studies on the molecular structure of
this flagellum have shown that it has particular components that evoke those found in Vibrio [18,56,57].
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When the genome sequence of R. sphaeroides was completed, the presence of a second flagellar gene
cluster was evident [46]. The cluster was later named fla2, given that it could potentially form a complete
functional flagellum. However, these genes were apparently not expressed according to microarray
studies (data accessible at NCBI GEO database accession, GSE139, and GSE12269) [58,59]. Phylogenetic
studies revealed that the fla2 cluster is vertically inherited in this bacterium, whereas the flal genes
were probably acquired by a horizontal transfer event from an ancestral y-proteobacterium [60]. Later
on, we showed that the expression of the fla2 genes was possible under specific conditions in the
laboratory [61]. Nonetheless, the signals that triggers in nature the expression of these genes remain to
be determined. The expression of the second gene cluster gives rise to several polar flagella that, like
the Flal flagellum, allow R. sphaeroides to swim in a liquid medium [60,62] (Figure 2). The number of
flagella per cell ranges from two to nine with an average of 4.5 [62]. The chemosensory response of
the Fla2 flagella is controlled by a set of CheY proteins, i.e., CheY1, CheY2, CheY5 that, until the fla2
cluster was expressed, lacked a motility phenotype when mutated [63-65].

The evolution of the Flal flagellum has allowed its adaptation to support efficient swimming
of this bacterium. In this review we present the outstanding features of this flagellum and the main
differences with the fla2 genetic system.
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Figure 2. Electron micrograph showing Rhodobacter sphaeroides expressing either the Flal flagellum or
Fla2 flagella. Cells were grown separately and under different growth conditions (for details see, [62]).
Bar = 500 nm. The schemes showing the regulatory pathway of each flagellar system are shown at the
right side of each micrograph [60,61].

2. Overview of the Flagellar Genetic System in R. sphaeroides

The flal genes are mainly organized in a single locus that also includes several genes related to
the chemotactic response of this flagellum, as well as several regulatory genes. This region is located in
chromosome I and it is comprised of approximately 56.6 kb; other flagellar genes whose products are
part of this flagellum are motAB, that are not located within this cluster [46,47,66].
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The 0> factor (RpoN) together with the RNA polymerase core (E) is responsible of the expression
of the flal genes. The gene encoding for this particular sigma factor, rpoN2, is located within the
flal flagellar locus [67,68]. It should be noted that R. sphaeroides has the peculiarity of having four
different genes encoding for 6®* (rpoNT to rpoN4), and only 0°*2 is responsible for the expression of
the flagellar genes [68]. Phylogenetic analysis suggests that the different copies of the rpoN genes arose
from duplication events followed by selection processes that allowed them to specialize [69]. Ec>*2
also controls the expression of some chemotactic genes as is explained later.

It is known that the ¢°* factor bound to the catalytic core of the RNA polymerase (E) is unable to
form an open complex for transcription initiation. This step requires that an activator protein remodels
the DNA-Ec® complex by hydrolyzing ATP [70,71]. The master activator protein for the expression
of the class I flagellar genes is FleQ that together with Eo>*? promotes the expression of an operon
that includes a second 0> activator protein named FleT as well as the genes fliIEFGHI]. FleQ forms a
heterodimeric complex with FleT and activates the expression of the class III flagellar genes. In this
gene class the sigma factor 628, also called FliA, and its anti-sigma protein FlgM are expressed, as well
as the genes encoding the components required to complete the basal body, the hook, and the stator
proteins MotA and MotB. When the hook is completed, FlgM is exported out of the cell and FliA directs
the RNA polymerase to express the class IV flagellar genes such as fliC and fliD encoding flagellin and
the filament cap protein, respectively [55,72] (Figure 2).

In accordance with the expression of the flal genes, FleQ and Ec>*2 also activate the expression of
the chemotactic genes located within the flagellar locus, achieving the expression of the cytoplasmic
chemotactic receptor tIpT, and the chemotactic signal transduction system that includes cheA4 and
cheA3, cheW4, cheR3, cheB2 and cheY6 [65,73,74]. FliA is responsible for the expression of the chemotactic
operon that includes cheY4 and the chemotactic receptor mcpG, which is localized in chromosome II [73].
Other chemotactic components that control rotation of Flal are encoded in the chemotactic operon
cheOp?2 that includes cheY3, cheA2, cheW2 and cheW3, cheR2, cheB1 and tlpC. This operon is expressed
by the housekeeping 0”° factor and also from a promoter dependent on 022 [73,75]. The control of the
chemotactic response mediated by these proteins is complex and it has been reviewed elsewhere [74].

On the other hand, the expression of the fla2 genes requires the absence of the Fla1 flagellum, and the
activation of a two-component system, formed by the histidine kinase CckA, the phosphotransferase
ChpT and the response regulator CtrA [61]. Details of the mechanisms that control CckA activation and
the negative control of Flal over Fla2 are currently being studied by our group. Nevertheless, when
CtrA is phosphorylated by CckA, the expression of the fla2 genes is turned on. These genes include
those within the fla2 cluster (of approx. 32 kb), fliM and fliG that are located elsewhere in chromosome I,
as well as flaA (flagellin), and its regulators flaF and fIbT that are located in plasmid A [76,77]. Recently
it was demonstrated that CtrA also activates the expression of the chemotactic operon cheOp1 that
includes three chemotactic receptors i.e., mcpA, mcpB and tlpS, as well as the chemotaxis genes cheD,
cheX, cheW1, cheR1, cheY1, cheY2 and cheY5 [73]. It has also been shown that all these components
specifically control the chemosensory response of the Fla2 flagella [64]; CtrA also activates other
chemotactic receptors [77]; however, it remains to be tested if these receptors affect the chemotactic
response mediated by this flagellum.

3. The Hook and Basal Body

Initial characterization of the Flal flagellum revealed two prominent features that contrasted from
the canonical well-studied flagellum from E. coli and S. enterica. One of these features was that Flal has
a straight hook and the second is that it shows a bulky hook-associated-protein (HAP) region [78-80]
(Figure 3A). The bulky HAP region correlates with the large molecular mass of FIgK1 with 1363 residues,
which is three times larger than its homologue in S. enterica. FIgK1 has well-conserved N and C-terminal
regions with residues present in orthologous proteins, and a large central non-conserved region of
860 residues that accounts for the large molecular mass of this protein. Discrete deletions of 100 amino
acids within this non-conserved region revealed that the complete protein is required for normal
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swimming since practically all these mutants showed a severe reduction in swimming velocity and
jiggling trajectories. Importantly, cells expressing FlgK1 lacking residues 340-440 or 840-940 located
in the non-conserved region, produced flagella indistinguishable from the wild-type; nevertheless,
the mutant cells were unable to swim in liquid medium, revealing that these non-conserved regions
are indeed relevant to handle the load exerted by motor rotation [81]. The presence of at least three
flagellin-hook IN motifs (pFam07196) detected with the HMMER software package [82] and at least two
internal repeats detected with SMART (Simple Modular Architecture Research Tool) [83,84], suggests
that this central region could be the result of several processes of internal duplication. So far, few
studies have addressed the relevance of the HAP region and its influence on the correct polymorphic
shape of the filament when torque is applied [85].

As mentioned above, another characteristic feature of the Flal flagellum is the presence of a
straight hook (Figure 3B). Purified flagella showed a straight hook in a wide range of pH values, from
4 to 9 [66]. This is in contrast with other bacteria such as E. coli, S. enterica, and the o proteobacterium
Magnetospirillum magnetotacticum that have a curved hook [66]. The R. sphaeroides hook protein FIgE1 is
50% similar to FIgE from S. enterica (FIgEse), however it has twice as many proline residues than its
counterpart FIgEs, (23/423 versus 12/403), and several of these residues are clustered in short regions
not found in FlgEg, [86]. According to the structural model defined for FlgEg, [15,87-89], one of these
insertions is located in the Dc domain and the other in the D1 domain. A deletion of six residues in one
of these regions did not prevent hook assembly but the structure was conspicuously curved (Figure 3C).
The swimming trajectories of these cells were wavy instead of the smooth trajectories commonly seen
for wild type R. sphaeroides cells [86]. This mutation affects the D1 domain that participates in the axial
interactions between subunits. Interestingly, it has been recently shown that a short insertion in the Dc
domain of FigEs. made the hook straight. From this study, it was suggested that the Dc domain acts as
a structural switch to coordinate axial packing interactions of the D1 domain with the supercoiling of
the hook structure [90]. Therefore, these studies concur on the role of the axial packing interactions of
D1 domains of the FIgE protein to profoundly affect the final structure of the hook.

Figure 3. Electron micrographs showing (A) wild-type Flal filament-hook-basal body [62], arrow
denotes the bulky HAP region; (B) sheared Flal wild-type filament-hook; (C) sheared Flal filament-hook
from a mutant lacking residues 91-96 of FIgE [86]. Bar = 50 nm.

4. Rod Assembly and Opening of the Peptidoglycan Barrier

Another interesting aspect of the basal body is the order in which the different subunits that form
the flagellar rod are assembled. Previously, work in S. enterica, showed that FIiE and FlgB formed the
proximal end of the rod; likewise, previous reports indicated that FIgG is the most distal component.
However, the order of assembly was not known i.e., if FIgC or FIgF followed after FlgB. Using purified
preparations of the five different rod proteins from R. sphaeroides, a possible assembly order was recently
suggested. In this study, specific interactions between FIiE and FlgB, FlgB and FIgF, and between
FlgC and FlgG, were detected. From these results, it was proposed that the order of assembly of the
rod proteins in R. sphaeroides is FIiE, FigB, FIgF, FlgC and FlgG [91]. This order is different to the one
proposed for the Gram-positive bacterium Bacillus subtilis and the spirochete Borrelia burgdorferi, where
it was suggested that the rod proteins are assembled in the following order: FliE, FlgB, FlgC, FIhO
(FIgF), and FlgG [40,92]. The difference between the order of assembly proposed for R. sphaeroides and
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B. subtilis or B. burgdorferi could be explained by the different experimental approaches used in these
studies or possibly due to an actual difference between these organisms in the order of assembly of
the rod structure. The limited amount of studies that addresses this issue prevent a comparison with
species related to R. sphaeroides.

Additional proteins are required during the assembly process of this axial structure. In Salmonella
a chaperone protein (Flg]) has a dual function, as a scaffold and also as a muramidase that degrades
the peptidoglycan layer to facilitate rod penetration [9]. In contrast, in R. sphaeroides FlgJ lacks the
muramidase domain but it retains its ability to function as a scaffold for rod assembly [93]. It was also
found that a gene in the fIgG operon codes for a protein that has a signal sequence at its N-terminus
followed by a soluble lytic transglycosylase domain, and could act as a muramidase to remodel
the peptidoglycan wall [94]. The protein encoded by this gene is indeed a flagellar soluble lytic
transglycosylase named SItF that specifically interacts with Flg] through its C-terminus. SItF is exported
to the periplasm by means of the SecA pathway where it encounters the scaffold protein that directs it to
the specific site in the peptidoglycan layer that will be remodeled to allow the passage of the rod [94,95].
Given that SItF is exported by the general secretion pathway, it is possible that this protein must be
distributed throughout the periplasmic space potentially causing widespread damage. However, it
was recently shown that the enzymatic activity of SItF is modulated by the interaction of the different
rod proteins. It is stimulated by the flagellar rod protein FlgB, and inhibited by FIgF [96].

5. The Flagellar Motor of R. sphaeroides

In the absence of a chemical gradient R. sphaeroides swims following a random pattern of runs and
stops. During the run periods the Flal flagellum rotates unidirectionally in the clockwise direction
and uses H* as the coupling ion. When rotation stops, the filament coils up against the cell body,
and the swimming trajectory changes [51,97]. Biochemical and genetic studies of the flagellar motor
have revealed that, apart from the core structure characterized in E. coli and S. enterica, other accessory
components form part of this flagellum. In this regard it has been shown that in Flal, proteins
homologous to FIgT, FlgP, and MotF (a protein of restricted distribution in some species of the family
Rhodobacteraceae), are part of this structure (Figure 4).
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Figure 4. Schematic drawing of the R. sphaeroides flagellar motor. The model is based on the electron
microscopic analysis of isolated flagella of R. sphaeroides, as well as inferences based on protein-protein
interaction analysis and in situ visualization of the flagellar structure of Vibrio. The name of the
different components and proteins that form this structure are indicated. This figure was created with
BioRender.com (website: https://biorender.com/).
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FlgT is a periplasmic protein exported by the general secretion pathway. It forms the H-ring
that surrounds the PL-rings and it is widely distributed in several species of Vibrio, Aeromonas,
Pseudoalteromonas and also several species of the family Rhodobacteraceae [98-100]. We have demonstrated
that FIgT from R. sphaeroides forms a characteristic H-ring (Figure 5), and that this protein, apart from
interacting with itself, interacts with FIgH that forms the L-ring of the flagellar core structure, where
this interaction would assist to anchor the H-ring to the basal body [56,57]. However, in contrast with
the situation observed in V. alginolyticus, and V. cholerae where the absence of FIgT affects flagellar
assembly, as well as the penetration of the outer membrane [98,100,101]; in R. sphaeroides the absence of
FIgT results in a Mot~ phenotype [56]. This indicates that in this bacterium the function of the H-ring
is mainly associated with torque generation and motility and not with flagellar assembly. Although its
role may not be direct, as discussed below, since FIgT interacts with other proteins that are directly
related with torque generation.

MflgT

Figure 5. Electron micrographs showing isolated filament-hook-basal bodies from wild type cells
expressing Flal and from a mutant lacking FlgT. White arrows denote the H-ring Bar = 20 nm [56].

The flagellar motor of R. sphaeroides also includes the protein FlgP that is an outer membrane
lipoprotein essential for flagellum formation [57]. In this work, we observed that FIgP interacts with
itself suggesting that it could form an oligomeric structure. It was also proposed that FIgP could form
the basal ring that is located under the outer membrane, as it has been previously observed in C. jejuni
and V. fisheri [102]. FIgP also interacts with FIgT and FlgH, these interactions would be an additional
support for the formation of the basal disk [57]. Nevertheless, in the absence of FIgT, FlgP should be
included given that the flagellar structure is formed; whereas in the absence of FIgP the flagellum is
not assembled. More precisely, in the absence of FIgP the flagellar hook is not assembled, even though
the hook protein FIgE is present in the cytoplasm. Hence, the anti-sigma factor FlgM is not exported
from the cell, and the flagellar genes dependent on 023, such as those encoding for flagellin and other
chemotactic proteins, are not expressed. In contrast, in AflgP mutants the flagellar rod is assembled;
therefore, it was proposed that FIgP is required for a proper rod to hook transition [57]. Since, the L-ring
assembly has also been related with this process it can be presumed that in R. sphaeroides the L-ring
could be remodeled by the basal disk. It should be noted that in V. alginolyticus it has been proposed
that FIgP forms the middle part of the H-ring [101]; however, given the different phenotypes associated
with the loss of FlgT and FIgP, we chose to name the structures as H-ring and basal disk respectively,
as it was proposed for V. fischeri [102].

A flagellar gene named motF was identified in R. sphaeroides and it is present in some species of
the family Rhodobacteraceae. MotF is a 24 kDa protein that has a transmembrane region spanning from
residue 54 to 74 and a large periplasmic C-terminal portion. It was shown that a proper localization of
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a fluorescent version of this protein is dependent on the presence of an activated proton channel, given
that in the absence of MotA/B, or FliL, GFP-MotF forms several fluorescent foci per cell instead of the
single one observed in wild-type cells. The presence of several different populations of GFP-MotF in
these mutants could be caused by a weak association of GFP-MotF with the flagellar structure when
the stator complexes are not present or activated [103].

Remarkably, AmotFcells recovered the swimming ability by a secondary mutation in the amphipathic
helix of MotB localized after the transmembrane segment of this protein [103]. This region known as
the plug, has been proposed to prevent proton flow before the MotA/MotB complex associates with
the flagellar structure [104]. In addition, eight extragenic suppressors of the Mot™ phenotype caused
by the absence of FliL also affected this specific region of MotB [34]. Surprisingly, all these motB
mutant alleles were also able to suppress the Mot~ phenotype of AmotF [103] (Figure 6). Therefore, it is
strongly suggested that FliL. and MotF are implicated in remodeling the C-terminus of MotB and hence
promote the activation of the proton channel. If the hydrophobicity of the amphipathic helix of the
plug is reduced, as occurs in the suppressor mutants, the presence of FliL and MotF is dispensable for
flagellar rotation.
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Figure 6. Scheme of the plug region of MotB showing the mutant alleles that suppress the Mot~
phenotype of AfliL and AmotF. Also shown are the swimming phenotypes on soft agar of the various
strains and suppressor mutants [34,56,103].

It was observed that the H-ring (FIgT) is necessary for recruitment of GFP-MotF in the flagellar
motor [56]; therefore, the role of FIgT on flagellar rotation could be indirect. In accordance with this
possibility we detected that FIgT interacts with FliL and MotF, indicating that the H-ring could act as a
hub to recruit or stabilize these proteins that are directly involved in the activation of the proton channel.
However, FIgT also interacts with MotB and the mutants in MotB that act as secondary suppressors of
AMfliL and AmotF, barely improve swimming of the AfIgT strain, indicating that the H-ring could also
participate in the recruitment of the stator complexes [56]. In this context it is important to mention
that in R. sphaeroides there are no homologues of motX and motY whose products have been proposed
to form the T-ring in V. alginolyticus that contributes to recruit the PomA/PomB (equivalent to MotA/B
in Vibrio) complexes to the flagellar structure [25,101]. Therefore, FIgT could have possibly evolved in
order to gain this role in R. sphaeroides.

6. Dominance of Flal over Fla2

An interesting question regarding the coexistence of the two flagellar systems in this free-living
bacterium, is if there is cross-regulation between the two. Under the growth conditions commonly
used in the laboratory, Fla2 flagella have never been observed, suggesting that something in the culture
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medium could favor the expression of the flal genes and repress fla2 expression. Routinely, the growth
conditions used for the enrichment and isolation of phototrophic bacteria involve the use of organic
acids as electron donors in the growth medium, under photoheterotrophic conditions. Therefore,
these compounds were obvious candidates to be tested. We have recently demonstrated that the
expression of the cckA and ctrA genes, that encode the histidine kinase and the response regulator
of the two-component system that activates the expression of the fla2 genes, is repressed when a
high concentration (34 mM) of C4-dicarboxilic acids is present in the culture medium. However,
the growth of the wild-type strain (WS8N) in the absence of C4-dicarboxilic acids is not sufficient to
induce activation of the CckA/ChpT/CtrA two-component system and therefore the fla2 genes are not
transcribed. We have speculated that CckA should be activated by additional specific environmental
conditions that remain to be understood. Nevertheless, it was observed that the cells carrying a
mutation in the master regulator fleQ could acquire a gain of function mutation in CckA that allows the
expression of the fla2 genes. As a result, a homogeneous population of bacteria able to swim with the
Fla2 flagella was obtained; however, when these cells were complemented with a plasmid expressing
FleQ, most of the cells stopped synthesizing Fla2 flagella and the number of cells expressing Flal
flagella increased sharply. Remarkably, cells carrying both types of flagella were never detected. This
suggests that, under laboratory conditions, there is a clear dominance of the Flal system over Fla2
mediated by an unknown molecular mechanism [61]. The elucidation of this regulatory mechanism
would shed light on how a complete set of foster genes were acquired and stably incorporated into
the regulatory circuit that controls motility in this organism and also would reveal details of the
evolutionary success of this resourceful bacterium.

7. Future Directions

Given that the flal system was laterally acquired, it is important to elucidate the molecular
mechanisms controlling biogenesis and rotation of this structure with particular emphasis on FlgP and
FlgT, which are not present in the vertically inherited flagellar genes of several «-proteobacteria so
far characterized. It is apparent that these proteins do not accomplish the same function that their
homologues in Vibrio, suggesting that they may have evolved differently. In this context, it would be
relevant to look deeper into the molecular role of the family Rhodobacteraceae-specific MotF protein and
test its possible role as a stabilization element of the stator complexes (MotA/MotB).

Regarding flagellar biogenesis, it will be important to determine the molecular mechanisms
underlying the localization and control of the activity of the soluble lytic transglycosylase (SItF) that
is important, not only to understand, how a flagellar-specific lytic enzyme is controlled, but also to
determine if these mechanisms are conserved in other type III secretion systems.

The in situ analysis of the structure of the Flal motor by combining cryo-EM and genetic studies
is an important pending assignment to identify the hypothetic basal ring and the localization of MotF.

The elucidation of the genetic mechanisms that control the communication between the flal and
fla2 genetic systems that results in a mutually exclusive expression, is of particular relevance.
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Abstract: The bacterial flagellum is a large molecular complex composed of thousands of protein
subunits for motility. The filamentous part of the flagellum, which is called the axial structure,
consists of the filament, the hook, and the rods, with other minor components—the cap protein and
the hook associated proteins. They share a common basic architecture of subunit arrangement, but
each part shows quite distinct mechanical properties to achieve its specific function. The distal rod
and the hook are helical assemblies of a single protein, FlgG and FIgE, respectively. They show a
significant sequence similarity but have distinct mechanical characteristics. The rod is a rigid, straight
cylinder, whereas the hook is a curved tube with high bending flexibility. Here, we report a structural
model of the rod constructed by using the crystal structure of a core fragment of FIgG with a density
map obtained previously by electron cryomicroscopy. Our structural model suggests that a segment
called L-stretch plays a key role in achieving the distinct mechanical properties of the rod using a
structurally similar component protein to that of the hook.

Keywords: bacterial flagellum; crystal structure; electron cryomicroscopy; flagellar rod; hook

1. Introduction

Many motile bacteria move in liquid environments by rotating a helical filamentous organelle
called the flagellum. The flagellum is a large molecular assembly of about 20-30 thousand of protein
subunits of more than 20 types of proteins. The filamentous part of the flagellum, termed the axial
structure, is rotated by a motor embedded in the cell membrane. The axial structure consists of three
morphologically distinct regions, the rod, the hook, and the filament from the proximal to the distal
end, with a few minor components [1,2]. The filament is a long helical propeller with a diameter of
~20nm and a typical length of around 15 pm. The filament is a helical assembly of about 30,000 flagellin
(FIiC) subunits. The hook is a short, curved segment with an approximate length of 55 nm. The hook is
a helical assembly of about 120 subunits of FIgE [3,4]. The function of the hook is a universal joint
that transmits motor torque to the filament in any orientation relative to the motor axis. The rod is
a straight structure with a length of about 30 nm. The rod is a helical cylinder that comprises four
proteins: FlgB, FlgC, and FIgF in the proximal part and FlgG in the distal part [5-7]. The rod is a drive
shaft that penetrates the peptidoglycan (PG) layer and the outer membrane and connects the hook
with the rotor of the motor.
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The axial components share a common architecture in the subunit arrangement and the domain
arrangement. The axial subunit proteins are arranged in a helical array of 11 subunits in two turns of
the 1-start helix. This arrangement produces 11 protofilaments, which are strands of the component
proteins aligned nearly parallel to the filament axis [8-10]. The subunits form a concentric multi-layer
tube in the axial structure. The inner tube is composed of x-helical coiled coils constructed by the N-
and C- terminal regions of each component protein [11-15]. These terminal regions are disordered in
monomeric state in solution but are folded into the coiled coils only when the subunits are incorporated
into the flagellum [16,17].

Despite the common architecture, the mechanical properties of the axial structures are quite
distinct. The filament forms a stiff, super helical structure as a propeller for efficient propulsion of the
cell. The hook is flexible in bending but rigid against twisting to achieve a universal joint function,
whereas the rod is a rigid straight cylinder to work as a drive shaft. Since the inner most tube shows a
common structural feature, the differences in the mechanical and functional properties are ascribed
to the structural difference of the outer regions. In fact, the amino acid sequence of the outer region
of FliC (UniProtKB ID: P06179) differs completely from that of FlgE (UniProtKB ID: POA1]1) or FlgG
(UniProtKB ID: POA1]3). However, FIgE and FIgG show a high sequence similarity to each other,
even in the first outer region D1, although FIgE has an additional domain outside D1. Therefore,
their structures have been investigated to understand the molecular basis of the specific properties of
these structures.

The hook structure of the Salmonella typhimurium (St) has been studied by X-ray crystallography
and electron cryomicroscopy (cryoEM) image analysis. St-FIgE is composed of three domains, DO, D1,
and D2, and a region connecting DO and D1 termed Dc. The D1 and D2 domains are composed of
-structures and are connected by a short stretch of an anti-parallel 3-strands [18]. The D1 and D2
domains are loosely packed along the protofilament in the hook, which allows the sliding motion
in the axial subunit interface. Therefore, the intersubunit distance can be compressed or extended
up to ~2 nm. This property is thought to be a key factor for flexibility in bending [18-20]. On the
other hand, the D2 domains are closely arranged along the 6-start direction on the outer surface of the
hook. This structure greatly contributes to rigidity against twisting [18,21]. However, the structure of
the Dc region is unclear because of the low resolution of the cryoEM density. Recently, the complete
hook structure of Campylobacter jejuni (Cj) revealed that DO and D1 domains are linked by an r-shaped
extended structure termed L-stretch, which is composed of 50 residues following the N-terminal
helix [15]. The r-stretch of the Cj-hook interacts with the neighboring three protofilaments, thereby
stabilizing the hook structure [15]. Therefore, the Dc region of St-hook would be expected to adopt a
structure similar to the r-stretch of Cj-hook.

A partial structural model of the distal rod has recently been constructed on the basis of a cryoEM
density map of the distal rod at a 7 A resolution obtained from a polyrod mutant of St-FlgG, a mutant
that produces an unusually long distal rod, and a homology model of FIgG constructed based on the
crystal structure of St-FIgE [22]. The helical symmetry of the distal rod is almost the same as that of
the hook. Therefore, the subunit arrangement of the rod is very similar to that of the hook, but the
orientation of each domain is significantly different. The D1 domain of FIgG stands upright to tightly
