Biophysical Reviews (2018) 10:617-629
https://doi.org/10.1007/s12551-017-0338-7

REVIEW

@ CrossMark

Molecular dynamics simulation of bacterial flagella

Akio Kitao' ® - Hiroaki Hata>

Received: 29 September 2017 / Accepted: 7 November 2017 /Published online: 27 November 2017
© International Union for Pure and Applied Biophysics (IUPAB) and Springer-Verlag GmbH Germany, part of Springer Nature 2017

Abstract

The bacterial flagellum is a biological nanomachine for the locomotion of bacteria, and is seen in organisms like Salmonella and
Escherichia coli. The flagellum consists of tens of thousands of protein molecules and more than 30 different kinds of proteins.
The basal body of the flagellum contains a protein export apparatus and a rotary motor that is powered by ion motive force across
the cytoplasmic membrane. The filament functions as a propeller whose helicity is controlled by the direction of the torque. The
hook that connects the motor and filament acts as a universal joint, transmitting torque generated by the motor to different
directions. This report describes the use of molecular dynamics to study the bacterial flagellum. Molecular dynamics simulation is
a powerful method that permits the investigation, at atomic resolution, of the molecular mechanisms of biomolecular systems
containing many proteins and solvent. When applied to the flagellum, these studies successfully unveiled the polymorphic
supercoiling and transportation mechanism of the filament, the universal joint mechanism of the hook, the ion transfer mecha-
nism of the motor stator, the flexible nature of the transport apparatus proteins, and activation of proteins involved in chemotaxis.
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Introduction

The bacterial flagellum, a biological nanomachine for the lo-
comotion of bacteria, is found in both Gram-positive and -
negative bacteria. The flagellum contains tens of thousands
of protein molecules and more than 30 different kinds of pro-
teins (Namba and Vonderviszt 1997). Bacteria, such as
Escherichia coli and Salmonella, swim towards favorable
conditions in their living environments by rotating the bacte-
rial flagellar filaments. These microbes run straight by rotating
the filaments for a few seconds in the counter-clockwise
(CCW) direction as viewed from the outside of the cell (name-
ly, swimming or run mode). Alternatively, in the tumble mode,
the bacteria tumble their bodies upon the clockwise (CW)
rotation of the filaments for ~ 0.1 s (Berg and Anderson
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1973; Larsen et al. 1974b; Silverman and Simon 1974). In
the run mode of E. coli and Salmonella, several flagellar
filaments of a left-handed helical structure form a bundle
and act as a screw, whereas in the tumble mode, as a tran-
sition of the filament structure into a right-handed helix is
induced, the bundle is untangled, and the bacterium changes
the direction of movement (Larsen et al. 1974b). The bacte-
rial flagellum comprises the basal body (consisting of a ro-
tary motor and export apparatus), the hook (which serves as
a universal joint), and the filament (which serves as a pro-
peller) (Fig. 1) (Berg 2003; Macnab 2003). The motor is
powered by proton- or other ion-motive force across the
cytoplasmic membrane, and the motor torque is transmitted
to the filament through the hook. Bacterial flagella are
paralogous to a protein export apparatus called a type III
secretion system (T3SS) or type III injectisome (Aizawa
2001; Cornelis 2006). Interestingly, the archaeal flagellum,
which is orthologous to a bacterial type IV pilus, is
evolutionally different from the bacterial flagellum, although
both flagella are used for swimming motility (Thomas et al.
2001; Ghosh and Albers 2011).

The molecular structure of the bacterial flagellum has been
investigated for many years. Atomic-resolution structures
have been determined for many parts of the flagellum, includ-
ing the filament, the hook, the rod, a part of the motor proteins,
the soluble part of the export apparatus, and chemotactic pro-
teins. However, the molecular mechanisms of bacterial
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Fig. 1 Overall structure of the flagellum of Sa/monella typhimurium

flagella are still not yet fully understood. One reason for this is
that it has been difficult to experimentally determine atomic-
resolution structures for some segments of flagellar proteins,
such as the motor proteins and membrane domains of the
export apparatus proteins. Another reason is that the bacterial
flagellum constitutes a highly flexible system, whose func-
tional mechanism needs to be investigated from the point of
view of dynamics.

Molecular dynamics (MD) simulation is a powerful com-
puter simulation method that can be used to investigate the
structure, dynamics, and function of proteins and other bio-
molecules, as well as their assembly. Many parts of the bacte-
rial flagellum have been elucidated by MD, as shown below,
although a whole flagellum is still too large for atomic-
resolution MD. These MD results summarized here provide
essential insights into the molecular mechanisms of the bacte-
rial flagellar system.

Polymorphic supercoiling of the filament

The flagellar filament of Salmonella is a tubular supercoil
structure that consists of subunits composed of a single pro-
tein, F1iC or flagellin (Fig. 1). The filament grows up to 10 um
long, which contains 30,000 flagellin molecules. The structure
of the filament can be described as stacked helical units, each
consisting of 11 subunits, or as 11 circularly arranged
protofilaments, and each filament forms nearly longitudinal
helical arrays of subunits (O’Brien and Bennett 1972). The
filament can be transformed into various distinct supercoil
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forms by changes in the chemical environment (Kamiya and
Asakura 1976a, b; Hotani 1980), single amino acid mutations
(Kamiya et al. 1982; Kanto et al. 1991), or mechanical forces
(Macnab and Ornston 1977; Hotani 1982). The filament state
in the run mode is called “normal” and the state in the tumble
mode is either in “semicoil”, “curly I”, or “curly II” (Macnab
and Ornston 1977; Turner et al. 2000). From a static point of
view, the polymorphism of supercoils is reasonably well un-
derstood as a bi-stable protofilament model (Asakura 1970;
Calladine 1975, 1976, 1978). In this model, it is assumed that
subunit conformations are the same within each protofilament,
and that protofilament conformation which includes the inter-
actions with neighboring protofilaments is classified into two
distinct forms, R-type and L-type. The assumed intrinsic bi-
stable character of the protofilament and geometrical con-
straints to maintain a tubular structure result in discrete poly-
morphic states of the flagellar filament, as characterized by
combination of the R- and L-type protofilaments, i.e., normal
(2R/9L: 2 R-type and 9 L-type protofilaments), semicoil (4R/
7L), curly I (5R/6L), and curly II (6R/5L) (Hasegawa et al.
1998; Yamashita et al. 1998). Although the bi-stable
protofilament model gives a reasonable static and mechanical
view of polymorphic supercoiling from a macroscopic point
of view, the underlying molecular mechanisms should be un-
derstood based on atomic-resolution structures.

The A449V flagellin mutant from the STW1655 strain of
S. typhimurium forms a straight filament, whose
protofilaments are all in the R-type. Its atomic structure was
first solved for the F41 fragment (41 kDa) of flagellin by X-
ray crystallography (Samatey et al. 2001) and for the whole R-
type straight filament by electron cryoelectron microscopy
(cryoEM) at 4 A resolution (Yonekura et al. 2003). Later,
the L-type straight filament structure (G426A mutant from
the STW1660 strain) was also determined by cryoEM at a
similar resolution (Maki-Yonekura et al. 2010).

All-atom MD simulation of the filament in explicit solvent
molecules was successful in investigating the molecular
mechanism of polymorphic supercoiling (Kitao et al. 2006).
Starting from the R-type straight filament structure consisting
of 44 flagellin subunits, 2.4-million-atom MD simulations for
20 ns were conducted and the polymorphic supercoiling
mechanism was investigated. In addition to the R-type straight
filament, the wild-type (SJW1103) and G426A mutant
(SJTW1160) which form “normal (2R/9L)” and L-type straight
(OR/11L) filaments in the native state, respectively, were also
investigated. It was found that an MD simulation was success-
ful in constructing the atomic-level supercoil structures con-
sistent with various experimental data and, further, in eluci-
dating the detailed underlying molecular mechanisms of the
polymorphic supercoiling (Fig. 2). It was also identified that
the following three types of interactions are identified as keys
to understanding the supercoiling mechanism. ‘“Permanent”
interactions are always maintained between subunits in the
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Fig. 2 Polymorphic supercoiling of flagellar filament (Kitao et al. 2006).
Simulated models of flagellar filaments and helical parameters of wild-
type filaments in the curvature-twist diagram. a Initial structure for sim-
ulation. Snapshots of normal (b) and semicoil (¢) during simulation. d
Helical parameters of meta-stable structures of ten distinct molecular
dynamics (MD) trajectories (last 150 ps). Red “+” connected by lines:
parameters expected from the bi-stable protofilament model. Long fila-
ments consisting of 10,680 subunits are also shown. e Structures of ran-
domly generated long filaments. f Results of force-bias MD starting from
right- towards left-handed supercoil. The magenta and yellow lines rep-
resent the results obtained for a torque of 5.0 and 2.0 x 10?> pN nm,

various supercoil structures. This is consistent with the exper-
imental result that filaments are severely destabilized if the
first residues involved with permanent interactions in N-
terminal regions (ASP42 and ASP43) are deleted
(Vonderviszt et al. 1991). “Sliding” interactions are formed
between variable hydrophilic or hydrophobic residue pairs,
allowing intersubunit shear without large changes in energy.

5
Twist (rad/pum)

respectively. Density map: probability determined from 11 trajectories
that reached near 2R/9L or 1R/10L. White circle: initial structure. Black
circles: final structures. Black line: probable position of the energy barrier.
White arrow: expected relaxation pathway. g same as f but in the opposite
direction. The magenta and yellow lines represent the results for a torque
of 4.0 and 2.0 x 10> pN nm, respectively. The density map was deter-
mined from 34 trajectories that reached near 4R/7L or SR/6L. White
triangle and square: transient structures experimentally observed
(Hotani 1982). Reproduction from the original paper (Kitao et al.
2006). Copyright (2006) National Academy of Sciences

The formation of “switch” interactions (salt bridges and hy-
drogen bonds) stabilize intersubunit interactions, which drive
the subunit to take the L-type conformation. In contrast, the
breakage of switch interactions leads to the R-type conforma-
tion, which is similar to the monomer structure of flagellin. In
other words, flagellin intrasubunit interactions prefer the R-
type conformation. To construct the filament structure, part of
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the protofilament interface takes the L-type form and others
take the R-type form. Since the L- and R-type interactions
cannot be satisfied at the same time, the filament is energeti-
cally frustrated, which causes multiple energy minima. Since
conformational changes among multiple energy minima can
be caused by relatively low energy costs (Kitao and Takemura
2017), different types of perturbations, e.g., reversal of torque
direction, pH and ionic strength change, and mutations, can
easily induce conformational change. Therefore, polymorphic
supercoiling is caused by the energy frustration between intra-
and intersubunit interactions. This mechanism explains the
phase diagram of the supercoil structure versus pH (Kamiya
and Asakura 1976a). Switch interaction also explains the mu-
tation D107E, which results in the L-type straight filament
(Kamiya et al. 1982; Kanto et al. 1991). Since substitution
of the aspartic acid (D) side chain with a longer one of
glutamic acid (E) promotes the formation of salt bridges,
DI107E should prefer the L-type form. In contrast to the bi-
stable protofilament model, the results of MD provide a mi-
croscopic view of supercoiling.

Kitao et al. (2006) also found that the transition between
distinct supercoils is achieved by a “transform and relax”
mechanism, in which the filament structure is geometrically
transformed rapidly and then slowly relaxes to energetically
meta-stable states by rearranging interactions (Fig. 2f, g). The
supercoil transformations were observed in MD when a torque
of 3.0 x 10? pN nm or greater was applied, which agrees with
the experimental value (Hotani 1982).

To investigate the mechanism responsible for inducing
polymorphic transitions in the protofilament arrangement be-
tween the run and tumble modes, coarse-grained MD simula-
tions of a 0.5-um-long flagellar filament were performed for
tens of microseconds with varying torque and solvent condi-
tions (Arkhipov et al. 2006). It is concluded that rearrange-
ment of protofilaments and supercoiling do not arise without
solvent, which shows that the behavior of the flagellum is
determined not only by interprotein interactions, but also by
hydrodynamic effects.

As seen in these studies, all-atom and coarse-grained MD
simulations provided important insights for the supercoiling
mechanism.

Universal joint mechanism of the hook

The flagellar hook forms the tubular supercoil structure that is
made of 11 circularly arranged protofilaments, and each
protofilament constructs nearly longitudinal helical arrays of
subunits (Wagenknecht et al. 1982; Morgan et al. 1993;
Shaikh et al. 2005). The hook is similar to the filament in this
regard; however, it is much more flexible (Kato et al. 1984).
The hook is a helical assembly of ~ 130 copies of a single
hook protein, FIgE, which forms a short, highly curved tube
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(Fig. 1). The length of the hook is relatively well regulated to ~
55 nm (Hirano et al. 1994), but it grows much longer if FliK or
FIhB proteins, which are involved with protein export and
flagellar assembly, are mutated (Patterson-Delafield et al.
1973; Kutsukake et al. 1994; Williams et al. 1996). This elon-
gated hook, called a polyhook, clearly shows a right-handed
helical structure with a helical pitch of about 0.1 um. The
polyhook can be reversely transformed into various helical
forms, such as a left-handed helix, “coiled” with almost no
helical pitch, and also straight form. The radius and pitch of
the polyhook supercoils were measured under different pH
and temperature conditions (Kato et al. 1984). The right-
handed supercoil, called “normal”, which is stable at neutral
pH and room temperature, has a diameter of 35 nm and a pitch
of 95 nm. The atomic structure of a 31-kDa hook protein
fragment of S. #yphimurium (FIgE31), which contains D1
and D2 domains, has been determined by the X-ray crystal-
lography (Samatey et al. 2004) and fitted to the density map of
the straight hook reconstructed from 9-A resolution images
obtained by cryoEM (Shaikh et al. 2005). Fujii et al. (2009)
determined a more complete atomic structure of hook of
Salmonella enterica serovar typhimurium (S. enterica) by
cryoEM image of 7.1 A, except for the Dc domain situated
between the DO and D1 domains. Matsunami et al. (2016)
recently determined a full atomic structure of
Campylobacter jejuni hook, which includes extra D3 and
D4 domains, at 3.5 A resolution.

Samatey et al. (2004) performed MD simulation of the
protofilament extension and compression along the
protofilament axis (11-start direction) using hook dimer and
trimer. The simulation was conducted by shifting the reference
coordinates of domain D2 of the subunit at the top and domain
D1 of the subunit at the bottom in opposite directions to com-
press by 5 A or extend by 15 A while applying positional
restraints to the main-chain atoms of these domains. They
found that hydrogen bonding interactions between amino acid
residues of the triangular loop and the inner face of D2 show
multiple steps of changes in bonding partners, which realizes a
large sliding at this D1-D2 interface. This “sliding” was
interpreted as a mechanism to enable low energy structural
change, as the intersubunit hydrogen bonds can be rearranged
between different residue pairs, as also seen the filament
(Kitao et al. 2006). Certain flexibility in the relative domain
orientation between D1 and D2 also plays a role in the chang-
es in bonding partners.

Furuta et al. (2007) further investigated the intersubunit
interactions in the flagellar hook structure using 44 subunits
of FIgE31 by two-million-atom MD. Energetically stable
models for the St-type (straight form), Lh-coil (left-handed
supercoil), and Rh-coil (right-handed supercoil) were gener-
ated at atomic detail and intersubunit interactions were inves-
tigated. They showed that the intersubunit distance can be
compressed or extended totally up to ~ 20 A along the
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direction of the hook protofilament axis (11-start) (Fig. 3). On
the innermost side of the supercoil where the intersubunit
distance is minimized, subunit pairs along 11-start are highly
packed and no gap is left for further compression, while on the
outermost side, subunits are slightly separated and make

Fig.3 Arrangements of neighboring three subunits along different helical
lines in the inner, intermediate, and outer sides of two different supercoils
(Furuta et al. 2007). a—¢ Lh-coil (left-handed supercoil) and d—f Rh-coil
(right-handed supercoil). a, d Along the protofilament direction; b, e
between neighboring protofilaments viewed from inside; ¢, f as b, e but
viewed from outside. In each panel, three sets of trimers are superimposed
by best-fitting the subunits in white. Red, green, and blue represent the
inner, intermediate, and outer sides of the supercoils, respectively. The
reference subunits numbered “0” are shown as the Cox ribbon model and
the others by surface representation. Snapshots at 0.5 ns are shown.
Reproduction from the original paper with permission (Furuta et al. 2007)

indirect interactions through water molecules. Similar tenden-
cies were observed in the intersubunit interactions between
neighboring protofilaments. The hook supercoil structures of
the two extreme cases, the Lh- and Rh-coils, make maximal
use of the gaps between subunits. This mechanism is called
the “gap compression/extension mechanism”. Two underly-
ing mechanisms play important roles to allow such conforma-
tional change of the hook with relatively low energy costs.
One mechanism is mutual subunit sliding on the intersubunit
interface with accompanying rearrangements of intersubunit
hydrogen bonds, as also seen in the filament. Another mech-
anism is relative domain motions between domains D1 and
D2. Domain motions are widely recognized as a mechanism
to allow large conformational change in many proteins (Qi
et al. 2005; Nishima et al. 2009). The hook also adopts these
general mechanisms to act as a universal joint.

Structural change and ion transportation
mechanisms of the motor stator

The flagellar motor utilizes the motive force of protons and
other ions as an energy source (Larsen et al. 1974a; Hirota
et al. 1981; Dean et al. 1984; Stader et al. 1986; Chun and
Parkinson 1988; Khan et al. 1988; Terahara et al. 2012). The
flagellar motor can rotate in both the CW and CCW directions,
which regulates the swimming pattern of bacteria (Yamaguchi
etal. 1986). Escherichia coli has several proton-driven flagel-
lar motors. The FliG, FliM, F1iN, MotA, and MotB proteins in
E. coli are involved in torque generation (Enomoto 1966;
Yamaguchi et al. 1986). Among them, FliG, FliM, and FliN
constitute the flagellar rotor and are also involved in CW/
CCW switching. Each rotor is typically surrounded by ten
stators that comprise MotA and MotB (Fig. 4a).

This motor can be considered as multifuel engines that
convert the motive force of distinct ions to molecular motor
rotation. The stator complex of the flagellar motor is embed-
ded in the bacterial inner membrane (Fig. 4b). The stators of
E. coli, MotAB complex (Fig. 1), act as a proton channel
(Larsen et al. 1974a; Dean et al. 1984; Stader et al. 1986;
Chun and Parkinson 1988; Khan et al. 1988), but Vibrio
alginolyticus has a polar flagellum powered by sodium ions
(Hirota et al. 1981), which uses PomAB as the stator (Fig. 4a).
The chimera protein study suggested that the transmembrane
(TM) region of MotAB utilizes both protons and sodium ions
as energy sources (Asai et al. 2003). In Bacillus alcalophilus,
the stator consists of MotPS and can be driven by rubidium
(Rb™), potassium (K*), and sodium ions (Na*) (Terahara et al.
2012). The MotPS stator can be converted to an Na*-driven
motor by a single mutation.

The MotAB complex of E. coli consists of four MotA and
two MotB proteins (Fig. 4b, ¢). Each MotA protein contains
four TM alpha-helical segments (A1-A4), two short loops in
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Fig. 4 Overall structure of MotAB (Nishihara and Kitao 2015). a
Schematic view of the flagellar motors of Escherichia coli (left) and
Vibrio alginolyticus (right), b Transmembrane (TM) regions modeled,
and ¢ TM helix arrangement in the initial modeling of MotAB in
E. coli. The obtained atomic model structure viewed parallel to the

the periplasm, and two long segments in the cytoplasm (Dean
et al. 1984; Zhou et al. 1995). The MotB protein is composed
of a short N-terminal cytoplasmic segment, one TM helix (B),
and a large C-terminal periplasmic domain (Stader et al. 1986;
Chun and Parkinson 1988). The B segment is expected to
form a proton channel together with A3 and A4 (Braun et al.
2004). Since only a few polar residues have been identified in
the predicted TM segments of MotAB (Sharp et al. 1995a),
the channel surface is expected to be relatively hydrophobic.
Asp32 of MotB is conserved across species and considered to
be the most plausible proton binding site (Zhou et al. 1995).

The generation of torque is hypothesized to originate
from conformational changes in the MotA cytoplasmic do-
main upon proton association/dissociation at the carboxyl
group of Asp32 in MotB and by interaction with FliG in
the rotor (Berry 1993; Elston and Oster 1997; Walz and
Caplan 2000; Kojima and Blair 2001). The periplasmic
region of MotB contains a peptidoglycan-binding motif
that acts to anchor the stator complex to the peptidoglycan
(PG) layer around the rotor (Chun and Parkinson 1988; De
Mot and Vanderleyden 1994).
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membrane (d) and from the periplasmic side (e). Spheres: P atoms in
the lipid head groups. MotAB cross-sections of the area enclosed by
magenta in e around a channel at the levels of Leu46 (f) and Asp32 (g).
Reproduction from the original work (Nishima et al. 2009)

The atomic structure of the periplasmic domain was deter-
mined for MotB of Helicobacter pylori (Roujeinikova 2008;
O’Neill et al. 2011; Reboul et al. 2011) and S. fyphimurium
(Kojima et al. 2009) and PomB of V. alginolyticus (Zhu et al.
2014). To understand the insertion mechanism of the anchor
domain of MotB into the PG mesh, all-atom MD simulations
of the MotB periplasmic domain from H. pylori were per-
formed (Reboul et al. 2011). These simulations and crystallo-
graphic data provided evidence that three loops in the domain
move in a concerted fashion, which unmasks the PG binding
site.

Systematic mutagenesis studies of E. coli MotAB conduct-
ed by Blair and coworkers have provided essential informa-
tion on the structure and function of the flagellar motor, al-
though the atomic structure of the TM region of the MotAB
complex has not been determined experimentally. Trp scan-
ning mutagenesis of MotA (Sharp et al. 1995b) and MotB
(Sharp et al. 1995a) showed the effects of mutations on rela-
tive swarming rates and identified the lipid-facing regions of
the helices and their arrangements. Disulfide cross-linking
analyses of MotB (Braun and Blair 2001) revealed the
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arrangement of the MotB dimer in the MotAB complex.
Subsequent cross-linking studies of the A3 and A4 segments
of MotA and the B segment of MotB (Braun et al. 2004)
revealed the helical arrangement of the complex core. Cys
mutagenesis of Al and A2 (Kim et al. 2008) led to the deter-
mination of the overall arrangement of the MotAB complex.

The atomic structure of the TM region of the MotAB
complex was constructed and the mechanism of proton
permeation was investigated (Fig. 4d—g) (Nishihara and
Kitao 2015) based on these experimental data (Sharp
et al. 1995a, b; Braun and Blair 2001; Braun et al. 2004;
Kim et al. 2008). The steered molecular dynamics (SMD)
simulations (Isralewitz et al. 2001a, b; Jensen et al. 2002)
applied to ions and a water molecule showed that Leu46 of
MotB acts as the gate for hydronium ion permeation,
which induces the formation of a water wire that may me-
diate the transfer of a proton to Asp32 of MotB. The free
energy barrier for H;O* permeation is consistent with the
proton transfer rate deduced from the flagellar rotational
speed and number of protons transferred per rotation
(Block and Berg 1984; Meister et al. 1987; Samuel and
Berg 1996). This agreement indicates that gating is the
rate-limiting step. A narrowing of the channel shown by
the MD simulations of MotB mutants is consistent with
size-dependent ion selectivity (Terahara et al. 2012). It
was also shown that the A3 segment of MotA maintained
a kink with non-protonated Asp32 of MotB, whereas pro-
tonation of Asp32 induced a straighter conformation. This
movement suggests that the protonation and deprotonation
cycle of Asp32 induces a ratchet-like motion of the cyto-
plasmic domain, which may be correlated with the motion
of the flagellar rotor.

Flexibility of proteins in the export apparatus

The protein export apparatus of bacterial flagella in the basal
body is similar to T3SS, which comprises a cytoplasmic com-
plex and an export gate embedded in the inner membrane
(Cornelis 2006; Kawamoto et al. 2013). The export gate of
the flagellar protein export apparatus is composed of six mem-
brane proteins, FlhA, F1hB, FliO, FliP, F1iQ, and FliR (Fig. 1).
As the cytoplasmic complex, Flil ATPase forms a cytoplasmic
hexamer ring complex with FliH and FliJ.

Among them, FIhA is the largest protein, which consists of
the N-terminal TM region (FlhAy,), C-terminal cytoplasmic
region (FlhA(), and a linker between them. FIhA is required
for the export of the hook (FIgE), hook-capping protein
(FlgD), and flagellin (F1iC) (Minamino and Macnab 1999).
FlhAry is expected to have eight TM helices. The structure
of FlhA shows that it comprises four domains, D1, D2, D3,
and D4 (Saijo-Hamano et al. 2010). Interestingly, a large gap
is seen between D2 and D4. A 20-ns MD simulation showed

that the interdomain distance between D2 and D4 fluctuates
around 10 A multiple times within this timescale, which indi-
cates the highly flexible nature of this protein (Fig. 5).
Dynamic domain analysis (Hayward and Berendsen 1998;
Hayward 1999) on the MD trajectory indicated that
subdomain interfaces shown by green act as hinges of domain
motion. Six mutations of FIhA, which restrict protein export at
42 °C, namely temperature-sensitive (ts) mutations, are all
situated in FlhAc. Half of the ts mutations are located at
subdomain interfaces. In conclusion, the dynamic domain mo-
tion of FIhA( is suggested to be essential for protein export.

FIhB also plays important roles for protein export.
Similar to FIhA, FIhB comprises an N-terminal transmem-
brane region containing four helices (FlhBty), C-terminal
cytoplasmic region (FlhB¢), and a linker between them;
however, the protein size is smaller. FIhB permits export
of rod- and hook-type proteins before hook completion;
however, after cleaving between Asn269 and Pro270 in
FIhBg, it specifically recognized filament-type proteins
(Fraser et al. 2003). Meshcheryakov et al. (2013) deter-
mined the crystal structures of FIhB¢ from S. typhimurium
and Aquifex aeolicus, which shows high structure similar-
ity to T3SS proteins, EscU¢ from enteropathogenic E. coli
and SpaSc from S. typhimurium (Zarivach et al. 2008),
and YscUc from Yersinia pestis (Lountos et al. 2009).
Meshcheryakov et al. also found that deletion of a short
flexible loop in a globular part of S. typhimurium FlhBc
(residues 281-285) leads to complete inhibition of secre-
tion by the flagellar secretion system. MD simulation
showed that N-terminal helices (in S. typhimurium, «la
and «1b) are highly flexible, but that the deletion of the
loop reduces this flexibility (Fig. 6). The importance of
such flexibility has previously been shown for EscU, sug-
gesting a general feature for export function.

Export mechanism of the flagellar filament
protein

Extracellular components of the flagellum are exported by the
flagellar export apparatus after synthesis and are assembled
(Fig. 1) (Macnab 2003). For filament construction, each fla-
gellin subunit is transported through a central channel of the
filament and reaches the filament tip, where a capping protein
complex assists in flagellin polymerization and prevents fla-
gellin loss (Fig. 7) (Ikeda et al. 1993). Flagellin of
S. typhimurium comprises four domains, DO, D1, D2, and
D3. Domains DO and D1 make intersubunit contacts and com-
pose the filament core. Domain fragment D¢l is the
proteolysis-resistant portion of D1, which includes residues
from the N-terminal side as originally defined (Yonekura
et al. 2000) and those from the C-terminal side. Domains D2
and D3, which contain two hypervariable regions (HVRs),
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Fig. 5 “Dynamic” domains identified by MD simulation and DynDom
analysis (Saijo-Hamano et al. 2010). a The first, b second, and ¢ third
principal modes of the last 20-ns MD trajectory. Dynamics domains con-
sist of the residues a 363-502 (yellow), 503-585 (blue), and 586—-684
(red), b 363-551 (blue) and 571-684 (red), ¢ 363-393, 396, 401-401
(blue) and 394-395, 397-400, 507-684 (red). The residues shown by
green represent the bending residues that connect dynamics domains. In
each case, the red and yellow domains can be considered to rotate around

protrude into solvent and have almost no contribution to
intersubunit contacts. D2 can be separated into subdomains
D2a and D2b. The flagellar channel diameter of 20 A may be
too narrow for a folded multidomain flagellin to pass through
each flagellin subunit, as the filament has a cross-section larg-
er than 20 A. Flagellin and possibly other flagellar export
proteins are expected to be transported in at least partially
unfolded form (Yonekura et al. 2003).

For flagellar proteins to be largely or completely unfolded
during transport, they could have been either (i) maintained in
an unfolded state after their synthesis or (ii) actively unfolded
before transport. The chaperone of flagellin, FliS, binds to the
partially structured C-terminal segment to inhibit cytoplasmic
polymerization of flagellin while leaving the rest of the mol-
ecule folded (Ozin et al. 2003; Muskotal et al. 2006). Hence,
flagellar proteins are likely to be largely folded in the cyto-
plasm while waiting to be exported.

For efficient transport and assembly, the multidomain fla-
gellin may have been evolutionarily designed to unfold easily,
yet quick to refold from the denatured state. Thermal denatur-
ation using differential scanning calorimetry (DSC) and circu-
lar dichroism (CD) melting measurements showed that flagel-
lin unfolds in stages in accord to its multidomain nature
(Honda et al. 1999). Based on a multistate transition model,
the authors obtained melting curves for each thermodynamic
domain that is subsequently assigned to a unique structural
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the axes with the arrow heads of the corresponding colors with the fixed
blue domain. d Open and closed forms of FIhA¢ in magenta and green,
respectively, identified by MD simulation. e Fluctuation of interdomain
distance between four domains in FIhA¢ from the average as a function of
simulation time. Center of mass distance between domains D1-D2 (ma-
genta), D1-D3 (blue), D2-D4 (red), and D3-D4 (green). Reproduction
from the original paper with permission (Saijo-Hamano et al. 2010)

domain via CD measurements. An unfolding order for the
domains was suggested based on the melting temperatures.

Chng and Kitao (2008) conducted a thermal unfolding MD
simulation in aqueous solution as an attempt to gain atomic-
level insight into the refolding process. They found a similar
unfolding order of the domains as reported in experimental
thermal denaturation (Honda et al. 1999). D2a and D3 exhib-
ited high thermal stability and contained persistent three-
stranded beta-sheets in the denatured state, which could serve
as folding cores to guide refolding. If a transported flagellin
subunit refolds in a “chamber” formed by a tip of the flagellar
filament and the cap protein of the filament HAP2 (Fig. 7), the
chamber is large enough for either denatured HVR domains or
filament-core domains, but not the whole flagellin. This sug-
gests a two-stage refolding process: filament-core domains
become folded first and then docking of Dfl to folded D2
would complete the refolding process for flagellin. In bacterial
species with short or negligible HVR segment, refolding of
filament-core domains is suggested to be the major step.

The same authors further explored how to mechanically
deform flagellin so as to attain a conformation suitable for
transport through the narrow flagellar channel by means of
force-probe MD simulations (Chng and Kitao 2010). Two
convenient pulling schemes were chosen. In the first scheme,
termed “Unzip”, flagellin is unraveled from its adjacently
placed termini into a linear polypeptide (Fig. 8a). In the
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- C-terminus

N-terminus

Fig. 6 Flexibility of the N-terminal «-helix of Salmonella FIhBC ob-
served in MD simulations (Meshcheryakov et al. 2013). a Key residues
and vectors used for MD analysis. The vectors connecting residues 229—
238, 238-256, 256264, 265-269, and 238-264 are defined as V1-VS5,
respectively. b—e Structural variations of the N-terminal o-helix during
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Fig.7 Bacterial flagellin export (Chng and Kitao 2008). A flagellum with
a few assembled flagellin near the tip of the filament is shown in this
schematic diagram. The conformation of flagellin during transport
through the channel is suggested to be highly unfolded due to the narrow
channel cross-section. Refolding then takes place in the “chamber”

SalFIhB, A(281-285)

MD simulations when the globular domain is superimposed for: b the
wild-type FIhBc, ¢ FIhBc A(281-285), d FIhBc AAAAA281-285, and e
FlhBc PPPPP281-285. Reproduction from the original paper
(Meshcheryakov et al. 2013)

Enlarged view of filament end

"Chamber"

Assembled or polymeric Newly added
flagellins flagellin

before assembly with the help of HAP2 chaperone. The newly added
flagellin shown still has disordered termini helices, with the filled circle
representing the N-terminal. Reproduction from the original paper with
permission (Chng and Kitao 2008)
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second scheme, termed “Stretch”, flagellin is stretched along
its major principal axis into a hairpin-like conformation
(Fig. 8b). In the Stretch scheme, flagellin is stiffer and requires
larger unfolding forces when stretched as the relative sliding
of beta-strands requires the breaking of multiple hydrogen
bonds at once. In contrast, unzipping requires lower unfolding
forces as it mainly involves unraveling beta-sheets by break-
ing hydrogen bonds one by one. Therefore, Unzip is identified
as the more likely scheme to produce a transport-capable
flagellin.

To view the behavior of translocating flagellin in its chan-
nel environment, an MD simulation of a 100-residue segment
of flagellin translocated through the flagellar channel was per-
formed by Tanner etal. (2011). Although the translocation rate
in their simulation is much faster than the in vivo translocation
rate, a series of salt bridge formations were observed during
the 52-ns simulation. Based on the MD results, they construct-
ed a mathematical model describing that the flagellum growth

Fig. 8 Mechanical unfolding of
flagellin under Unzip (a) and
Stretch schemes (b) (Chng and
Kitao 2010). The blue and red
spheres represent the N- and C-
terminal Cx atoms, denoted as A
and B. The orange spheres repre-
sent atoms of the D3 surface
three-residue aromatic cluster.
The dark blue circle in a indicates
the salt bridge interaction between

the D1 N-terminal hairpin and D1 }
C-terminal. In b, the colored ovals
indicate load-bearing interactions.
Reproduction from the original
paper with permission (Chng and
Kitao 2010)
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rate decreases exponentially with length, because protein
compression and friction between translocating flagellin and
the flagellar channel increase proportionally along the
flagellum.

Rotational switching of the motor

Switching of the rotational direction of the flagella motor
plays a central role for bacterial chemotaxis. The rotational
switching is controlled by the signaling molecule phospho-
CheY (CheY-P), whose binding onto the F1iM motor protein
promotes CW rotation (Welch et al. 1993). Phosphorylation of
CheY is believed to promote binding to the FliM via a con-
formational change from an inactive conformation to an active
form (CheY activation) (Welch et al. 1994).

Molecular features for interactions between CheY-P and
FliM were computationally investigated by modeling and

7-ns
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comparing four CheY-P homologs contained in V. cholera
(Dasgupta and Dattagupta 2008). Among these homologs,
only one of them (CheYs3,) has been reported to directly
switch flagella rotation by an in vivo study (Hyakutake et al.
2005). The simulations showed that only CheY3, possesses a
suitable depth and hydrophobicity at the F1iM binding pocket
and the residues that form the hydrogen bonds with FliM are
found in the correct position.

The CheY activation is also likely to be affected by acety-
lation of CheY (Fraiberg et al. 2015). This in vivo study
showed that the acetylation of the K91 residue in CheY is
responsible for acetate-dependent generation of CW rotation.
Subsequent all-atom MD simulations revealed that the K91H
CheY mutant has a higher flexibility in the protein regions
surrounding position 91, and spends much more time in the
active state than the wild-type CheY, which suggests that ly-
sine exclusion from position 91 removes the repression of
CheY activation.

Conclusion

In this article, we reviewed molecular dynamics (MD)
studies in which various mechanisms of bacterial flagellar
function were investigated. All-atom MD simulation
showed that the molecular mechanisms were elucidated
successfully, including quantitative comparison with ex-
perimental results and confirmation of mutation and dele-
tion effects. In addition, MD simulation permitted the con-
struction of reasonable atomic models of proteins, as
shown in the example of MotAB. The results of coarse-
grained MD indicated that a large portion of the flagellar
structure can be simulated. As atomic structures of further
components of the bacterial flagellum are solved, MD sim-
ulation is expected to play an increasingly important role in
the investigation of molecular mechanisms. A possible
goal might be MD simulation of the entire bacterial
flagellum.
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