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A B S T R A C T

Flagella are necessary for bacterial movement and contribute to various aspects of virulence. They are complex
cylindrical structures built of multiple molecular rings with self-assembly properties. The flagellar rotor is
composed of the MS-ring and the C-ring. The FliG protein of the C-ring is central to flagellar assembly and
function due to its roles in linking the C-ring with the MS-ring and in torque transmission from stator to rotor. No
high-resolution structure of an assembled C-ring has been resolved to date, and the conformation adopted by FliG
within the ring is unclear due to variations in available crystallographic data. Here, we use molecular dynamics
(MD) simulations to study the conformation and dynamics of FliG in different states of assembly, including both in
physiologically relevant and crystallographic lattice environments. We conclude that the linker between the FliG
N-terminal and middle domain likely adopts an extended helical conformation in vivo, in contrast with the
contracted conformation observed in some previous X-ray studies. We further support our findings with inte-
grative model building of full-length FliG and a FliG ring model that is compatible with cryo-electron tomography
(cryo-ET) and electron microscopy (EM) densities of the C-ring. Collectively, our study contributes to a better
mechanistic understanding of the flagellar rotor assembly and its function.
1. Introduction

Many bacteria have one or more flagella that enable their biased
movement within the environment. Flagella contribute to bacterial
virulence and their ability to colonize the host via motility, linked with
chemotaxis, as well as via involvement in adhesion to target surfaces,
biofilm formation and secretion of virulence factors (Chaban et al.,
2015). The composition and structure of the flagellar complex has been
studied for many years, yet numerous details still remain to be clarified
about this intricate multi-component structure.

While the overall flagellar structure and component proteins are
known, the configurations and positions of individual domains and are
still being investigated (Chevance and Hughes, 2008). To fully under-
stand the mechanisms governing this molecular engine, it is crucial to
elucidate individual structures, their conformational dynamics, as well as
the nature of the interactions between them (Minamino and Imada,
2015). The flagellum consists of a propeller, a joint, and a rotor
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(Terashima et al., 2008). The rotor associates with stators generating the
energy necessary for rotation, driven by ion translocation across a
membrane (Terashima et al., 2008). The rotor part is comprised of the
MS-ring, the C-ring, and a type III secretion system (T3SS)-like complex
(Chevance and Hughes, 2008; Minamino et al., 2008). The MS-ring and
the T3SS-like system are the first components of the flagellum to
assemble, followed by other components (Li and Sourjik, 2011; Mor-
imoto et al., 2014). The T3SS-like part interacts with its cytoplasmic
partners FliH, FliI and FliJ to transport other flagellar components across
the inner membrane (Minamino et al., 2011; Minamino and Imada,
2015). The assembly of both structures is stabilized through interactions
with FliG from the C-ring (Li and Sourjik, 2011). The C-ring consists of
the FliG, FliM and FliN proteins (Francis et al., 1994) (Fig. 1) and con-
verts the energy from the stators’ ion translocation into rotation (Mina-
mino et al., 2008). This structure also performs a directionality switch,
between clockwise (CW) or counter clockwise (CCW) directions, of the
flagellar rotation (Carroll et al., 2020; Lee et al., 2010; Togashi et al.,
g; cryo-ET, cryo-electron tomography; CW, clock-wise; CCW, counter-clockwise.
671, Singapore.
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Fig. 1. Flagellar motor components. Overall struc-
ture of the flagellar motor. On the cytoplasmic side,
the C-ring is composed of FliM, FliN and FliG that
interacts with MS-ring, built of FliF proteins, residing
in the periplasmic space and traversing the inner
membrane (IM). The rotor (C-ring and MS-ring) in-
teracts with stators traversing the inner membrane.
FliG is central in joining the rotor rings and the stator.
The T3SS-like system transports proteins through the
inner membrane. FliG consists of N-terminal (FliG-N),
middle (FliG-M) and C-terminal (FliG-C) domains.
Rotor further transmits the movement upward in the
flagellum, driving the rod.
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1997). The changes in rotation direction induce a series of run and
tumble motions, allowing bacteria to change directions and respond to
environmental stimuli (Chaban et al., 2015).

FliG is one of the components of the C-ring and is central to the
flagellar motor as it both transmits the torque from stator to rotor (Lloyd
et al., 1996; Minamino et al., 2011) and co-folds with FliF of the MS-ring
thereby supporting its assembly (Lynch et al., 2017; Terashima et al.,
2020). FliG assembles into a 33-mer or 34-mer ring in Salmonella and
Vibrio alginolyticus, although symmetry appears to be variable even
within one species (Carroll et al., 2020; Thomas et al., 1999, 2006). The
MS ring, which is composed of FliF, has been reported to have the stoi-
chiometry of a 33-mer or 34-mer in Salmonella (Johnson et al., 2020;
Kawamoto et al., 2021). Taking into account the co-folding of FliF and
FliG (Lynch et al., 2017; Terashima et al., 2020) stable symmetry be-
tween the two rings can be expected. Small variations in assembly within
species have been attributed to a lack of stabilization by the T3SS-like
complex (Johnson et al., 2020) and construct truncation (Kawamoto
et al., 2021) during heterologous expression in the case of FliF, and
likewise could apply to FliG assembly. FliG consists of three distinct
α-helical domains, including N-terminal (FliG-N), middle (FliG-M), and
C-terminal (FliG-C) domains - the FliG-N domain binds FliF, the protein
from which the MS-ring is constructed (Lee et al., 2010; Levenson et al.,
2012). Each of the three individual domains as well as a full-length
structure of FliG have been crystallized for various species (Brown
et al., 2002; Lam et al., 2012; Lee et al., 2010; Lynch et al., 2017; Min-
amino et al., 2011; Xue et al., 2018). Several propositions about its
conformation within a ring assembly have been made. Notably, they
differ in the conformation of the region that connects the N-terminal
domain to the middle domain – crystal structures have suggested that it
can exist both as an extended long helix (Lee et al., 2010; Lynch et al.,
2017) or two bent helices (Lynch et al., 2017; Xue et al., 2018). However,
an experimentally determined structure of full-length FliG in the
FliF-bound state is not available, and alternative monomeric models of
the linker conformation based on cross-linking and coevolution data have
also been proposed (Khan et al., 2018; Paul et al., 2011).

The overall composition of the flagellar motor, including the C-ring,
has been observed in low resolution electron microscopy (EM) (Thomas
et al., 2006) and cryo-electron tomography (cryo-ET) studies (Beeby
et al., 2016), but no high resolution structure of an assembled C-ring has
been resolved to date. There is no direct experimental evidence for the
exact location of each domain of the C-ring proteins. Docking studies
suggested that FliG-N may localize on the inside of the C-ring with the
other two domains positioned relative to it in a “V-shape” (Carroll et al.,
2020; Lee et al., 2010).

Given the mutual dependence between FliF and FliG (Lynch et al.,
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2017; Terashima et al., 2020) and the central role of FliF in the assembly
of the entire flagellum (Li and Sourjik, 2011; Morimoto et al., 2014), we
now report a computational study exploring the conformation of FliG-N
and its connection to FliG-M based on structural information from several
species. Molecular dynamics (MD) simulations are a powerful tool for
studying the conformational dynamics of proteins under the influence of
different conditions, complementing data obtained from structural
biology and integrative modelling (Hollingsworth and Dror, 2018). We
use MD simulations here to study the dynamics of known FliG N-terminus
crystal structures in different states of assembly, including in both
physiologically relevant and crystallographic lattice unit cell environ-
ments, and conclude that the helices linking the N-terminus and middle
domain cannot maintain the conformation observed in crystal structures
while simulated in the physiologically-representative solution state.
Based on our results, we propose an integrative model of FliG that con-
nects the FliF-bound FliG N-terminal and middle domains with an
extended helix, which we show is in agreement with cryo-ET (Carroll
et al., 2020) and EM (Thomas et al., 2006) data for the C-ring. This model
opens possibilities for an improved mechanistic understanding of energy
transduction in bacterial flagella motors.

2. Methods

2.1. System setup

The Hþþ server (Gordon et al., 2005) was used to predict protonation
state of ionizable residues, using εint ¼ 10, εout ¼ 80 at pH ¼ 7.5, repre-
senting the physiological environment inside the bacterial cytoplasm
(Kobayashi et al., 2000; Krulwich et al., 2011; Slonczewski et al., 2009).
Two crystal structures of FliG PDB ID:5WUJ (Xue et al., 2018) and PDB
ID:5TDY (Lynch et al., 2017) were simulated both in solution and under
crystallographic unit cell conditions with pH of the crystal solution
(Table S1). To assess reproducibility, we utilized both the CHARMM36m
(Huang et al., 2016) and AMBER14SB (Maier et al., 2015) forcefields in
separate simulations for each structure. For simulations in solution
beginning from each structure, we used physiologically representative ion
concentrations (150 mM NaCl), while the salinity in simulated crystallo-
graphic conditions was adjusted by removing sodium atoms that would be
bound by sodium citrate in the crystallization solutions (Lynch et al., 2017;
Xue et al., 2018). In addition, a variant of PDB ID 5WUJ with residues
expressed and purified, but unresolved in electron density (residues 1 to 6
and 112 to 115 of FliG, and residues 518 to 523 and 559 to 567 of FliF
respectively) were built with the ModLoop (Fiser and Sali, 2003) server.
Additionally, the crystal structure of full length FliG (PDB ID:3HJL) (Lee
et al., 2010) was simulated in solution using the CHARMM36m force field.
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2.2. MD simulations

All MD simulations were performed with GROMACS 2018 package
(Abraham et al., 2015). Equations of motion were integrated using
leap-frog algorithm with 2 fs time step. We performed energy minimi-
zation using the steepest descents algorithm for 100,000 steps, followed
by a 10 ns NPT equilibration with position restraints on the protein
backbone atoms (using a force constant of 1000 kJ mol�1 nm�2) for all
structures. The unrestrained production runs in the NPT ensemble were
run for 100–200 ns (Table S1). The TIP3P (Jorgensen et al., 1983) water
model was used for all systems. Temperature for the solvated proteins at
physiological conditions was maintained at 300 K using the v-rescale
thermostat (Bussi et al., 2007), while a temperature mimicking the
crystallization conditions was set to 289 K and 298 K for 5WUJ and
5TDY, respectively. The Parrinello-Rahman barostat (Parrinello and
Rahman, 1981) was used for isotropic pressure coupling with reference
pressure of 1 bar. Electrostatic interactions were calculated according to
Particle Mesh Ewald (Darden et al., 1993) algorithm with a real space
cut-off of 1.2 nm for CHARMM36m and 1.0 for AMBER14SB. For the
calculation of van der Waals interactions, we applied a cut-off at 1.2 nm,
switching the potential after 1.0 nm for CHARMM36m and 1.0 cut-off for
AMBER14SB. The LINCS (Hess et al., 1997) algorithm was used for
constraining bonds involving hydrogen atoms. Forcefield, simulation
sampling, and relevant conditions for each system are summarized in
Table S1. VMD (Humphrey et al., 1996) and PyMOL(D, 2002) were used
for trajectory and structure visualization.

2.3. Model building

Sequences were aligned with MUSCLE software (Edgar, 2004;
McWilliam et al., 2013). Homology models of full length Helicobacter
pylori FliG were built in MODELLER (Webb and Sali, 2016). Initially a
homology model of the N-terminus and the middle domain was built
generating using the H. pylori structures (PDB-IDs: 5WUJ and 3USY)
(Lam et al., 2013; Xue et al., 2018) and Aquifex aeolicus full-length
structure (PDB-ID: 3HJL) (Lee et al., 2010). In addition, the linker re-
gion was defined as α-helical in MODELLER. From 2000 models, 10 with
the best DOPE (Shen and Sali, 2006) and molpdf (Shen and Sali, 2006)
scores were submitted to the SWISS-MODEL webserver (Schwede et al.,
2003; Waterhouse et al., 2018) Structure Assessment and QMEAN
(Benkert et al., 2008) evaluation tools. The model that was in both
MODELLER score top 10 groups, had QMEAN score of 0.77 � 0.06 and
had no Ramachandran outliers was selected. To create the full-length
model the crystal structure of the C-terminal and middle domains of
H. pylori (PDB-ID: 3USY) (Lam et al., 2013) was overlaid the model over
the middle domain that both structures share in VMD (Humphrey et al.,
1996). Whole FliG rings were built by fitting three copies of the
FliF-C/FliG and FliM-M complex in a segment of the Vibrio alginolyticus
cryo-ET densities (Carroll et al., 2020), via manual placement and sub-
sequent energy minimization. The system was then subjected to Molec-
ular Dynamics Flexible Fitting (MDFF) (see below). For the H.pylori
models, FliM-M was added by overlaying the model’s middle domain
with the crystal structure of the H.pylorimiddle domain and FliM middle
domain (PDB-ID: 4FQ0 (Lam et al., 2013)) in Chimera (Pettersen et al.,
2004). The middle copy of the three was used to build an entire ring from
34 copies of the monomer. The ring was placed in the cryo-ET density
with the Fit in Map function in Chimera (Pettersen et al., 2004) using 20 Å
resolution for the map created from the atomistic model, to obtain a final
correlation.

2.4. Flexible fitting

MDFF is used to dynamically fit atomic coordinates into experimental
density maps (Trabuco et al., 2009). An additional external potential
derived from an experimental map is defined on a grid to drive gradual
fitting of coordinates. All MDFF simulations were performed on a
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trimeric unit of the H.pylori FliF-C/FliG/FliM-M complex for the CW or
CCW cryo-ET density maps from V.alginolyticus (Carroll et al., 2020). All
such simulations were run using NAMD2.9 (Trabuco et al., 2009) with
the CHARMM36 FF (Huang and Mackerell, 2013) without solvent. The
nonbonded interactions were switched off between 1.0 and 1.2 nm using
a force-switching method (Steinbach and Brooks, 1994). Langevin dy-
namics was used to maintain the temperature at 300 K with a coupling
coefficient of 5 ps�1. For electrostatic interactions, a dielectric constant of
80 was used. The flexible fitting was run in 10–15 separate simulation
steps, with increased scaling factors from 0.1 to 15. The bias was applied
to all non-hydrogen atoms with atom-dependent mass weighting. Addi-
tional restraints in MDFF were used to maintain correct chiral centres,
peptide bond conformations, and secondary structures of each protein.
All simulation systems were generated using CHARMM-GUI throughMap
Utilizer (Qi et al., 2017).

2.5. Analysis

The fitting between simulation coordinates and experimental density
map was calculated in Chimera (Pettersen et al., 2004). Fit in Map tool
locally maximizes the overlap between atomic coordinates and the
density map. The correlation coefficient was calculated as minimum
mean cosine angle between the vectors derived from experimental and
simulation map calculated on the grid. It can vary from�1 to 1, from not
correlated to identical respectively.

3. Results and discussion

3.1. Solution dynamics of FliG-N reveal conformational instability of
helices 6 and 7

To probe the conformational dynamics of FliG, we first focused on the
crystal structure from H. pylori. In this structure (PDB ID: 5WUJ) (Xue
et al., 2018), FliG-N is bound to the C-terminal fragment of FliF (FliF-C);
the two fragments are entirely α-helical, consisting of 7 FliG helices and
two FliF helices within the complex, and with 6 such complexes in the
unit cell (Fig. 2). FliG helices 6 and 7 are in a bent conformation due to
hydrophobic interactions between them and helices 3 and 4 of another
complex of the crystal lattice (Fig. S1).

We first used the Hþþ webserver (Gordon et al., 2005) to calculate
the pKa for all titratable residues. The results indicated that residue E91
(surrounded by a negatively charged environment) may be either pro-
tonated or deprotonated (Fig. S2). Simulations of a single FliG-N in the
absence of the FliF-C showed that across multiple replicas, isolated
FliG-N was highly unstable and spontaneously acquired very different
conformations in each run, consistent with backbone RMSDs over entire
protein (Fig. S3). While helices 6 and 7 deviated from initial position the
most, the remainder of the domain conformation also collapsed due to
loss of interactions with FliF (Fig. S3). There was no correlation between
the observed conformational changes and the protonation state of E91.
The only other crystal structure of the N-terminal domain is found in the
full-length FliG structure from A. aeolicus in the absence of FliF (PDB ID:
3HJL) (Lee et al., 2010). None of the conformations FliG-N adopted
during simulation were similar to this; helices 1 to 5 did not pack in a
comparable way, whilst helices 6 and 7 did not adopt the extended
conformation observed in the A. aeolicus structure. These results are in
agreement with experimental data, which show that FliG and FliF co-fold
and require each other to assemble (Lynch et al., 2017; Terashima et al.,
2020). Thus, we did not pursue this state further.

We next focused on the complex formed between H. pylori FliG-N and
FliF-C. Examination of the stability of individual helices during triplicate
simulations revealed that FliG helices 2 to 5 form a stable core of the
complex (Fig. S4) while FliG helices 6 and 7 have the highest RMSD
(Fig. 3). The simulations did not converge, with divergent conformations
adopted for helices 6 and 7 across replicas. In addition, to characterize
the movement of helices 6 and 7, angles between the helices were



Fig. 2. Unit cell of crystal structure 5WUJ. Unit cell box is shown with 6 FliG-N/FliF-C complexes, one of which is colored in red; molecules in neighbouring unit
cells are shown in grey. Single complex is shown in S2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 3. Structural drift of 5WUJ complex in solution. Backbone RMSD after fitting against backbone of protein core for: whole protein (top left), FliG helix 2 (top
right), FliG helix 6 (bottom left), and FliG helix 7 (bottom right). Different colors represent three independent runs. On the right, snapshots are shown for the three
runs (blue, magenta, orange) after 500 ns versus the initial structure (cyan). Box indicates position of helices 6 and 7. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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measured. The angle was defined for axes between the Cα atoms of the
first and last residue of each helix. The angle between helices 6 and 7 in
the crystal structure is �49� while in the three simulation runs it was on
average �54 � 10�, �51 � 14� and �50 � 19�; the larger standard
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deviations are reflective of high mobility. In comparison, the same
measurement was made for the angle between helices 3 and 4 that are
part of the stable FliG core, yielding �44� in the crystal structure and
�42 � 5�, �41 � 6� and �42 � 5� in the simulations.
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3.2. Crystal contacts stabilize helix 6 and 7 of FliG-N

Crystallographic resolution and artefacts can have a crucial impact on
the interpretation of structural data from which molecular properties of
biological macromolecules are derived. The crystallographic environ-
ment can alter the binding properties of a ligand (Søndergaard et al.,
2009) and can also introduce bias in the conformation of sidechains
(Arpino et al., 2012) or influence the presence/absence of other struc-
tural elements, such as ions (Krah and Takada, 2016). Moreover,
discerning local environmental details, such as the distinction between
water molecules and ions (Krah et al., 2020), as well as more substantial
structural issues such as distinguishing between crystal packing versus
genuine oligomerization interfaces, are often not straightforward (Car-
ugo and Argos, 1997; Dey et al., 2018; Luo et al., 2015; Sardis and
Economou, 2010).

The interactions between FliG-N/FliF-C complexes observed in the
5WUJ structure’s crystal lattice have been proposed to be of biological
relevance for FliG assembly in a ring (Xue et al., 2018). Motivated by the
unstable conformations of helices 6 and 7 of the monomer in solution, we
carried out simulations of a tetramer of FliG-N/FliF-C complexes in so-
lution (FliG-N/FliF-Ctetr), which corresponded to the crystallographic
asymmetric unit assembly (Fig. S5), in order to probe if crystal lattice
interactions may play a role in artefactually determining the positions
and bent conformation of helices 6 and 7 in FliF-N. Our simulations
indeed revealed that the flanking FliG-N monomers on the periphery of
the complex were unstable (helices 6 and 7 on one side, and helices 1 to 5
on other), while those surrounded by other proteins in the center of the
tetrameric complex were more stable (Fig. S5). There was no noticeable
dependence of this behavior upon forcefield or E91 protonation state
(Figs. S6–S9).

Simulations containing the same FliG-N/FliF-C complexes were sub-
sequently set up, but with periodic boundary conditions imposed such
that the crystallographic unit cell conditions encompassing all crystal
contacts were replicated (FliG-N/FliF-Ccryst), thereby enabling us to
further probe the effects of crystal packing upon FliG helices 6 and 7.
Simulation of FliG-N/FliF-Ccryst revealed that these elements are indeed
stabilized by crystal contacts, as evidenced by a reduction in final pla-
teaued RMSD for the entire backbone of each FliG-N from~0.2 to 0.3 nm
(Fig. 4), irrespective of forcefield or E91 protonation state
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(Figs. S10–S16). Consistent with this, the average angles measured be-
tween helices 6 and 7 in FliG-N/FliF-Ccryst for the 6 copies in the unit cell
were �53 � 3�, �48 � 4�, �57 � 7, �49 � 3�,-54 � 4�,-54 � 6�. Thus,
significantly less variation was observed in this angle in FliG-N/FliF-Ccryst

compared to the fully solvated FliG-N/FliF-C system. On the other hand,
a comparable stability was observed for the core helices 3 and 4, with
average angles for the 6 copies in FliG-N/FliF-Ccryst of 46� 4�,�46� 5�,
�47 � 4�, �40 � 4�, �45 � 4�, and �48 � 4�.

To test whether the stabilization of helices 6 and 7 in the bent
conformation observed for FliG-N/FliF-Ccryst is structure or species spe-
cific, we also performed the same set of simulations described above for
the corresponding structure of the FliG-N/FliF-C complex from Thermo-
toga maritima (PDB ID: 5TDY (Lynch et al., 2017)). The T. maritima
structure has two conformations (Fig. S17) – the first is composed of 6
FliG helices lacking the small N-terminal helix found in H. pylori and two
FliF helices – overall with a highly similar fold to that observed in
PDBID:5WUJ (Xue et al., 2018) (RMSD¼ 2.4 Å over 427 backbone atoms
across FliG-N/FliF-C (Fig. S18)) and the sequence share 36.3% similarity.
In the second conformation, helix 5 is merged in an extended helix
together with helix 6, which is different from the extended conformation
of Aquifex aeolicus. During comparative simulations, both conformations
of FliG-N bound to FliF-C were destabilized in the region spanning helices
6 and 7 in solution for the first conformation and the extended helix for
the second conformation, and were stabilized under unit cell conditions
(Figures S19-S22, S24-S25), similarly to the results obtained for the
H. pylori structure. Our observations and the conserved sequence and
length of FliG confirms that the conformational dynamics of the isolated
FliG-FliF protein complex are likely species independent. We also
assessed the dynamics of the N-terminal region in the context of the
Aquifex aeolicus full length structure, and while the extended helix seems
to be destabilized during simulation there was also a substantial struc-
tural drift across the entire molecule (Fig. S23). The N-terminal region
itself maintained its conformation indicating that the presence of other
domains is also a stabilizing factor (Fig. S23). In addition, while the
sequence is conserved, there are local sequence differences in the
N-terminal region, with more negatively charged residues in the associ-
ated domain (Fig. S27), and it is therefore likely that more extensive
conformational sampling would be required to observe its destabilization
in the case of Aquifex aeolicus as opposed to Helicobacter pylori.
Fig. 4. Structural drift of FliG-N/FliF-Ccryst in the
unit cell. Backbone RMSD after fitting against back-
bone of protein against whole protein (top left) and
backbone of protein core for: FliG helix2 (top right),
FliG helix6 (bottom left), and FliG helix 7 (bottom
right). System used the CHARMM36m force field with
E91 deprotonated; different colors represent each
FliG-FliF complex in the unit cell. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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We have thus demonstrated that a specific conformation of helices 6
and 7 of the FliG N-terminal domain is enforced by crystal contacts in
structures from two different species. The instability of FliG helices 6 and
7 in a bent conformation in solution opens a discussion about the likely
biological conformation of this part of FliG in the whole flagellar com-
plex. It should also be noted that the bent conformation has been shown
not to match the solution SAXS envelope of T. maritimamonomer (Lynch
et al., 2017). The exact conformation relevant to the ring assembly,
however, has remained elusive.
3.3. Modelling of full-length FliG in a ring assembly

Motivated by our simulation results, which indicate that available
crystal structures of the FliG/FliF complex do not reflect the biologically
relevant conformation of FliG in the ring assembly, we investigated an
alternative, extended conformation of helices 6 and 7. An integrative
model composed of theH. pylori FliG N-terminal andmiddle domains was
built using structural data for separately crystallized respective domains
(PDB ID:5WUJ (Xue et al., 2018) and 3USW (Lam et al., 2012)) and a full
length apo-FliG structure from A. aeolicus (PDB ID:3HJL (Lee et al.,
2010)). The latter features an extended helix between the N-terminus and
middle domain instead of two separate helices. The model was further
extended to a full length H. pylori FliG model by incorporating infor-
mation from the H. pylori middle and C-terminal domains as resolved
crystallographically (PDB ID:3USY) (Lam et al., 2012) (Fig. 5). Thus, the
model included crystallographic information for all three FliG domains
and the two FliF helices bound to FliG.

Unlike for A. aeolicus, for H. pylori two different conformations of the
C-terminal domain have been observed crystallographically, and were
proposed to represent states relevant to clock-wise (CW) and counter-
clockwise (CCW) conformations (Lam et al., 2012), but which corre-
sponds to which state is unknown. Therefore, a second model replacing
one conformation (PDB-ID: 3USY (Lam et al., 2012)) of the C-terminal
Fig. 5. Model building workflow for full-length FliG ring. Homology model of
construct two full-length FliG models (FL1 and FL2). FliG rings were built from these
and counter-clockwise (CCW) C-rings and two possible positions (C-terminal domain
position”) FliG molecule). After building rings in all possible combinations, best m
in GROMACS.
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domain with another crystallized conformation (PDB-ID: 3USW (Lam
et al., 2012)) was built, while preserving the linker from the first struc-
ture as it was not resolved in the other (Fig. 5). The linker between
middle and C-terminal domains is not structured in eitherH. pylori crystal
structures, indicating that inH. pylori the linker between the two domains
is flexible or that it may adopt different conformations under certain
conditions.

Both models were docked into the cryo-ET maps of the V. alginolyticus
rotor (EMD-21819 and EMD-21837) (Carroll et al., 2020) in the pre-
sumed locations of the N-terminal, middle, and C-terminal domains
(Fig. 6), in accordance with previous docking studies of the highly
comparable EM map of the Salmonella C-ring (Lee et al., 2010; Thomas
et al., 2006). A more recent cryo-ET study of a Vibriomotor shows joining
density between the likely locations of the N-terminus and middle
domain in the C-ring (Carroll et al., 2020). This, and the reasonable
sequence identity between H. pylori and V. alginolyticus FliG (27.6%),
supports our proposed model. Unlike the previously proposed ring as-
sembly ofH. pylori FliG-N/FliF-C only that includes FliG helices 6 and 7 in
a bent conformation (Xue et al., 2018), our full-length FliG model ac-
counts for joining of all FliG domains while fitting in the cryo-ET density.

We added FliM to our FliF-C/FliG model and manually placed the
trimer into a segment of CW or CCW density from V. alginolyticus (Carroll
et al., 2020) corresponding to the presumed location of FliF-C, FliG and
FliM-M.We next took aMDFF simulation approach to create a better fit of
the structure with the experimental density. The middle copy after
applying MDFF was used to create 34-mer FliG/FliM rings with two
C-terminal conformations within both densities. While all rings after
fitting into the cryo-ET density had a correlation of over 0.94, other
crucial structural features were evaluated to select the most reasonable
models (Fig. 6). We chose a ring model corresponding to CCW density
with a 0.99 correlation when using the simulated map at 20 Å resolution,
and a CW model with 0.95 correlation. Both models were built in which
the starting model adopted the C-terminal conformation as resolved in
FliG-NM was built based on three crystal structures, and subsequently used to
two models, using two cryo-ET density maps corresponding to clockwise (CW)
interacting with middle domain of the same (“0” position) or neighbouring (“-1
odels were picked by visual evaluation and subjected to energy minimization



Fig. 6. Full length H. pylori FliF-C/FliG/FliM-M 34-mer model docking into
CCW and CW rotor cryo-ET density of V. alginolyticus. Top – full length FliG/
FliM-M model in CCW density, bottom – full length FliG model in CW density.
The density is oriented with the FliN layer at the bottom of the image, and the
FliF/membrane layer at the top.
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PDB ID:3USY (Fig. S26). This does not exclude that other crystallized
conformations are relevant in other functional conditions, for example,
during the assembly process. The cryo-ET study of V. alginolyticus pre-
dicted that in the transition from the CW to CCW states of the rotor, the
C-terminal domain may shift from interacting with the middle domain of
the same monomer (“0” position) to interacting with the middle domain
of a neighbouring, previous monomer (“-1” position) (Carroll et al.,
2020) (Fig. 5). In another study, this switch was proposed to drive as-
sembly of the FliG ring instead (Baker et al., 2016). The proposed posi-
tion of the FliG C-terminal domain in both of our ring models is CW0.
There is no consensus on how the FliG C-terminal domain would be
placed in CW or CCW states, and our ring model represents only one of
the possibilities. While MDFF changes the overall shape of the model and
linkers during fitting to the density, our CCW model retains individual
domains that are similar to their starting position. The C-terminal region
is closer to middle domain, unlike in crystal structure. The helix linking
the N-terminal and middle domains is not straight like in the starting
model, but does not form a bent conformation as observed crystallo-
graphically, but instead assumes a somewhat intermediate position. In
our CW model the helix remains straight, but the two helices at the
C-terminus interact with this extended helix closer to FliG-M. The
N-terminus to middle domain linker transition from fully straight to
partially bent may have functional significance in transitioning between
CCW and CW states (Fig. S26). A previous crosslinking experiment using
T. maritima (Paul et al., 2011) contradicts the assumption that the
N-terminal and middle domains are located in the locations predicted in
our work and the Vibrio cryo-ET studies (Carroll et al., 2020). However,
the protein in the Paul et al. (2011) experiment (Paul et al., 2011) was
65
produced by heterologous overexpression in E. coli without presence of
FliF in a 1:1 ratio, which has been shown to be crucial for folding of the
N-terminal domain (Lynch et al., 2017; Terashima et al., 2020), sug-
gesting it may not represent conformation relevant to the ring, but may
instead be found in another, transport relevant state; we indeed observed
the FliG N-terminal domain adopting various conformations in the
absence of FliF (Fig. S3). While mutation of the crystal contact interface
between FliG helices 3–4 and helices 6–7 in their bent conformation has
been shown to affect motility in E.coli (Xue et al., 2018), this may
compromise the macro phenotype through interference with FliG func-
tion in other ways.

Due to the flexibility of the connection between middle and C-ter-
minal domains in H. pylori crystal structures (Xue et al., 2018), the
C-terminal domain could localize at different positions within the den-
sity, but our docking demonstrates that an extended helix between the
middle and N-terminal domains is compatible with the cryo-ET data.
While the bent conformation of the linker between the N-terminal and
middle domains may have functional relevance during the assembly or
transportation, within the ring it cannot conceivably join the two do-
mains according to the Vibrio cryo-ET maps. The length of FliG is also
mostly conserved (Fig. S27), but the diameter of the C-ring is known to
vary among species (Beeby et al., 2016), the most prominent example
being B. burgdorferi C-ring ring that has 46-fold symmetry (Chang et al.,
2020). The H.pylori ring is possibly wider according to a low resolution
cryo-ET study using the entire motor (Qin et al., 2017). We have
modelled a 34-mer to match the density based on the highest-resolution
map available, though it is possible that the number of subunits within
the ring is variable among species to account for diameter differences.

4. Conclusions

In conclusion, combining our data show that the region joining FliG
N-terminus and middle domain likely forms an extended helix in a
functional ring assembly. In addition, our simulations provide support of
how FliF is needed for the structural stability of FliG inHelicobacter pylori,
in agreement with previous interpretations of experimental data (Lev-
enson et al., 2012). Further work needs to be done on studying FliG
domain interactions, possible differences between C-terminus confor-
mations and changes depending on e.g. CW or CCW rotational direction
or e.g. to accommodate binding of T3SS, in order to build a compre-
hensive model of the C-ring as well as study possible stoichiometry dif-
ferences in different species.
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