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The flagellar motor stator is an ion channel nanomachine that
assembles as a ring of the MotAs;MotB, units at the flagellar base.
The role of accessory proteins required for stator assembly and
activation remains largely enigmatic. Here, we show that one such
assembly factor, the conserved protein FliL, forms an integral part
of the Helicobacter pylori flagellar motor in a position that colocal-
izes with the stator. Cryogenic electron tomography reconstruc-
tions of the intact motor in whole wild-type cells and cells lacking
FliL revealed that the periplasmic domain of FliL (FliL-C) forms 18
circumferentially positioned rings integrated with the 18 MotAB
units. FliL-C formed partial rings in the crystal, and the crystal
structure-based full ring model was consistent with the shape of
the rings observed in situ. Our data suggest that each FIiL ring is
coaxially sandwiched between the MotA ring and the dimeric peri-
plasmic MotB moiety of the stator unit and that the central hole of
the FIiL ring has density that is consistent with the plug/linker
region of MotB in its extended, active conformation. Significant
structural similarities were found between FliL-C and stomatin/
prohibitin/flotillin/HfIK/C domains of scaffolding proteins, sug-
gesting that FliL acts as a scaffold. The binding energy released
upon association of FliL with the stator units could be used to
power the release of the plug helices. The finding that isolated
FliL-C forms stable partial rings provides an insight into the puta-
tive mechanism by which the FliL rings assemble around the stator
units.

bacterial motility | flagellar motor | structure and function

acteria use rotating flagella to swim in liquids or swarm over

wet surfaces. Motility by flagella is essential for the survival
and virulence of many pathogenic bacteria associated with human,
animal, and plant diseases (1, 2). The macromolecular structure
of the flagellum consists of the basal body, hook, and filament.
The cell wall-embedded basal body acts as an ion-motive force-
driven rotary motor; it generates a turning force that is applied
through the hook to the filament, making it spin (3-5). The flagel-
lar motor is made up of the stator, the bushing, and the rotor,
which is comprised of the rod, the MS-ring, and the cytoplasmic
C-ring (also known as the switch complex).

The stator is a key component of the flagellar motor which
converts the energy of an electrochemical ion gradient across
the inner membrane (IM) into mechanical rotation force on
the rotor. It is composed of ~10 to 20 identical units that form
a ring around the rotor. Each stator unit is an asymmetric com-
plex of five MotA or PomA subunits surrounding two MotB or
PomB subunits (6, 7), each containing a periplasmic
peptidoglycan-binding domain that helps to anchor the stator
to the cell wall (6-11).

Although it is well understood that the MotAB complexes
function as ion channels that remain closed and inactive until
they incorporate into the motor (12), little is known about how
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they are recruited to the motor and how they switch into an
open, ion-conducting state. In situ imaging of intact flagellar
motors by cryogenic electron tomography (cryo-ET) revealed
that many of them contain various additional proteinaceous
structures (disks/rings) next to the MotAB stator, without
which the motor does not function (reviewed in ref. 13). The
determination of the molecular composition of these structures
and their role in the stator assembly and function is critical to
our understanding of the motor function. The observation that
in some bacteria, such as spirochetes Treponema phagedenis
and Borrelia burgdorferi, the motA and motB genes are next to
the gene encoding a conserved flagellar protein FIiL (14, 15)
raised a question about the role of this protein in relation to
the stator function.

FIiL is a single-span IM protein with the majority of the
polypeptide chain in the periplasm. FliL has been shown to be
required for flagellar function: mutants in multiple microbes
are nonmotile under some or all conditions (15-21). There
appears to be a trend for fliL mutants to have greater motility
defects under swarming conditions (15-18) in which the
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propulsive force and the force of viscous drag on the moving
cell body are significantly higher compared to swimming in lig-
uid (22). Additionally, there is evidence that FLiL promotes
structural integrity of the flagellar motor: mutants in some
microbes had an abnormal orientation of the flagella (15) or
flagella that broke off within the rod and detached from the
cell bodies (17). Cryo-ET of B. burgdorferi showed that FliL
may be part of the motor (15). Suppressor studies of fliL
mutants of Rhodobacter sphaeroides (20) indicated that FIliL
and the stator may function together as parts of a complex—a
notion supported by a crystallographic study of the periplasmic
domain of Vibrio alginolyticus FliL that revealed a fold similar
to that of the stomatin/prohibitin/flotillin/HfIK/C (SPFH)
domain of mouse stomatin, a protein that functions together
with acid-sensing ion channels (16). Cumulatively, the results of
the previous studies indicate that FliL plays a stabilizing role in
the function of the flagellar motor, possibly by forming interac-
tions with the MotAB stator that are particularly critical under
high viscous drag conditions.

In this work, we have examined the structural rationale for
the stabilizing role of FliL in the motor. As a model organism,
we chose the gastric carcinogenic bacterium Helicobacter pylori
that naturally resides in a highly viscous liquid environment,
the gel-like mucous layer of the stomach (23). It represents an
ideal study system because, compared to other motile bacteria,
it demonstrates unusually high motility in viscous media (24)
under conditions in which the function of FliL appears to be
particularly important. A comparison of cryo-ET reconstruc-
tions of the intact H. pylori motor in wild-type and fliL. mutant
cells enabled localization of FliL in the motor in situ. The
determination of the crystal structures of the C-terminal peri-
plasmic domain of H. pylori FliL (FliL-C) in three different
crystal forms and their docking into the corresponding density
in the motor confirmed the identity of the structures observed
in situ. Our findings shed significant light on the flagellar motor
architecture and on the process of the stator activation and sup-
port the notion that FIiL acts as a scaffold protein.

Results and Discussion

fliL Is Essential for Motility but Not Flagellation in H. pylori. To
investigate the role of FliL in the H. pylori flagellar motor, we
inactivated the fliL gene by replacing part of it with the chlor-
amphenicol resistance cassette (SI Appendix, Fig. S14). To min-
imize the possibility of polar effects, the beginning and the end
of the fliL. gene were kept intact. The mutation was confirmed
by Sanger sequencing and the resultant strain used for cryo-ET.

We next determined the motility and flagellation phenotype
of the parent wild-type (WT) strain and the fliL mutant. Trans-
mission electron microscopy analysis of the mutant strain
showed that it retained flagella. Soft agar motility assays (S/
Appendix, Fig. S1B) and phase-contrast microscopy analysis
showed that, in contrast to the motile WT parent, the fliL
mutant cells were nonmotile. These results suggested that FliL
is required for flagellar motor function but not assembly of the
H. pylori flagella, similar to what has been reported in other
microbes.

Localization of FliL in the Intact H. pylori Motor. To determine
whether FIiL forms part of the flagellar motor in H. pylori and
to pinpoint its putative location, we visualized the flagellar
motor in intact WT and mutant cells using cryo-ET. We previ-
ously published a tomography reconstruction of the H. pylori
motor in situ at low (4-nm) resolution (25). In this work, we
have significantly improved the resolution of the reconstruc-
tions (to ~2.5 nm, SI Appendix, Fig. S2) by collecting more data
at higher magnification.
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An analysis of the electron density maps obtained by cryo-ET
reconstruction and subtomogram averaging allowed unambigu-
ous identification of the core components of the motor, including
the C-ring, export apparatus, L-, P- and MS-rings, basal disk, and
the putative 18-membered MotAB stator ring (Fig. 1 4 and B).
Each individual stator unit was easily recognizable by its
IM-embedded moiety of a truncated cone shape of a size close to
that of the purified Campylobacter jejuni MotAB complex [50 x
90 x 75 A (7)]- In its shape, size, position, and its association
with the rotor C-ring via its base, it was highly similar to the bell-
like stator units previously observed in situ in Borrelia burgdorferi
(26). Furthermore, the shape and dimensions of this moiety were
similar to those of the MotAB complexes isolated from Clostrid-
ium sporogenes, Bacillus subtilis, and Vibrio mimicus (6). External
to the stator, an additional proteinaceous structure termed the
cage (25) was also clearly visible.

An examination of the periplasmic space between the stator/
cage and the rotor MS-ring in WT cells revealed two concentric
rings in the periplasm (cyan and magenta arrows in Fig. 1), the
18-fold symmetry of which matched that of the stator. Their rel-
ative location was close to that of FliL in the B. burgdorferi
motor (15), prompting a hypothesis that either or both rings
were formed by FliL. A comparison of the reconstructions for
the motor in WT cells (Fig. 14) and the fliL mutant (Fig. 1B)
suggested these rings are less dense or lost in the mutant, thus
supporting our hypothesis. To resolve the architecture of the
two rings, we performed focused refinement of this region
(dash framed in Fig. 1 A and B). A comparison of the refined
reconstructions for the motor in WT cells and the fliL mutant
revealed that the inner ring forms a periplasmic collar-like
structure around the MS-ring (Fig. 1 C-H). The collar is still
present in the fliL. mutant, albeit in a less-ordered conformation
or at a partial occupancy as evidenced by the significantly
weaker density (Fig. 1 D and H). The larger radius circle of
density is composed of 18 circumferentially positioned smaller
periplasmic rings that appear to be integrated with the 18 stator
units (Fig. 1 C, E and G). The absence of the rings in the
mutant (Fig. 1 D and H) strongly suggests they are formed by
FliL. Each ring is coaxially sandwiched between the
IM-embedded truncated cone moiety of the respective stator
unit and a separate density in the periplasm, corresponding to
the putative dimeric peptidoglycan (PG)-binding domain of
MotB (Fig. 1E). The assignment of the density as the
PG-binding domain of MotB is supported by both its position
and a good match with the dimensions of its crystal structure
(8, 9). The IM-embedded stator moiety and the PG-binding
domain of MotB are connected by the MotB linker, which
likely accounts for a separate small-volume density seen in the
central hole of each FIiL ring (Fig. 1G).

Determination of the Crystal Structure of the Periplasmic Domain
of H. pylori FliL-C. To test the hypothesis that FliL self-assembles
into rings that fully account for the density seen in the cryo-ET
reconstruction of the intact motor (Fig. 1) and to obtain the
structural rationale for the reported stabilizing role played by
FliL in the flagellar motor, we undertook a crystallographic
study of the FliL ordered part—the periplasmic domain FliL-C
(residues 81 to 183). The crystallization of FIliL-C yielded three
different crystal forms. Forms A, B, and C crystals contained
12, six, and one subunit per asymmetric unit, regpectively. The
form C crystal structure was determined to 2.1-A resolution by
ab initio phasing (27). The form A and form B crystal struc-
tures were determined to 2.8- and 2.7-A resolution by molecu-
lar replacement.

Overall Fold of H. pylori FliL-C and Comparison to Other Proteins.
The polypeptide chain of FliL-C folds into a single a/p globular
domain with a three-stranded, curved antiparallel B-sheet on
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AfliL

Fig. 1. Structures of intact H. pylori flagellar motor in WT and fliL mutant cells. (A and B) Medial slices through in situ structures of WT and mutant
motors determined by subtomogram averaging over several hundred particles. FliL and collar-like rings are indicated with magenta and cyan arrows,
respectively. (C-H) Region containing rings (dashed frame in A and B) after focused refinement showing close-up view of medial slice (C-F) and perpendic-
ular cross-sections (G and H), with densities for putative FliL ring, MotA ring and MotB dimer indicated in magenta, yellow, and light green, respectively.

one side and four consecutive helices on the other side (Fig.
2A4). FIiL-C has an ellipsoid shape with dimensions of 53 x 24
x 24 A. The strands and helices are arranged in the topological
order p1p2alo2nla3p3 (Fig. 2B). The N-terminal f-strand 1 is
subdivided into fla and p1b by a short loop 90 to 92. Helix o2
is formed by residues 127 to 139 and runs approximately anti-
parallel to helix a3, which is the longest helix of the structure
(18 residues, 148 to 165). Short helices al (residues 118 to 125)
and nl (3yo helix, residues 143 to 146) lie at the two opposite
ends of the p-sheet, nearly orthogonal to helices a2 and 3.

The superposition of the crystal structure of H. pylori FliL-C
with the recently published crystal structure of the 40 to 167
fragment of 1/ alginolyticus FliL (16) reveals that, although the
two domains share only 17% amino acid sequence identity, 85
Ca atoms can be overlapped with an rmsd of 2.3 A (Fig. 2C),
indicating the significant overall similarity of the C-terminal
domains of the two proteins. Structural similarity extends over
the entire fold and includes all the secondary structure
elements.

We also compared the structure of H. pylori FliL-C against
all structures deposited in the Protein Data Bank (PDB) using
the DALI server (28) and found that it closely resembles those
of the members of the SPFH domain family. Similarities were
found to the mouse stomatin domain [mmStomatin (29)],
stomatin-like domains of proteins PH0470 and PH1511 from
the archaeon Pyrococcus horikoshii [phStomatin®’® and phSto-
matin'*"! (30, 31)], the shoulder domain of the rat liver major
vault protein [MVP (32, 33)], and the band-7 domain of mouse
flotilin-2 (PDB identification 1win). The FLL-C structure can
be superimposed over the SPFH domains of mmStomatin, phSto-
matin®”° (Fig. 2D), phStomatinlSll,u MVP, and flotilin-2 with an
rmsd of 2.4, 2.2, 2.4, 2.6, and 2.6 A for 92, 93, 94, 87, and 89
aligned Co atoms, respectively. Fig. 2F illustrates that FIiL-C and
SPFH domains adopt a very similar fold, despite the significant
differences in their amino acid sequences (<13% identity with
FliL-C). Domains with the SPFH fold are very diverse in their
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amino acid sequence and often function as membrane scaffolds
that provide stable platforms for the assembly of protein com-
plexes (34). The observed structural similarity between FIliL-C
and SPFH domains suggests that FliL. also functions as a mem-
brane scaffolding protein.

H. pylori FliL-C Forms Ring Segments in the Crystal. An analysis of
the crystal packing in the form C crystals (1 subunit per asym-
metric unit) using the PDBePISA server (https://www.ebi.ac.uk/
pdbe/pisa/) revealed no quaternary structure, indicating that,
under those conditions, FliL-C crystallizes as a monomer. In
contrast, the asymmetric unit of the form A crystals contains
two 6-subunit ring segments (Fig. 34) that are essentially iden-
tical (607 Ca atoms can be superimposed with an rmsd of 0.4
A). The 12 subunits in the asymmetric unit adopt highly similar
conformations, with the 102 aligned Co_atoms superimposing
with rmsd values in the range 0.3 to 0.6 A. The form C (mono-
meric) crystal structure can be superimposed with any subunit
in the form A crystal structure with an rmsd of <0.7 A for
102 aligned Ca atoms, indicating that the overall protein
structure does not undergo any significant conformational
changes upon formation of the super-molecular complex.
The six subunits in the asymmetric unit of the form B crystals
are also essentially identical. An analysis of the molecular
packing revealed that in the form B crystal lattice, the FliL-
C subunits assemble into five-membered ring segments (Fig.
3B) plus one associated subunit that is not part of the ring.
The five-membered partial ring (form B) can be superim-
posed onto the six-membered partial ring (form A) with an
rmsd of 1.4 A for 493 aligned Co atoms, showing that the two
arc-shaped structures are very similar (Fig. 3C). The arc has an
overall diameter of 96 A and height of 45 A. The a-helices of
all subunits are positioned on the outside, while the p-sheets
are positioned on the inside, forming an incomplete p-barrel.
The modeling of the full ring by overlapping subunits 1 to 3
over subunits 4 to 6 reveals that the FliL-C molecules within
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H. pylori FliL mmStomatin

phStomatin?5

phStomatin®7® MVP flotilin-2

Fig. 2. The overall fold of H. pylori FliL-C and comparison with the structures of SPFH domains. (A) Stereo representation of FliL-C. (B) Topology of sec-
ondary structure elements of FliL-C. The a-helices are represented by rods, 310-helix by a shaded rod, and p-strands by arrows. (C-E) Comparisons of the
structures of other SPFH domains. (C) Stereo view of the superposition of the crystal structures of H. pylori FliL-C (blue, residues 82 to 183) and the
C-terminal domain of V. alginolyticus FliL (red, residues 63 to 167, PDB identification [ID] 6ahp). (D) Stereo view of the superposition with the mouse sto-
matin domain (orange, PDB ID 4fvj, residues 95 to 199) and stomatin-like domain of P. horikoshii protein PH0470 (PDB ID 2rpb, residues 68 to 171). (E)
Side-by-side comparison of the structures of FliL-C from H. pylori (residues 82 to 183), the mouse stomatin domain (PDB ID 4fvj, residues 95 to 199),
stomatin-like domains of P. horikoshii proteins PH1511 (PDB ID 3bk6, residues 65 to 170) and PH0470 (PDB ID 2rpb, residues 68 to 171), the shoulder
domain of the rat liver MVP (PDB ID 4hl8, residues 515 to 646), and the band-7 domain of mouse flotilin-2 (PDB ID 1win, residues 12 to 125).

the arc structure are related to each other by a ninefold rota-
tional pseudosymmetry axis (Fig. 3D). Of note, the V alginolyti-
cus homolog of H. pylori FliL-C formed full 10-membered rings
or pseudohelices with 12 members per turn in crystals (16).
Our analysis shows that H. pylori FliL-C subunits associate to
form ring segments in a fashion that is remarkably similar to
that seen in the V alginolyticus decameric rings (Fig. 44)—an
unexpected finding given that the sequence identity between
the two proteins (17%) is close to that of unrelated sequences.

Conserved FliL-C Residues Cluster at the Interface between the Sub-
units of the Arch. To obtain a structural rationale for the remark-
ably similar mode of association between the FliL-C subunits in
H. pylori and V. alginolyticus, we performed a comparative anal-
ysis of the respective intermolecular contacts. Except for the
two flanking molecules, each FliL-C subunit within the partial
ring in H. pylori is involved in extensive interactions with its two
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neighboring subunits, with 24% (~1,500 AZ) of the subunit
accessible surface area buried by the two interfaces. Every
B-strand and two out of the three a-helices contribute to this
interface (Fig. 4B). The subunits associate via multiple van der
Waals contacts and hydrogen bonds. The latter form a network
with many residues on one molecule bound to more than one
residue on the other. The side chain of E136 of helix o2 forms
hydrogen bonds to the side chains of N149’, N153’, and K156’
of the adjacent subunit. K156’ makes an additional hydrogen
bond contact with the side chain of D132 (helix «2), which, in
turn, also forms a hydrogen bond with the backbone amide of
F177°. The side chains of N96 of strand p1b and Y105 of strand
B2 form hydrogen bonds with the backbone amide and carbonyl
of 1182’. The subunit interface is further stabilized by hydrogen
bonds between the side chains of S139 from helix o2 and K152’
and between the side chain of K126 and the backbone carbonyl
of the N-terminal residue L81’ (Fig. 4B). Most of these
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Fig. 3. The structure of the ring segments formed by H. pylori FliL-C in
the crystal. (A and B) 6-subunit and 5-subunit ring segments observed in
the form A and form B crystals, respectively. (C) Superposition of the five-
membered and six-membered segments. (D) Model of the full ring reveal-
ing a ninefold rotational pseudosymmetry within the ring segment. The
three modeled subunits are shown in gray.

interactions are observed between every two subunits of the
partial ring.

We performed structure-guided sequence alignment of H.
pylori and V. alginolyticus FliL-C (Fig. 4B) and mapped the
common surface-exposed residues on the structure of the two
neighboring FliL-C subunits (Fig. 4D). This analysis revealed
that most (11 out of 13) surface-exposed side chains that are
conserved between FliL-C from H. pylori and V. alginolyticus
are located at the subunit interface. We have then extended
this analysis to include a total of 250 amino acid sequences
homologous to H. pylori FliL-C, found using a PSI-BLAST
search, with sequence identity to the H. pylori protein of >
26%. The sequences were aligned by COBALT (35) and used
to generate a conservation profile with Consurf (36). The
molecular surface of H. pylori FliL-C was then color-coded to
highlight residues buried at the intersubunit interface (Fig. 4F)
or to show residue conservation scores (Fig. 3F). This analysis
clearly showed that the conserved FliL-C residues cluster at the
interface between the subunits of the arch. Cumulatively, our
findings suggest that FliL from different species share a con-
served mode of oligomerization into partial or full rings and
that the rings seen in the crystals therefore represent the func-
tional, physiologically relevant form of FIiL.

The shoulder domain of the rat liver MVP (Fig. 2E) is an
example of an SPFH domain that also forms a ring within the
vault organelle, albeit a much larger one (39 subunits) (32, 33).
Although it shares no significant sequence identity with FIiL, its
subunits associate in a surprisingly similar manner, with
a-helices positioned on the outside and p-strands lining the
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surface on the inside (Fig. 4G). This similarity suggests that the
SPFH fold has evolved to retain the ability to assemble into
rings in these proteins, which further strengthens the notion
that FliL self-assembly into rings is important for its function.

Implications for FliL Function as Structural Scaffold Supporting
Active Conformation of Stator. The overall shape of the crystal
structure-based model of the full nine-membered FIliL-C ring
(Fig. 3D) resembles a truncated hollow cone. The N termini of
all FliL-C subunits localize to the wider base of the cone, indi-
cating that in the physiological oligomer, the wider opening,
tethered to the transmembrane moiety, faces the IM. When
docked into the cryo-ET map in this orientation, the atomic
model was in good agreement with the density for the 18 rings
that are lost in the mutant, supporting their identification as
complete FliL rings (Fig. 5). However, the precise stoichiome-
try of the FliL rings in situ remains to be established, as fitting
of the nine-membered ring of H. pylori FliL-C and the
10-membered ring of ¥ alginolyticus FliL-C resulted in very
similar correlation coefficient values (SI Appendix, Fig. S3), and
the cryo-ET map did not have sufficient resolution to allow a
rotational symmetry analysis of the relatively small FliL rings.

We did not observe any significant differences between the
densities for the MotAB stator in H. pylori WT and fliL. mutant
cells, suggesting that the MotAB complexes still incorporated
into the motor in the absence of FliL. Our results are thus con-
sistent with the idea that MotAB instead recruit FliL in agree-
ment with previous studies in V. alginolyticus that showed FIliL
was not recruited when PomAB were missing or had an altered
conformation (18). Our finding that isolated FliL-C forms sta-
ble partial rings provides an insight into the putative mecha-
nism by which the FIiL rings assemble around the stator units:
partial five- to six-membered rings likely form first and latch
onto the MotB linker/plug region via their central cavity, fol-
lowing which additional FliL subunits are added, completing
the ring seen in the intact motors.

It was previously shown that because of the linker flexibility,
H. pylori MotB can exist in a variety of conformations, with the
distance spanned by its periplasmic region (comprising the
plug, linker, and C-terminal domain) ranging between 50 (com-
pact) to 115 A (fully extended) (11). The height of the periplas-
mic part of MotB in the intact H. pylori motor, measured as the
average distance between the outer leaflet of the inner mem-
brane and the top of the globular MotB domain in our cryo-ET
maps (~129 A), is close to the top of this range, indicating that
upon incorporation into the motor, the MotB linker adopts an
extended conformation. This observation is in agreement with
the previous crystallographic, biochemical, and mutagenesis
studies that showed that activation of the MotAB stator units
upon insertion into the motor involves linker extension (9, 37).

Our results show that H. pylori is nonmotile without FIliL.
One possibility is that the MotAB stator is not functional in the
absence of FliL. The MotB linker appears to be in the
extended, activated conformation in the fliL. mutant, suggesting
there must be another deficit. One possibility is that the
MotAB channel is not open because the MotB plug helices
have not been released from the IM (12), a step that may
depend on FliL. Our observation that each FliL-C ring is sand-
wiched between a MotA ring and a globular MotB domain,
with the MotB plug/linker segment passing through its central
hole, therefore suggests that the circle of FliL rings serves as a
structural scaffold for the stator units, with the binding energy
released upon association of the stator units with the scaffold
used to power the release of the plug helices. This conclusion is
supported by the previous studies that showed that motility
defects in mutants lacking FliL were alleviated in strains with
unplugged mutant stators (20, 38). It is also strongly supported
by the detected significant structural similarities between FIliL-

PNAS | 50f9
https://doi.org/10.1073/pnas.2118401119

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118401119/-/DCSupplemental

a3

90 100 110 120 130
HpF1iL  LVLGPLYAIDAPFAVNLVSONGRRYLKASISLELSNEKLLNEVKVKDTAIKDTIIEILS
VaFLiL  ASPIAYVNLPQAEVFNVIGDSRDRLVQIKAQLMVRGAENEELARYHSPLIESSLLSTFA 119

140 150 160 170 180
HpF1iL  SKSVEEVVINKGKNKLKDEIKSHLNS-----FLIDGFIKNVFFTDFIIQ
VaFLiL  SATYDOLRSPTCRVELRDRASEDIKAALNAAVCKP-VIEKVLETDEVIQ 167

E

B
%

Fig. 4. Conserved residues cluster at the interface between the FliL-C subunits of the arch. (A) Superposition of the two adjacent H. pylori FliL-C subunits
from the six-membered ring segment (green and gray) with the two adjacent V. alginolyticus FliL-C subunits from the 10-membered ring (red and
salmon), illustrating the conserved mode of oligomerization. (B) The hydrogen bonding network at the subunit interface in H. pylori FliL-C. (C) Structure-
guided sequence alignment of FliL-C from H. pylori and V. alginolyticus, shown in A and in Fig. 1C. The two sequences share only 17% identity. Conserved
residues are highlighted in red. Conserved surface-exposed residues are indicated by triangles. (D) A ribbon representation of the superposition of the
two adjacent subunits of FliL-C from H. pylori and V. alginolyticus (same view and color scheme as in A) showing location of the conserved surface-
exposed residues in the H. pylori protein. (E) Molecular surface of H. pylori FliL-C, colored according to the accessible surface area buried at the intersubu-
nit interface. The color gradient runs from blue (fully exposed) to red (fully buried). (F) Molecular surface of H. pylori FliL-C, colored according to the evo-
lutionary conservation of each residue among sequences with >26% identity to H. pylori FliL-C. The color gradient runs from blue (not conserved) to red
(fully conserved). (G) Comparison of the mode of oligomerization into ring structures in H. pylori FliL-C and the shoulder domain of the rat liver MVP.

FliL-C

MVP

C and SPFH domains of proteins, some of which (e.g., prohibi- (39, 40). Our results also suggest that the interactions between
tins) are known to form membrane-anchored rings which serve  FliL and the MotAB complex stabilize the MotB linker in its
as scaffolds that control the organization of other proteins extended conformation, which, in turn, has been shown to be
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B - D

Fig. 5. Isosurface renderings showing periplasmic circle of 18 rings formed by FliL-C. (A and B) Side view and perpendicular cross-section of WT motor
with FliL colored in magenta and all other protein components in light blue. (C and D) Same as A and B but with cage and MotB densities removed to
show FIiL rings clearly. The diameter of the FliL ring (61.9 nm) has been measured as the distance between the centers of the opposing rings. (E and F)
Close-up side and top views showing crystal structure-based model of full nine-membered FliL-C ring docked into cryo-ET density.

important for holding the periplasmic domain of MotB in a
conformation that is able to bind PG (11). The additional role
of the FIliL scaffold therefore appears to be to strengthen the
attachment of MotB to PG, which is consistent with the previ-
ous observations that, in many bacteria, FliL becomes indis-
pensable for the motor function only under high viscous drag
conditions when a higher motor torque, and hence a more
secure attachment of the stator to the cell wall, are required.

Materials and Methods

Construction of Isogenic AfliL Mutant in H. pylori Strain SS1 and Analysis of
Swimming Behavior. The deletion of fliL (gene identification HPYLSS1_00526
in SS1, HPG27_765 in G27) was achieved by transforming strain SS1 (41) to
chloramphenicol resistance with genomic DNA from strain G27 that contained
a AfliL::cat mutation. The original mutation was created by splicing by over-
lapping extension to insert a cat gene. The insertion replaced 228 internal
base pairs in the middle of the 552-bp fliL, leaving 151 bases at the 5’ end and
173 bases at the 3’ end (42). The SS1 mutation was verified by PCR and
Sanger sequencing.

Soft agar motility assays were carried out as described (43) using 4-d incu-
bation on plates composed of Brucella broth and 0.35% agar under micro-
aerobic conditions (5% O,, 10% CO,, and 85% N,). Motility in liquid media
was assessed by growing the bacteria in Brucella broth with 10% heat-
inactivated serum (BB10) to an OD600 of ~0.3 and visualizing by microscopy.

Cryo-ET Sample Preparation and Imaging. H. pylori strain SS1 and its fliL dele-
tion mutant (AfliL) were cultured on tryptic soy agar plates supplemented
with 5% sheep blood under microaerobic conditions. To prepare frozen
hydrated H. pylori samples, the cells were washed off and suspended in phos-
phate buffer saline mixed with 10 nm fiducial gold particles, deposited on
cryo—electron microscopy grids, and plunge frozen using liquid ethane. Tilt
series were collected using the Titan Krios G2 electron microscope (Thermo
Fisher Scientific) equipped with a field emission gun and a direct detection
camera (Gatan) and operated at 300 kV and a magnification corresponding to
a pixel size of 2.2 A at the specimen level. SerialEM software (44) was used to
record a single-axis tilt series with a phase plate at -0.5-um defocus and a
cumulative dose of ~50 e/A2 distributed over 35 stacks covering an angle
range of —51t0 51°in 3° increments.

Three-Dimensional Image Processing and Subtomogram Averaging. Drift cor-
rection of the image stacks and alignment of the tilt series were performed
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using Motioncorr2 (45) and IMOD (46), respectively. Tomograms were recon-
structed using Tomo3D (47). A total of 143 and 89 tomograms of the flagel-
lated cell poles were reconstructed for WT H. pylori and the AfliL mutant,
respectively. The i3 suite (48, 49) was used to manually pick 855 and 388 flagel-
lar motor particles in the WT and mutant tomograms, respectively, for subto-
mogram extraction and averaging. Binned 4 x 4 x 4 subtomograms were used
for the refinement of the intact flagella motor structures. The right side of
motor regions in 2 x 2 x 2 binned subtomograms was used for additional
focused refinement.

Crystallization of FliL-C and X-ray Diffraction Data Collection. The form A
crystals of Helicobacter pylori SS1 FliL-C were grown as previously described
(50). The crystals belong to space group P1, with unit cell parameters a = 62.5,
b=2826c=978A a=677, B = 83.4, and y = 72.8° (S| Appendix, Table S1),
and contain 12 subunits in the asymmetric unit. The form B crystals of FliL-C
were obtained using the hanging-drop vapor diffusion method, with 0.35 M
ammonium phosphate monobasic and 0.2 M trisodium citrate dihydrate, pH
5.0, as a reservoir solution. These crystals belong to space group C2 with unit
cell parameters a = 161.4, b = 42.5, c = 140.6 A, and p = 93.3° and contain six
subunits in the asymmetric unit. The form C crystals were obtained by using
an Additive Screen HR2-138 (Hampton Research) in combination with reser-
voir conditions similar to those of the form A and form B crystals. The form C
crystals grew from 0.3 M ammonium phosphate monobasic, 0.1 M trisodium
citrate dihydrate, pH 5.6, and 0.2 M sodium thiocyanate (an additive). The
form C crystals belong to space group P242,2; with cell parameters a = 41.5,
b=60.0, and c = 61.0 A and with a monomer in the asymmetric unit. X-ray dif-
fraction data for the cryo-cooled forms A, B, and C crystals were collected to 2.
8-, 2.7-, and 2.1-A resolution, respectively, using the Macromolecular Crystal-
lography beamlines MX1 and MX2 at the Australian Synchrotron. All the data
were processed and scaled using XDS (51) and AIMLESS from the Collaborative
Computational Project, Number 4 suite (52). Data collection and processing
statistics are summarized in S/ Appendix, Table S1.

Determination of FliL-C Crystal Structure. Secondary structure prediction
from sequence analysis was performed using the Jpred4 server (http://www.
compbio.dundee.ac.uk/jpred4/index.html) (53). The phase problem for the
orthorhombic (form C) crystal structure was solved by ab initio phasing with
ARCIMBOLDO (27) using an initial search model comprising one 20-residue
and three 10-residue polyalanine a-helices. A complete model of FliL-C except
for the N-terminal residue 81 was built from the model produced by ARCIM-
BOLDO using the programs ARP/WARP (54) and COOT (55). Refinement and
automated placement of ordered water molecules was performed using
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PHENIX (56) and REFMAC (57). The form A and form B crystal structures were
solved by molecular replacement using PHASER (58) with the refined form C
structure as a search model. The individual subunits in the asymmetric units of
form A and form B crystals were refined independently. Because of the disor-
der of several N-terminal residues in each subunit, the final refined form A
crystal structure contains 1,232 of the expected 1,308 amino acid residues, and
the form B crystal structure contains 605 of the expected 654 amino acid resi-
dues. Refinement statistics and stereochemistry are given in SI Appendix,
Table S2. Representations of crystal structures were prepared using PYMOL
(The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC).

Three-Dimensional Visualization of the Motor and Docking Crystal Structures
into Cryo-ET Map. UCSF ChimeraX (59) was used to generate isosurface repre-
sentations of the averaged structure of the intact flagella motor from WT H.
pylori. Computational docking of the crystal structure-based model of the full
nine-membered FliL-C ring (Fig. 3D) into the electron density for the intact
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