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

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

1. Introduction

Many motile bacteria move in liquid environments by rotating a helical filamentous organelle
called the flagellum. The flagellum is a large molecular assembly of about 20-30 thousand of protein
subunits of more than 20 types of proteins. The filamentous part of the flagellum, termed the axial
structure, is rotated by a motor embedded in the cell membrane. The axial structure consists of three
morphologically distinct regions, the rod, the hook, and the filament from the proximal to the distal
end, with a few minor components [1,2]. The filament is a long helical propeller with a diameter of
~20 nm and a typical length of around 15 um. The filament is a helical assembly of about 30,000 flagellin
(FliC) subunits. The hook is a short, curved segment with an approximate length of 55 nm. The hook is
a helical assembly of about 120 subunits of FIgE [3,4]. The function of the hook is a universal joint
that transmits motor torque to the filament in any orientation relative to the motor axis. The rod is
a straight structure with a length of about 30 nm. The rod is a helical cylinder that comprises four
proteins: FlgB, FlgC, and FIgF in the proximal part and FlgG in the distal part [5-7]. The rod is a drive
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shaft that penetrates the peptidoglycan (PG) layer and the outer membrane and connects the hook
with the rotor of the motor.

The axial components share a common architecture in the subunit arrangement and the domain
arrangement. The axial subunit proteins are arranged in a helical array of 11 subunits in two turns of
the 1-start helix. This arrangement produces 11 protofilaments, which are strands of the component
proteins aligned nearly parallel to the filament axis [8-10]. The subunits form a concentric multi-layer
tube in the axial structure. The inner tube is composed of «-helical coiled coils constructed by the N-
and C- terminal regions of each component protein [11-15]. These terminal regions are disordered in
monomeric state in solution but are folded into the coiled coils only when the subunits are incorporated
into the flagellum [16,17].

Despite the common architecture, the mechanical properties of the axial structures are quite
distinct. The filament forms a stiff, super helical structure as a propeller for efficient propulsion of the
cell. The hook is flexible in bending but rigid against twisting to achieve a universal joint function,
whereas the rod is a rigid straight cylinder to work as a drive shaft. Since the inner most tube shows a
common structural feature, the differences in the mechanical and functional properties are ascribed
to the structural difference of the outer regions. In fact, the amino acid sequence of the outer region
of FliC (UniProtKB ID: P06179) differs completely from that of FIgE (UniProtKB ID: POA1]J1) or FlgG
(UniProtKB ID: POA1]3). However, FIgE and FlgG show a high sequence similarity to each other,
even in the first outer region D1, although FIgE has an additional domain outside D1. Therefore,
their structures have been investigated to understand the molecular basis of the specific properties of
these structures.

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

A partial structural model of the distal rod has recently been constructed on the basis of a cryoEM
density map of the distal rod at a 7 A resolution obtained from a polyrod mutant of St-FlgG, a mutant
that produces an unusually long distal rod, and a homology model of FIgG constructed based on the
crystal structure of St-FIgE [22]. The helical symmetry of the distal rod is almost the same as that of
the hook. Therefore, the subunit arrangement of the rod is very similar to that of the hook, but the
orientation of each domain is significantly different. The D1 domain of FlgG stands upright to tightly
interact with the neighboring subunits in the protofilament of the distal rod, whereas that of FIgE
is tilted about 7° to make a gap along the protofilament. Moreover, the N-terminal helix of FlgG is
longer than that of FIgE, so the N-terminal helix directly contacts with the axially neighboring subunit
in the rod. These tight axial subunit interactions are thought to provide the bending rigidity to the
distal rod. However, both structural models do not include the Dc region due to the limited resolution
of the density map. The Dc region contains a FlgG specific segment not present in FIgE, and this
segment is important for the rod to form a rigid, straight structure. A FIgE mutant with the insertion
of the FlgG specific segment forms a straight and rigid hook [23]. Therefore, a complete and more
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precise structural model of the rod including the Dc region is needed for further understanding of the
molecular basis of its mechanical and functional properties.

Here, we have constructed an atomic model of the St-rod structure on the basis of the crystal
structure of a core fragment of St-FlgG (FIgG20) solved at 2.0 A resolution in combination with the
previous cryoEM map. FlgG20 more closely resembles Cj-FIgE than the core fragment of St-FIgE.
Cj-FIgE also contains the FlgG specific segment that is missing in St-FIgE. Therefore, the complete distal
rod model was constructed by using the similarities between FlgG20 and Cj-FIgE. This model revealed
that the Dc region adopts the L-stretch structure and that the intersubunit interactions mediated by the
L-stretch greatly contribute to stabilizing and rigidifying the distal rod structure.

2. Materials and Methods

2.1. Preparation and Crystallization of FIgG20

Details of expression, purification, and crystallization of FIgG20 (residues 47-227) from Salmonella
enterica serovar Typhimurium and its selenomethionine derivative have been previously reported [24].
Key resources are summarized in Table S1. Briefly, FlgG20 was purified by affinity chromatography
using a HisPrep FF 16/10 column (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK)
and treated with thrombin-protease (GE Healthcare Life Sciences) to remove His-tag, followed by
anion-exchange chromatography using a RESOURCE Q (6 mL) (GE Healthcare Life Sciences). The best
crystals were obtained from sitting drops with a reservoir solution containing polyethylene glycol
monomethyl ether 2000 (Hampton Research, Aliso Viejo, CA, USA), ammonium sulfate (WAKO) and
sodium acetate (pH 4.6) (Hampton Research).

2.2. Diffraction Data Collection and Structure Determination

X-ray diffraction data were collected at synchrotron beamlines BL38B1 and BL41XU in SPring-8
(Harima, Japan) with the approval of the Japan Synchrotron Radiation Research Institute (JASRI)
(Proposal No. 2010B1013 and 2010B1901), as previously described [24]. The diffraction data were
processed using iMOSFLM [25] and were scaled using SCALA [26] from the CCP4 program suite [27,28].
Data collection statistics are summarized in Table 1. The initial phase was determined using the SAD
data of the Se-Met derivative and the initial model was automatically constructed with a program
Phenix [29]. The model was manually modified with Coot [30] and refined with Phenix. The refinement
converged to an R value of 20.0% and an R free value of 22.9% for the SAD data at a resolution of
2.0 A. The final model contains 304 residues and 181 water molecules. A Ramachandran plot showed
98.0% and 2.0% residues located in the most favorable and allowed regions, respectively. Refinement
statistics are summarized in Table 1.
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Table 1. Data collection and refinement statistics.

Space Group P21212¢
Cell dimensions (A) a=475,b=67.0,¢c=110.3
Wavelength (A) 0.9790
Resolution (A) 36.8-2.0 (2.11-2.00)
Rnerge 0.106 (0.389)
I/0I 10.8 (4.0)
Completeness (%) 98.1 (97.5)
Redundancy 6.9 (6.6)
FlgG20 Rod (EMD-6683) Hook (EMD-1647)
Resolution range (A) 36.6-2.0 (2.08-2.00) 7.4 7.1
No. of reflections working 22,747 (2448)
No. of reflections test 1217 (124)
Rw (%) 20.0 (24.8)
Reree (%) 229 (31.8)
No. of protein atoms 2264
No. of solvent atoms 192
B-factors
Protein atoms 37.0
Solvent atoms 38.5
Map correlation coefficient 0.729 0.713
Root mean square deviation bond length (A)  0.002 0.03 0.00
Root mean square deviation bond angle (°) 0.537 0.73 0.59
Ramachandran plot (%)
favored 98.0 93.0 94.3
allowed 2.0 7.0 5.7
outliers 0 0 0
Rotamer outliers (%) 0.4 9.27 7.14
All atom clash score 7.99 4.80

Values in parentheses are for the highest resolution shell. Ry, =}, [| Fo| — | Fc|l/Y. | Fo |, Reee = X | Fo | = | Fc|l/X. | Fo .

2.3. Model Building of the Rod and Hook

The crystal structure of FlgG20 is roughly fitted in the EM density map of the rod (EMDataBank ID:
EMD-6683) using UCSF Chimera [31]. The DO-D1 region of Cj-FIgE (PDB ID: 5]XL) was superimposed
on FlgG20 by fitting the D1 domains of both molecules. Then, D0 and the r-stretch of Cj-FIgE were
added to FlgG20 and replaced their sidechains with those of St-FlgG to construct the full-length
FlgG model. The model was modified by fitting in the EM density using Coot. The residues 53-64
were removed due to the poor density of this region. Then, a rod segment model composed of
22 subunits (four turns along the 1-start helix) was produced using the helical symmetry of the rod
(I-start: O = 64.75°, z = 4.13 A) and was refined with real space refinement using Phenix under
noncrystallographic symmetry (NCS) constraints. The NCS operator was not refined to preserve
helical symmetry.

The hook model was constructed basically the same way as the rod model. The D0-D1 region of
Cj-FlgE (PDB ID: 5]XL) was superimposed on FIgE (PDB ID: 3A69) by fitting the D1 domains of both
molecules. DO and the r-stretch of Cj-FIgE were fused to the D1-D2 domain of St-FIgE and replaced
their sidechains with those of St-FIgE. The model was modified by fitting in the EM density of the hook
(EMDataBank ID: EMD-1647) using Coot. A rod segment model composed of 22 subunits (four turns
along the 1-start helix) was produced using the helical symmetry of St-hook (1-start: 0 = 64.78°, z = 4.12
A) and was refined with real space refinement under NCS constraints using Phenix. The refinement
statistics are summarized in Table 1.

Coordinates and structure factors have been deposited in the Protein Data Bank under accession
codes 6JF2 (FlgG20), 6]JZR (St-rod) and 6]JZT (St-hook).

3. Results

3.1. Structure of FIgG20

The crystal asymmetric unit contains two FlgG20 molecules, mol A (80-224) and mol B (72-227),
whose structures are almost identical to each other with a root-mean-square deviation (rmsd) of 0.60 A
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for Cx atoms. The N-terminal 33 and C-terminal 3 residues of mol A and 25 residues of mol B were
not traced because of poor electron density. FlgG20 shows a single domain structure composed of
15 B-strands and the loops connecting the 3-strands (Figure 1A), and is similar to the D1 domain of
FIgE except for the absence of the triangular loop (Figure S1A,B) and the conformation of the N- and
C-terminal regions (Figure 1B). Interestingly, the N- and C-terminal regions of FlgG20 are more similar
to Campylobacter FIgE (Cj-FIgE, PDB ID: 5JXL) [15] than the core fragment of Salmonella FIgE (St-FlgE31,
PDB ID: IWLG) [18] (Figure 1 and Figure S1). The 3-stretch composed of the N- and C- terminal chains
of FlgG20 (N85-T89 and Y218-T221, respectively) fits nicely on the corresponding regions of Cj-FIgE
(Figure 1D).

A B M14{ P285

Q309

Triangular
loop N /\,}

E

— ————————————————— - e ——— -—- ————
Ci_FlgE 1 .MRSLWSGYVSGLOQAHQYVAMDYEGNNI SNV NI|TGEKYSRADFGTMFSQTVKIATAPTD. GRGG|SNPLOTGLGY|S VS ST TRIES|QGS v TEDKNTDVALNGD 98

L-stretch of Cj_FIgE (632-081)

— —
St Flgc 1MISSLWIAKTGLDAQQTNMD|VEANN LANY S|TNGEK R QRAV[EEDLLYQEIR|QP GAQSSEQ TN P SGLQTGT[GVR P VAT ER ESQGNL S 0T NN S KDVATKE 0100

Strige 1...8F5OAVSGLNAAATNLDVECINNIANS A YGIEKSGTASEABME . - - - ... AGSKVG LK VAGITQDHTOET T TNEG |G LDVAES QN 79

c137-153p c161-p737
, R ;ﬁ - -
¢3_rlge 99 [@E[ENY S DD GG LI|NY LR SGOEKLDA GNPV N NAGE VNG | PONIEEDF | ANKVDDKGNI.LGEFTNGKTFAVAKIANASYANNSGLEETECNLF K vEATes

h— — | — - — — ———————— — i b —
St_FlgG 101[GEF QUM L P D[G|T S AY . TEDG 5o VD oNGOLY T/AGIGEQVE . . .BAITIBANALSITEGRDEVY SVTQ0GQAARVQVGQLNET TFMND TICHESTGENE Y I 5[0 196

o — S »——————— Si— | —
St PlgE 80GEERLVDSNGS|VFY . SRNGQFKLOENRNLVNYQGNMQLT | AB . ITTEN | S[YOEINNDGTY .VGNYSNEQEQV/LGOTVEANEANNEGEAS QGD|NVWAAEG 337
eTi7-p133! T141-v285

e —
Cj_FlgE 786 NEGN 1|V VG EAGTGGR|GE MK T S ALEMSNVDLSRSLTELEIIQRCYOANSKT IS T SDOMEQTEIQL K 851

h—- e — b
St_FlgG 197 S|SIGA|P N E ST P[GL NIG|AG LL ¥ Q6 ¥ VE|TSNVNVAEELVNMIQVORAYE INSKA VST TDOMELQKE TQE . . 260

Figure 1. Structure of a core fragment of St-FlgG (FlgG20) from Salmonella typhimurium (St), FIgE
from Salmonella typhimurium and FIgE from Campylobacter jejuni (Cj). Ribbon representation of the
crystal structure of FlgG20 (A), the cryoEM structure model of DO and D1 domains of St-FIgE (PDB
ID: 3A69) (B), and the cryoEM structure of DO, L-stretch and D1 of Cj-FIgE (PDB ID: 5]XL) (C). The
Dc region of the St-FIgE structure is not modeled due to the low resolution of the cryoEM map in (B).
The models are color-coded from blue to red through the rainbow spectrum from the N to C terminus.
(D) The superimposition of backbone models of FlgG20 (blue), St-FIgE (green) and Cj-FIgE (pink). The
positions of N85, T89, Y218 and T221 of FIgG20 are indicated. (E) Structure-based sequence alignment
of Cj-FlgG, St-FlgG and St-FIgE. Conserved residues are highlighted in dark orange (identical residues)
or light orange (similar residues). Purple and cyan arrow indicates «-helix and -strand, respectively.
Molecular figures were drawn using MolFeat (Ver 3.6, FiatLux Corporation).

3.2. Atomic Model of the Distal Rod

The previous atomic model of the distal rod (PDB ID: 5WRH) was built by fitting a homology
model of a fragment of FlgG (92-216) into a cryoEM map of the polyrod [22]. Although the homology
model is similar to the D1 core of the FlgG20 crystal structure, the crystal structure includes a part
of the region connecting DO and D1 that was not present in the homology model (Figure S1). We,
therefore, conducted rigid body fitting of the FlgG20 structure into the cryoEM map (EMDataBank
ID: EMD-6683) using UCSF Chimera, and compared it with the previous model [22]. The C-terminal
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region of FlgG20 comes close to the N-terminal end of the C-terminal DO helix of FlgG in the previous
rod model. The N-terminal region of FlgG20 goes into the edge of the elongated density that was
not assigned in the previous model. We found here that the elongated density can be assigned as the
L-stretch, as is seen in Cj-FIgE, considering the structural similarity between FlgG20 (Figure 1A) and
Gj-FIgE (Figure 1C) and the amino acid sequence similarity between St-FIgG and Cj-FIgE (Figure 1E).
We superimposed the D0-L-stretch-D1 structure model of Cj-FIgE on the FlgG20 model fitted in the
cryoEM map and realized that it is possible to fit the DO-L-stretch structure of Cj-FIgE into the elongated
density with slight modification. Then, we constructed a new subunit model of the distal rod by
connecting the FlgGG20 model with the DO-L-stretch model built on the basis of the Cj-FIgE structure.

The new model revealed that the L-stretch extensively contacts with the D1 domains of other FlgG
subunits and thereby reinforces the rod structure (Figure 2). The r-stretch extends along the D1 domain
of FlgG in the —5 position toward that in the —10 position (Figure 2B-D). The location of the tip of the
L-stretch (P52-564) is unclear due to the poor density of this region. The L-stretch also interacts with
the D1 domains of FIgG in the —11 and —16 positions and thereby mediates the 6-start interactions
of the subunits in the —5 and —11 positions and those in the —10 and —-16 positions (Figure 2C,D).
The D1 domain interacts with the D1 domains of nearest-neighbor subunits in all directions, but only a
few direct contacts are observed in each direction (Figure S2). Thus, the interactions mediated by the
L-stretch greatly contribute to stabilizing and rigidifying the distal rod.

A o .
; y) - L'S"L:Sh 3
¥ ‘?ﬁiﬁ% o
ﬁ\j%%‘m QA
RV ) 6 5%, 6, W%
‘&“5’?7:,"¢ Fﬁ\g‘i h
A

Figure 2. Structure model of the rod. (A) Two turns of the distal rod model. Eleven FlgG subunits
along the one start helix are shown. Each subunit is colored from blue to red through the rainbow
spectrum from the N to C terminus. Upper panel, viewed from the distal end; middle panel, side view;
lower panel, viewed from the proximal end. (B) Subunit interaction of the D1 domain and the L-stretch
in the rod. Six subunits in three adjacent protofilaments (two subunits from each protofilament) are
shown. The number counted from the subunit 0 along the 1-start helical line is shown above or below
each subunit. Left panel, view from the outside; right panel, view from the inside of the rod. (C) (D)
Close up view of the L-stretch of the rod. The region in the black and red boxes in (B) are shown in
(C) and (D), respectively. The tip of the L-stretch (P52-S64) is invisible due to poor density. Molecular
figures were drawn using MolFeat (Ver 3.6, FiatLux Corporation).
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3.3. Atomic Model of the Hook

The previous cryoEM map of the St-hook also showed an unassigned elongated density between
the D1 domain and the DO helices [21]. The shape and position of the density is very similar to the
density corresponding to the L-stretch of the Cj-hook or that of the St-rod. Therefore, we superimposed
the DO-L-stretch-D1 structure of Cj-FIgE (PDB ID: 5]XL) on the St-FIgE model (PDB ID: 3A69) in the
cryoEM density of the St-hook (EMDataBank ID: EMD-1647). The DO helices and the r-stretch of
Cj-FIgE were well fitted into the EM density with slight modification (Figure 3). The amino acid
sequence alignment indicates that the L-stretch of St-FIgE is 18 residues shorter than that of Cj-FIgE
(Figure 1E) [32]. Consistent with this, the density of St-FIgE corresponding to the 1-stretch is shorter
than the other two and terminates at the position expected from the sequence. Thus, we built the
model of the Dc region based on the Cj-FIgE structure and constructed a full-length St-hook model.
The subunit interaction mediated by the L-stretch is not as extensive as in the distal rod (Figures 2
and 3). The r-stretch extends to the —5 direction and interacts with the inner surface of the D1 domains
of the FIgE subunits in the —5 and —11 positions but not with the subunits in —10 and —16 positions
(Figure 3B-D).
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Figure 3. Structure model of the hook. (A) Two turns of the hook model. Eleven FIgE subunits
along the one start helix are shown. Each subunit is colored from blue to red through the rainbow
spectrum from the N to C terminus. Upper panel, viewed from the distal end; middle panel, side view;
lower panel, viewed from the proximal end. (B) Subunit interaction of the D1 and the r-stretch in the
hook. Six subunits in three adjacent protofilaments (two subunits from each protofilament) are shown.
The number counted from the subunit 0 along the 1-start helical line is shown above or below each
subunit. Left panel, view from the outside; right panel, view from the inside of the hook. (C) (D) Close
up view of the L-stretch in the hook. The region in the black and red boxes in (B) are shown in (C) and
(D), respectively. Molecular figures were drawn using MolFeat (Ver 3.6, FiatLux Corporation).

4. Discussion

The distal rod and hook show distinct mechanical properties, although they share the same helical
symmetry and repeat distance and are composed of similar subunit proteins (FIgG and FIgE) with 39%
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sequence identity. The rod is straight and rigid whereas the hook is curved and flexible and is easy
to bend. Previous cryoEM studies revealed that the D1 domain of FIgE in the hook is tilted about 7°
relative to that of FlgG in the distal rod. this difference resulted in a loose axial subunit packing of FIgE,
making the hook flexible in bending unlike the rod. Moreover, a small gap between the DO helices of
the axially contacting FIgE subunits allows compression and extension of each protofilament [22].

The new models of the rod and hook have revealed marked contributions of the L-stretch to their
mechanical properties. Interacting with the —5 and —10 subunits, the long L-stretch of FIgG fastens
three adjacent protofilaments in the rod. In addition, the r-stretch mediates the 6-start interaction of -5
and —11 subunits and 0 and —11 subunits. These 5-start and 6-start interaction networks make the
distal rod rigid in its straight form. Moreover, the tight interaction of L-stretch with the D1 domain in
the —5 position may stabilize the upright orientation of FIgG, forming tight subunit packing in the
distal rod. In contrast, the L-stretch of FIgE is shorter than that of FIgG and only interacts with the inner
surface of the —5 and —10 subunits. These interactions probably reinforce the hook structure while
allowing the axial compression and extension of each hook protofilament for the bending flexibility of
the hook.

The rod length is regulated to around 25 nm in wild-type cells, but some FlgG mutants form
unusually long rod structures, termed polyrods. More than 20 mutants, including a few residue
deletion mutants, were isolated, and over half of the mutation sites were localized in the segment of
residues 52-66 [32-34], which corresponds to the distal part of the L-stretch. Chevance et al. mapped
the mutation sites on a homology model of FlgG and suggested that this region might interact with
residues G183 and 5197 in the neighboring FlgG subunit in the rod and that the other mutation sites
are rather widely distributed [32]. We have now mapped these mutation sites on the new rod model
and found that all of them are localized within the plausible space where the distal part (residues
52-66) of the L-stretch would be located, albeit most of them were not visible in the EM map (Figure 4).
The absence of the EM density for the distal part of the L-stretch may be because the resolution of the EM
density map was not high enough to clearly resolve this part, which is in close contact with neighboring
subunits, as described above. The distal part of the L-stretch in the 0 position presumably interacts
with the middle part of the L-stretch of the subunit in the —5 position and the D1 domain of the subunit
in the —10 position. Therefore, the intermolecular interactions around the distal part of the L-stretch are
likely to be the key factor for the stiffness of the rod. To confirm this idea, we need a cryoEM structure
of the polyrod mutant, as well as a wild-type distal rod at a higher, near-atomic resolution.

P52L
G53C/R

A [A54-S57]
Q59H-A[T60-P63]
A [Q59-T61]

S64P

GB5E/RIV
A[G65-L66]

L66P

D117Y

G132R

G133V

G183R/W

E189K

N190K

S197L

Figure 4. Polyrod mutation sites are localized around the tip of the r-stretch. The known polyrod
mutation sites are mapped on the rod structure. Subunit at 0, —5, —10 positions are colored in magenta,
blue, and green, respectively. The putative structure of the rL-stretch tip of subunit 0 is shown in gray.
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The polyrod mutation sites except for those in the L-stretch tip are indicated by ball models. Oxygen
and nitrogen atoms are colored in red and purple, respectively. The carbon atoms are painted by the
same color as used for the subunits. The polyrod mutations [32] are listed to the right of the figure.
Molecular figures were drawn using MolFeat (Ver 3.6, FiatLux Corporation).

5. Conclusions

We constructed a structural model of the flagellar distal rod by fitting the crystal structure of
FlgG20 into the previous cryoEM map of a polyrod and a new hook model using the previous cryoEM
map of the hook. These structural models suggest that the L-stretch stabilizes the distal rod and plays a
key role in achieving the distinct mechanical properties of the rod using a structurally similar protein
to that of the hook.

Supplementary Materials: The following are available online, Figure S1: Structural comparison of the D1 domain,
Figure S2: The rod model docked in the cryoEM map, Table S1: Key Resources.

Author Contributions: Conceptualization, Y.S.-H., K.N., and K.I.; methodology, Y.S.-H., K.N., and K.I.; validation,
Y.S.-H. and K.I; formal analysis, Y.S.-H. and K.L; investigation, Y.S.-H., HM. and K.L; resources Y.S.-H., H.M.,
and K.I; data curation, Y.S.-H. and K.I.; writing—original draft preparation, Y.S.-H. and K.I.; writing—review
and editing, Y.S.-H., K.N., and K.L; visualization, Y.S.-H. and K.I.; project administration, K.N. and K.I.; funding
acquisition, Y.5.-H., HM., K.N., and K.I

Funding: This work was supported in part by MEXT/JSPS KAKENHI Grant Number JP24570132 (to Y.S-H.),
JP17K07318 (to H.M.), JP21227006 (to K.N.), JP25000013 (to K.N.), JP15H02386 (to K.I.) and JP23115008 (to K.I.).

Acknowledgments: We thank the beamline staff at SPring-8 for technical help in the use of beamlines.

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

References

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

2. Imada, K. Bacterial flagellar axial structure and its construction. Biophys. Rev. 2018, 10, 559-570. [CrossRef]
[PubMed]

3. Kutsukake, K.; Suzuki, T.; Yamaguchi, S.; Iino, T. Role of gene flaFV on flagellar hook formation in Salmonella
typhimurium. J. Bacteriol. 1979, 140, 267-275. [PubMed]

4. Jones, C.J.; Macnab, RM.; Okino, H.; Aizawa, S. Stoichiometric analysis of the flagellar hook-(basal-body)
complex of Salmonella typhimurium. J. Mol. Biol. 1990, 212, 377-387. [CrossRef]

5. Okino, H.; Isomura, M.; Yamaguchi, S.; Magariyama, Y.; Kudo, S.; Aizawa, S.I. Release of flagellar
filament-hook-rod complex by a Salmonella typhimurium mutant defective in the M ring of the basal body.
J. Bacteriol. 1989, 171, 2075-2082. [CrossRef] [PubMed]

6. Homma, M.; Kutsukake, K.; Hasebe, M.; Iino, T.; Macnab, R.M. FlgB, FlgC, FlgF and FlgG. A family of
structurally related proteins in the flagellar basal body of Salmonella typhimurium. J. Mol. Biol. 1990, 211,
465-477. [CrossRef]

7. Kubori, T.; Shimamoto, N.; Yamaguchi, S.; Namba, K.; Aizawa, S. Morphological pathway of flagellar
assembly in Salmonella typhimurium. J. Mol. Biol. 1992, 226, 433—446. [CrossRef]

8.  O’Brien, EJ.; Bennett, PM. Structure of straight flagella from a mutant Salmonella. J. Mol. Biol. 1972, 70,
133-152. [CrossRef]

9.  Wagenknecht, T.; DeRosier, D.; Shapiro, L.; Weissborn, A. Three-dimensional reconstruction of the flagellar
hook from Caulobacter crescentus. J. Mol. Biol. 1981, 151, 439-465. [CrossRef]

10. Wagenknecht, T.; DeRosier, D.].; Aizawa, S.-I.; Macnab, R.M. Flagellar hook structures of Caulobacter and
Salmonella and their relationship to filament structure. J. Mol. Biol. 1982, 162, 69-87. [CrossRef]

11.  Mimori, Y.; Yamashita, I.; Murata, K.; Fujiyoshi, Y.; Yonekura, K.; Toyoshima, C.; Namba, K. The structure of
the R-type straight flagellar filament of Salmonella at 9 A resolution by electron cryomicroscopy. J. Mol. Biol.
1995, 249, 69-87. [CrossRef] [PubMed]


http://dx.doi.org/10.1146/annurev.micro.57.030502.090832
http://www.ncbi.nlm.nih.gov/pubmed/12730325
http://dx.doi.org/10.1007/s12551-017-0378-z
http://www.ncbi.nlm.nih.gov/pubmed/29235079
http://www.ncbi.nlm.nih.gov/pubmed/387724
http://dx.doi.org/10.1016/0022-2836(90)90132-6
http://dx.doi.org/10.1128/jb.171.4.2075-2082.1989
http://www.ncbi.nlm.nih.gov/pubmed/2649485
http://dx.doi.org/10.1016/0022-2836(90)90365-S
http://dx.doi.org/10.1016/0022-2836(92)90958-M
http://dx.doi.org/10.1016/0022-2836(72)90168-4
http://dx.doi.org/10.1016/0022-2836(81)90005-X
http://dx.doi.org/10.1016/0022-2836(82)90162-0
http://dx.doi.org/10.1006/jmbi.1995.0281
http://www.ncbi.nlm.nih.gov/pubmed/7776377

Biomolecules 2019, 9, 260 10 of 11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Mimori-Kiyosue, Y.; Vonderviszt, F.; Yamashita, I.; Fujiyoshi, Y.; Namba, K. Direct interaction of flagellin
termini essential for polymorphic ability of flagellar filament. Proc. Natl. Acad. Sci. USA 1996, 93,15108-15113.
[CrossRef] [PubMed]

Mimori-Kiyosue, Y.; Vonderviszt, F.; Namba, K. Locations of terminal segments of flagellin in the filament
structure and their roles in polymerization and polymorphism. J. Mol. Biol. 1997, 270, 222-237. [CrossRef]
[PubMed]

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

Matsunami, H.; Barker, C.S.; Yoon, Y.-H.; Wolf, M.; Samatey, E.A. Complete structure of the bacterial flagellar
hook reveals extensive set of stabilizing interactions. Nat. Commun. 2016, 7, 13425. [CrossRef]

Vonderviszt, F,; Ishima, R.; Akasaka, K.; Aizawa, S.-I. Terminal disorder: A common structural feature of the
axial proteins of bacterial flagellum? J. Mol. Biol. 1992, 226, 575-579. [CrossRef]

Saijo-Hamano, Y.; Uchida, N.; Namba, K.; Oosawa, K. In vitro characterization of FigB, FlgC, FIgF, FlgG, and
FIiE, flagellar basal body proteins of Salmonella. J. Mol. Biol. 2004, 339, 423-435. [CrossRef] [PubMed]
Samatey, FA.; Matsunami, H.; Imada, K.; Nagashima, S.; Shaikh, T.R.; Thomas, D.R.; Chen, J.Z.; Derosier, D.J.;
Kitao, A.; Namba, K. Structure of the bacterial flagellar hook and implication for the molecular universal
joint mechanism. Nature 2004, 431, 1062-1068. [CrossRef]

Shaikh, T.R.; Thomas, D.R.; Chen, ].Z.; Samatey, FA.; Matsunami, H.; Imada, K.; Namba, K.; Derosier, D.]. A
partial atomic structure for the flagellar hook of Salmonella typhimurium. Proc. Natl. Acad. Sci. USA 2005,
102, 1023-1028. [CrossRef]

Furuta, T.; Samatey, FE.A.; Matsunami, H.; Imada, K.; Namba, K.; Kitao, A. Gap compression/extension
mechanism of bacterial flagellar hook as the molecular universal joint. . Struct. Biol. 2007, 157, 481-490.
[CrossRef]

Fujii, T.; Kato, T.; Namba, K. Specific arrangement of alpha-helical coiled coils in the core domain of the
bacterial flagellar hook for the universal joint function. Struct. Lond. Engl. 1993 2009, 17, 1485-1493.
[CrossRef]

Fujii, T.; Kato, T.; Hiraoka, K.D.; Miyata, T.; Minamino, T.; Chevance, EEV.; Hughes, K.T.; Namba, K. Identical
folds used for distinct mechanical functions of the bacterial flagellar rod and hook. Nat. Commun. 2017, 8,
14276. [CrossRef] [PubMed]

Hiraoka, K.D.; Morimoto, Y.V.; Inoue, Y.; Fujii, T.; Miyata, T.; Makino, F; Minamino, T.; Namba, K. Straight
and rigid flagellar hook made by insertion of the FIgG specific sequence into FIgE. Sci. Rep. 2017, 7, 46723.
[CrossRef] [PubMed]

Saijo-Hamano, Y.; Matsunami, H.; Namba, K.; Imada, K. Expression, purification, crystallization and
preliminary X-ray diffraction analysis of a core fragment of FlgG, a bacterial flagellar rod protein. Acta
Crystallograph. Sect. F Struct. Biol. Cryst. Commun. 2013, 69, 547-550. [CrossRef] [PubMed]

Battye, T.G.G.; Kontogiannis, L.; Johnson, O.; Powell, H.R.; Leslie, A.G.W. iMOSFLM: A new graphical
interface for diffraction-image processing with MOSFLM. Acta Crystallogr. D Biol. Crystallogr. 2011, 67,
271-281. [CrossRef] [PubMed]

Evans, P. Scaling and assessment of data quality. Acta Crystallogr. D Biol. Crystallogr. 2006, 62, 72-82.
[CrossRef] [PubMed]

Collaborative Computational Project, Number 4 The CCP4 suite: Programs for protein crystallography.
Acta Crystallogr. D Biol. Crystallogr. 1994, 50, 760-763. [CrossRef] [PubMed]

Winn, M.D.; Ballard, C.C.; Cowtan, K.D.; Dodson, E.J.; Emsley, P; Evans, P.R.; Keegan, R.M.; Krissinel, E.B.;
Leslie, A.G.W.; McCoy, A.; et al. Overview of the CCP4 suite and current developments. Acta Crystallogr. D
Biol. Crystallogr. 2011, 67, 235-242. [CrossRef]

Adams, P.D.; Afonine, P.V,; Bunkdczi, G.; Chen, V.B.; Davis, LW.; Echols, N.; Headd, J.J.; Hung, L.-W,;
Kapral, G.J.; Grosse-Kunstleve, RW.; et al. PHENIX: A comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 213-221. [CrossRef]
Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. D Biol.
Crystallogr. 2010, 66, 486-501. [CrossRef]

Pettersen, E.F,; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF
Chimera-a visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605-1612.
[CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.93.26.15108
http://www.ncbi.nlm.nih.gov/pubmed/8986772
http://dx.doi.org/10.1006/jmbi.1997.1111
http://www.ncbi.nlm.nih.gov/pubmed/9236124
http://dx.doi.org/10.1038/nature01830
http://www.ncbi.nlm.nih.gov/pubmed/12904785
http://dx.doi.org/10.1038/ncomms13425
http://dx.doi.org/10.1016/0022-2836(92)90616-R
http://dx.doi.org/10.1016/j.jmb.2004.03.070
http://www.ncbi.nlm.nih.gov/pubmed/15136044
http://dx.doi.org/10.1038/nature02997
http://dx.doi.org/10.1073/pnas.0409020102
http://dx.doi.org/10.1016/j.jsb.2006.10.006
http://dx.doi.org/10.1016/j.str.2009.08.017
http://dx.doi.org/10.1038/ncomms14276
http://www.ncbi.nlm.nih.gov/pubmed/28120828
http://dx.doi.org/10.1038/srep46723
http://www.ncbi.nlm.nih.gov/pubmed/28429800
http://dx.doi.org/10.1107/S1744309113008075
http://www.ncbi.nlm.nih.gov/pubmed/23695574
http://dx.doi.org/10.1107/S0907444910048675
http://www.ncbi.nlm.nih.gov/pubmed/21460445
http://dx.doi.org/10.1107/S0907444905036693
http://www.ncbi.nlm.nih.gov/pubmed/16369096
http://dx.doi.org/10.1107/S0907444994003112
http://www.ncbi.nlm.nih.gov/pubmed/15299374
http://dx.doi.org/10.1107/S0907444910045749
http://dx.doi.org/10.1107/S0907444909052925
http://dx.doi.org/10.1107/S0907444910007493
http://dx.doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254

Biomolecules 2019, 9, 260 11 of 11

32. Chevance, FEV,; Takahashi, N.; Karlinsey, ].E.; Gnerer, J.; Hirano, T.; Samudrala, R.; Aizawa, S.-I.; Hughes, K.T.
The mechanism of outer membrane penetration by the eubacterial flagellum and implications for spirochete
evolution. Genes Dev. 2007, 21, 2326-2335. [CrossRef] [PubMed]

33. Hirano, T.; Mizuno, S.; Aizawa, S.-I.; Hughes, K.T. Mutations in Flk, FlgG, FIhA, and FIhE That Affect
the Flagellar Type III Secretion Specificity Switch in Salmonella enterica. J. Bacteriol. 2009, 191, 3938-3949.
[CrossRef] [PubMed]

34. Cohen, E.J.; Hughes, K.T. Rod-to-Hook Transition for Extracellular Flagellum Assembly Is Catalyzed by the
L-Ring-Dependent Rod Scaffold Removal. J. Bacteriol. 2014, 196, 2387-2395. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

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



http://dx.doi.org/10.1101/gad.1571607
http://www.ncbi.nlm.nih.gov/pubmed/17761814
http://dx.doi.org/10.1128/JB.01811-08
http://www.ncbi.nlm.nih.gov/pubmed/19376867
http://dx.doi.org/10.1128/JB.01580-14
http://www.ncbi.nlm.nih.gov/pubmed/24748615
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation and Crystallization of FlgG20 
	Diffraction Data Collection and Structure Determination 
	Model Building of the Rod and Hook 

	Results 
	Structure of FlgG20 
	Atomic Model of the Distal Rod 
	Atomic Model of the Hook 

	Discussion 
	Conclusions 
	References

