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ABSTRACT

The flagellar basal body is a rotary motor that spans the cytoplasmic and outer membranes. The rod is a drive shaft that trans-
mits torque generated by the motor through the hook to the filament that propels the bacterial cell. The assembly and structure
of the rod are poorly understood. In a first attempt to characterize this structure in the alphaproteobacterium Rhodobacter
sphaeroides, we overexpressed and purified FIiE and the four related rod proteins (FlgB, FlgC, FIgF, and FIgG), and we analyzed
their ability to form homo-oligomers. We found that highly purified preparations of these proteins formed high-molecular-mass
oligomers that tended to dissociate in the presence of NaCl. As predicted by in silico modeling, the four rod proteins share archi-
tectural features. Using affinity blotting, we detected the heteromeric interactions between these proteins. In addition, we ob-
served that deletion of the N- and C-terminal regions of FIgF and FIgG severely affected heteromeric but not homomeric interac-
tions. On the basis of our findings, we propose a model of rod assembly in this bacterium.

IMPORTANCE

Despite the considerable amount of research on the structure and assembly of other flagellar axial structures that has been con-
ducted, the rod has been barely studied. An analysis of the biochemical characteristics of the flagellar rod components of the Flal
system of R. sphaeroides is presented in this work. We also analyze the interactions of these proteins with each other and with
their neighbors, and we propose a model for the order in which they are assembled.

he bacterial flagellum is a highly efficient nanomachine that

propels the cell in liquid and semisolid media and over sur-
faces. It is composed of approximately 30 different proteins,
whose numbers range from a few to several thousand copies (1).
Its structure includes three major components, namely, the basal
body, the hook, and the filament.

The basal body contains the flagellum-specific type III secre-
tion system (T3SS) housed in a bell-like structure, named the C
ring, which is also the input for chemotactic signals that control
the direction of rotation and consequently cell movement (2). The
basal body also contains an inner membrane ring (MS ring) and a
periplasmic ring (P ring); in addition, Gram-negative bacteria
possess an outer membrane ring (L ring). This structure includes
the rod that expands from the MS ring through the L and P rings,
as well as the rotary motor driven by proton or sodium ions, which
is surrounded by stator subunits that are located around the MS
ring and harness energy from the electrochemical gradient.

The hook is composed of about 120 copies of FIgE and is con-
nected proximally to the rod and distally to the filament, by means
of two hook-associated proteins (HAPs) (HAP1 and HAP3). The
filament is composed of thousands of subunits of flagellin (FliC)
and is the most abundant component of this organelle. HAP2 acts
as a scaffold protein that helps flagellin subunits to polymerize at
the distal end of the filament (3).

The structure and polymerization of the filament and the hook
in enteric bacteria have been studied extensively (4, 5). The fila-
ment is a helical assembly of flagellin subunits, and structural
analyses of this protein showed that it consists of four linearly
connected domains, namely, D0, D1, D2, and D3 (6, 7), arranged
from the inside to the outside of the filament. The N and C termini
of the protein are located in the DO domain and form two coiled-
coil a-helices upon polymerization (8); this domain forms the
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inner core of the filament channel through which the flagellar
components are exported. The D1 domain constitutes the next
layer of the filament and, like the DO domain, is highly conserved
and is essential for polymerization. The D2 and D3 domains are
dispensable for polymerization and are extremely variable among
flagellins from different bacterial species (4, 9, 10).

The structure of the hook protein FIgE has also been charac-
terized, and the protein is composed of three domains, i.e., DO,
D1, and D2 (11, 12). FIgE shares similarities with flagellin in the
DO domain, which is disordered in solution and acquires a stable
conformation upon polymerization (13).

It has been proposed that the rod is also a helical component of
the bacterial flagellum, forming a continuous filamentous struc-
ture that connects with the hook and the filament, for which he-
lical structures are well characterized (7, 12, 13). In contrast to the
filament and the hook, which are composed of single proteins, the
rod is composed of the four rod proteins, i.e., FlgB, FlgC, FIgF, and
FlgG (14, 15), and an additional protein, FliE (16, 17), which to-
gether are referred to as the rod components.

The structure can be divided into a proximal rod and a distal
rod. The proximal rod is estimated to have a length of 10 nm and
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TABLE 1 Bacterial strains, plasmids, and oligonucleotides

Fla1 Rod of Rhodobacter sphaeroides

Strain, plasmid, or Source or
oligonucleotide Relevant characteristic(s) or sequence reference
Strains
E. coli
TOP10 Cloning strain Invitrogen
JM109 hdsR17 A(lac-pro) ¥’ traD36 proAB lacI"ZAM15 Novagen
M15[pREP4] thi lac ara gal mtl F' recA™ uvr™ lon™; pREP4 plasmid; Kan" Qiagen
BL21(DE3)pLysS F' ompT hsdSy(ry~ my~) gal dem(DE3) pLysS Novagen
R. sphaeroides WS8-N Wild type; spontaneous Nal* 39
Plasmids
pQE30 Expression vector; Amp'; N-terminal His, tag Qiagen
pET19b Expression vector; Amp'; N-terminal His,, tag Novagen
pRSFLE fliE cloned into SacI/HindIII sites of pQE-30 This study
pRSFIgB flgB cloned into BamHI/HindIII sites of pQE-30 This study
pRSFlgC flgC cloned into Ndel/BamHI sites of pET-19b This study
pRSFIgF fIgF cloned into Kpnl/HindIII sites of pQE-30 This study
pRSF49 F49 cloned into Kpnl/HindIII sites of pQE-30 This study
pRSFlgG flgG cloned into Ndel/BamHI sites of pET-19b This study
pRSG47 F47 cloned into Ndel/BamHI sites of pET-19b This study
Oligonucleotides
fliEfw CGATGAGCTCATGACCATCCAGTCGATCAGC This study
fliErv CGATAAGCTTTCAGACCGGCATGTTCATGAT This study
flgBfw CGATGGATCCATGACGGGATTTCGCGATCAG This study
flgBrv CGATAAGCTTTCATTCCCCCTTGATCGCCGT This study
flgCtw GGAATTCCATATGAGCGGGATCGACAGTGTCTTC This study
flgCrv CGCGGATCCTCACTGCCCCATGCTGGCGGT This study
flgFfw CGGGGTACCGACCGGCTGATCCACACCGCG This study
flgFrv CGATAAGCTTTCACTCGGGCGGACGCAGGAG This study
F49fw CGGGGTACCGCGATGGACGCGGCCTCGGCG This study
F49rv CGATAAGCTTTCACGTATTGACGTTCGAGCCATA This study
flgGfw GGAATTCCATATGTCCACCAATGCGATGCATGTC This study
flgGrv CGCGGATCCTCAGAGCTTGTTGGAAAGATA This study
G47fw GGAATTCCATATGTACCAGACCTGGAAGCCCGGC This study
G47rv CGCGGATCCTCACACGTTGACGTTCGAGGCTTC This study

to contain 6 subunits of each of FlgB, FlgC, and FlgF (18, 19) and
about 9 FIiE subunits per basal body (16). This is consistent with
the polymerization of one turn each of the proximal components.
In contrast, the distal rod is composed of 26 subunits or four turns
of FlgG, with a length of 15 nm (18-20).

There is reasonable evidence from Salmonella that FIiE is the
first component of the rod. FIgE (hook) was found in cell extracts
of a fliE mutant strain but not in flgB, flgC, flgF, flgG, or flg/ mutant
strains (21). This was later shown to be due to a defect of FIgE
secretion into the periplasm in the fliE mutant strain but not in the
flgB, flgC, flgF, flgG, or flg] mutant strains (22). It was also shown
that secretion of FlgD (hook-cap) was dependent on FIiE (23, 24).
FIiE and FIgB interact physically; therefore, it has been proposed
that the two proteins constitute the most proximal end of the rod,
with FIiE acting as an adaptor protein between the MS ring and the
rod (16, 17). It is well established that FlgG is the most distal rod
component, given that it was found to be associated at the base of
the hook in detached flagella (20). It should be noted that the
positions of FlgC and FIgF have not yet been determined.

In this work, we analyzed the biochemical properties and in-
teractions of the rod components of the Flal flagellar system of
Rhodobacter sphaeroides. Our results showed that the N- and C-
terminal regions of these proteins are relevant for heteromeric
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interactions, while the central domain (also referred to as the core
domain) is important for homomeric interactions. We also con-
firmed the previously reported interaction between FIiE and FlgB,
and we detected two interactions, between FlgB and FIgF and be-
tween FIgC and FIgG, that had never been reported previously. A
sequential model for the order of rod assembly is proposed.

MATERIALS AND METHODS

Strains, plasmids, and oligonucleotides. The bacterial strains, plasmids,
and oligonucleotides used in this study are listed in Table 1.

Media and growth conditions. Strains of Escherichia coli were grown
in LB broth or agar at 37°C. When required, the following antibiotics were
added at the following final concentrations: ampicillin, 200 p.g/ml; kana-
mycin, 50 pug/ml; chloramphenicol, 34 pug/ml.

Engineering of rod component proteins. The fliE, flgB, flgC, flgF, and
flgG genes were amplified from chromosomal DNA of R. sphaeroides
WS8N by PCR, using primers containing the corresponding restriction
sites (Table 1) to facilitate cloning, with incorporation of a His, tag from
pQE-30 and a His,, tag from pET-19b at the N terminus. The internal
regions of flgF (nucleotides 147 to 636) and flgG (nucleotides 141 to 681)
were amplified from pRSFIgF and pRSFIgG, respectively, by PCR using
the primers listed in Table 1, which contained the same restriction sites as
the wild-type genes.
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Overproduction and purification of rod component proteins. E. coli
strain M15[pREP4] carrying the pQE-30 derivative vector and strain
BL21(DE3) pLysS carrying the pET-19b derivative vector were inoculated
into LB medium supplemented with ampicillin (200 pg/ml) and kanamy-
cin (50 pg/ml) or chloramphenicol (34 pg/ml), respectively, and were
incubated at 37°C until they reached the early exponential phase (optical
density at 600 nm [ODg,] of ~0.6). Isopropyl-B-p-thiogalactopyrano-
side (IPTG) was added to a final concentration of 0.1 mM or 1.0 mM, and
expression was induced at 37°C for 3 h or 2 h, respectively. For E. coli
strain BL21(DE3) pLysS carrying pRSFIgC, cells were incubated at 37°C
until an OD, of 0.8 was reached and then expression was induced with 1
mM IPTG for 1 h at 37°C.

FlgF and FlIgG, as well as mutant versions expressing only the central
regions of these proteins (FIgF,,_,,, and FIgG,,_,,,, respectively), were
purified under native conditions. Cells were harvested by centrifugation
(10,000 X g for 10 min at 4°C) and frozen at —20°C. Thawed cell pellets
were resuspended in lysis buffer (20 mM Tris-HCI [pH 8.5]) containing
complete EDTA-free protease inhibitor mixture tablets (Roche) and were
incubated on ice for 15 min prior to disruption by sonication. Cell debris
was removed by centrifugation (5,000 X g for 10 min at 4°C), and the
collected soluble cell fractions were mixed with Ni** -nitrilotriacetic acid
(NTA) agarose (500 wl per liter of starting culture) and incubated at 4°C
for 2 h. The resin slurry was poured into a disposable column, and the
flowthrough fractions were collected. Contaminating proteins were re-
moved from the resin by washing with 20 ml of lysis buffer followed by 10
ml of wash buffer (lysis buffer containing 20 mM imidazole). Purified FIgF
and FlgG were eluted in 5 to 10 ml of elution buffer (lysis buffer containing
250 mM imidazole) and then were dialyzed against 20 mM Tris-HCI (pH
8.5) at 4°C.

FliE, FlgB, and FIgC were purified under denaturing conditions. In the
cases of FIiE and FlgB, cells were harvested and lysed as mentioned above.
FlgC is highly susceptible to cleavage by endogenous proteases; therefore,
disruption of the cells was carried out under denaturing conditions (6 M
guanidinium chloride [Gu-HCl], 20 mM Tris-HCI [pH 8.5]) (25). After 1
h of incubation at 4°C, the cell debris was removed by centrifugation
(10,000 X gfor 10 min at 4°C). Inclusion bodies containing FIiE, FlgB, and
soluble FlgC were dissolved in denaturing buffer, mixed with Ni**-NTA
agarose (500 pl per liter of starting culture), and incubated for 2 h at 4°C.
The resin slurry was poured into a disposable column, and the flow-
through fractions were collected. Contaminating proteins were removed
from the resin by washing with 10 ml of denaturing buffer followed by 10
ml of wash buffer (denaturing buffer containing 30 mM imidazole). Pu-
rified FliE, FlgB, and FIgC were eluted in 5 to 10 ml of elution buffer
(denaturing buffer containing 250 mM imidazole). Proteins were re-
folded by dialysis against 20 mM Tris-HCI (pH 8.5) at 4°C.

Structural analysis by circular dichroism spectrometry. Circular di-
chroism (CD) spectra were recorded with an AVIV spectrophotometer
(model 202-01; Aviv Biomedical, Lakewood, NJ, USA), in the far-UV
range (195 to 260 nm), for proteins at a concentration of 20 wM in 20 mM
Tris-HCI (pH 8.5). Spectra were recorded at 25°C in 1-mm quartz cells,
with a scan speed of 20 nm/min and a data interval of 1 nm.

Size exclusion liquid chromatography. Size exclusion liquid chroma-
tography was performed with an AKTA fast protein liquid chromatogra-
phy (FPLC) system (GE Healthcare), using a Superdex 200 HR 10/30
column equilibrated with 20 mM Tris-HCI (pH 8.5) buffer (250 mM
NaCl was added when indicated), at a flow rate of 0.2 ml/min; 500 pg of
each purified protein was loaded in a final volume of 500 pl.

Antibody production and immunoblotting. Polyclonal antibodies
against each flagellar rod component protein were raised in male rabbits.
Antiserum was obtained from whole blood, and gamma globulins were
precipitated twice with saturated ammonium sulfate (26).

Purified proteins were subjected to SDS-PAGE on 17.5% polyacryl-
amide gels (27) and were transferred to nitrocellulose membranes (Bio-
Rad). Membranes were blocked for 1 h at room temperature with Tris-
buffered saline (20 mM Tris-HCI [pH 7.5], 500 mM NaCl) containing
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0.1% (vol/vol) Tween 20 (TTBS) plus 5% nonfat milk powder. Immuno-
blotting was carried out with polyclonal anti-FIiE, anti-FlgB, anti-FIgF,
and anti-FlgG gamma globulins in TTBS, at the dilutions indicated below;
monoclonal anti-FLAG (Sigma-Aldrich) was used for FlgC. Detection was
performed by using SuperSignal West Pico (Thermo Scientific).

Prediction of three-dimensional structures of flagellar rod compo-
nent proteins. The models of the 5 rod protein components were pre-
pared by using two different servers, i.e., the Robetta server (http://robetta
.bakerlab.org) of the University of Washington (28) and the Quark
program (iTasser) at the Zhang Lab server (http://zhanglab.ccmb.med
.umich.edu/QUARK) of the University of Michigan (29). A set of 5 pos-
sible models of each protein was obtained. The models chosen were as
follows: from the Robetta server, FlgB (PDB accession no. 3A69), FlgC
(PDB accession no. 4PFP), and FIgF (PDB accession no. 4UT1), and from
the iTasser (Zhang Lab) server, FIiE (PDB accession no. 4AKV) and FlgG
(PDB accession no. 3A69).

Protein-protein interactions assayed by affinity blotting. Affinity
blotting analysis was carried out according to the method described by
Hall (30). Purified proteins (0.05 nmol of each) were subjected to SDS-
PAGE on 17.5% polyacrylamide gels and then were transferred to nitro-
cellulose membranes. Membranes containing immobilized rod compo-
nent proteins were incubated for 1 h at room temperature in TTBS (20
mM Tris-HCI [pH 7.5], 500 mM NaCl, with 0.1% Tween 20), in the
presence of externally added purified probe proteins at the following con-
centrations: FIiE, 1.2 wg/ml; FlgB, 1.5 pg/ml; FlgC, 8.0 wg/ml; FlgF, 1.2
pg/ml; FlgG, 2.0 pg/ml. Membranes incubated with the probe were
washed three times with the corresponding buffer. Then the antibody
against the probe was added, i.e., anti-FliE, anti-FIgB, and anti-FIgF at
1:20,000 dilutions and anti-FlgG at a 1:100,000 dilution, followed by the
secondary antibody at a 1:10,000 dilution. For FlgC, monoclonal anti-
FLAG (Sigma-Aldrich) at a 1:5,000 dilution was used. Detection was per-
formed by immunoblotting, as described above.

RESULTS

Overexpression and purification of rod component proteins.
The rod proteins show a considerable degree of conservation at
the N and C termini. A characteristic signature (NLAN) is con-
served in the N termini, whereas heptad repeats of hydrophobic
residues are observed in both terminal regions; these are impor-
tant for the formation of a-helical coiled coils (14) (Fig. 1A). FIiE
was not included in the protein alignment because it is not homol-
ogous to the rest of the rod components. We overexpressed fliE,
flgB, and flgF from R. sphaeroides cloned into the overexpression
vector pQE-30, which adds 6 histidine residues at the N terminus
of the induced protein (see Materials and Methods). The flgC and
flgG genes were cloned into pET19b in order to obtain higher
induction levels, and this vector adds 10 histidine residues at the N
terminus of the protein. Two of the five rod components (FliE and
FlgB) form inclusion bodies in cells; therefore, we carried out their
solubilization in 6.0 M Gu-HCI. FlgC did not form inclusion bod-
ies but was rapidly degraded by endogenous proteases (data not
shown), as reported previously for FIgF of Salmonella (31). There-
fore, we disrupted the cells in a buffer containing 6.0 M Gu-HCI,
to inhibit protein degradation through protease activity (25). The
purification of the three proteins was carried out under denatur-
ing conditions, and the proteins were refolded by dialysis. FlgF
and FIgG retained their soluble state after overexpression, and
their purification was carried out under native conditions. All of
the rod components were purified to homogeneity by means of
Ni-NTA agarose affinity chromatography (Fig. 1B), and we did
not pursue an additional purification step. By using circular di-
chroism (CD), we evaluated the secondary structures of the three
rod proteins that were renatured from Gu-HCl. CD spectra
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C-terminus re— =
* 20 * 40 * 60 -_— 17
F1gBRs : GPAARGEALYRDP[-SPS@DGNTHES EFARNTLRIETSHALENRRI S : 128 - i
F1gCRs : SHDI EMYEA s TIHEAME-TLRS : 138
F1gFRs : TM S S O T| T N#R IS - SAKEMDE SGARLLRPPE @ 251 m—
F1gGRs : DMEET O NSKSH§§-ASDE@UOYLSNKL---- : 262 - 7

FIG 1 Sequence analysis and purification of the flagellar rod components from R. sphaeroides. (A) Amino acid sequence alignment of the N and C termini of the
four rod proteins. Sixty residues of each terminal region were aligned using the program MUSCLE. Conserved residues are highlighted, and the length of each
protein is listed at the end of the alignment. (B) SDS-PAGE analysis of purified N-terminal His-tagged rod component proteins, with Coomassie blue staining.

showed that FliE, FlgB, and FlgC acquired secondary structure
elements that suggested that the proteins were refolded correctly
(data not shown).

In vitro homo-oligomerization analyzed by size exclusion
chromatography. The rod components are filamentous proteins
that should self-associate during polymerization. We analyzed the
oligomerization state of the five rod components by using size
exclusion liquid chromatography (see Materials and Methods).
Figure 2A and B show chromatograms of the rod components in
the absence and presence of NaCl, respectively. We observed that,
in the absence of NaCl, these proteins eluted in fractions that
corresponded to molecular masses ranging from 240 kDa to 155
kDa. These values were higher than would be expected for these
proteins in their monomeric state (Table 2). Furthermore, FlgB
did not enter the column, given that it precipitated under these
conditions (Fig. 2A). We tested the effects of various buffer mod-
ifications (glycerol, pH, and ionic strength) on FlgB solubility and,
in contrast to the situation observed for the rod proteins of Sal-
monella, NaCl was effective in reducing the aggregation of this
protein; NaCl reached its maximum effect on FlgB solubility at

-NacCl

240 kDa 155 kDa

A [

» w
o o

Absorbance (AU)
8

20

5.0 10.0

15.0
Volume (mL)

20.0

250 mM (data not shown). Given that, under these conditions,
FlgB eluted in a volume corresponding to a lower molecular mass,
we analyzed whether NaCl also had effects on the oligomerization
of the rest of the rod components. We subjected these proteins to
size exclusion chromatography in the presence of 250 mM NaCl,
and all of the proteins eluted as complexes with lower molecular
masses, as can be observed in Fig. 2B. It should be noted that FIiE
eluted in three different fractions, which is in accordance with a
previous report indicating that FliE showed the strongest ten-
dency to self-associate (31). Table 2 shows the estimated molecu-
lar masses of the rod components under the two conditions we
tested. In the absence of NaCl, FIiE formed aggregates based on a
molecular mass of 240 kDa, which is equivalent to an oligomer of
18 subunits; in the presence of NaCl, the fraction corresponding to
the smallest complex was about 57 kDa, equivalent to an aggregate
of only 4 subunits. The rest of the proteins behaved in a similar
way; in the presence of NaCl, the size of the homo-oligomers
decreased.

Three-dimensional structure predictions. There have been
several studies on the structures of flagellin and the hook protein

+NacCl
B 75 kDa 57 kDa
1
70 FIiE
FlgB —
60 FIgC —
e FIgF —
% 50 FlgG —
Q
g
S 40
2
g 30
<
20
10
5.0 10.0 15.0 20.0
Volume (mL)

FIG 2 Analysis of purified rod component proteins by size exclusion liquid chromatography. Elution profiles of the rod components were determined using a
Superdex 200 HR 10/30 column. (A) The column was equilibrated with a buffer containing 20 mM Tris-HCI (pH 8.5) (—NaCl). (B) The column was equilibrated
with a buffer containing 20 mM Tris-HCI and 250 mM NaCl (pH 8.5) (+NaCl). A total amount of 500 g of each protein was loaded in a volume of 500 .l.
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TABLE 2 Molecular masses of purified rod components, as deduced by
size exclusion liquid chromatography

. Without NaCl With NaCl

Predicted

molecular  Molecular No.of  Molecular No. of
Protein mass (kDa) mass (kDa) subunits mass(es) (kDa) subunits
FliE 12.9 240 18 147,74,and 57 11,5, and 4
FigB 153 ND* ND 62 4
FlgC 17.8 155 8 68 3
FlgF 29.3 167 5 68 2
FlgG 30.5 176 5 75 2

“ND, not determined.

that included atomic models of the filament and the hook (7,
11-13). In contrast, there has been only one study reporting the
successful crystallization of a fragment that corresponds to the
core domain of FIgG, and the protein structure has yet to be solved
(32). In order to gain information on the tertiary structures of the
rod components, we generated computational models. Figure 3
shows the predicted three-dimensional structures of the five pro-
teins, with four of them resembling the previously reported crys-
tallographic structures of FIgE and FliC (7, 11, 12, 33). We iden-
tified two clearly distinct structural domains, corresponding to the
N and C termini, which are composed of a-helices, and the central
region, which is formed of B-sheets and random coils. In accor-
dance with the structures of the filament and the hook, these re-
gions would correspond to the DO and D1 domains, respectively
(6,7, 13). In contrast, FIiE was predicted to fold into three packed
a-helices.

Role of the central domain in homo-oligomerization. Based
on the models obtained for the rod components, we designed
mutant versions of FIgF and FlgG lacking the N- and C-terminal

FliE FlgC
Val107 —
Gly28 — Asp103 —)
2 Met1
/ ~—Gly69 Flg B / 3
Met1 G138 —
PRT Meto3
s ]
/ _—Glu128
Met1

regions, in order to analyze the role of the central domain in ho-
mo-oligomerization. We decided to work only with these two pro-
teins because they both possess a large central domain, in compar-
ison with the rest of the rod components (Fig. 3). The mutants
were named FIgF,,_,,, (polypeptide chain from Ala49 to Thr212)
and FlgG,,_,,, (from Tyrd7 to Val227); this mutant version of
FlgG is equivalent to the mutant version of the Salmonella FlgG
that was crystallized recently (32). The mutant proteins were pu-
rified under the same conditions as the wild-type proteins (see
Materials and Methods). Figure 4 shows that FlgF,,_,,, and
FlgG,,_,,, formed large aggregates in the absence of NaCl,
whereas the size of the aggregates decreased in the presence of
NaCl, in a manner similar to the behavior shown for the wild-type
proteins (Fig. 4A and B). These results suggest that the N and C
termini do not participate in the oligomerization process. It could
be possible that the central domain is responsible for homo-oli-
gomerization.

Interactions between rod components detected by affinity
blotting experiments. The hook and the filament are composed
of multiple subunits of a single protein; this suggests that each
subunit interacts only with an identical partner. The rod is a heli-
cal assembly of 5 different proteins and, based on the estimated
copy number, it is thought that each protein polymerizes to com-
plete at least one turn. The interactions that take place in this
structure suggest that each protein subunit interacts with an iden-
tical partner and, at the same time, with a different neighboring
rod component. In a previous report, the interaction between FIiE
and FIgB of Salmonella enterica was detected by affinity blotting
and was confirmed genetically (17). Furthermore, affinity blotting
has been used as direct proof of interactions between different
flagellar proteins (17, 34-36). The assay relies on the fact that

FlgG

Gly33

s N and C-termini
I Core domain

FIG 3 Predictions of the tertiary structures of the flagellar rod components from R. sphaeroides. In the three-dimensional structure models of the five rod
component proteins, the structural domains are labeled as follows: N-terminal domain, blue; C-terminal domain, red; central domain, gray. The amino acids that

limit the two domains are indicated.
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wg of each protein was loaded in a volume of 500 1.

proteins that have been denatured by SDS are partially renatured
when transferred to the blotting membrane.

Therefore, we explored the physical interactions between the
rod components by using affinity blotting. Figure 5 shows
the results obtained with the five rod components. We confirmed
the previously reported interaction between FIiE and FlgB (17)
(Fig. 5A and B), and we also detected an interaction between FlgB
and FIgF (Fig. 5B and C) and an interaction between FlgC and
FlgG (Fig. 5D and E). It should be noted that these interactions
were evident regardless of which rod component was in solution
or immobilized on the membrane.

Roles of N- and C-terminal regions in heterologous interac-
tions. We showed that the N- and C-terminal domains do not
contribute to the oligomerization of FIgF and FlgG. Therefore,
we decided to explore whether these regions play a role in the
interactions of these proteins with their neighboring partners.
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Journal of Bacteriology

Figure 6A shows that FlgB did not interact with FIgF,,_,,, as was
observed in the case of the wild-type protein. Figure 6B shows that
FlgC barely recognized FlgG,,_,,,, in contrast to the full-length
protein. These results strongly suggest that the N and C termini
are essential for heteromeric interactions among the rod compo-
nents.

DISCUSSION

The flagellar rod can be regarded as the most proximal portion of
the axial structure that extends to the hook, and it plays an impor-
tant role in transmitting motor torque to the helical propeller for
bacterial locomotion. The rod is composed of five different pro-
teins, i.e., FliE, FlgB, FlgC, FIgF, and FlgG, which have been stud-
ied only in S. enterica (31). In the present study, we characterized
biochemically the rod components of R. sphaeroides. We purified
N-terminal His-tagged FlgF and FlgG under native conditions and
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N-terminal His-tagged FliE, FlgB, and FIgC under denaturing
conditions; we confirmed by circular dichroism (CD) analysis that
these proteins acquired secondary structure elements after refold-
ing. It has been reported that, in S. enterica, a histidine tag at the N
terminus does not affect the protein function of rod components
(17).

As observed in S. enterica (31), the rod components of R. spha-
eroides showed a strong tendency to self-associate (Fig. 2). It was
reported previously that FIiE is especially prone to aggregation
(31); here we showed that FIiE forms very large homo-oligomers
that can be only partially disrupted with NaCl, compared to the
rest of the rod components. This is interesting, because it has been
proposed that FIiE is responsible for connecting the rod to the MS
ring (17); therefore, this junction zone must be strong enough to
transmit torque to the axial structure. The dissociating effect of
NaCl was not expected, given that, in S. enterica, NaCl favored
aggregation of the rod components (31). The dissociation of the
homo-oligomers into smaller complexes with NaCl points to the
fact that the interactions that support this homo-oligomerization
are mainly electrostatic.

We observed that, even in the presence of NaCl, the rod pro-
teins eluted in fractions that suggested the presence of oligomers.
However, it was shown previously that anomalous elution profiles
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FIG 6 Effects of the N- and C-terminal regions of FIgF and FIgG on hetero-
meric interactions, tested by affinity blotting. (A) FIgF and FlgF,,_,,, (0.05
nmol) were transferred to a nitrocellulose membrane, and FIgB was used as the
probe. (B) FlgG and FlgG,,_,,, (0.05 nmol) were transferred to a nitrocellulose
membrane, and FIgC was used as the probe. Detection was performed by using
specific antibodies against the probes. Molecular mass markers are shown on
the right (in kilodaltons).
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for these proteins indicated an elongated shape (25). This obser-
vation raises the possibility that the monomeric form could be
present in some of our preparations.

The crystallographic structures of these proteins have not been
resolved. Therefore, we modeled in silico the tertiary structures of
the rod components of R. sphaeroides. The models we obtained
using two different servers were very similar in all cases (data not
shown). FliE is not structurally related to the rest of the rod pro-
teins, as it does not show the typical architecture of the axial pro-
teins. The modeled structure of FIiE resembles the predicted struc-
ture of the inner rod component (Pscl) of the injectisome type 111
secretion system (37).

The four rod proteins showed similar architectures, which we
divided into two structural domains, i.e., the central region and
the N and C termini, which are equivalent to the DO and D1
domains, respectively, in the hook and filament proteins. The N-
and C-terminal domains of the flagellin and the hook protein are
structurally independent, since their elimination does not affect
the folding of the rest of the protein (7, 12, 13, 33). To evaluate the
role of the central domains of FIgF and FlgG in homo-oligomer-
ization, we deleted the terminal domains of each protein, which
yielded the fragments FlgF,,_,,, and FlgG,,_,,,. We found that
the mutant proteins were still able to form complexes with high
molecular masses. Therefore, it is likely that the oligomerization
process during rod assembly involves interactions between the
central domains of different subunits of the same protein. Our
findings are supported by the results of Chevance et al. (18), who
reported mutations in the central domain of FIgG that affected the
polymerization of this protein, yielding extremely long rods.

We also tested heteromeric interactions between the rod com-
ponents. Based on the interactions detected by affinity blotting, we
propose a model of the order in which these proteins are added
into the rod in R. sphaeroides (Fig. 7). We confirmed a previously
reported interaction between FIiE and FlgB (17), and we also de-
tected interactions between FlgB and FIgF and between FlgC and
FlgG, which had not been reported previously. There is consensus
regarding the localization of FlgG as the most distal rod compo-
nent (18, 20). Therefore, we propose that FlgC is located in the
boundary between FIgF and FlgG. Unfortunately, we were unable
to detect the interaction between FlgF and FlgC. One possible
explanation is that FlgC could be a checkpoint that senses FlgF
polymerization. It has been suggested that the assembly of the rod
is a cooperative process (15). Furthermore, a recent study showed,
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FIG 7 Model of flagellar rod assembly in R. sphaeroides. FIiE subunits are assembled into the MS ring (16, 24). Direct evidence for an interaction between FIiE
and FIgB in S. enterica (17) and R. sphaeroides (this study) strongly suggests that subunits of FIgB are assembled into the distal end of the FIiE zone. Based on the
interactions we found in this work, we propose that FIgF subunits are added into the structure after FIgB. Subunits of FlgC may polymerize after FIgF and, finally,
FlgG subunits are incorporated at the distal end of the rod (20). Question marks indicate that we were unable to detect the interaction between FIgF and FIgC.

by cryo-electron microscopy, that the rod structure undergoes
rearrangement and acquires the typical rod shape only after the
addition of FIgF (38). It is known that the rod components belong
to the same export specificity class (23). Our affinity blotting re-
sults suggest that the order in which the rod components are
added into the overall rod structure is determined by their specific
interactions. Finally, we found that the N- and C-terminal regions
of FlgF and FlgG play decisive roles in heteromeric interactions.
Since these regions project downward in our predicted three-di-
mensional models, as in flagellin and the hook protein, the N and
C termini of one subunit may interact with the N and C termini of
the underlying subunit (7).
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