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For self-assembly of the bacterial flagellum, most of the flagellar
component proteins synthesized in the cytoplasm are exported by the
flagellar type lll export apparatus to the growing, distal end. Flagellar
protein exportis highly organized and well controlled in every step of
the flagellar assembly process. Flagellar-specific chaperones not only
facilitate the export of their cognate proteins, as well as prevent their
premature aggregation in the cytoplasm, but also play a role in fine-
tuning flagellar gene expression to be coupled with the flagellar
assembly process. FliT is a flagellar-specific chaperone responsible for
the export of the filament-capping protein FliD and for negative
control of flagellar gene expression by binding to the FIhDC complex.
Here we report the crystal structure of Salmonella FIiT at 3.2-A reso-
lution. The structural and biochemical analyses clearly reveal that the
C-terminal segment of FIiT regulates its interactions with the FIhDC
complex, Flil ATPase, and FliJ (subunits of the export apparatus), and
that its conformational change is responsible for the switch in its
binding partners during flagellar protein export.

bacterial flagellum | crystal structure | flagellar gene expression | molecular
chaperone | type Il protein export

he bacterial flagellum is a locomotive organelle that propels

the cell body in liquid environments. The flagellum is a huge
protein complex consisting of at least three parts: the basal body,
the hook, and the filament. The basal body, which works as a mo-
tor, is embedded within the cell envelope, whereas the hook and
the filament, which function as a universal joint and a propeller,
respectively, extend outward from the cells (1-3). Most of the
flagellar proteins are translocated into the central channel and to
the distal end of the growing flagellar structure for self-assembly by
the flagellar type I1I protein export apparatus, which consists of six
integral membrane proteins (FlhA, FlhB, FliO, FliP, FliQ, and
FliR) and three soluble proteins (FliH, Flil, and F1iJ) (4, 5). Proton
motive force across the cytoplasmic membrane provides an energy
source for flagellar protein export (6, 7). Interestingly, the export
process is well regulated according to the stages of the flagellar
assembly process (3).

The flagellar genes can be divided into three classes according to
their transcriptional hierarchy (8). The class 1 flhDC operon is at
the top of the hierarchy. FIhD and F1hC form the FIhD4C, com-
plex and activate the expression of the class 2 genes encoding
components of the hook-basal body (HBB) and some regulators,
including the flagellar-specific sigma factor 628 (FliA) and the
anti-628 factor FlgM. During HBB assembly, the activity of 628 is
suppressed by FlgM. On completion of HBB assembly, FlgM is
secreted into the culture media, freeing 628 and allowing it to
transcribe class 3 genes responsible for filament formation, motor
function, and chemotaxis (9, 10). This regulatory system is well
conserved among gram-negative enteric bacteria (11). Other
bacteria, such as Caulobacter spp. and Helicobacter pylori, have
similar transcriptional hierarchy and feedback regulation in fla-
gellar biogenesis, but use distinct regulatory pathways (12, 13).

The cytoplasmic proteins FIgN, FIiS, and FIiT act as flagellar-
specific chaperones to facilitate the export of their cognate sub-
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strates on completion of HBB assembly (14-16). They bind not
only to their cognate substrates to prevent premature aggregation
in the cytoplasm (15, 16) but also to the soluble export component
proteins Flil and FliJ (17, 18). These chaperones also play other
distinct roles in the flagellar construction process. FIgN is re-
sponsible for the translational regulation of FlgM (19), FIiS is
responsible for the negative regulation of FIgM export (20), and
FIiT is responsible for the negative regulation of class 2 gene ex-
pression (21). Thus, the flagellar chaperons seem to fine-tune the
flagellar assembly process. Many virulence-related type III secre-
tion system chaperones are also known to play multiple roles, such
as facilitating the secretion of effector proteins and transcriptional
or translational regulation and fine-tuning the secretion process
(22, 23); the molecular mechanism through which they regulate
these multiple functions remains obscure, however.

FIiT is a chaperone specific for the filament-capping protein
FliD. FIiT forms a stable complex with FliD through an interaction
between the C-terminal half of FIiT and a C-terminal region of
FliD (14, 15). FliT also is known to interact with F1iJ (18). Because
FIiT binds to the FIhD,C, complex, thereby inhibiting the activa-
tion of the class 2 promoters, FliT is proposed to be an anti-
FIhD,C, factor (21). These observations suggest that the inter-
actions between FIiT and these FliT-binding proteins are highly
regulated during flagellar assembly. To elucidate the regulatory
mechanisms of the interactions of FIiT with its binding partners,
we crystallized (24) and determined the structure of FIiT of Sal-
monella enterica serovar Typhimurium, which is composed of 122
amino acid residues with a molecular mass of 13.7 kDa.

Results

Overall Structure of FIiT. The crystal structure of FliT has been
solved at 3.2-A resolution. The asymmetric unit of the crystal
contains two FIiT molecules, Mol A and Mol B (Fig. 1 4 and B),
which form a dimer related by a pseudo-twofold local symmetry
(Fig. 1C). The dimer and its adjacent dimer (Mol A’ and Mol B’)
related by a crystallographic twofold symmetry produce a tetramer
(ABA’'B’) in the crystal (Fig. 1D). The atomic model was built from
residues 2-116 for Mol A and residues 2-118 for Mol B. The N-
terminal methionine residues and several C-terminal residues
(117-122 for Mol A and 119-122 for Mol B) were invisible in the
electron density map, likely due to the map’s conformational
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Fig. 1. Structure of FIiT. (A and B) Mol A (A) and Mol B (B) in a color-coded Ca
ribbon drawing from the N terminus (blue) to the C terminus (red). (C and D)
FIiT dimer (C) and FIiT tetramer (D) found in the crystal. Mol A is shown in
cyan; Mol B, in magenta; Mol A, in green; and Mol B’, in yellow. (E) Amino
acid sequence of FIiT with indications of various structural features. The
regions of a-helix are indicated by underscores: red line, a-helix in both Mol A
and Mol B; blue line, only in Mol B; yellow line, only in Mol A. The labels a1-a4
correspond to those in A and B. The terminal residues missing in the atomic
model are shown in cyan.

flexibility. FIiT consists of four a-helices (a1, a2, a3, and a4). The
amino acid sequence and secondary structure of FliT are sum-
marized in Fig. 1E. The core of the molecule is formed by anti-
parallel a-helical bundle structure composed of al, a2, and o3
(Fig. 1 A and B). Helices a2 and a3 form a hydrophobic cleft with
Phe-7 and Trp-11 of al (Fig. 2). The core structures of Mol A and
B can be superimposed with an rms displacement of 0.84 A for
corresponding Ca atoms (residues 2-93). In contrast, the confor-
mation of the remaining C-terminal segment including o4, which is
an amphipathic a-helix, is quite distinct between the two mole-
cules. Helix a4 of Mol A makes a sharp turn from a3 (Fig. 14) and
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Fig. 2. Close-up view of the hydrophobic cleft covered by the C-terminal
segment of an adjacent molecule. (A and B) Side view (A) and end-on view
(B) of the hydrophobic cleft of Mol A (cyan) covered by the C-terminal
segment of Mol B (pink). (C and D) Side view (C) and end-on view (D) of the
hydrophobic cleft of Mol B (pink) covered by the C-terminal segment of Mol
A’ (green). Hydrophobic residues in the cleft and on the C-terminal segment
are indicated by ball and stick model.

interacts with Mol B’ (Fig. 1D), whereas a4 of Mol B extends
straight from o3 (Fig. 1B) and interacts with Mol A (Fig. 1D). The
a4 helices of Mol B and Mol B’ cover the hydrophobic cleft of the
core of their dimeric partners, Mol A and Mol A’, respectively
(Fig. 24 and B). The o4 helices of Mol A and Mol A’ interact with
the hydrophobic clefts of Mol B’ and Mol B, respectively (Fig. 2 C
and D). Thus, the domain swapping of the C-terminal segments
produces the FliT tetramer. Despite the conformational flexibility
of the C-terminal segment and the differences in length of a3 and
a4 between Mol A and Mol B (Fig. 1 4 and B), the interactions
between the hydrophobic cleft and a4 of an adjacent molecule are
almost the same for the Mol A—Mol B pair and the Mol B-Mol A’
pair (Fig. 2). These structural features imply that the flexible C-
terminal segment might play some significant role in FIiT function.

Oligomeric State of FIiT in Solution. Size-exclusion chromatogra-
phy has shown that FliT forms a stable homodimer in solution
(15). In contrast, our crystal structure exhibited a tetramer.
Consequently, we reexamined the oligomeric state of FliT in
solution by analytical ultracentrifugation and analytical size-
exclusion chromatography. The apparent molecular mass of
FliT determined by the sedimentation equilibrium analysis was
20.5 kDa, and it gradually increased with increasing protein
concentration (Fig. S14), indicating that FliT is present as
a mixture of monomer and oligomers in solution. The sedi-
mentation datasets were best fitted by assuming the presence of
monomer and dimer with a self-association constant of 3,100 L/
mol (Fig. S1B). Size-exclusion chromatography was performed
under various solution conditions with a pH of 7-10 and NaCl
concentrations of 150-500 mM, as well as that used for the sedi-
mentation equilibrium measurement. FIliT eluted as a single
peak at the same position with tailing (Fig. S1C), demonstrating
that the equilibrium is not significantly affected by pH and ionic
strength under our conditions.

FIiT and FIiD Forms a Heterodimer in Solution. We also analyzed the

oligomeric state of the FliT-FliD complex in solution using
analytical ultracentrifugation. The apparent molecular mass
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determined by the sedimentation equilibrium measurement was
62.0 kDa (Fig. 34), which closely corresponds to the 63.4-kDa
molecular mass of the FliT-FliD heterodimer.
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Fig. 3. Heterodimer formation of FIiT and FliD in solution. (A) Sedimenta-
tion equilibrium measurement of the FliT-FliD complex. (Lower) Sedimen-
tation equilibrium profile (initial absorbance of 0.2 at 280 nm, measured at
12,000 rpm). Open circles are data points, and the continuous red line is
a model fit curve for a single molecular species with a molecular mass of 62.0
kDa, which corresponds well to the molecular mass of a FliT-FliD hetero-
dimer (63.4 kDa). (Upper) Plots of the residuals of each data point from the
fitting curve. (B) Elution profiles of mixtures of FIiT and FliD at various FIiT:
FIiD molar ratios: 2:1 (cyan dashed line), 1:1 (green solid line), 0.5:1 (orange
dotted-dashed line), 0:1 (blue dotted line), and 1:0 (red two-dotted-dashed
line). (C) Pull-down assay by GST affinity chromatography. Soluble fractions
(L) prepared from a AflhDC-cheW mutant expressing GST-FIiT or GST-FIiT94
were mixed with those from the AflhDC-cheW mutant producing FliD and
loaded onto the GST affinity column. After extensive washing, proteins were
eluted with a buffer containing 10 mM reduced glutathione. The eluted
fractions were analyzed by CBB staining.
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To confirm this, we performed analytical size-exclusion chroma-
tography. FliT and FliD were mixed at molar ratios of 2:1, 1:1, or
0.5:1, and the mixture was loaded onto a size-exclusion column (Fig.
3B). Most of the FliD molecules formed a decamer at pH 7.8, as
reported previously (25). The FliT-FliD mixture with the molar
ratio of 1:1 had a single elution peak at a position slightly larger than
the FliD monomer (49.7 kDa). The 2:1 FIiT-FliD mixture eluted
with two peaks, one at the peak position of the 1:1 mixture and the
other at the position of monomeric FIiT. The 0.5:1 FliT-FliD mix-
ture also showed two peaks, one at the peak position of the 1:1
mixture and the other at the position of the FliD decamer. These
results indicate that FIiT and FliD form a heterodimer in solution.

Interaction Between FIiT and FIiD. It has been shown that residues
42-122 of FIiT are responsible for the binding to FliD (15). To test
whether the C4 a-helix is required for the FliT-FliD interaction, we
investigated the effect of C-terminal truncation of FIiT on its in-
teraction with FliD through a pull-down assay with GST affinity
chromatography (Fig. 3C). FliD copurified with FliT(2-94) (here-
inafter GST-FIiT94) at the same level as with GST-FliT(2-122)
(hereinafter GST-FIiT), indicating that the C-terminal segment of
FIiT does not contribute to its binding to FliD.

To identify residues of FliT responsible for the interaction
with FliD, we chose eight highly conserved, surface-exposed
residues for site-directed mutation experiments: Ile-68 and Leu-
72, which are located within the hydrophobic cleft formed by a2
and o3; Asn-74, Leu-81, and GIn-83, which are opposite to the
hydrophobic cleft; and Glu-75, Lys-79, and Leu-82, which are
under the cleft (Fig. S24). We replaced each of these with ala-
nine. The K79A mutation abolished the interaction between
GST-FliT94 and FliD, the E75A mutation partially diminished
these interactions, and the others demonstrated no effect (Fig.
S2B), indicating that Lys-79 is critical for binding to FliD and
Glu-75 is involved in this binding. Although these two residues
are covered in the crystal by the C-terminal segment of FIiT
including a4, the flexible linker between a3 and o4 would allow
FliD to bind to these two residues even in the presence of FIiT.

Interactions of FIiT with Flagellar Export Apparatus Proteins Flil and
FliJ. FigN, a flagellum-specific chaperone for the hook—filament
junction proteins FlgK and FlgL, has been reported to bind to two
soluble components of the flagellar type III export apparatus, Flil
and FliJ (17, 18). Because FIiT is required for efficient export of
FliD, FIiT also is expected to bind to the soluble components of the
export apparatus. In fact, an interaction between FIiT and FliJ has
been shown (18). Therefore, we analyzed the interactions of FIliT
with FliH, Flil, and FliJ through a pull-down assay with GST af-
finity chromatography (Fig. 4). His-Flil bound strongly to GST-
FliT94, very weakly to GST-FIiT, and not at all to GST (Fig. 44),
and His-FliJ bound weakly to GST-FI1iT94 but not to GST-FIiT or
GST (Fig. 4B). These results indicate that the C-terminal segment
of FIiT significantly reduces FliT’s binding affinity to Flil and FliJ.
Neither GST-FIiT nor GST-FliT94 interacted with FliH. These
results suggest that the C-terminal segment of FliT regulates its
interactions with FIiI and FliJ.

We also examined whether FliD affects the interaction of
GST-F1iT94 with FliI or FliJ. Both Flil and FliJ coeluted with the
GST-FliT94-GST-FliD complex from the column at the same
levels as with GST-F1iT94 alone (Fig. 4 C and D), indicating that
FliD and the export component proteins Flil and FliJ bind to
different surface areas on the FIliT molecule.

Interaction of FIiT with the FIhD,C, Complex. Overexpression of FIiT
is known to reduce the expression levels of the class 2 genes by its
binding to the FIhD4C, complex, leading to the suppression of fla-
gellar formation (21, 26). To test whether GST-FIiT94 retains the
ability to interact with the FIhD,C, complex, we first analyzed the
motility of WT cells carrying a plasmid that overexpresses GST-FIiT
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Fig. 4. Interactions of FIiT with the soluble component proteins of the flagellar protein export apparatus. (A and B) Interactions of GST-FIiT and GST-FIiT94
with Flil and FliJ by pull-down assay using GST affinity chromatography. Soluble fractions (L) prepared from a AflhDC-cheW mutant expressing GST, GST-FIiT,
or GST-FIiT94 were mixed with those from the AflhDC-cheW mutant producing either His-Flil (A) or His-FliJ (B) and loaded onto the GST affinity column. The
eluted fractions were analyzed by both CBB staining and immunoblotting with polyclonal anti-Flil (A) or anti-FliJ (B) antibodies. (C and D) Effect of FIiD on the
interactions of FliT94 with Flil or FliJ. Purified His-Flil (C) or His-FliJ (D) was mixed with purified GST-FliT94 or the GST-FliT94-GST-FliD complex and incubated

overnight at 4 °C, after which GST affinity chromatography was performed.

or GST-F1iT94 on soft tryptone agar plates (Fig. 54). In agreement
with a previous report (26), the expression of GST-FIi'T considerably
inhibited WT motility (Fig. 54), due to a significant decrease in the
flagellar number as established by dark-field optical microscopy.
Interestingly, GST-F1iT94 completely suppressed WT motility (Fig.
5A4), indicating that GST-FIiT94 has a much stronger inhibitory
effect than GST-FIT.

We next analyzed the ability of GST-FIiT and GST-FI1iT94 to bind
to FIhD and FIhC by pull-down assay with GST affinity chroma-
tography (Fig. 5B). FIhD and FIhC both coeluted with GST-FIiT

and GST-FliT94 from the column, but not with GST. The inter-
actions of FIhD and FIhC with GST-FliT94 were much stronger
than those with GST-FIiT (Fig. 5B), which is consistent with the
motility assay. Interestingly, the amount of eluted FIhD was much
lower than that of eluted FIhC. Given the observation that FIiT
binds to FIhC alone as well as to the FIhDC complex, but not to FIhD
alone (21), our data suggest that the interaction between FIiT and
the FIhDC complex weakens the FIhD-FIhC interaction. These
results strongly suggest that the C-terminal region of FIiT partially
suppresses its interactions with the FIhDC complex.
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Fig. 5. Interaction between FIiT and the FIhDC complex. (A) Swarming motility of SJW1103 (WT) transformed with pGEX-6p-1-based plasmids: GST, pGEX-6p-1-

expressing GST; GST-FIiT, N-terminally GST-tagged FliT(2-122); GST-FIiT94, and N-terminally GST-tagged FliT(2-94). The plate was incubated at 30 °C for 6 h. (B)
Pull-down assay of FIhC and FIhD by GST affinity chromatography. The soluble fractions from WT cells overproducing GST, GST-FIiT, or GST-FIiT94 were loaded
onto a GST column. The eluted factions were analyzed by CBB staining for GST, GST-FIiT, and GST-FIiT94 (Top) and by immunoblotting for FInC and FIhD with
polyclonal anti-FIhC (Middle) and FIhD antibodies (Bottom), respectively. (C) Effect of FIiD on the interaction between GST-FIiT94 and the FIhDC complex.
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We also investigated whether FliD affects the interaction of
GST-FliT94 with FIhC. FIhC coeluted with the GST-FliT94-
GST-FliD complex from the column at the same level as with
GST-FliT94 alone (Fig. 5C), indicating that the binding site of
the FIhDC complex on FIiT differs from that on FliD.

Discussion

The core structure of FliT is an antiparallel a-helix bundle. This
structural architecture is similar to that of FliS, which is a flagellar
chaperone specific for FliC (16, 27), although the arrangement of
a-helices is rather different (Fig. S3 4 and D). FliS forms a heter-
odimer with its cognate substrate F1iC (27). The C-terminal region
of FliC interacts with all of the a-helices of FliS in an extended
conformation containing three a-helices (27). In this study, we
found that FIiT forms a heterodimer with FliD in solution (Fig. 3)
through an interaction between FIiT and the C-terminal region of
FliD (14), raising the possibility that the FliT-FliD complex might
have a similar structure to that of the FliS-FliC complex. However,
our present data demonstrating that only Lys-79 in «3, which is one
of the highly conserved, surface-exposed residues (Fig. S2), is
critical for the interaction with FliD suggests that the C-terminal
region of FliD might interact with o3 of FliT in a different manner
from the FliS-FliC interaction. This difference may reflect the
functional difference between FliS and FliT. The atomic coor-
dinates of two other putative flagellar chaperones, FliT from
Bordetella bronchiseptica and FIgN from Pseudomonas aeruginosa,
have been deposited into the PDB database by structural genomic
group (PDBID codes 3H3M and 2FUP). Their structural features
including the arrangement of the helices are more or less similar to
our structure. It should be noted that the C-terminal segment is
missing in the structure model of Bordetella FliT. Interestingly,
Bordetella FIiT shows a parallel dimer, in contrast to the antipar-
allel arrangement of Salmonella FIiT.

Despite the extensive similarities between the flagellar type III
protein export system and the virulence type III protein secretion
system (28), the structure of FIiT is completely different from the
structures of any of the virulence type III chaperones such as
SicP, SycD, CesA, and PseE (Fig. S3) (29-35), suggesting that
FliT’s action on protein export may differ from that of these
virulence-related chaperones.

The crystal structure of FIiT is a tetramer composed of two
asymmetric dimers (Fig. 1). The sedimentation equilibrium mea-
surement clearly showed that FliT exists in the equilibrium be-
tween monomer and dimer (Fig. S1 4 and B). The elution profile
of size-exclusion chromatography showed a single peak with tailing
(Fig. S1C), indicating a rapid monomer—dimer conversion of FIiT.
In addition, FliT eluted in fractions calibrated by molecular size
markers to contain proteins significantly larger than the molecular
mass of dimeric FIiT (27.4 kDa) in our size-exclusion column assay
(Fig. S1C). This anomalous mobility is presumably due to the
elongated shape of the FliT molecule. Therefore, we conclude that
the tetramer is an artifact of the crystal packing.

F1iT94, which is missing o4 in the C-terminal region, showed
significantly higher binding affinities for the FIhDC complex, Flil,
and FliJ compared with FIiT (Figs. 4 and 5), suggesting that the C-
terminal a4 helix of FIiT controls the binding affinity for its binding
partners. Because FliD binding does not affect the interactions of
Fl1iT94 with the FIhDC complex, Flil, and FliJ, their binding sites
on the FIiT molecule are different from the surface area con-
taining Lys-79 in o3, which is critical for the interaction with FliD.
Because the C-terminal a4 helix binds to the hydrophobic cleft
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bacterial flagellar assembly. Mol Biosyst 4:1105-1115.

4. Minamino T, Macnab RM (1999) Components of the Salmonella flagellar export
apparatus and classification of export substrates. J Bacteriol 181:1388-1394.
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formed by o2 and a3, as observed in the crystal structure, and
because the deletion of a4 does not affect the interaction between
FIiT and FliD, the interaction between a4 and the hydrophobic
cleft formed by o2 and o3 appear to regulate the binding affinities
of FIiT for its binding partners. The conformational difference of
the C-terminal region between Mol A and Mol B suggests that the
C-terminal segment is flexible in solution; thus, the o4 helix could
possibly cover the hydrophobic cleft of the same molecule, even
though it requires unfolding of the C-terminal by 3 turns of the 10-
turn o3 helix. Another possibility is that the C-terminal segment of
another FliT molecule competes with FIhDC, Flil, and FliJ for
binding to the hydrophobic cleft. In fact, FIiT is in the monomer—
dimer equilibrium under physiological conditions. Therefore, it
also is plausible that FliT forms a homodimer in the cytoplasm
through the interaction between a4 and the hydrophobic cleft to
regulate the interactions with FIhDC, Flil, or FliJ.

Based on the available information, we propose a model in
which dynamic interactions of FliT with its binding partners play
important roles. The export apparatus switches its export substrate
specificity from the rod-and-hook type to the filament type on
completion of the HBB assembly (3). FliD is not exported during
HBB assembly, implying that the interactions of FIiT with Flil and
FliJ must be suppressed by a4, covering their putative binding cleft
until the HBB assembly is completed. After completion of HBB
assembly, a4 is somehow released from the cleft to allow the FliT—
FliD complex to bind to the FliH-Flil-FliJ complex through the
specific interactions of FliT with Flil and FliJ, and the entire
complex binds to the docking platform of the export gate formed
by the cytoplasmic domains of FIhA and FlhB. After FliD is un-
folded and translocated into the flagellar channel through the
export gate by proton motive force across the cytoplasmic mem-
brane (7, 8), released FIiT forms a complex with the FIhDC
complex through an interaction between FIiT and FIhC, thereby
suppressing class 2 gene expression. When o4 interacts with the
hydrophobic cleft again, FliT dissociates from the FIhDC complex,
allowing the free FIhDC complex to activate the transcription from
the class 2 promoters. Thus, the interactions of FIiT with its
binding partners must be well organized and regulated in a timely
manner during the flagellar assembly process.

Materials and Methods

Detailed descriptions of the materials and methods used in this study—
including bacterial strains, plasmids, media, purification of proteins, crystal
structure determination, swarming motility assay, preparation of whole cell
proteins and immunoblotting, pull-down assays by GST affinity chromatog-
raphy, size-exclusion column assay, and sedimentation equilibrium analysis—
are provided in S/ Materials and Methods. The bacterial strains and plasmids
used in this study are shown in Table S1. X-ray diffraction data were collected
at the synchrotron beamline BL41XU of SPring-8 with the approval of the
Japan Synchrotron Radiation Research Institute (Proposals 2006B1058 and
2008A1402). The model was refined at 3.2-A resolution to an R factor of
25.2% and a free R factor of 28.6%. The refinement statistics are summarize
in Table S2.
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