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ABSTRACT

The flagellar hook is a short tubular structure located between the external filament and the membrane-bound basal body. The
average hook length is 55 nm and is determined by the soluble protein FliK and the integral membrane protein FIhB. Hook elon-
gation is terminated by FliK-mediated cessation of hook protein secretion, followed by the secretion of filamentous proteins.
This process is referred to as the substrate specificity switch. Switching of the secretion modes results from a direct interaction
between the FliK C-terminal domain (FliK.) and the secretion gate in FIhB. FliK, consists of two a-helices and four 3-strands.
Loop 2 connects the first two [3-sheets and contains a conserved sequence of 9 residues. Genetic and physiological analyses of
various fliK partial deletion mutants pointed to loop 2 as essential for induction of a conformational change in the FIhB gate. We
constructed single-amino-acid substitutions in the conserved region of loop 2 of FliK and discovered that the loop sequence LRL

is essential for the timely switching of secretion modes.

IMPORTANCE

Flagellar protein secretion is controlled by the soluble protein FliK. We discovered that the loop 2 sequence LRL in the FliK C
terminus was essential for timely switching of secretion modes. This mechanism is applicable to type three secretions systems

that secrete virulence factors in bacterial pathogens.

One of the most important and mysterious regulatory pro-
cesses is the control of size and length determination of bio-
logical structures. A few examples exist in which the molecular
mechanism for length determination is known, including the to-
bacco mosaic virus, the bacteriophage lambda tail, and muscle
thin filaments (1, 2). In recent years, the bacterial flagellum has
been regarded as another example for which molecular elucida-
tion of length control is possible (3—6).

The flagellum is a supramolecular structure for motility con-
sisting of three substructures with distinctive functions. The basal
body acts as a rotary motor, and the external filament works as a
screw. The hook conveys torque generated at the basal body to-
ward the filament (7). Hook length is controlled and averages
approximately 55 nm (8, 9). The flagellar protein FliK controls
hook length (3, 8, 10). FliK consists of 405 amino acids and is
structurally divided into two distinct N- and C-terminal regions,
FliKy and FliK (11). The molecular length of FliKy is linearly
correlated with hook length, while FliK is necessary for switching
the substrate specificity of protein secretion at FIhB (10, 12). Mu-
tations in FliK. often result in hooks without filaments and un-
controlled lengths, called polyhooks (8, 11, 13). Although defects
in FliKy lead to uncontrolled hook length, substrate switching
eventually occurs, as long as FliK is intact. This results in filament
formation on polyhooks, referred to as polyhook-filaments (11,
14). Minamino et al. (13) performed site-directed mutagenesis
and reported that 302Val, 304Ile, 335Leu, 401Val, and 405Ala of
FliK, were critical for the switching process. Nuclear magnetic
resonance (NMR) spectroscopy revealed that FliK, residues 268
to 352 consisted of two a-helices and four B-strands in the order
of al-B1-B2-B3-a2-B4 (15). Loop 2 between the B1 and B2 strands
contains a conserved sequence of 9 residues (residues 292 to 300).
From genetic analyses of fliK deletion mutants, we predicted that loop
2 might be essential for interaction with the secretion gate, FIhB (10).
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Recently, we showed that induction of FliK from an inducible
promoter resulted in the immediate switch in secretion mode for
flagellar structures with hooks of greater than or equal to wild-
type length in a chromosomally fliK-deleted mutant strain (16).
That is, FliK. always interacted with the secretion gate when the
hook was longer than 55 nm. We concluded that FliK uses the
minimal length as a signal to switch secretion modes but does not
measure hook length per se (17). In other words, FliK acts to pre-
vent hook polymerization beyond an optimal functional length
(55 nm). High-speed atomic force microscopy revealed that the
molecular shape of intact FliK in solution was composed of two
folded domains of differing sizes, linked by a flexible linker (17).
The larger domain corresponded to FliKy, and the smaller do-
main corresponded to FliKc. Furthermore, the FliKy domain
shape appeared to be more stable than that of the FliK domain.
These findings led us to our current model of the FliK molecular
mechanism, developed from several preceding models (18-21).
When FliKy extends out past the tip of a growing (but still short)
hook, the FliKy; domain folds quickly. The energy of folding facil-
itates secretion of the molecule through the central channel of the
hook. Thus, the rapid secretion from the channel will minimize
the probability of FliK. interaction with the FIhB gate, maintain-
ing secretion of the hook. When FliKy; remains within the central
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TABLE 1 Primers used in this study

Function of FliK C-Terminal Domain

Sequence”
fliK mutations Forward Reverse
Wild-type fliK* TGTTAGCTGAAAACCGCATGG ATCCAAATCGAGCGTTTGCTC
E297K,E298K CGATTGCATCCGAAGAAGTTAGGTCAGGTG CACCTGACCTAACTTCTTCGGATGCAATCG
E297R,E298R CGATTGCATCCGCGTCGTTTAGGTCAGGTG CACCTGACCTAAACGACGCGGATGCAATCG
E297D,E298D CGATTGCATCCGGATGATTTAGGTCAGGTG CACCTGACCTAAATCATCCGGATGCAATCG
E297P,E298P CGATTGCATCCGCCACCATTAGGTCAGGTG CACCTGACCTAATGGTGGCGGATGCAATCG
E297L,E298L CGATTGCATCCGCTTCTTTTAGGTCAGGTG CACCTGACCTAAAAGAAGCGGATGCAATCG
E2971,E2981 CGATTGCATCCGATTATTTTAGGTCAGGTG CACCTGACCTAAAATAATCGGATGCAATCG
D309K,D310K TCGCTCAAGCTGAAGAAGAATCAGGCGCAG CTGCGCCTGATTCTTCTTCAGCTTGAGCGA
D309R,D310R TCGCTCAAGCTGCGTCGTAATCAGGCGCAG CTGCGCCTGATTACGACGCAGCTTGAGCGA
D309V,D310V TCGCTCAAGCTGGTAGTAAATCAGGCGCAG CTGCGCCTGATTTACTACCAGCTTGAGCGA
D309F,D310F TCGCTCAAGCTGTTCTTCAATCAGGCGCAG CTGCGCCTGATTGAAGAACAGCTTGAGCGA
D3091,D3101 TCGCTCAAGCTGATTATTAATCAGGCGCAG CTGCGCCTGATTAATAATCAGCTTGAGCGA
L292L,R293L,1294L AAAGCGCGCAGCTTCTACGTCATCCGGAA TTCCGGATGACGTAGAAGCTGCGCGCTTT
L292L,R293L,L294R AAAGCGCGCAGCTTCTACGTCATCCGGAA TTCCGGATGACGTAGAAGCTGCGCGCTTT
L292R,R293L,1294L AAAGCGCGCAGCGACTTCTACATCCGGAA TTCCGGATGTAGAAGTCGCTGCGCGCTTT
L292R,R293L,L294R AAAGCGCGCAGCTTCGACGTCATCCGGAA TTCCGGATGACGTCGAAGCTGCGCGCTTT
L292L,R293R,L294R AAAGCGCGCAGCGATTACGTCATCCGGAA TTCCGGATGACGTAATCGCTGCGCGCTTT
L292R,R293L,L294R AAAGCGCGCAGCGTCGATTACATCCGGAA TTCCGGATGACGTCGACGCTGCGCGCTTT
L292L,R293R,L294R AAAGCGCGCAGCGTCGACGTCATCCGGAA TTCCGGATGTAGTAGAAGCTGCGCGCTTT
L292L,R293E,L294L AAAGCGCGCAGCTTGAATTGCATCCGGAA TTCCGGATGCAATTCAAGCTGCGCGCTTT
L2921,R293K,L294L AAAGCGCGCAGCTTAAGTTGCATCCGGAA TTCCGGATGCAACTTAAGCTGCGCGCTTT

L292L,R293H,L294L

AAAGCGCGCAGCTTCATTTGCATCCGGAA

TTCCGGATGCAAATGAAGCTGCGCGCTTT

“ The promoters of fliK are located on fli] (forward) and downstream fliK (reverse).
b Boldface indicates DNA sequences changed for amino acid substitution.

channel in the structures with longer hooks, FliK. interacts with
FIhB and secretion switches to the filament (17).

The present study identified the structure-function determi-
nants for conserved amino acids in FliK. that were predicted to
play an important role in the folding of FliK. into a catalytically
active domain. We made single-amino-acid substitutions in the
conserved residues 296Pro and the neighboring 297Glu-298Glu.
Following this, we constructed mutants that have substitutions in
residues 292Leu-293Arg-294Leu. Substitutions of residues
296Pro-297Glu-298Glu were wild type, indicating that they were
not involved in the switching of secretion modes. In contrast,
substitutions of residues 292Leu-293Arg-294Leu gave rise to sev-
eral polyhook mutants. We conclude that the sequence LXL (X
being any amino acid) in loop 2 is essential for conformational
switching of secretion modes.

MATERIALS AND METHODS

Strains and growth conditions. The strains used in this study were de-
rived from Salmonella enterica serovar Typhimurium. Cells were cultured
in LB medium (1% [wt/vol] tryptone, 0.5% [wt/vol] yeast extract, 1%
[wt/vol] NaCl) or TY medium (1% [wt/vol] tryptone, 0.5% [wt/vol] yeast
extract) at either 30°C or 37°C.

Construction of amino acid substitutions in FliK. The fliK coding
region of the chromosome was replaced with a tetRA element using the
N\-Red recombinant system (22). Briefly, the N-Red expression plasmid
pKD46, which is temperature sensitive for replication, was introduced
into S. enterica serovar Typhimurium SJW1103 and selected on LB plates
containing 100 wg/ml ampicillin at 30°C. The tetRA element was ampli-
fied by use of primers (Table 1) with KOD FX (Toyobo, Tokyo) and
purified with a QIAquick gel extraction kit (Qiagen, Tokyo). To make
electrocompetent cells, strains containing pKD46 were grown under in-
ducing conditions in LB medium supplemented with ampicillin and 0.2%
arabinose at 30°C until the optical density at 600 nm (ODy,) reached 0.6
to 0.8. After treatment by electroporation, 1 ml LB medium was added
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into the cell-DNA mixture, and the mixture was shaken for 1 h at 30°C.
Approximately 0.3 ml of cells was plated on LB containing 15 pg/ml
tetracycline and incubated at 30°C. After confirming that the fliK coding
region was replaced by the tetRA element and that the cells retained
pKD46, the tetRA element was uniformly replaced with mutated fliK
DNA fragments. Selection was carried out using tetracycline sensitivity at
37°C (23, 24). Mutated fliKk DNA fragments were amplified using a four-
primer PCR technique. Where necessary, the mutated region was PCR
amplified for DNA sequencing to confirm that the sequence was correct.

Electron microscopy. Samples were prepared as previously described
(9, 15). Briefly, samples were negatively stained with 1 or 2% (wt/vol)
phosphotungstic acid (pH 7.0) and observed with a JEM-1200EXII elec-
tron microscope (JEOL, Tokyo, Japan). Micrographs were taken at an
accelerating voltage of 80 kV.

Hook length measurement. To measure hook length, intact flagella
were isolated and the hook basal bodies were prepared as previously de-
scribed (16).

SDS-PAGE. Proteins secreted into the medium were analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) as previously described
(9, 25, 26). The acrylamide concentration of the gel was 12.5%. Gels were
stained with Coomassie brilliant blue (CBB).

Western blot analysis. Samples were subjected to SDS-PAGE, and
protein bands were transferred to polyvinylidene fluoride membranes.
Polyclonal anti-FliC or anti-FliK antibodies were used for Western blot
analysis (9).

PONDR methods. Predictor of Naturally Disordered Regions
(PONDR) is designed specifically for prediction of protein disorder (http:
//www.pondr.com). PONDR uses primary sequence data alone for calcu-
lation. Its accurate prediction of disordered regions of a protein naturally
accompanies accurate prediction of ordered regions of the protein.

RESULTS

Loop 2 is important for FliK interaction with the secretion gate.
From previous studies, we suspected that the secretion specificity
switch was between residues 289 and 298 of FliK. This amino acid
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A Loop 1 B1 Loop 2 B2 Loop 3
290 300 310

S. Typhimurium FiK G Q QS A QQLRCIH[PIEE LG]laVHIS L KL D D
E.coli FIK G QQSAE|LRL|H|PIQDL|GIEVQIS L KV DD
Y.pestis FIK GQ QS A E[LRL|H|PIQELGIALQIS L KM E D
V.cholerae FliKk N L K NID|I RL|D|P|IPEL|GIRMHIRMN MQ D

V. parahaemolyticus FliKk N L K NLD|I RL|D|P|P EL|IGIRMQIRMT MN N
X. campestris FIIK K | GHAH|I KV|T|PINEMGIPVEVRLHLEG
B. subtilis FIK S TGS FT|IRL|N|IPIEHL|GIFVT IKLTN EN

B. licheniformis FIIK S T G S F T|I RLIN|P|JE NL|G|FIT IK LV KQH
Y. enterocolitca YscP S S Q VTQ|LHL|N|L|P EL|GIAIMVR I A EI P

FIG 1 (A) Alignment of amino acid sequences of loop 2 and neighboring regions in FliK. from various species. YscP is an FliK homolog in the Yersinia
enterocolitica type three secretion system (TTSS). The numbers marked correspond to the positions for the residues in FliK from S. Typhimurium. Secondary
structures and loops are indicated above the amino acid sequence. Highly conserved amino acids in loop 2 are shown in boxes. Accession numbers of FliK
homologs are as follows: S. Typhimurium, AAD15264; Escherichia coli, AAC75010; Yersinia pestis, AJK18643; Vibrio cholerae, CSA22037; Vibrio parahaemolyti-
cus, AAD15917; Xanthomonas campestris, CEM58400; Bacillus subtilis, AGG60999; and Yersinia enterocolitica YscP, AAF70341. (B) Three-dimensional structure

of FliK. The location of LRL is indicated by a circle. (Adapted from reference 15.)

sequence is located on loop 2 of the FliK. tertiary structure (10,
15). Alignment of the sequences in the region containing loop 2 in
various species shows that several amino acids in loop 2 and its
vicinity are well conserved (Fig. 1). Proline at position 296
(296Pro) and glycine at position 300 (300Gly) are commonly
found in most species. The alternating arrangements of the hydro-
phobic and hydrophilic amino acids for residues 292 to 294 may
be characteristic of loop 2. To identify the residues of functional
importance in loop 2, we replaced the residue at the position of
interest with all other amino acids. We then examined the behav-
ior of the mutants on soft agar plates and by light microscopy.
Their flagellar structures were also examined by electron micros-
copy.

(i) 296Pro. Because 296Pro was at the center of loop 2, we
anticipated that it might be essential for loop formation. To test
this, we replaced 296Pro with other amino acids (variants P296X)

and examined swarming ability on a soft agar plate. All variants
but one formed swarm rings as large as or even larger than those of
the wild type (Fig. 2A). The one exception was the P296E mutant,
which did not swarm (see Discussion). Electron microscopy
showed several wild-type flagella on the cells of swarm-forming
variants (Fig. 2B). These data indicated that FliK mutants func-
tioned similarly to wild-type FliK. In short, 296Pro was not essen-
tial for FliK function.

(ii) 297Glu-298Glu. Residue 296Pro of FliK is followed by two
glutamic acids in tandem, 297Glu-298Glu. We suspected that
these charged residues might play a crucial role in interaction with
the secretion gate. Thus, we replaced the tandem residues EE with
other amino acids that have different physicochemical properties.
These were KK, RR, DD, LL, II, and PP. All mutants tested formed
swarm rings similar to or larger than those of the wild type (data
not shown). Their wild-type flagella were confirmed by electron

FIG 2 Formation of flagella in P269X mutants. (A) Swarm rings formed by P296X variants on a soft agar plate. Letters at spots indicate the substituted amino
acid (X) in P269X. (B) Electron microscopic image of P269A, which represents the other P269X variants. Bar, 1 pm.
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FIG 3 Electron microscopic images of the LRR mutant. (A) The cell possesses only polyhooks (arrows). (B) The cell possesses four polyhooks and one

polyhook-filament. Bar, 500 nm.

microscopy. In short, tandem residues 297Glu-298Glu were not
essential for FliK function.

(iii) 292Leu-293Arg-294Leu. We then analyzed the three res-
idues 292Leu-293Arg-294Leu preceding 296Pro. The sequence
LRL is also well conserved among other species as a triplet: hydro-
phobic amino acid-positively charged amino acid-hydrophobic
amino acid. In the construction of variants, we replaced L and R in
all possible combinations: LLL, RLL, LRL (wild type), LLR, LRR,
RLR, RRL, and RRR. As a result, we discovered two variants, LLL
and the wild-type LRL, that exhibited the wild-type phenotype on
soft agar plates, while the other variants did not swarm. We con-
firmed by electron microscopy that LLL and LRL produced wild-
type flagella (data not shown).In contrast, the other variants pro-
duced either polyhooks or polyhook-filaments. For example, cells
expressing LRR possessed several polyhooks per cell (Fig. 3A). We
occasionally observed a small percentage of the overall cell popu-
lation moving in a “jiggly” motion. This small percentage had only
one polyhook-filament and several polyhooks per cell (Fig. 3B)
(see Discussion). The other FliK variants, LLR, RLL, RLR, and
RRR, exhibited numbers of polyhooks and polyhook-filaments
similar to those of the LRR mutant. However, the RRL variant
displayed as many polyhooks as LRR but produced more fila-
ments (i.e., polyhook-filaments). Overall, 10% of cells had fila-
ments, and we regularly observed a few filaments per cell (Table 2)
(see Discussion). These data suggest that mutants with sequences
other than LXL could not properly control hook length but were
able to switch secretion modes. In short, these variant FliK mole-

TABLE 2 Swimming ability and flagellum formation of LXL variants

Swimming cells in

Variant Flagella population (%)  Polyhook-filaments
LRL (wild type) Wild-type flagella ~100 -
LLL Wild-type flagella ~100 -
LEL Wild-type flagella ~100 -
LKL Wild-type flagella ~100 -
LHL Wild-type flagella ~100 -
RRR Polyhooks ~2 +
LRR Polyhooks ~2 +
RRL Polyhooks ~10 +
RLR Polyhooks ~2 +
RLL Polyhooks ~2 +
LLR Polyhooks ~2 +
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cules have lost function, indicating that the sequence LRL is im-
portant for FliK function (see Discussion).

We then constructed mutants by replacing only the middle R
with amino acids that have different physicochemical properties,
e.g., LEL, LKL, and LHL. These variants were wild type (Table 2),
confirming that LXL is essential for FliK function.

Structural stability of the FliK. domain. Why is LXL critical
for FliK function? To address this question, we used the PONDR
structural prediction program to examine possible structural
changes in FliK. resulting from substitutions of LXL. In the wild
type, the segment containing 32 and the downstream loop se-
quence forms a stable structure (Fig. 4). In Fig. 4, portions above
the vertical line of disorder score 0.5 indicate the location of do-
mains and a reasonable stability of the connecting loop. In be-
tween al-B1 and B2-B3-a2-B4 is a disordered gap consisting of
loop 2 (Fig. 4, stars). Mutants composed of amino acids other than

LRL{WT) LLL LEL

©
5 T ®
Qo
w A
= W 05
=
o}
a

300 a:no 3:10

Residue Number
RLR RRL RRR

300 300 300

FIG 4 Graphic presentation of the disordered region in FliK. by PONDR
prediction. Residues having PONDR scores exceeding a threshold of 0.5 are
considered disordered. The disordered score of loop 2 (arrows) is higher in
RLR, RRL, and RRR mutants than in LRL, LLL, and LEL (stars).
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LXL (bottom row) had a deeper gap between the two domains
(Fig. 4, arrows), suggesting a more destabilized FliK, structure.
Higher stability at this location is essential for maintaining the 32
structure and consequently that of FliK.. Thus, we conclude that
the sequence LXL is essential for stabilizing the entire FliK struc-
ture.

DISCUSSION

In order to identify the region essential for interaction with the
FhiB secretion gate, we made single-amino-acid substitutions
of several residues in loop 2. Most of the substitutions did not
change FliK function. Only sequences that destroyed the LXL
motif gave rise to polyhook mutants, emphasizing the essential
role of the LXL sequence. It should be noted that our site-
directed single-amino-acid substitutions were constructed in
the chromosomal fliK locus to avoid plasmid overexpression
artifacts (12).

Among variants P296X, only P296E mutant cells did not form
swarm rings on soft agar plates. We further analyzed the P296E
mutant and discovered that the mutant had a deletion rather than
a single amino acid substitution. In the electron microscope, the
deletion mutant produced polyhooks. Furthermore, the mutant
was shorter than wild-type FliK as revealed by Western blotting
(data not shown).

In the multiply substituted FliK (except LXL), there were
swimming cells present. By searching these swimming cells by
microscopy and surveying the number of filaments by electron
microscopy at a low magnification, we estimated rates of swim-
ming cells among the population. The variants LRR, LLR, RLL,
and RLR showed that less than 2% of the cell population had just
one filament. Polyhooks without filaments were observed more
often (4X) than those with filaments present. It is known that the
fliK knockout mutant exhibits a leaky motility phenotype, sug-
gesting that the FIhB secretion gate can spontaneously undergo a
conformational change in the absence of FLiK. Thus, the fliK
knockout mutant cells produce not only polyhooks but also poly-
hook-filaments, albeit very few (0.4%) (27). The rate of appear-
ance of polyhook-filaments in the mutants mentioned above was
similar to the rate of appearance of polyhook-filaments in the fliK
knockout mutant. We conclude that these FliK mutants are not
functional. In contrast, the RRL mutant produced swimming cells
that were more than 10% of the cell population and accordingly
formed more polyhook-filaments than the former two. We do not
know why only the variant RRL has more filaments than RRR,
LRR, RLR, RLL, and LLR. These data indicate that the variants
other than LXL possess FliKs with either deteriorated or no func-
tion. In the future, we will attempt to directly observe the molec-
ular shape of variant FliK molecules.

Polyhook mutants in previous studies were mostly deletion
mutants (8, 10—~13). There are only two examples of single-amino-
acid substitutions that resulted in polyhooks: S319Y and R336G
(11). Residue 319Ser is located at the end of B3 followed by loop 4
and is structurally close to the LRL region. Minamino et al. (13)
isolated suppressor mutants of S319Y: four were intragenic sup-
pressors in FliK, and one intergenic suppressor was in FIhB.
Among the four intragenic suppressors, three (M3171, P320S, and
P320Q) were neighbors of the original mutation (S319Y) and one
(P296L) was on loop 2 (13), further supporting our view that the
sequence LRL is the site of interaction with the FhIB secretion gate.
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The residue 336Argislocated in the middle ofa2. How this residue
affects FliK interaction with the secretion gate is presently not
known.
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