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The cytoplasmic level of flagellin (called Hag) is homeostatically regulated in the Gram-positive bacterium Bacillus subtilis by a
partner-switching mechanism between the protein FliW and either the Hag structural protein or CsrA, an RNA binding protein
that represses hag translation. Here we show that FliW and the putative secretion chaperone FliS bind to Hag simultaneously but
control Hag translation by different mechanisms. While FliW directly inhibits CsrA activity, FliS antagonizes CsrA indirectly by
binding to Hag, enhancing Hag secretion, and depleting Hag in the cytoplasm to trigger the FliW partner switch. Consistent with
a role for FliS in potentiating Hag secretion, the mutation of fliS crippled both motility and flagellar filament assembly, and both
phenotypes could be partially rescued by artificially increasing the concentration of the Hag substrate through the absence of
CsrA. Furthermore, the absence of FliS resulted in an approximately 30-fold reduction in extracellular Hag accumulation in cells
mutated for CsrA (to relieve homeostatic control) and the filament cap protein FliD (to secrete flagellin into the supernatant).
Thus, we mechanistically discriminate between the FliW regulator and the FliS chaperone to show that secretion disrupts flagel-
lin homeostasis and promotes high-level flagellin synthesis during the period of filament assembly in B. subtilis.

Many bacteria swim by assembling helical flagella that are ro-
tated to provide force like a propeller. Flagella are complex

machines assembled from over 30 different proteins organized
into three structural domains, the basal body, the hook, and the
filament (1, 2). The basal body is assembled first into the plasma
membrane and houses a type III secretion (T3S) apparatus to
secrete a series of proteins that are sequentially polymerized to
build the flagellum. First, the rod proteins are assembled to transit
the peptidoglycan (and the outer membrane in the case of Gram-
negative bacteria). Next, the hook proteins are assembled to form
a short extracellular flexible linker domain that acts as a universal
joint. Once the hook is assembled, there is a substrate specificity
switch that occurs within the secretion apparatus that enables the
machine to secrete late-class flagellar proteins. After the specificity
switch, two junction proteins are assembled at the end of the hook,
followed by a protein called FliD (also known as FlaV and HAP2),
which acts as a cap on the end of the extending structure (3–5).
Finally, as many as 20,000 flagellin proteins are secreted through
the basal body, rod, and hook and assembled underneath the FliD
cap to form the long helical filament (6–10). The filament and,
thus, flagellin, comprise the bulk of the flagellum, the assembly of
which is estimated to consume 2% of the cell’s biosynthetic re-
sources (11).

When synthesized, flagellin is among the most abundant pro-
teins made by the cell, and a chaperone, FliS, is thought to pro-
mote efficient flagellin export during filament assembly. FliS binds
to the disordered C terminus of flagellin subunits in the cyto-
plasm, and the FliS-flagellin interaction has been reported to have
a number of biological consequences (12–14). FliS has been
shown to protect flagellin monomers from intracellular proteoly-
sis in vivo and inhibits the polymerization of flagellin in vitro (12,
13). The FliS-flagellin complex has been implicated in the process
of flagellin secretion, because FliS structurally resembles type III
secretion chaperones and FliS enhances the interaction between
flagellin and the secretion apparatus (15, 16). Furthermore, the
deletion of the flagellin C terminus, to which FliS binds, reduces or

abolishes the secretion of flagellin (17, 18). Finally, the mutation
of fliS in Salmonella and Pseudomonas has been shown to impair
motility and result in flagellar filaments that are significantly
shorter than those of the wild type (19, 20). For Bacillus subtilis,
FliS was suggested to be essential for filament assembly due to the
inability to raise a lysate for a phage that targets the filament in a
strain mutated for fliS (21).

In addition to FliS, B. subtilis encodes a second protein that
binds to flagellin called FliW. Residues in the C-terminal region of
flagellin (also known as Hag) are required for FliW binding, but
FliW is not a chaperone (22). Rather, the FliW-Hag interaction is
regulatory and part of a partner-switching mechanism in which
Hag homeostatically restricts its own synthesis (23). When Hag
stoichiometrically binds to and sequesters FliW, the RNA binding
protein CsrA binds to and occludes the Shine-Dalgarno (SD) se-
quence of the hag transcript and inhibits hag translation (23, 24).
When Hag levels are low in the cytoplasm, perhaps as the result of
secretion, FliW switches partners and instead binds to CsrA,
thereby preventing CsrA-hag mRNA interactions and, hence, al-
lowing high levels of Hag translation. Thus, the Hag-FliW-CsrA
system ensures that there is a low threshold level of Hag in the
cytoplasm but that Hag translation increases concomitantly with
Hag secretion and filament assembly. This mechanism suggests
that the Hag protein is not only structural but also regulatory and
that Hag expression is coupled to secretion. The homeostatic re-
striction of flagellin translation may also be functioning by a ho-
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mologous system in Borrelia burgdorferi and perhaps other organ-
isms (23, 25, 26).

Here we study the relationship of the putative flagellin chaper-
one FliS to the flagellin homeostatic regulator FliW in B. subtilis.
We show that both FliW and FliS bound to flagellin simultane-
ously and that the mutation of either fliW or fliS abolished motil-
ity. The mutation of fliS reduced Hag translation but did not reg-
ulate CsrA directly, as is the case for FliW, but indirectly through
Hag. Furthermore, the mutation of fliS abolished flagellar fila-
ment synthesis, except when csrA was also mutated, suggesting
that high levels of flagellin partially bypass the need for FliS. The
fliS csrA double mutant produced short filaments like those seen
in a Salmonella fliS mutant, perhaps because Salmonella lacks FliW
and also likely lacks the flagellin homeostatic feedback found in B.
subtilis. Finally, we demonstrate that mutants defective in the FliD
filament-capping protein secrete Hag into the supernatant, and
we use the fliD mutant to show that the mutation of fliS resulted in
a reduced amount of Hag secretion. The data support the model
that flagellin cytoplasmic levels are homeostatically autoregulated,
governed by the secretion of the flagellin structural subunit.

MATERIALS AND METHODS
Strains and growth conditions. B. subtilis strains were grown in Luria-
Bertani (LB) broth (10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter)
or on LB plates fortified with 1.5% Bacto agar at 37°C. When appropriate,
antibiotics were included at the following concentrations: 10 �g/ml tetra-
cycline, 100 �g/ml spectinomycin, 5 �g/ml chloramphenicol, 5 �g/ml
kanamycin, and 1 �g/ml erythromycin plus 25 �g/ml lincomycin (mls).
Isopropyl-�-D-thiogalactopyranoside (IPTG; Sigma) was added to the
medium at the indicated concentrations when appropriate.

Motility assays. (i) Swarm expansion assay. Cells were grown to the
mid-log phase at 37°C in LB broth and resuspended to 10 optical density
at 600 nm (OD600) units in phosphate-buffered saline (PBS) (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4 [pH 8.0])
containing 0.5% India ink (Higgins). Freshly prepared LB broth contain-
ing 0.7% Bacto agar (25 ml/plate) was dried for 20 min in a laminar flow
hood, centrally inoculated with 10 �l of the cell suspension, dried for
another 10 min, and incubated at 37°C. The India ink demarks the origin
of the colony, and the swarm radius was measured relative to the origin.
For consistency, an axis was drawn on the back of the plate, and swarm
radius measurements were taken along this transect. For experiments in-
cluding IPTG, cells were propagated in broth in the presence of IPTG, and
IPTG was included in the swarm agar plates.

(ii) Swim expansion assay. Freshly prepared LB broth containing
0.3% Bacto agar (25 ml/plate) was dried for 10 min in a laminar flow
hood, centrally toothpick inoculated, and incubated at 37°C overnight.
Plate shots were taken by using a Bio-Rad Gel Doc instrument.

Western blotting. For the pellet fraction (cytoplasmic and cell associ-
ated), B. subtilis strains were grown in LB broth to an OD600 of �1.0, and
1 ml of broth culture was harvested by centrifugation, resuspended to 10
OD600 units in lysis buffer (20 mM Tris-HCl [pH 7.0], 10 mM EDTA, 1
mg/ml lysozyme, 10 �g/ml DNase I, 100 �g/ml RNase I, 1 mM phenyl-
methylsulfonyl fluoride [PMSF]), and incubated for 30 min at 37°C. Ten
microliters of lysate was mixed with 2 �l 6� SDS loading dye. For the
supernatant fraction (secreted extracellular components), 1 ml of super-
natant was collected from B. subtilis strains grown in LB broth to an OD600

of �1.0 by centrifugation. The supernatant was clarified by centrifugation
at 9,447 � g for 10 min and treated with 100 �l of freshly prepared 0.15%
sodium deoxycholate for 10 min at room temperature. Proteins from the
supernatant were precipitated by treating the supernatant with 50 �l
chilled trichloroacetic acid (TCA) for 2 h, pelleting at 9,447 � g for 10 min
at 4°C, and washing with ice-cold acetone. Precipitated protein was resus-
pended in 50 �l of 0.1 N sodium hydroxide and mixed with 10 �l 6� SDS
loading dye. Pellet and supernatant samples were separated by 15% so-

dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The proteins were electroblotted onto nitrocellulose and probed with a
1:80,000 dilution of anti-SigA primary antibody (a generous gift of Ma-
saya Fujita, University of Houston), a 1:80,000 dilution of anti-Hag pri-
mary antibody, and a 1:10,000 dilution of secondary antibody (horserad-
ish peroxidase [HRP]-conjugated goat anti-rabbit immunoglobulin G).
The immunoblot was developed by using the Immun-Star HRP Devel-
oper kit (Bio-Rad).

For the dot blot, B. subtilis strains were grown in LB broth to an OD600

of �0.7, 1 ml of broth culture was harvested by centrifugation, and the
supernatant fraction was saved. The supernatant was clarified by centrif-
ugation at 9,447 � g for 10 min. Next, 150 �l of a serial dilution (3-fold at
each step) of the supernatant was directly applied onto a nitrocellulose
membrane using a dot blot apparatus, and the dot blot was probed with a
1:20,000 dilution of anti-Hag primary antibody (a generous gift of Masaya
Fujita, University of Houston) and a 1:100,000 dilution of anti-SigA pri-
mary antibody. The dot blot was developed by using the Immun-Star
HRP Developer kit (Bio-Rad).

Microscopy. Fluorescence microscopy was performed with a Nikon
80i microscope with a phase-contrast Nikon Plan Apo 100� objective and
an Excite 120 metal halide lamp. FM4-64 was visualized with a C-FL HYQ
Texas Red filter cube (excitation filter, 532 to 587 nm; barrier filter, �590
nm), and Alexa Fluor 488 C5 maleimide fluorescent signals were visual-
ized by using a C-FL HYQ fluorescein isothiocyanate (FITC) filter cube
(FITC excitation filter, 460 to 500 nm; barrier filter, 515 to 550 nm).
Images were captured with a Photometrics Coolsnap HQ2 camera in
black and white, false colored, and superimposed by using Metamorph
imaging software.

For fluorescence microscopy of flagella, 1 ml of broth culture was
harvested at an OD600 of 0.5 to 1.0 and washed once in 1.0 ml of PBS (137
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4). The
suspension was pelleted, resuspended in 50 �l of PBS containing 5 �g/ml
Alexa Fluor 488 C5 maleimide (Molecular Probes), and incubated for 5
min at room temperature (27). Cells were then washed twice with 500 �l
PBS. When appropriate, membranes were stained by resuspension in 50
�l of PBS containing 5 �g/ml FM4-64 (Molecular Probes) and incubated
for 5 min at room temperature. Three microliters of the suspension was
placed onto a microscope slide and immobilized with a poly-L-lysine-
treated coverslip.

For superresolution microscopy using structured illumination, the
OMX 3D-SIM Super-Resolution system at the Indiana University Bloom-
ington Light Microscopy Imaging Center was used. Superresolution mi-
croscopy was performed by using a 1.4-numerical-aperture (NA) Olym-
pus 100� oil objective. FM4-64 was visualized by using laser line 561 and
emission filter 609 nm to 654 nm, and Alexa Fluor 488 nm was visualized
by using laser line 488 nm and emission filter 500 nm to 550 nm. Images
were captured by using an Photometrics Cascade II electron-multiplying
charge-coupled-device camera, processed by using SoftWorx imaging
software, and analyzed by using IMARIS software.

Strain construction. All constructs were first introduced into domes-
ticated strain PY79 by natural competence and then transferred into the
3610 background using SPP1-mediated generalized phage transduction
(28, 29). All strains used in this study are listed in Table 1. All plasmids
used in this study are listed in Table S1 in the supplemental material. All
primers used in this study are listed in Table S2 in the supplemental ma-
terial.

(i) In-frame deletions. To generate the �fliS in-frame markerless de-
letion construct, the region upstream of fliS was PCR amplified by using
primer pair 2541/2542 and digested with EcoRI and XhoI, and the region
downstream of fliS was PCR amplified by using primer pair 2543/2544
and digested with XhoI and BamHI. The two fragments were then simul-
taneously ligated into the EcoRI and BamHI sites of pMiniMAD2, which
carries a temperature-sensitive origin of replication and an erythromycin
resistance cassette, to generate pDP363 (30). Plasmid pDP363 was intro-
duced into PY79 by single-crossover integration by transformation at the
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restrictive temperature for plasmid replication (37°C), using mls resis-
tance as a selection. The integrated plasmid was then transduced into
3610. To evict the plasmid, the strain was incubated in 3 ml LB broth at a
permissive temperature for plasmid replication (22°C) for 14 h, diluted
30-fold in fresh LB broth, and incubated at 22°C for another 8 h. Dilution
and outgrowth were repeated two more times. Cells were then serially
diluted and plated onto LB agar at 37°C. Individual colonies were patched
onto LB plates and LB plates containing mls to identify mls-sensitive col-
onies that had evicted the plasmid. Chromosomal DNA from colonies
that had excised the plasmid was purified and screened by PCR using
primer pair 2541/2544 to determine which isolate had retained the �fliS
allele.

The �fliD construct was built in a way similar to �fliS by using primer
pairs 2537/2538 and 2539/2540 to generate pDP362. Primer pairs 2537/

2538 and 2543/2544 were used for the �fliD fliS deletion construct
pSM36.

The �hag construct was built in a way similar to �fliS by using primer
pairs 575/576 and 577/578 to generate pDP200.

(ii) Complementation constructs. To generate the inducible amyE::
Physpank-fliS spec construct pSM34, a PCR product containing fliS was
amplified from B. subtilis 3610 chromosomal DNA using primer pair
2906/2907, digested with HindIII and NheI, and cloned into the HindIII
and NheI sites of pDR111 containing a spectinomycin resistance cassette,
a polylinker downstream of the Physpank promoter, and the gene encoding
the LacI repressor between the two arms of the amyE gene (31, 32).

(iii) Protein expression constructs. (a) His-SUMO-FliS fusion pro-
tein expression vector. To generate the translational fusion of FliS to the
His-SUMO tag, a fragment containing fliS was amplified by using 3610 as
a template and primer pair 2230/2231 and was digested with SapI and
XhoI. The fragment was ligated into the SapI and XhoI sites of pTB146
containing an ampicillin resistance cassette (33), to create pSM25.

(b) His-SUMO-Hag fusion protein expression vector. To generate
the translational fusion of FliS to the His-SUMO tag, a fragment contain-
ing hag was amplified by using 3610 as a template and primer pair 3317/
3331 and was digested with SalI and BamHI. The fragment was ligated
into the SalI and BamHI sites of pTB146 containing an ampicillin resis-
tance cassette (33), to create pSM56.

Hag antibody preparation. One milligram of purified Hag protein
was sent to Cocalico Biologicals Inc. for serial injection into a rabbit host
for antibody generation. Anti-Hag serum was mixed with Hag-conju-
gated Affigel-10 beads and incubated overnight at 4°C. The beads were
packed onto a 1-cm column (Bio-Rad) and then washed with 100 mM
glycine (pH 2.5) to release the antibody and immediately neutralized with
2 M Tris base. The purification of the antibody was verified by SDS-PAGE.
Purified anti-Hag antibody was dialyzed into 1� PBS–50% glycerol and
stored at �80°C.

SPP1 phage transduction. Serial dilutions of SPP1 phage stock were
added to 0.2 ml of dense culture grown in TY broth (LB broth supple-
mented after autoclaving with 10 mM MgSO4 and 100 �M MnSO4), and
the mixture was statically incubated for 15 min at 37°C. Three milliliters of
TYSA (molten TY broth supplemented with 0.5% agar) was added to each
mixture and poured atop fresh TY plates, and the mixture was incubated
at 37°C overnight. Top agar from the plate containing near-confluent
plaques was harvested by scraping into a 50-ml conical tube, vortexed, and
centrifuged at 5,000 � g for 10 min. The supernatant was treated with 25
�g/ml DNase (final concentration) before being passed through a
0.45-�m syringe filter and stored at 4°C.

Recipient cells were grown to the stationary phase in 2 ml TY broth at
37°C. Cells (0.9 ml) were mixed with 5 �l of SPP1 donor phage stock. Nine
milliliters of TY broth was added to the mixture, and the mixture was
allowed to stand at 37°C for 30 min. The transduction mixture was then
centrifuged at 5,000 � g for 10 min, the supernatant was discarded, and
the pellet was resuspended in the remaining volume. The cell suspension
(100 �l) was then plated onto TY medium fortified with 1.5% agar, the
appropriate antibiotic, and 10 mM sodium citrate.

�-Galactosidase assay. One milliliter of cells was harvested from a
mid-log-phase (OD600 of �0.5) culture grown in LB broth with shaking at
37°C and assayed for �-galactosidase activity, as described previously
(23).

Protein purification. The FliS protein expression vector pSM25 was
transformed into Escherichia coli Rosetta Gami cells grown to an OD600 of
�0.7 in 500 ml of Terrific Broth (12 g tryptone, 24 g yeast extract, 4 ml
glycerol, 2.31 g monobasic potassium phosphate, and 12.54 g dibasic po-
tassium phosphate per liter), induced with 1 mM IPTG, and grown over-
night at 16°C. Cells were pelleted and resuspended in lysis buffer (50 mM
Na2HPO4, 300 mM NaCl, 10 mM imidazole), treated with lysozyme, and
lysed by sonication. Lysed cells were ultracentrifuged at 6,339 � g for 30
min. The cleared supernatant was combined with Ni-nitrilotriacetic acid
(NTA) resin (Novagen) and incubated for 1 h at 4°C. The bead-lysate

TABLE 1 Strains

Strain Genotype Reference

3610 Wild type
DK60 �fliW �hag
DK72 �fliW �hag amyE::Phag

translational-lacZ spec
DK159 �fliD �fliW
DK374 srfAC::Tn10 spec epsH::tet
DK375 �csrA srfAC::Tn10 spec epsH::tet
DK376 �fliW �csrA srfAC::Tn10 spec epsH::tet
DK377 �fliW srfAC::Tn10 spec epsH::tet
DK378 �hag srfAC::Tn10 spec epsH::tet
DK396 �fliS �csrA srfAC::Tn10 spec epsH::tet
DK397 �fliS srfAC::Tn10 spec epsH::tet
DS278 amyE::Phag

translational-lacZ spec 23
DS793 amyE::Phag

transcriptional-lacZ cat 36
DS1677 �hag
DS1916 amyE::Phag-hagT209C spec 27
DS6188 �csrA 23
DS6189 �fliW �csrA 23
DS6245 �fliW 23
DS6772 �csrA amyE::Phag-hagT209C spec
DS6773 �fliW �csrA amyE::Phag-hagT209C spec
DS6774 �fliW amyE::Phag-hagT209C spec
DS7596 �csrA amyE::Phag

translational-lacZ spec
DS7597 �fliW �csrA amyE::Phag

translational-lacZ spec
DS7598 �fliW amyE::Phag

translational-lacZ spec
DS7791 �fliD
DS7792 �fliS
DS7812 �fliS amyE::Phag-hagT209C spec
DS7814 �fliS amyE::Phag

translational-lacZ spec
DS8255 �fliS �csrA
DS8267 �fliS �csrA amyE::Phag-hagT209C spec
DS8323 �csrA amyE::Phag

transcriptional-lacZ cat
DS8324 �fliW �csrA amyE::Phag

transcriptional-lacZ cat
DS8325 �fliW amyE::Phag

transcriptional-lacZ cat
DS8525 �fliS amyE::Phag

transcriptional-lacZ cat
DS8526 �fliS �csrA amyE::Phag

translational-lacZ spec
DS8527 �fliS �csrA amyE::Phag

transcriptional-lacZ cat
DS8622 �hag amyE::Phag

translational-lacZ spec
DS9181 �fliS amyE::Physpank-fliS spec
DS9229 �fliD �fliS
DS9668 �fliD �csrA
DS9669 �fliD �fliS �csrA
DS9733 �fliS �csrA amyE::Physpank-fliS spec
DS9898 �fliD �fliW �csrA
DS9902 �fliS �hag amyE::Phag

translational-lacZ spec
DS9904 �hag amyE::Phag

transcriptional-lacZ cat
DS9905 �fliS �hag amyE::Phag

transcriptional-lacZ cat
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mixture was poured onto a 1-cm separation column (Bio-Rad), and the
resin was allowed to pack and was washed with wash buffer (50 mM
Na2HPO4, 300 mM NaCl, 30 mM imidazole). His-SUMO-FliS bound to
the resin was then eluted by using a stepwise elution of wash buffer with 50
to 500 mM imidazole. Elution mixtures were separated by SDS-PAGE and
Coomassie stained to verify the purification of the His-SUMO-FliW fu-
sion. Purified His-SUMO-FliS was combined with ubiquitin ligase (pro-
tease) and cleavage buffer and incubated overnight at 4°C to cleave the
SUMO tag from the FliW protein (34). The cleavage reaction mixture was
combined with Ni-NTA beads, incubated for 2 h at 4°C, and centrifuged
to pellet the resin. The supernatant was removed and dialyzed in a solu-
tion containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10% glycerol,
and 1 mM dithiothreitol (DTT) and stored at �20°C. The removal of the
SUMO tag was verified by SDS-PAGE and Coomassie staining.

His6-Hag, His-SUMO-FliW, and His-SUMO-Hag proteins were pu-
rified in a similar way, and the glutathione S-transferase (GST)–CsrA
protein was purified as described previously (23).

Protein-protein interaction assays. (i) His-Hag and FliS interac-
tions. Ni-NTA beads were washed with T(0.1) buffer (25 mM Tris-HCl
[pH 8.0], 20% glycerol, 100 mM NaCl, 1 mM DTT, 1� protease inhibitor
cocktail [from Roche]) containing 10 mM imidazole. Thirty microliters of
washed beads was mixed with 30 �l of 5 �M His-Hag protein and rotated
on a Labquake instrument at 4°C for 2 h. Next, the beads bound to the
His-Hag protein were centrifuged at 56 � g for 2 min, and the pellet was
washed twice with T(1.0) buffer (25 mM Tris-HCl [pH 8.0], 20% glycerol,
1 M NaCl, 1 mM DTT, 1� protease inhibitor cocktail) containing 10 mM
imidazole and again washed twice with T(0.1) buffer containing 10 mM
imidazole. Thirty microliters of increasing concentrations of FliS (5, 10,
and 20 �M) was then added to the washed beads bound to His-Hag and
rotated on a Labquake instrument at 4°C for 2 h. The samples were cen-
trifuged at 56 � g for 2 min, and the supernatant was saved. The pellet was
washed 4 times with T(0.1) buffer containing 10 mM imidazole. The
supernatant and pellet fractions were subjected to SDS-PAGE analysis and
stained with Coomassie brilliant blue.

Assays of the His-SUMO-FliW and FliS interaction and the His-
SUMO-FliS and Hag or FliW interaction were carried out similarly. The
assays of GST-CsrA and FliW or FliS interactions were also done in a
similar way by using glutathione-Sepharose beads that bind to the GST tag
(23).

(ii) Hag-FliW-FliS interactions. Ni-NTA beads were washed with
T(0.1) buffer containing 10 mM imidazole. Thirty microliters of washed
beads was mixed with 30 �l of 5 �M His-Hag protein and rotated on a
Labquake instrument at 4°C for 2 h. Next, the beads bound to the His-Hag
protein were centrifuged at 56 � g for 2 min, and the pellet was washed

twice with T(1.0) buffer containing 10 mM imidazole and again washed
twice with T(0.1) buffer containing 10 mM imidazole. Thirty microliters
of a mixture of 5 �M FliW and increasing concentrations of FliS (0, 5, 10,
and 20 �M) was then added to the washed beads bound to His-Hag and
rotated on a Labquake instrument at 4°C for 2 h. The samples were cen-
trifuged at 56 � g for 2 min, and the supernatant was saved. The pellet was
washed 4 times with T(0.1) buffer. The supernatant and pellet fractions
were subjected to SDS-PAGE analysis and stained with Coomassie bril-
liant blue. In a similar experiment, 30 �l of a mixture of 5 �M FliS and
increasing concentrations of FliW (0, 5, 10, and 20 �M) was added to the
washed beads bound to His-Hag and analyzed by SDS-PAGE and Coo-
massie brilliant blue staining.

RESULTS
FliS and FliW bind to Hag simultaneously. The flagellin protein
Hag is reportedly bound by two different proteins in the cyto-
plasm, FliS and FliW (15, 22, 23). The FliS-Hag interaction is
thought to be involved in filament assembly, where FliS acts as a
secretion chaperone for flagellin (Fig. 1A) (15). In contrast, the
FliW-Hag interaction was recently proposed to be regulatory,
where FliW is part of a partner-switching mechanism with the
RNA binding protein CsrA to maintain Hag homeostasis inside
the cell (23). According to the homeostatic model, when cytoplas-
mic levels of Hag exceed a threshold, Hag sequesters FliW to lib-
erate CsrA. CsrA in turn limits Hag protein levels by binding to the
hag transcript, inhibiting hag translation, and reducing Hag pro-
tein levels to restore homeostasis (Fig. 1A). When Hag is secreted
during filament assembly, the FliW-CsrA interaction is restored,
the hag transcript is relieved from repression, and the Hag protein
is translated at a high level. We predicted that the reduced ability
to secrete Hag in the absence of a chaperone (e.g., FliS) would have
many phenotypes similar to those in the absence of FliW while
having additional secretion-specific defects. As FliS and FliW are
closely coupled by Hag, we wondered whether the specific roles of
the two proteins could be distinguished.

To confirm the Hag-FliS interaction, both proteins were puri-
fied for a protein pulldown assay. FliS was previously reported to
exist and function in either a monomer or dimer form depending
on the bacterial species (12, 16). When the purified B. subtilis FliS
protein was subjected to fast pressure liquid chromatography
(FPLC) using a Superdex 75 size-exclusion column, FliS eluted

FIG 1 Model for how FliS governs cytoplasmic flagellin homeostasis through the Hag-FliW-CsrA system. (A) Model for the genetic and biochemical relation-
ships of the FliS, Hag, FliW, and CsrA proteins. T bars indicate inhibition. (B to D) Model for the maintenance of flagellin homeostasis morphogenically coupled
to flagellar assembly. Orange pentagons, FliS; green barbells, Hag; dark blue hexagons, FliW; red triangles, CsrA; open box in mRNA, SD sequence; purple, basal
body; blue, hook; green, growing filament; dark gray, cell membrane; light gray, peptidoglycan.
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predominantly as a dimer (data not shown). For the pulldown
assay, various concentrations of FliS dimers were incubated with
nickel-NTA agarose beads bound to 5 �M His-Hag fusion pro-
tein. The beads were centrifuged, and the supernatant and pellet
fractions were resolved by SDS-PAGE and then stained with Coo-
massie brilliant blue. FliS was retained in the pellet fraction when
both FliS and Hag were at roughly equimolar concentrations (Fig.
2A). The retention of FliS in the pellet was dependent on the
presence of Hag, as FliS was poorly retained in the pellet when
mixed with nickel-NTA agarose beads alone (Fig. 2A). We con-
clude that FliS and Hag directly interacted in vitro.

To determine the effect of FliS on the previously reported
FliW-Hag interaction in vitro, various concentrations of FliS were
mixed with 5 �M FliW and 5 �M His-Hag fusion protein bound
to nickel-NTA agarose beads (23). The beads were centrifuged,
and the supernatant and pellet fractions were resolved by SDS-
PAGE and then stained with Coomassie brilliant blue. Both FliS
and FliW were retained in the pellet fraction at roughly equimolar
concentrations, and saturating amounts of FliS did not displace
FliW (Fig. 2B). Similar results were obtained when various con-
centrations of FliW were mixed with 5 �M FliS and 5 �M His-Hag
protein bound to nickel-NTA agarose beads: both proteins bound
to Hag at roughly equimolar concentrations, and saturating
amounts of FliW did not displace FliS (see Fig. S1 in the supple-
mental material). It appeared that FliW and FliS bound to Hag
simultaneously. In addition, FliS did not bind to beads containing
only His-SUMO-FliW (Fig. 2C), and FliW did not bind to beads
containing only His-SUMO-FliS, unless Hag was also included in
the reaction mixture, further supporting a three-protein complex
(Fig. 2D). Thus, we conclude that both FliS and FliW bind to Hag
simultaneously, that the two proteins do not compete with each
other for Hag binding, and that FliS and FliW do not interact
directly with one another.

FliS antagonizes Hag negative-feedback inhibition. FliW is
required for the efficient translation of the hag transcript. The
level of expression from a translational reporter in which the lacZ
gene encoding �-galactosidase was translationally fused to the
Phag promoter, the hag 5= untranslated region (5=UTR), and the
hag start codon (amyE::Phagtranslational-lacZ) was reduced 10-fold in
the absence of fliW compared to the wild type (Fig. 3A). The effect
of the FliW mutant was mediated by the translational regulator
CsrA, as a fliW csrA double mutant restored wild-type expression
levels (Fig. 3A). Similarly, the mutation of FliS resulted in a 10-
fold reduction in the expression level of the Hag translational re-
porter, which was restored to wild-type levels in a fliS csrA double
mutant (Fig. 3A). Neither the mutation of fliW nor the mutation
of fliS significantly decreased the expression level of a transcrip-
tional reporter of lacZ fused to the Phag promoter (amyE::
Phagtranscriptional-lacZ) (Fig. 3B). Consistent with the reduction in the
level of translation of Hag, the mutation of either fliS or fliW
dramatically decreased the amount of Hag protein both associated
with the cell and secreted into the supernatant (Fig. 3C). Finally,
Hag protein levels were restored to both fliS and fliW background
levels by the mutation of csrA (Fig. 3C). We conclude that the
mutation of fliS phenocopies the mutation of fliW with respect to
Hag translation.

FliW indirectly promotes Hag translation by antagonizing the
RNA binding protein CsrA. In the absence of FliW, CsrA binds to
two sites in the 5=UTR of the hag transcript and occludes the
Shine-Dalgarno (SD) sequence necessary for ribosome binding

FIG 2 FliS and FliW bind to Hag simultaneously. (A and B) Protein pulldown
assays using the indicated amounts of His-Hag (gray carets) loaded onto a
nickel column with the indicated amounts of FliS (black carets) and/or FliW
proteins (open caret) added. (C) Protein pulldown assay using the indicated
amounts of His-SUMO-FliW (gray caret) loaded onto a nickel column with
the indicated amounts of FliS (black caret) added. (D) Protein pulldown assay
using the indicated amounts of His-SUMO-FliS (gray caret) loaded onto a
nickel column with the indicated amounts of FliW (black caret) and/or Hag
proteins (open caret) added. (E) Protein pulldown assay using the indicated
amounts of GST-CsrA (gray caret) loaded onto a glutathione-Sepharose col-
umn with the indicated amounts of FliS (black caret) and/or FliW proteins
(open caret) added. Gels were stained with Coomassie brilliant blue. “Super-
natant” indicates the proteins that failed to bind to the beads, and “pellet”
indicates the proteins that remained bound to the beads following a series of
washes.
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(24). FliW antagonizes the RNA binding activity of CsrA by direct
protein-protein interactions (23). To determine whether FliS and
FliW promote the efficient translation of the hag transcript by
similar partner-switching mechanisms, we tested whether FliS,
like FliW, could bind to CsrA. To determine the interaction with
CsrA, a protein pulldown experiment was conducted in which 5
�M FliS or 5 �M FliW was incubated with glutathione-Sepharose
beads bound to 5 �M GST-CsrA fusion protein. FliW but not FliS
was retained in the pellet fraction (Fig. 2E). We conclude that FliS
does not bind to CsrA, and we infer that the mechanism by which
FliS antagonizes CsrA is distinct from that of FliW.

One way in which FliS might antagonize CsrA inhibition of hag
translation is by antagonizing the cytoplasmic Hag protein level.
Hag antagonism would relieve inhibition on FliW such that FliW

would in turn bind and sequester CsrA (Fig. 1A). Consistent
with FliS antagonizing Hag, a fliS hag double mutant pheno-
copied a fliS csrA double mutant (Fig. 3A). We note that al-
though there was a 2-fold decrease in the expression level of the
hag transcriptional reporter (amyE::Phagtranscriptional-lacZ) in the
fliS hag double mutant, the expression level of the hag transla-
tional reporter (amyE::Phagtranslational-lacZ) was nonetheless re-
stored to wild-type levels in the fliS hag double mutant (Fig. 3A
and B). Thus, the mutation of hag was epistatic to the mutation of
fliS. In contrast, the expression level of the hag translation fusion
reporter remained low in a fliW hag double mutant (Fig. 3A).
Thus, the mutation of fliW was epistatic to the mutation of hag.
We conclude that both CsrA and Hag are downstream of FliS, and
we infer that FliS antagonizes CsrA indirectly by antagonizing Hag
(Fig. 1A).

FliS is required for motility and enhances Hag secretion. One
way in which FliS might antagonize Hag is by enhancing Hag
secretion similarly to its reported role in Salmonella enterica. En-
hanced Hag secretion would lower the level of the Hag protein in
the cytoplasm and thereby disrupt the homeostatic repression of
Hag translation. To begin to study the biology of FliS, we first
determined the consequence of a fliS mutant on swarming motil-
ity (35). Whereas wild-type cells swarmed rapidly atop the surface
of an agar petri plate, cells mutated for fliS exhibited a severe defect
in motility, which was rescued when fliS was expressed from an
IPTG-inducible promoter inserted at an ectopic site in the chro-
mosome (amyE::Physpank-fliS) (Fig. 4A and B). The fliS defect in
swarming motility was similar to the severe defect in swarming
exhibited by cells mutated for fliW (Fig. 4C and D). Whereas a
mutation in csrA was sufficient to restore both wild-type swarm-
ing and swimming motility to cells mutated for fliW, the mutation
of csrA restored only partial motility to cells mutated for fliS (Fig.
4C and D; see also Fig. S2 in the supplemental material). We con-
clude that FliS is required to indirectly antagonize CsrA activity
but that CsrA antagonism is not sufficient to fully explain the
motility defect in a FliS mutant.

To explore the FliS motility defect further, we fluorescently
labeled flagellar filaments in a variety of genetic backgrounds.
Wild-type cells produced long filaments, but the mutation of fliS
resulted in a defect in filament assembly such that cells exhibited
filament stubs that resembled dots on the cell surface (Fig. 5A and
B). In contrast, the mutation of fliW resulted in a defect less severe
than that of fliS, where cells expressed a mixture of short filaments
and filament stubs (Fig. 5C). Whereas the simultaneous mutation
of fliW and csrA was sufficient to restore filaments to the wild-type
length, the simultaneous mutation of fliS and csrA restored only
filaments that remained short (Fig. 5D and E). The mutation of
csrA alone produced long filaments, and thus, csrA was fully epi-
static to fliW for filament assembly but not to fliS (Fig. 5F). We
conclude that FliS is essential for filament assembly except when
flagellin is translated at an abnormally high level (such as when
cells are mutated for CsrA). We infer that the mutation of CsrA is
insufficient, however, to restore wild-type motility to fliS mutants,
because the flagellar filaments remain short. We hypothesize that
shorter filaments in the fliS csrA double mutant are due to a re-
duced rate of Hag secretion.

To measure the secretion of Hag, cells were first mutated for
the fliD gene, encoding FliD, a protein that serves both as the
filament cap and as an extracellular chaperone for the assembly of
Hag proteins into the elongating filament (8). When FliD is mu-

FIG 3 FliS acts upstream of Hag in the Hag-FliW-CsrA negative-feedback
loop. (A and B) �-Galactosidase assays of Phagtranslational-lacZ and Phagtranscriptional-
lacZ fusions for strains of the indicated genotypes (raw data are presented in
Table S3 in the supplemental material). Error bars are the standard deviations
of data from three replicates. (C) Western blot analysis of separate B. subtilis
cell lysates (pellet) and TCA-precipitated culture supernatants of the wild-type
(WT) (3610), hag (DS1677), csrA (DS6188), fliW (DS6245), fliW csrA
(DS6189), fliS (DS7792), and fliS csrA (DS8255) strains, separately probed
with anti-Hag and anti-SigA primary antibodies. Note that the pellet repre-
sents both the combined Hag pools in the cytoplasm and Hag polymerized into
flagellar filaments on the cell surface.
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tated in S. enterica, the filament is not polymerized, and flagellin
monomer units are secreted into the supernatant (3). To confirm
that a fliD mutant behaves similarly in B. subtilis, cell pellets and
TCA-precipitated culture supernatant fractions were harvested
from the wild-type, hag, and fliD mutant strains. Each sample was
separately resolved by SDS-PAGE, electroblotted, and probed
with either anti-Hag or anti-SigA antibodies for Western blot
analysis. Wild-type, but not hag mutant, cells had high levels of
Hag in the pellet fraction (from combined cytoplasmic pools and
assembled flagella) and high levels of Hag in the supernatant
(from Hag secretion and filament shearing) (Fig. 6A). In contrast,
cells mutated for fliD had low levels of Hag in the pellet fraction
and high levels of Hag in the supernatant. Furthermore, we note
that the Hag protein had a lower molecular weight in supernatants
of the fliD mutant than in supernatants of the wild type, which is
suggestive of proteolytic degradation (Fig. 3C and 6A). We con-
clude that FliD behaves similarly in B. subtilis and S. enterica such

that in the absence of FliD, the Hag protein is not polymerized into
the filament and is instead secreted abundantly into the superna-
tant. We further infer that in the absence of FliD, the inability to
correctly fold and polymerize Hag renders the Hag protein sus-
ceptible to extracellular proteolytic degradation.

To compare the effects of FliS and FliW on the efficiency of Hag
secretion, a fliS fliD double mutant and a fliW fliD double mutant
were generated. In the absence of either FliS or FliW, very little
Hag protein remained in the pellet, and the Hag protein was un-

FIG 4 FliS is required for motility. (A) Genetic neighborhood containing the
fliW, csrA, hag, fliD, and fliS genes. Large open arrows represent open reading
frames (lengths are not to scale). Bent arrows indicate promoters. The promot-
ers PflgM, Phag, and PfliD are dependent on the alternate sigma factor �D, while
PfliW is under the control of the vegetative sigma factor �A (24). (B) Quantita-
tive swarm expansion assays for the wild-type (WT) strain (3610), the fliS
strain (DS7792), and the fliS Physpank-fliS strain in the presence of 1 mM IPTG
(DS9181). (C) Quantitative swarm expansion assays for the fliS csrA strain
(DS8255), the fliS strain (DS7792), and the fliS csrA Physpank-fliS strain in the
presence of 1 mM IPTG (DS9733). (D) Quantitative swarm expansion assays
for the csrA (DS6188), fliW (DS6245), and fliW csrA (DS6189) strains. Each
point is the average of data from three replicates.

FIG 5 FliS is required for filament assembly. Shown are fluorescence mi-
crograph overlays from conventional fluorescence microscopy and super-
resolution SIM fluorescence microscopy of the wild-type (WT) (DS1916)
(A), fliS (DS7812) (B), fliW (DS6774) (C), fliS csrA (DS8267) (D), fliW csrA
(DS6773) (E), and csrA (DS6772) (F) strains, membrane stained with
FM4-64 (false colored red) and flagella stained with Alexa Fluor 488 ma-
leimide (false colored green). Scale bars are 2 �m.
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detectable in the supernatant (Fig. 6A). The reduced amount of
the Hag protein was due primarily to CsrA, as the amount of the
Hag protein increased in both the fliS csrA fliD and fliW csrA fliD
triple mutants (Fig. 6A). Importantly, Hag accumulated cytoplas-
mically in the fliS csrA fliD triple mutant but accumulated extra-
cellularly in the fliW csrA fliD triple mutant (Fig. 6A). We infer
that the intracellular Hag accumulation observed in the absence of
FliS is consistent with a defect in Hag secretion, but the amount of
extracellular Hag in both triple mutants was saturating in the
Western blots, rendering subtle qualitative comparisons between
the samples difficult. To compare the relative amounts of secreted
Hag, the supernatant fractions were serially diluted in a dot blotter
and probed with an anti-Hag antibody. The fliS csrA fliD triple
mutant accumulated approximately 30- to 100-fold less protein in
the supernatant than the fliW csrA fliD triple mutant (Fig. 6B). We
conclude that cells lacking FliS have a defect in Hag secretion and
that the reduced secretion efficiency likely accounts for the short
filaments and reduced motility of the fliS csrA double mutant.

DISCUSSION

An estimated 20,000 flagellin subunits assemble to form a single
flagellar filament (2). To compensate for the massive metabolic
investment in flagellar assembly, the primary sequence of flagellin
has evolved to favor energy-efficient amino acids, and flagellin
expression, secretion, and polymerization are highly regulated
(11, 12, 23, 37). Flagellin readily oligomerizes into filaments in
vitro, but in vivo, polymerization is restricted by intracellular and
extracellular chaperones (38, 39). Each flagellin subunit is secreted
in an unfolded state through the flagellar rod and hook by the
flagellar type III secretion (T3S) apparatus within the basal body.
Once flagellin emerges from the secretion conduit, it encounters
an extracellular chaperone, FliD, that catalyzes flagellin folding
and ushers flagellin assembly at the tip of the nascent filament.
Secretion is enhanced by an intracellular chaperone, FliS, that
binds to flagellin and may protect flagellin from proteolytic deg-
radation, may maintain flagellin in an unfolded state, and/or may
aid in the delivery of flagellin to the secretion apparatus (12, 16, 40,
41). B. subtilis encodes FliS and a second protein that binds to
flagellin, FliW, thus raising the possibility of multiple cytoplasmic
chaperones (15, 22).

A molecular chaperone can generally be defined as a protein
that interacts directly with a target protein and catalyzes the fold-
ing state of the target (42). In the case of the putative chaperone
FliW, however, the FliW-Hag interaction was found to be regula-
tory in a manner unrelated to protein folding (23). Instead, FliW
acted as a sensor/regulator to control Hag protein levels. When
Hag levels are high in the cytoplasm, Hag binds to FliW, and FliW
is released from its other binding partner, the RNA binding pro-
tein CsrA. Free CsrA, in turn, binds to hag mRNA, represses Hag
translation, and causes Hag levels to decrease. When Hag levels are
low in the cytoplasm, FliW is free to bind to and antagonize CsrA,
liberating the hag transcript and causing Hag levels to rise. Thus,
the negative-feedback loop ensures that Hag levels oscillate
around a low homeostatic level in the cytoplasm. Although FliW
once appeared to be a chaperone, our studies revealed a more
complex regulatory system of protein interactions.

FliW is not encoded by Gram-negative gammaproteobacteria
(e.g., E. coli and S. enterica), and in these organisms, FliS is the only
candidate chaperone. Like other T3S chaperones, FliS is a small,
acidic protein (�133 amino acids) that binds to the C terminus of
its secretion substrate and enhances the efficiency of substrate
secretion (16, 20). FliS of B. subtilis has a number of properties
consistent with a secretion chaperone. FliS and Hag directly inter-
act, and in the absence of FliS, cells are nonmotile due to a severe
defect in filament assembly. Furthermore, in vitro, FliS was shown
previously to be essential to promote interactions between Hag
and the secretion component FlhA (15). In vivo, Hag secretion
occurred in the absence of FliS (albeit impaired 30-fold) but only
when the intracellular pool of Hag was artificially increased
(Fig. 6B). Thus, FliS potentiates the secretion of Hag.

FliS binds to the last 40 amino acids of the Hag C terminus,
whereas FliW binding requires residues 33 amino acids upstream
of the FliS binding site (Fig. 7) (16, 22, 43). Thus, FliS and FliW
bind to two different sites on the Hag protein, and our data indi-
cate that simultaneous binding to Hag results in a FliS-Hag-FliW
complex (Fig. 2B and C). We suggest that the simultaneous bind-
ing of FliS and FliW to Hag is important for the homeostatic
regulatory system because competitive binding for Hag would re-

FIG 6 FliS promotes Hag secretion. (A) Western blot analysis of B. subtilis cell
lysates (pellet) and TCA-precipitated culture supernatants of the wild-type
(WT) (3610), hag (DS1677), fliD (DS7791), fliS fliD (DS9229), fliS csrA fliD
(DS9669), fliW fliD (DK159), fliW csrA fliD (DS9898), and csrA fliD (DS9668)
strains, separately probed with anti-Hag and anti-SigA primary antibodies.
Note that the pellet represents both the combined Hag pools in the cytoplasm
and Hag polymerized into flagellar filaments on the cell surface. (B) Dot blot
analysis of serially diluted B. subtilis culture supernatants of the wild-type
(3610), fliD (DS7791), fliS fliD (DS9229), fliS csrA fliD (DS9669), fliW fliD
(DK159), fliW csrA fliD (DS9898), and csrA fliD (DS9668) strains, separately
probed with anti-Hag (all dilutions) and anti-SigA primary (only undiluted
culture supernatant) antibodies. Open carets represent the first dilutions of the
fliS csrA fliD and fliW csrA fliD samples that leave saturation and represent
the two points being qualitatively compared for relative secretion efficiency in
the text.
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sult in Hag translation that was uncoordinated with flagellar as-
sembly. For example, if the interaction between FliS and Hag dis-
placed FliW, Hag translation would be constitutively activated
even in the absence of secretion (Fig. 1A). Conversely, if the inter-
action between FliW and Hag displaced FliS, Hag secretion and
Hag translation would be repressed even during filament synthe-
sis. Instead, both proteins bind simultaneously to Hag, and FliW is
displaced only when FliS catalyzes Hag export through the secre-
tion apparatus, ensuring that Hag is translated only at a high level
during the assembly of the filament.

How does FliS potentiate Hag secretion? One model suggests
that FliS could protect Hag from cytoplasmic proteolysis (13). In
B. subtilis, however, no low-molecular-weight products consistent
with proteolytic degradation were observed from cytoplasmic Hag
in the fliS mutant (Fig. 3C and 6A). Another model suggests that
FliS could prevent the inappropriate polymerization of Hag in the
cytoplasm (12). In B. subtilis, however, the homeostatic Hag-
FliW-CsrA system may keep Hag below the critical concentration
required for polymerization, rendering inhibition by FliS unnec-
essary. Another model suggests that FliS could maintain Hag in an
unfolded, export-competent state prior to secretion (12). In B.
subtilis, however, FliW functionally binds to Hag in the cytoplasm,
suggesting that perhaps sufficient folding occurs at least at the
interaction site, and other work suggests that FliS binding does not
inhibit Hag folding in vitro (13, 14). Finally, FliS could catalyze the
interaction of Hag with the secretion apparatus and thereby en-
hance the rate of export. In support of the latter model, work by
other laboratories has shown that the secretion apparatus prefer-

entially interacts with the FliS-Hag complex and that FliS governs
the rate of filament elongation (15, 20). Based on our results, we
favor the model that in B. subtilis, FliS promotes interactions be-
tween Hag and the secretion complex, as our data seem to be less
supportive of the other options.

We note that there is a final mechanistic possibility for FliS,
however, based on our work with FliW. Perhaps, like FliW, FliS is
not just a chaperone but is also another, more complicated, regu-
lator of flagellin. If FliS is not strictly a secretion chaperone, then
what would FliS regulate, and how would its function be related to
a defect in flagellin secretion? One possibility is that FliS could
regulate the length of the flagellar filament. Previous data showed
that the level of secretion of flagellin decreased proportionally
with the length of the extending filament eventually to extinction,
and thus, no active mechanism of filament length control needed
to be invoked (7). Recent work, however, disagreed with the pre-
vious observations and showed that the rate of filament extension
did not decrease with length and was in fact constant throughout
synthesis (10). Thus, if the filament length is not inherently self-
limiting, then how filament length is determined becomes an open
question, and FliS could potentially participate by regulating
flagellin secretion. We note that there is a precedent for the length
control of the flagellar hook, in which the regulator FliK indirectly
controls the secretion of the hook structural subunit FlgE (44).
While we do not suggest that FliS functions like FliK, the distinc-
tion between a chaperone and an allosteric regulator is subtle, and
the true function of FliS may be more complicated than we expect.
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