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FlgN Is Required for Flagellum-Based Motility by Bacillus subtilis

Lynne S. Cairns,? Victoria L. Marlow,? Taryn B. Kiley,? Christopher Birchall,> Adam Ostrowski,2 Phillip D. Aldridge,?
Nicola R. Stanley-Wall?

Division of Molecular Microbiology, College of Life Sciences, University of Dundee, Dundee, United Kingdom?®; Centre for Bacterial Cell Biology, Newcastle University,
Newcastle upon Tyne, United Kingdom®

The assembly of the bacterial flagellum is exquisitely controlled. Flagellar biosynthesis is underpinned by a specialized type I11
secretion system that allows export of proteins from the cytoplasm to the nascent structure. Bacillus subtilis regulates flagellar
assembly using both conserved and species-specific mechanisms. Here, we show that YvyG is essential for flagellar filament as-
sembly. We define YvyG as an orthologue of the Salmonella enterica serovar Typhimurium type III secretion system chaperone,
FIgN, which is required for the export of the hook-filament junction proteins, FlgK and FIgL. Deletion of fIgN (yvyG) results in a
nonmotile phenotype that is attributable to a decrease in hag translation and a complete lack of filament polymerization. Analy-
ses indicate that a flgK-flgL double mutant strain phenocopies deletion of figN and that overexpression of flgK-flgL cannot com-
plement the motility defect of a AfIgN strain. Furthermore, in contrast to previous work suggesting that phosphorylation of FIgN
alters its subcellular localization, we show that mutation of the identified tyrosine and arginine FIgN phosphorylation sites has
no effect on motility. These data emphasize that flagellar biosynthesis is differentially regulated in B. subtilis from classically
studied Gram-negative flagellar systems and questions the biological relevance of some posttranslational modifications identi-

fied by global proteomic approaches.

he bacterial flagellum is a complex molecular motor that has

been shown to play roles in motility, surface adherence, bio-
film structure, and signal transduction (1-4). The flagellum is
organized into three main structural components: the basal body,
hook, and filament (1). The basal body consists of the flagellar
motor, which is required to power rotation of the flagellum, and a
type III secretion (T3S) system that permits the export of proteins
required for the biosynthesis of the hook and filament. The hook s
a flexible joint that permits a change in the angle of rotation of the
flagellum, while the filament acts as a propeller to drive move-
ment. Biosynthesis of the flagellum is tightly regulated at the level
of transcription. In the Gram-positive bacterium Bacillus subtilis,
the proteins needed for the hook-basal body (HBB) are tran-
scribed in the 31-gene fla-che operon (5, 6). The penultimate gene
of this operon, sigD, encodes the sigma factor oP (7, 8) that acti-
vates transcription of the late flagellar genes: the flagellar filament
gene hag; the flagellar stator genes motA and motB; the anti-sigma
factor flgM; the hook-filament junction genes fIgK and flgL (9);
and the autolysins (10). In wild-type B. subtilis, while all cells tran-
scribe the fla-che operon, only a subpopulation of the cells synthe-
size flagella (11, 12). This is due to heterogeneity in sigD transcrip-
tion such that a threshold level of sigD transcription must be
reached to allow sufficient ¢® protein to accumulate and activate
o"-regulated promoters (11). The net result is that transcription is
temporally ordered such that the HBB genes are expressed before
the filament genes (1).

As well as being controlled at the level of transcription, flagellar
biosynthesis is regulated posttranscriptionally by flagellar type III
secretion system (T3S) chaperones. Regulation at this level has
been described most extensively in Salmonella enterica serovar Ty-
phimurium, with little known about the function of chaperones in
Gram-positive bacterial species (13, 14). T3S chaperones are small
proteins that bind their cognate substrate(s) in the cytoplasm,
protecting the substrate from degradation and/or preventing ag-
gregation (15, 16). Chaperones therefore allow the efficient trans-
port of the substrate to the export machinery. Chaperone-sub-
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strate complexes reach the secretion apparatus with the aid of the
soluble export apparatus proteins Flil and FliH (17), while empty
chaperones are recycled with the aid of FliJ (18). Following inter-
action of the chaperone-substrate complex with the C-terminal
cytoplasmic domain of the integral membrane protein FlhA, a
series of protein-protein interactions facilitates the entry of the
substrate protein to the export gate (19-21), and its subsequent
secretion is driven by proton motive force (22, 23). In S. Typhi-
murium, FliS is a specific chaperone for flagellin (24), FliT is spe-
cific for the FliD filament cap protein, and FIgN (ST-FIgN) is
specific for the hook-filament junction proteins, FlgK and FlgL
(25, 26). Recently, it has been shown that FliS is required for Hag
(flagellin) secretion in B. subtilis (13, 14). In addition, in silico
analysis has suggested that YvyG of B. subtilis is an orthologue of
the S. Typhimurium protein FIgN (27). However, a defined func-
tion for YvyG has not yet been determined experimentally.
Several global proteomic screens have been conducted using B.
subtilis with the goal of examining the extent and diversity of post-
translational modification (28-30). Intriguingly, these experi-
ments identified YvyG as being phosphorylated on tyrosine 49
(29) and arginine 60 (30). Posttranslational modification of pro-
teins can control cell fate in several ways: (i) by altering protein
localization and half-life (31), (ii) by controlling protein activity
and affinity to ligands (32), and (iii) by the disruption or promo-
tion of protein-protein interactions (33). The B. subtilis flagellum
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has recently been shown to be regulated by mechanisms not iden-
tified in other bacterial species (34, 35). Therefore, given the po-
tential for YvyG to play a crucial role in the tightly controlled
process of flagellar biosynthesis (31, 36), we hypothesized that
protein phosphorylation might present an additional route for B.
subtilis to regulate flagellar assembly and, therefore, motility.
Thus, we aimed to define the function of YvyG during motility by
B. subtilis and to ascertain the in vivo role of YvyG tyrosine and
arginine phosphorylation.

Work presented here identifies B. subtilis YvyG (here referred
to as B. subtilis FlgN [Bs-FIgN]) as an orthologue of the S. Typhi-
murium T3S chaperone FIgN, as previously suggested by in silico
analysis (27). Consistent with this, we prove for the first time that
FIgN is required for both swimming and swarming motility in B.
subtilis. The lack of motility in the B. subtilis flgN deletion strain is
linked to a block in flagellar biosynthesis. This is a consequence of
a complete lack of filament assembly. Analysis of a AflgK-flgL dou-
ble mutant strain demonstrates that the strain phenocopies the
flgN mutation. Collectively, these data prove that in B. subtilis
FIgN is required for flagellar assembly, perhaps by acting as a
chaperone for FlgK and FIgL. In S. Typhimurium, overexpression
of flgK can compensate for the motility defect of a AflgN strain
(16). However, data presented here demonstrates that in B. subtilis
deletion of flgN cannot be compensated for by the overexpression
of flgK and flgL. This leads to the conclusion that there is a stricter
dependence on the presence of FIgN in B. subtilis for motility than
there is for FIgN in S. Typhimurium (16, 36). Finally, through the
use of site-directed mutagenesis, we demonstrate that mutation of
the tyrosine and arginine phosphorylation sites of FlgN has no
effect on the ability of B. subtilis to become motile. In summary,
these data emphasize that flagellar biosynthesis is differentially
regulated in B. subtilis in comparison to the classically studied
Gram-negative bacteria and additionally raises questions regard-
ing the biological relevance of some posttranslational modifica-
tions identified by global proteomic approaches.

MATERIALS AND METHODS

Growth conditions and strain construction. Escherichia coli and Bacillus
subtilis strains were routinely grown in Luria-Bertani (LB) medium (10 g
liter "' NaCl, 5 g liter ~' yeast extract, 10 gliter ' tryptone) or on LB plates
supplemented with 1.5% agar at 37°C unless otherwise stated. E. coli strain
MC1061 [F' lacI%lacZAM15 Tn10(tet)] was used for the routine construc-
tion and maintenance of plasmids. When required, antibiotics were used
at the following concentrations: 100 wg ml~ " ampicillin, 100 ug ml™*
spectinomycin, 25 g ml~ ' chloramphenicol, 10 pg ml~ ' kanamycin (B.
subtilis), 50 pg ml~ ' kanamycin (E. coli), 1 g ml™" erythromycin, and 25
pg ml~! lincomycin. Strains were constructed using standard protocols.
Phage transductions were carried out as previously described (37). When
appropriate, isopropyl 3-p-1-thiogalactopyranoside (IPTG) was added at
the concentrations indicated in the figures or figure legends. A full list of
strains used in this study is provided in Table S1 in the supplemental
material.

Construction of in-frame deletion strains. To construct the in-frame
deletion of fIgN, an approach similar to that previously described was used
(38). The upstream region of flgN was amplified from genomic DNA
using primers NSW938 and NSW939, purified, and digested with Xbal
and Sall using the restriction sites engineered into the primers. The down-
stream region of flgN was amplified using primers NSW936 and NSW937,
purified, and digested with BamHI and Xbal using the restriction sites
engineered into the primers. The fragments were simultaneously ligated
into pUCI19 and sequenced, prior to introduction into pMAD (39), to
produce plasmid pNW399. Strain NRS3570 (NCIB3610 AflgN) was gen-
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erated by integration and curing of the region contained in pPNW399
in strain NCIB3610. Strains NRS4041 (NCIB3610 AfliD), NRS4042
(NCIB3610 AfIgE), and NRS4060 (NCIB3610 AflgK-flgL) were con-
structed in a similar manner using the primers and plasmids detailed in
Tables S2 and S3 in the supplemental material, respectively, and in the
supplemental methods.

Introduction of site-specific mutations to the chromosome. To in-
troduce site-specific mutations to the chromosome of NCIB3610, a sim-
ilar approach to that previously described was used (39). Plasmids
pNW801 and pPNW1012 were used to introduce site-specific mutations in
codon 49 of flgN. Primers NSW936 and NSW939 were used to amplify a
1,725-bp region of DNA containing the complete flgN coding region. The
PCR fragment was cloned into pUC19 using Sall and Sphl restriction sites
engineered into the primers, resulting in plasmid pNW398. Primer sets
NSW942 and NSW943 (Y*’A) and NSW1436 and NSW1437 (Y*’E) were
used to introduce point mutations to pNW398 using site-directed mu-
tagenesis by the QuikChange method, according to the manufacturer’s
instructions (Stratagene). The resulting plasmids were sequenced to en-
sure that the correct mutations were introduced. The mutated flgN coding
region was excised and cloned into pMAD for integration into NCIB3610,
as described for the construction of in-frame deletion strains. Further
plasmids were constructed in an identical manner for hag (Hag T*°°C)
and flgN (with the R-to-A or R-to-E mutation at position 60 encoded by
flgN [flgN-R®°A or flgN-R°E, respectively]). Full details of the plasmids
and primers used are provided in Tables S2 and S3, respectively, in the
supplemental material.

Sigma A antibodies. To overexpress and purify the ¢ protein from B.
subtilis for antibody preparation, the sigA gene was amplified from the
chromosome of the strain NCIB3610 using primers NSW860 and
NSW861. The Ncol and Xhol sites engineered into the primer sequence
are underlined in Table S3 in the supplemental material. The resulting
PCR product was digested with Ncol and Xhol and cloned into the ex-
pression vector pPEHISGFPTEV (40) to yield a His,-green fluorescent pro-
tein (GFP)-g* fusion construct named pNW642. A tobacco etch virus
(TEV) protease recognition site was placed between the gfp and sigA cod-
ing regions.

E. coli BL21(DE3) cells carrying the pNW642 vector were grown in LB
broth containing ampicillin to an optical density at 600 nm (ODy,) of 0.3
at 37°C. The cells were chilled to 20°C, and protein expression was in-
duced with 50 WM IPTG overnight. Cells were collected by centrifugation
and resuspended in lysis buffer (25 mM Tris [pH 7.5], 250 mM NaCl, 5
mM dithiothreitol [DTT], 30 mM imidazole, lysozyme, DNase I, and
complete EDTA-free protease inhibitor cocktail [Roche]). Cells were
lysed on a French press using pressure at 15,000 Ib/in?, and the cellular
debris was removed by centrifugation. The supernatant was filtered
through a 0.45-pum-pore-size syringe filter before being loaded onto a
1-ml HiTrap HF immobilized metal affinity chromatography (IMAC)
column (GE Healthcare) using loading buffer, and the column was then
washed with 10 ml of loading buffer (25 mM Tris [pH 7.5], 250 mM NaCl,
5 mM DTT, 30 mM imidazole). The recombinant His(,—GFP—O'A fusion
protein was eluted from the column using a gradient of elution buffer (25
mM Tris [pH 7.5], 250 mM NaCl, 5 mM DTT, 500 mM imidazole). The
fractions containing the fusion protein were pooled and dialyzed into
TEV buffer (50 mM Tris [pH 7.5], 20 mM NaCl, 0.5 mM EDTA, 10%
glycerol) using spin concentrators. The dialyzed protein was diluted to 1
mg ml ™" in the TEV buffer, and 1.5 mg of TEV protease was added. The
reaction solution was incubated overnight at 4°C with agitation. The re-
sulting o™ and GFP proteins were separated using negative IMAC with the
loading and elution buffers described above. The unbound fraction, con-
taining 0, was additionally purified using size exclusion chromatography
with a Superdex75 resin (GE Healthcare) and buffer containing 25 mM
Tris (pH 7.5) and 250 mM NaCl. The purified protein was concentrated to
1 mg ml~" and sent for rabbit immunization to Dundee Cell Products
(Dundee, United Kingdom). The obtained o antiserum was affinity pu-
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rified against purified recombinant 0 according to a previously described
protocol (41).

Secondary-structure prediction. Primary protein sequences of S. Ty-
phimurium FIgN and B. subtilis FIgN were aligned using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/) (42). The secondary struc-
tures were predicted using PsiPred (http://bioinf.cs.ucl.ac.uk/psipred/)
(43, 44) and aligned against the primary sequence of the proteins.

RNA extraction and RT-PCR. RNA isolation was carried out as de-
scribed previously (38) using a RiboPure Bacteria RNA Isolation Kit (Am-
bion), according to the manufacturer’s instructions, and treated with
DNase I. To confirm cotranscription of flgN with fIgK and flgL, cDNA was
synthesized using the yviE gene-specific primer NSW1459 in a reaction
with SuperScript III (Life Technologies) and subsequently treated with
RNase H (NEB) for 20 min at 37°C. To establish if deletion of fIgN per-
turbed transcription of flgK or flgL (and vice versa), cDNA was synthe-
sized using random hexamers in a reaction with SuperScript IIT (Life
Technologies). To amplify internal gene products, the following primer
pairs were used: DEN5 and DEN7 (rRNA), NSW1446 and NSW1447
(flgL), NSW1444 and NSW1445 (flgK), NSW1442 and NSW1443 (fIgN),
and NSW1440 and NSW 1441 (flgM).

Motility assays. Swimming and swarming analyses were performed as
described previously (37) using low-salt LB medium (5 gliter ' NaCl, 5 g
liter ™! yeast extract, 10 g liter ' tryptone) supplemented with 0.4% and
0.7% Bacto agar, respectively. Plates were incubated at 37°C, and the
extent of swimming or swarming was noted at defined time intervals.

Staining of flagella and fluorescence microscopy. Cells carrying the
Hag T2°C point mutation (45) were grown to mid-exponential phase,
and 0.5 ml of cells was harvested by centrifugation at 4,000 X g. Cells were
washed once with 1X T-Base [1 mM EDTA, 15 mM (NH,),SO,, 80 mM
K,HPO,, 44 mM KH,PO,, 3.4 mM sodium citrate], pelleted, resuspended
in 50 pl of T-Base containing 5 pg/ml Alexa Fluor 488 C, maleimide dye
(Molecular Probes), and incubated for 5 min at room temperature. Cells
were washed three times with 500 .l of 1 X T-Base and suspended in 50 .l
of 1X phosphate-buffered saline (PBS). Two microliters of the cell suspen-
sion was spotted onto a thin matrix of 1.5% agarose in water (Ultrapure
Agarose; Invitrogen) contained in a 1.7- by 2.8-cm Gene Frame (AB-0578;
ABgene House, Epsom, Surrey, United Kingdom) mounted on a standard
microscope slide (Super Premium slides; VWR). Each slide was prepared as
follows: the gene frame was filled with molten 1.5% agarose and covered
firmly with a standard microscope slide to flatten the agarose surface. Follow-
ing solidification of the agarose, the slide was carefully removed, and the cell
suspension was added. Once the cell suspension was dry, the gene frame was
sealed with a coverslip (thickness number 1.5; VWR), and images were im-
mediately acquired. Imaging was performed using a DeltaVision Core wide-
field microscope (Applied Precision) mounted on an Olympus IX71 inverted
stand with an Olympus 100X (1.4 numerical aperture [NA]) lens and a Cool-
SNAPHQ camera (Photometrics) with differential interference contrast
(DIC) and fluorescence optics. GFP was imaged usinga 100 W Mercury lamp
and a fluorescein isothiocyanate (FITC) filter set (excitation, 490/20 nmy;
emission, 528/38 nm) with an exposure time of 200 ms. DIC images were
illuminated with an LED-transmitted light source.

To monitor Py,-yfp expression, cells were grown at 37°C in LB me-
dium to an ODg, 0f 1.0, 0.5 ml of the culture was harvested, and cells were
washed and resuspended in 1 X PBS. The cell suspension was prepared for
microscopy and imaged as described above. Yellow fluorescent protein
(YFP) fluorescence was imaged using a 100 W Mercury lamp and an FITC
filter set (excitation, 490/20 nm; emission, 528/38 nm) with an exposure
time of 50 ms. The threshold used to define activation of the transcrip-
tional reporter P,,, was set as a YFP fluorescence intensity value greater
than 2 standard deviations above the mean background fluorescence. All
images were rendered and analyzed postacquisition using OMERO soft-
ware (Www.openmicroscopy.org) (46).

Flow cytometry analysis. The fluorescence of strains harboring yfp or
gfp transcriptional promoter fusions was measured in single cells ex-
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tracted from planktonic cultures grown to mid-exponential phase and
analyzed as described previously (47).

Whole-cell analysis of Hag. Proteins were extracted from planktonic
cultures grown to mid-exponential phase. Briefly, cells were harvested by
centrifugation at 4,700 X g. Cells were suspended in 1X Bugbuster (No-
vagen) and lysed according to the manufacturer’s instructions. Seven mi-
crograms of protein was resolved by SDS-PAGE and stained with Coo-
massie brilliant blue. Hag was identified by comparison with the Ahag
strain (DS1677) and confirmed by mass spectrometry (FingerPrints Pro-
teomics and Mass Spectrometry Facility, University of Dundee).

Western blot analysis. Cellular proteins were extracted as for whole-
cell analysis of Hag. Extracellular proteins were extracted from the culture
supernatant and processed as detailed previously (48) and suspended in
50 pl of 4 X SDSloading dye. Seven micrograms of cellular proteins or 7 .l
of extracellular proteins was separated by SDS-PAGE prior to transfer
onto polyvinylidene difluoride (PVDF) membrane (Millipore) by electro-
blotting. Antibodies raised against Hag (a kind gift from Kiirsad Turgay)
were used at 1:40,000, anti-FIgE (a kind gift from Daniel Kearns) was used
at 1:20,000, anti-o® was used at 1:500, and goat anti-rabbit or goat anti-
mouse horseradish peroxidase (HRP)-conjugated secondary antibodies
(both from Pierce) were used at 1:5,000.

B-Galactosidase assays. The (3-galactosidase activity of strains har-
boring lacZ promoter reporter fusions was measured as previously de-
scribed (37, 49). The values presented are the average (-galactosidase
activities in Miller units (50) determined from at least three independent
samples. Error bars represent the standard errors of the means.

Enrichment of flagellar hook-basal bodies. The flagellar HBB frac-
tion of NCIB3610 was enriched for as described previously (51, 52).
Briefly, 1 liter of cells was grown to early exponential phase and harvested
by centrifugation at 6,000 X g for 45 min at 4°C. The cell pellet was
resuspended in 100 ml of sucrose solution (0.5 M sucrose, 0.15 M Tris)
with a protease inhibitor tablet (Roche), and cells were homogenized with
a loose pestle on ice. To lyse cells and allow spheroplast formation, ly-
sozyme was added to the cell suspension at a final concentration of 0.1 mg
ml ™!, and samples were incubated at 4°C with stirring for 40 min. Sphero-
plasts were lysed by addition of Triton X-100 to a final concentration of
1%, and viscosity was decreased by stirring at room temperature for 30
min, allowing endogenous DNases to degrade cellular DNA. Unlysed cells
were removed by centrifugation at 4,000 X g for 10 min, and EDTA was
added to the suspension at a final concentration of 10 mM. To aid removal
of contaminating membrane proteins, the pH of the lysate was raised to 10
by addition of NaOH. The lysate then underwent high-speed centrifuga-
tion (60,000 X g for 60 min), and the pellets were resuspended in alkaline
solution (0.1 M KCI-KOH, 0.5 M sucrose, 0.1% Triton X-100, pH 11.0)
and centrifuged again. The pellet was then resuspended in 90 ml of TET
buffer (10 mM Tris-HCL, 5 mM EDTA, 0.1% Triton X-100, pH 8.0), and a
36% CsCl gradient was established. The solution was centrifuged using a
Beckman SW41Ti swinging-bucket rotor at 55,000 X g for 16 h at 15°C. The
flagellar fraction was visible as a band approximately 2 cm from the bottom of
the tube and was collected with a Pasteur pipette and dialyzed against TET
buffer. In an attempt to dissociate the flagellar filaments, the flagellar fraction
was suspended in acidic solution (glycine-HCI, 0.1% Triton X-100, pH 3.0)
for 1 h, and HBB complexes were collected by centrifugation at 100,000 X g
for 1 h. HBBs were resuspended in TET buffer and analyzed by mass spec-
trometry. Results were searched against the Bacillus subtilis Mascot database
(FingerPrints Proteomics and Mass Spectrometry Facility, University of
Dundee). The top 12 proteins as identified by their Mascot scores are
listed in Table S4 in the supplemental material.

RESULTS

YvyG of B. subtilis shares secondary-structure homology with
the Salmonella protein FIgN. Previous bioinformatic analysis
postulated that YvyG of B. subtilis was an orthologue of FIgN (27).
FIgN is an essential component of the flagellar type III secretion
machinery (26, 36, 53). FIgN has been most extensively studied in
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FIG 1 Primary-sequence and secondary-structure comparison of B. subtilis FIgN with S. Typhimurium FIgN. Schematic representations of the chromosomal
regions surrounding S. Typhimurium flgN (A) and B. subtilis flgN (B) are shown. Arrows represent open reading frames, with the direction of the arrow indicating
the direction of the open reading frame. The bent arrow represents the promoter located before the flgM coding region. (C) Primary-sequence alignment and
secondary-structure comparison of Bs-fIlgN and ST-fIgN. The primary amino acid sequence of FIgN from B. subtilis 168 (B) was aligned with that of flgN from S.
Typhimurium (S). For primary-sequence alignments, an asterisk indicates a fully conserved amino acid, a colon indicates a highly conserved amino acid, and a
period indicates a weakly conserved amino acid. Gaps indicate no homology. Dashed lines indicate a break in the sequence. For secondary-structure alignments
light gray boxes indicate a-helices, solid lines indicate coiled coils, and dashed lines indicate a break in the sequence alignment. (D) RT-PCR analysis of
cotranscription of flgM, fIgN, fIgL, and fIgK. Regions of DNA internal to flgM, fIgN, flgK, and flgL were amplified from cDNA generated using a primer specific to

the gene 3" proximal to fIgL, using RNA from the wild-type strain (NCIB3610).

S. Typhimurium (26, 36), but homologues have been recognized
in a number of different bacterial species (27, 53). Three criteria
were employed by Pallen et al. (27) to identify FigN homologues in
a broad range of bacterial species: (i) the protein must be encoded
by a gene adjacent to an flgM homologue (Fig. 1A and B), (ii) the
gene should be of a similar length to flgN of Salmonella (Fig. 1C),
and (iii) the protein must be recognizable (however distantly) by
PSI-BLAST analysis as “FIgN-like.” These criteria were set as the
primary amino acid sequence of FIgN is highly variable (27). To
confirm that YvyG is likely to be an orthologue of FIgN, the amino
acid sequence of YvyG was compared with that of S. Typhimu-
rium FIgN. As expected, there was little primary-sequence homol-
ogy (Fig. 1C). However, upon comparison of the predicted sec-
ondary structures of YvyG and FIgN, a high degree of similarity
was clearly apparent (Fig. 1C). Thus, YvyG was renamed FIgN,
and its function in motility in B. subtilis was further investigated.
On the B. subtilis chromosome, the flgM, flgN, flgK, and flgL
coding regions are adjacent. To ascertain whether all four genes
were part of the same operon in the NCIB3610 strain, reverse
transcription-PCR analysis was used. RNA was extracted from
wild-type B. subtilis, and cDNA was synthesized using a primer
specific to yviE, the gene proximal to fIgL at the 3’ end (Fig. 1B).
The cDNA generated was used as a template for PCR with primer
pairs specific to the internal coding regions of flgM, fIgN, flgK, and
flgL. Regions of DNA internal to the coding regions of flgM, flgN,
flgK, and flgL could each be amplified from cDNA generated using
a primer at the 3’ end of flgL (just beyond the termination codon)
(Fig. 1D), demonstrating that all four genes are cotranscribed.
FIgN is essential for swarming and swimming motility of B.
subtilis. The flgN gene is located in a region of the chromosome
known to be required for motility (9). To test if flgN is required for
motility, a B. subtilis strain carrying an in-frame deletion of flgN
was constructed, and its phenotype was assessed in swimming and
swarming assays. A strain containing a deletion in the hag gene
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(DS1677) was used as a nonmotile control. While the wild-type
strain was able both to swim and swarm efficiently (Fig. 2A, C, and
E), this behavior was lost in the AflgN strain (NRS3570) (Fig. 24,
C, and E). Using reverse transcription-PCR analysis, we con-
firmed that transcription of the other genes in the operon was not
impacted by the flgN deletion (Fig. 2F). To further ensure that this
loss of motility was specific to the deletion of flgN, the motility of
a strain where the coding region of flgN was reintroduced at the
amyE locus under the control of an IPTG-inducible promoter
(Phy-spank) Was tested. Both the swimming (Fig. 2B) and swarming
(Fig. 2D and E) phenotypes of the AflgN strain could be restored
by the reintroduction of flgN on the chromosome upon induction
with IPTG. These data demonstrate for the first time in vivo that
the protein product of the flgN gene is required for both swim-
ming and swarming motility in B. subtilis. It is notable that higher
levels of flgN transcription are required to complement the
swarming defect presented by the AflgN strain than are needed for
the swimming defect (compare Fig. 2B and D). This is most likely
attributable to a higher demand for flagellum biosynthesis in
swarming than swimming motility (54).

Deletion of fIgN results in a loss of bimodal transcription of
hag. To dissect the role of flgN in motility, the effect of deletion of
flgN on the transcription of the flagellar filament gene hag was
tested. Due to the heterogeneity in sigD transcription, transcrip-
tion of hag is bimodal, and thus single-cell techniques are ideally
suited for analysis (11, 12). To this end, a P},,-yfp transcriptional
reporter was integrated at a heterologous location on the chromo-
some. Flow cytometry and single-cell microscopy were used to
assess the transcription profile using the fluorescence generated by
YEP as a reporter. In the wild-type strain, the bimodality of hag
transcription in the cell population is clearly evident (Fig. 3A and
Q). Strikingly, upon deletion of flgN bimodality is lost as hag tran-
scription was observed for all cells within the population, albeit at
a slightly lower level than in the wild type (Fig. 3A and C). The
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alteration in the hag transcription profile can be complemented
upon reintroduction of fIgN under the control of an IPTG-induc-
ible promoter at the heterologous amyE locus, confirming the
requirement of fIgN for bimodal hag transcription (Fig. 3B). How-
ever, as the hag gene is still transcribed in the absence of flgN, these
findings indicate that lack of motility in the AfIgN strain is not due
to a lack of hag transcription.

Loss of flgN is associated with a defect in flagellar biosynthe-
sis. Given that the hag coding region is transcribed (Fig. 3), a lack
of motility in the absence of flgN could arise from lack of transla-
tion of the hag transcript. To assess hag translation, a Phag'-"lacZ
translational reporter fusion (under the control of the hag pro-
moter, the hag leader region, Shine-Dalgarno sequence, and start
codon) was constructed and introduced into B. subtilis at the
amyE locus. When the B-galactosidase activity levels in the flgN
mutant were compared with the wild-type levels, Hag translation
was found to be 2-fold lower (Fig. 4A). However, a strain carrying
an in-frame deletion of fIgE, which encodes the main protein com-
ponent of the flagellar hook, showed a 100-fold decrease in Hag
translation (Fig. 4A) (55). It is likely that the observed decrease in
the translation of hag in the AflgN mutant strain is a result of hag
being transcribed at a slightly lower level in all cells than in the
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wild-type strain (Fig. 3). Alternatively, it is technically possible
that translation itself may be regulated, as occurs in the absence of
fIgE (see Discussion) (55). While there is a statistically significant
(P =0.01) decrease in Hag translation in the absence of flgN, it did
not appear to be sufficient to account for the complete lack of
motility demonstrated in Fig. 2 (i.e., the severity of the motility
defect does not match the small decrease in translation of Hag). A
lack of motility in the presence of hag transcription and transla-
tion could be due to a lack of Hag polymerization. To test if Hag
was secreted but not assembled into a flagellar filament in the
AflgN strain, proteins were extracted from the cellular and super-
natant fractions of cells grown to mid-exponential phase. The
presence or absence of Hag was detected by Western blotting, with
the cytoplasmic sigma factor, o, used as a loading and fraction-
ation control. For the wild-type strain Hag is detected in the cel-
lular fraction (which includes assembled flagella) and in the su-
pernatant fraction (including unassembled and sheared flagella)
(Fig. 4B). However, for the AflgN strain Hag is present only in the
supernatant fraction at a lower molecular weight (Fig. 4B). This is
likely to be unpolymerized Hag or the products of proteolytic
degradation resulting from the action of the extracellular pro-
teases (13). As a positive control for Hag secretion, a strain carry-
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ing an in-frame deletion of fliD, which encodes the filament cap Loss of filament polymerization in the AflgN strain was con-
protein, was also assessed. As shown previously (13), this strain  firmed by single-cell fluorescence microscopy of strains where the
phenocopies the Hag secretion profile seen in the AfIgN strain, codon for threonine at position 209 of the hag gene was mutated
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ide dye (45). In the wild-type background (NRS3719) the flagellar
filaments are clearly visible (Fig. 4C). However, upon deletion of
flgN, no signal was detected (Fig. 4D). Collectively, these data
show that the AfIgN strain is nonmotile due to both a small de-
crease in translation of Hag and a block in filament assembly,
which results in the accumulation of unpolymerized Hag in the
extracellular milieu. Together, these data prove that the lack of
motility exhibited by the flgN mutant is due to a lack of flagellar
filament assembly.

Deletion of the hook junction genes generates a strain which
phenocopies the flgN mutant. A lack of filament polymerization
in the absence of flgN is consistent with the hypothesis that Bs-
FlgN is an orthologue of ST-FIgN; i.e., if FlgK and FIgL are not
properly localized to the hook-filament junction, the flagellar fil-
ament cannot be assembled (26, 53). We proposed that if Bs-FIgN
were indeed an orthologue of ST-FIgN, then a B. subtilis strain
lacking flgK and flgL might phenocopy the AflgN strain. A strain
carrying an in-frame deletion of flgK-flgL was constructed and
found to be unable to swarm (Fig. 5A). In addition, flow cytom-
etry and microscopy analyses revealed that, like deletion of fIgN,
deletion of fIgK-fIgL resulted in a loss of bimodality with respect to
transcription of the oP-regulated gene hag (Fig. 5B and C) and a
2-fold decrease in Hag translation compared with the wild-type
strain (Fig. 4A). Furthermore, upon deletion of flgK-flgL, Hag
could not be detected in the cellular fraction but was instead found
in the extracellular milieu (Fig. 4B). Using reverse transcription-
PCR analysis, we confirmed that transcription of the other genes
in the operon was not impacted by the flgK-flgL deletion (Fig. 2F).
All of the phenotypes were proven to be specific to deletion of the
flgK-flgL coding region as the mutant strain could be comple-
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FIG 5 The AfigN strain phenocopies the AflgK-flgL strain. (A) Photographs of swarm expansion plates taken after 6 h of incubation at 37°C. Shown are the
wild-type (3610), AflgK-flgL (NRS4060), and AflgK-flgL amyE::P,,,,_,,,.x-flgK-flgL-lacl (NRS 4064) strains without and with induction with 50 puM IPTG. (B) Flow
cytometry analysis of hag transcription in strains carrying the P;,,.-yfp transcriptional reporter fusion. Shown are the AflgK-flgL (NRS4071) and AfIgK-flgL
amyE:Py, o ~fIgK-flgL-lac (NRS4078) strains without and with induction with 50 uM IPTG. (C) Fluorescence microscopy analysis of the wild-type
(NRS3076) and AflgK-flgL (NRS4071) strains carrying the Py,,.-yfp transcriptional reporter (false-colored green). Scale bar, 5 wm. Asterisks indicate examples of
cells that do not transcribe hag.

FITC

mented by replacement of the flgK-flgL coding region at a heter-
ologous location on the chromosome under the control of the
Py, spank promoter (Fig. 5A and B). In conclusion, a double dele-
tion of flgK and fIgL generates a strain that phenocopies the flgN
mutant, as demonstrated by physiological, biochemical, and sin-
gle-cell analyses. This is consistent with Bs-FIgN functioning as an
orthologue of ST-FIgN.

Overexpression of flgK-flgL cannot compensate for the ab-
sence of fIgN. In Salmonella deletion of flgN can be compensated
for by overexpression of flgK and flgL (16). This is because FIgN is
not exclusively required for the secretion of its substrates but
rather protects FIgK and FIgL from proteolysis and ensures that
the substrates are efficiently transported to the export machinery
(16, 17). To test if this was the case for the B. subtilis flgN deletion,
the coding regions of flgK and flgL were integrated in the AflgN
strain at a heterologous site on the chromosome under the control
of an IPTG-inducible promoter. Induction of the flgK-flgL coding
region was unable to restore motility to the AflgN strain, as deter-
mined by assaying swarming motility (Fig. 6A). To confirm that
the flagellar filament was not polymerized upon overexpression of
flgK-flgL, cellular protein samples (which include assembled fla-
gella) were separated by SDS-PAGE and stained with Coomassie
brilliant blue. Hag appears as a dominant protein band at ~36
kDa (Fig. 6B) and can be easily identified by comparison with
proteins harvested from the Ahag and wild-type strains (56).
Moreover, the identity of the Hag protein was confirmed by mass
spectrometry (see Fig. S1 in the supplemental material). Com-
pared with the wild type, analysis of the cellular proteins for the
AflgN strain indicated that Hag was not associated with the cell
fraction (Fig. 6B). This is entirely consistent with the data pre-
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FIG 6 Overexpression of ﬂgK flgL cannot complement a AflgN mutant.
Photographs of swarm expansion plates taken after 6 h of incubation at 37°C
Shown are the wild-type (3610), Ahag (DS1677), AflgN (NRS3570), and AflgN
amyE:Py, .. -fIgK-flgL-lacl (NRS4043) strains without and with induction
with 50 uM IPTG or 1 mM IPTG. (B) Coomassie gel analysis of cellular frac-
tions of the 3610, Ahag (DS1677), AflgN (NRS3570), AflgN amyE::P,,, .-
flgN-lacl (NRS3578), and AflgN amyE::P),, ... flgK-flgL-lacT (NRS4043)
strains without and with induction with 50 wuM IPTG or 1 mM IPTG. The Hag
protein was subsequently identified by mass spectrometry analysis and is
marked with asterisks. MW, molecular weight in thousands.

sented above (Fig. 4 and 6A). As expected, the presence of the Hag
band could be restored by the reintroduction of flgN on the chro-
mosome upon induction with 50 uM IPTG (Fig. 6B). However,
introduction of flgK-flgL in the AflgN background at a heterolo-
gous site could not complement the AflgN mutant with respect to
Hag polymerization, even in the presence of 1 mM IPTG. The
inability of flgK-flgL overexpression to compensate for deletion of
fIgN could be due to disruption of flagellar biosynthesis at an ear-
lier stage. However, this possibility was ruled out as we demon-
strated by Western blotting that the flagellar hook protein, FIgE,
was detected in whole-cell lysates (which include assembled fla-
gella) for both the wild-type and AfIgN strains (see Fig. S2 in the
supplemental material).

The inability of heterologous flgK-flgL expression to comple-
ment the flgN mutant strain is suggestive of a strict dependence on
FlgN for FlgK-FlgL protein stability or secretion in B. subtilis. In an
attempt to test if FIgK was unstable in the absence of fIgN, strains
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were constructed to enable detection of FIgK by fusing FlgK to a
poly histidine epitope tag. However, the presence of such an
epitope tag at either the N or C terminus of the protein rendered
FlgK nonfunctional, as determined by a nonmotile phenotype (see
Fig. S3A in the supplemental material). As a method of attempting
to assess FlgK assembly at the flagellar hook junction, we aimed to
purify flagellar hook-basal bodies from both the wild-type and
AflgN strains and to analyze the protein components of the com-
plex by mass spectrometry. While we were successfully able to
enrich the flagellar fraction of the wild-type strain (see Fig. S3B
and Table $4 in the supplemental material), we were unable to do
so for the AflgN strain. This is most likely because this methodol-
ogy is dependent on an intact flagellar filament for isolation of the
complex, and the flgN mutant does not form a flagellar filament
(Fig. 4). Finally, in S. Typhimurium, FIgN interacts directly with
FlgK and FIgL to protect the proteins from proteolytic cleavage
(25). To test if FIgN could interact with either FIgK or FIgL to
perform a similar role in B. subtilis, bacterial two-hybrid experi-
ments were undertaken. However, an interaction could not be
detected (data not shown), which could be due to inactivity of the
fusion protein. Thus, despite extensive efforts, we were unable to
determine the stability of FIgK in the absence of fIgN or if there was
an interaction between the proteins.

In vivo analysis of the role of phosphorylation in controlling
motility. Global proteomic strategies have identified a plethora of
targets for both tyrosine and arginine kinases in B. subtilis (28-30).
One such target is FIgN, which can be tyrosine phosphorylated on
amino acid 49 (29) and arginine phosphorylated on amino acid 60
(30). Having demonstrated that FIgN is required for flagellar bio-
synthesis, we were presented with the ideal system to assess the
role of tyrosine and arginine phosphorylation in controlling pro-
tein function in vivo. Site-directed mutagenesis was used to mu-
tate the chromosomal copy of flgN tyrosine 49 to alanine (Y*’A) to
assess the effects of preventing phosphorylation. As shown in Fig.
7, swarming motility was not affected. We next tested the impact
of replacing tyrosine 49 with glutamic acid (Y*’E) to mimic the
negative charge associated with phosphorylation. Once more, the
strain containing the mutant allele of FlgN (Y*°E) exhibited a mo-
tility phenotype that was indistinguishable from that of the wild
type (Fig. 7A). Subsequently, strains were constructed where the
coding region of flgN on the chromosome was mutated such that
the arginine at position 60 was replaced with either alanine or
glutamic acid. The motility phenotypes of these strains were
tested, and they were found to swarm at the same rate as the
wild-type strain (Fig. 7A). SDS-PAGE analysis of whole-cell ly-
sates also showed that Hag was synthesized and that the cellular
localization was directly comparable to that of the wild type for
each of the point mutation strains (Fig. 7B). These data demon-
strate that mutation of the previously defined tyrosine or arginine
phosphorylation site has no discernible impact on the function of
FlgN in B. subtilis NCIB3610.

DISCUSSION

In this work we report that yvyG is required for the motility of B.
subtilis. We demonstrate that the main role for YvyG is to enable
flagellar filament polymerization. The data presented allow us to
conclude that YvyG is indeed an orthologue of FIgN from S. Ty-
phimurium, but in B. subtilis it would appear that there is a strict
reliance on YvyG for the secretion and placement of FIgK and FIgL
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FIG 7 Mutation of identified FlgN phosphorylation sites does not affect mo-
tility. (A) Photographs of swarm expansion plates taken after 6 h of incubation
at 37°C. Shown are the wild-type (3610), Ahag (DS1677), flgN-Y*’A
(NRS3571), flgN-Y*’E (NRS3724), flgN-R®°A (NRS4063), and flgN-R*’E
(NRS4017) strains. (B) Coomassie gel analysis of cellular fractions of the 3610,
Ahag (DS1677), flgN-Y*’A (NRS3571), flgN-Y*E (NRS3724), fleN-R*°A
(NRS4063), and flgN-R°°E (NRS4017) strains. The Hag protein is marked with
asterisks. MW, molecular weight in thousands.

at the hook-filament junction. In light of these data, we suggest
that YvyG be referred to as FIgN.

The role of FIgN in the regulation of flagellum biosynthesis.
This work suggests that in B. subtilis FIgN partially mediates fla-
gellum biosynthesis through its ability to regulate hag transcrip-
tion and translation. In wild-type B. subtilis the sigma factor o
(sigD) needed for hag transcription is transcribed only in a sub-
population of cells, resulting in bimodal expression of hag (11,
12). Deletion of fIgN results is hag being transcribed in every cell,
albeit at a lower level (Fig. 3), indicating that ¢ is active in every
cell in this genetic background. Consistent with this, we did not
observe any cell chaining in the absence of fIgN, indicating that the
o"-dependent autolysins (10) are also transcribed in all cells. It is
known that ¢ can be regulated by transcription of the sigD gene
and by interaction with the anti-sigma factor, FIgM (11). There-
fore, the change in hag transcription observed upon deletion of
flgN could be explained by a change in regulation by the anti-
sigma factor, FIgM. In S. Typhimurium FIgM regulates the tran-
scription of late-class o*®-regulated flagellar genes by both seques-
tering free ¢*® and destabilizing the o*® RNA polymerase
holoenzyme complex (57). Upon completion of HBB assembly,
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FlgM is secreted, and 0® is able to activate target promoters (58).
It has been previously reported that FIgN is able to regulate the
translation of FIgM in S. Typhimurium (59), therefore raising the
possibility that in the B. subtilis AflgN strain translation of FlgM is
decreased, allowing o® to trigger transcription of hag in all cells.
The regulation of FIgM in B. subtilis is poorly understood, and so
whether this is the case has yet to be determined.

Deletion of flgN in B. subtilis also results in a 2-fold decrease in
hag translation (Fig. 4A). This effect could technically be due to
translational regulation, as is seen for the AflgE strain (Fig. 4A)
(55). Indeed, recent studies in B. subtilis have identified the RNA
binding protein CsrA, the CsrA regulatory protein FliW, and the
molecular chaperone FliS as having roles in controlling Hag trans-
lation or secretion (13, 55, 60). When cellular levels of Hag are
depleted, FliW binds to CsrA, leaving it unable to occlude the hag
Shine-Dalgarno sequence, allowing translation to proceed. How-
ever, when Hag protein accumulates in the cytoplasm, it is able to
interact with and sequester FliW, resulting in CsrA-mediated re-
pression of translation (55). Therefore, inhibition of translation
by CsrA relies on accumulation of Hag within the cell. However,
the data presented in Fig. 4B show that in the absence of flgN, Hag
accumulates not in the cytoplasm but in the extracellular milieu.
This not only suggests that CsrA is not responsible for the ob-
served decrease in Hag translation but also is in keeping with the
hypothesis that FIgN is required for the assembly of FlgK and FlgL;
in the absence of the hook-filament junction, flagellin cannot be
properly assembled and so accumulates in the extracellular milieu
(53). For this reason we favor the hypothesis that the change in the
transcriptional profile of hag is responsible for the decrease in
translation observed.

The role of FIgN phosphorylation. Tyrosine and arginine
phosphorylation events have been implicated in the control of
diverse biological processes in B. subtilis, including biofilm forma-
tion (38, 61), DNA replication (62), exopolysaccharide synthesis
(63), the heat shock response (64), and potentially the regulation
and/or assembly of the flagellar filament (30). The motility protein
FIgN has been shown to be both tyrosine and arginine phosphor-
ylated (29-31). Moreover, the subcellular localization of FIgN was
reported to be impacted by deletion of the tyrosine kinase PtkA
(31). However, site-directed mutagenesis of the reported FIgN
tyrosine and arginine phosphorylation sites in vivo failed to im-
pact the motility of B. subtilis (Fig. 7). These findings led us to
conclude that a dominant role for phosphorylation of these resi-
dues does not exist. When these findings are considered in a wider
context of the function of posttranslational modifications, they
may not be surprising. For instance, in eukaryotes, it has been
suggested that many phosphorylation events are nonfunctional or
may occur at a very low stoichiometry such that they do not im-
pact the function of the protein (65, 66). Indeed, two tyrosine
kinases (61, 63) and one arginine kinase (30) have been identified
in B. subtilis, but many more proteins have been identified as being
phosphorylated, thereby suggesting that each kinase is promiscu-
ous. This may imply that random encounters between kinases and
phosphorylatable sites on different proteins might result in non-
specific and nonfunctional phosphorylation events. Alternatively,
FlgN might act as a phosphate sink or store to remove free phos-
phate from the system (67).

Concluding remarks. The regulation and biosynthesis of the
bacterial flagellum are best understood for Gram-negative bacte-
rial species such as S. Typhimurium. However, recent work on B.
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subtilis has begun to illuminate how Gram-positive bacterial spe-
cies are able to coordinate flagellar assembly. These studies have
uncovered key differences between Gram-negative and Gram-
positive bacterial flagella as well as having highlighted many con-
served mechanisms. The data presented here illustrate that FIlgN
from B. subtilis is essential for flagellar filament polymerization
and therefore motility. We propose that Bs-FlgN is an orthologue
of the S. Typhimurium chaperone protein FIgN and is required for
the export and assembly of FlgK and FlgL at the hook-filament
junction. By way of contrast, in a B. subtilis strain lacking flgN
flagella are not detectable, and overexpression of flgK-flgL is not
sufficient to overcome the motility defect exhibited by the AflgN
strain. Therefore, while Bs-FIgN bears great functional similarity
to ST-FIgN, there are crucial differences which suggest that there is
astricter dependence on FIgN for the export of FlgK and FIgL in B.
subtilis. Overall, this work further emphasizes the previously un-
derappreciated differences in flagellar gene regulation between
Gram-positive and Gram-negative bacterial species.
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