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CodY Regulates SigD Levels and Activity by Binding to Three Sites in

the fla/che Operon
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ABSTRACT

Exponentially growing cultures of Bacillus subtilis (PY79) are composed primarily of nonmotile, chained cells. The alternative
sigma factor, SigD, promotes the phenotypic switch from nonmotile, chained cells to unchained, motile cells. In the present
work, we investigated the role of the GTP-sensing protein CodY in the regulation of SigD. Deletion of codY resulted in a signifi-
cant increase in SigD accumulation and activity and shifted the proportion of unchained cells up from ~15% to ~75%, suggest-
ing that CodY is an important regulator of SigD. CodY was previously shown to bind to the Pj,; and Py, promoters located
upstream of the first gene in the sigD-containing fla/che operon. Using electrophoretic mobility shift assays, we found that CodY
also binds to two other previously uncharacterized sites within the fla/che operon. Mutations in any one of the three binding
sites resulted in SigD levels similar to those seen with the AcodY mutant, suggesting that each site is sufficient to tip cells toward
a maximal level of CodY-dependent SigD accumulation. However, mutations in all three sites were required to phenocopy the
AcodY mutant’s reduced level of cell chaining, consistent with the idea that CodY binding in the fla/che operon is also important

for posttranslational control of SigD activity.

IMPORTANCE

One way that bacteria adapt quickly and efficiently to changes in environmental quality is to employ global transcriptional regu-
lators capable of responding allosterically to key cellular metabolites. In this study, we found that the conserved GTP-sensing
protein CodY directly regulates cell motility and chaining in B. subtilis by controlling expression and activity of SigD. Our re-
sults suggest that B. subtilis becomes poised for cell dispersal as intracellular GTP levels are depleted.

G enetically identical populations of bacteria often exhibit phe-
notypic heterogeneity, possessing cells that switch between
distinct physiological and/or developmental states. Phenotypic
switching is most widely understood in the context of highly reg-
ulated responses to changes in environmental cues, such as nutri-
ent status and cell density. However, phenotypic switching can
also occur spontaneously, and stochastic switching between two
stable phenotypes at the subpopulation level is termed phenotypic
bistability (1, 2). Bistability likely confers a selective advantage to a
species under unpredictable environmental conditions by in-
creasing the chance that at least one alternative cell state will sur-
vive under any given adverse condition (2—4). For example, in a
given population of antibiotic-sensitive bacteria, small subpopu-
lations of genetically identical and yet nongrowing and antibiotic-
tolerant bacteria known as “persisters” are detectable (5, 6). Since
the persister subpopulation is nongrowing, it is able to survive a
sudden onslaught of antibiotic selection.

Exponentially growing populations of Bacillus subtilis are com-
prised of both chained, nonmotile cells and unchained, motile
cells, the latter of which are presumably poised for dispersal (7).
The two cell types differ from each other at the level of gene ex-
pression. More specifically, motile cells have higher levels of active
SigD, an alternative sigma factor that promotes expression of the
genes responsible for flagellar assembly and cell separation (7, 8).
During exponential growth, the switch between the SigD “on” and
SigD “off” states is stochastic and exhibits bistability (9, 10). SigD
levels also increase as cells exit exponential growth, reaching a
maximum during the transition phase, suggesting that SigD ex-
pression is tightly linked to nutrient status and/or cell density cues

(11).
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In a previous study, we found that the proportion of chained
and nonmotile versus unchained and motile cells in exponentially
growing B. subtilis cultures can be manipulated by introducing
genetic backgrounds with altered GTP levels (12). More specifi-
cally, we found that a ArelA mutant harboring reduced levels of
intracellular GTP (13, 14) is trapped in a SigD on state, with 100%
of the population exhibiting the unchained, motile phenotype.
Mutants with GTP levels intermediate to the wild-type and the
ArelA mutant levels exhibited intermediate chaining and motility
phenotypes (12). These results suggested that GTP might be an
important intracellular signal controlling SigD regulation. In this
study, we investigated the idea that the GTP-sensing protein,
CodyY (15), previously shown to bind to promoters that regulate
flagellin expression (P,,,) as well as promoters upstream of the
fla/che operon (Pp; and Pp,.,.) (16), might be responsible for
mediating the shift between nonmotile and motile cell states that
we observed in the ArelA mutant background.
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In the present work, we found that deletion of codY increases
the proportion of unchained, motile cells in an exponentially
growing population from ~15% to ~75%. We also found that
SigD levels in the AcodY mutant are comparable to those pro-
duced by the ArelA mutant, suggesting that CodY represses
sigD expression. Using electrophoretic mobility shift assays
(EMSAs), we found that CodY binds to three sites located in the
sigD-containing fla/che operon and that point mutations in any
one of the three binding sites result in production of SigD
protein at levels comparable to those seen with the ArelA and
AcodY mutants. These results suggest that the fla/che operon
may be finely tuned to detect even small changes in GTP status.
Lastly, we found that mutations in all three CodY binding sites
were required to phenocopy the primarily unchained pheno-
type of the AcodY mutant, suggesting that CodY binding in the
fla/che operon may also be important for the posttranslational
regulation of SigD activity.

MATERIALS AND METHODS

General methods. The B. subtilis strains, plasmids, and oligonucleotides
used in this study are listed in Tables S1, S2, and S3 in the supplemental
material. All strains were grown in 250-ml baffled flasks in a shaking water
bath (280 rpm) at 37°C in casein hydrolysate (CH) medium (42) or LB-
Lennox broth (10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter NaCl), as
indicated. To make solid-medium plates, CH and LB-Lennox media were
supplemented with 1.5% (wt/vol) Bacto agar. All Escherichia coli strains
were grown in LB-Lennox medium. E. coli DH5a was used for isolation of
plasmid DNA and cloning. Plasmids used to generate point mutations
were isolated from E. coli TG-1. E. coli BL21(ADE3) was used for protein
overexpression. For B. subtilis natural transformation, cells were grown in
MC medium (10.7 gK,HPO,, 5.2 g KH,PO,, 20 g dextrose, 0.88 g sodium
citrate dehydrate, 2.2 g L-glutamic acid monopotassium salt, 1 ml of
[2.2%] ferric ammonium citrate, and 1 g casein hydrolysate per 1,000 ml).
When selection was required, the following concentrations of antibiotics
were used for Bacillus strains: 100 pg/ml spectinomycin, 7.5 pg/ml chlor-
amphenicol, 10 pg/ml tetracycline, and 1 pg/ml erythromycin plus 25
pg/ml lincomycin (to select for macrolide-lincosamide-streptogramin B
[MLS] resistance). E. coli harboring the plasmids used in this study was
grown in the presence of 100 pg/ml ampicillin.

Strains and plasmid construction. PY79 genomic DNA was used as a
template to amplify PCR products for cloning. All marked deletion strains
were confirmed by PCR. To mutate the CodY binding sites, the region
upstream of each binding site was PCR amplified using the following
primer pairs: for the Pj,; site, 0QA150/0QA151; for fliE, 0QA154/
0QA155; and for fliK, 0QA158/0QA159. Similarly, the region down-
stream of each binding site was PCR amplified using the following primer
pairs: for the P; site, 0QA152/0QA153; for fliE, 0QA156/0QA157; and
for fliK, 0QA160/0QA161. The two PCR products for each binding site
were used as the template for overlap extension PCR using the following
primer pairs: for the Pj,; site, 0QA150/0QA153; for fliE, 0QA154/
0QA157; and for fliK, 0QA158/0QA161. The amplified fragments were
gel purified, digested with EcoRI and Kpnl, and cloned into pMiniMAD
cut with the same enzymes. The resulting plasmids, pQA023 (D,,,),
pQA024 (E,,,), and pQA025 (K,,,,,), were introduced into the PY79 back-
ground by single-crossover integration, propagated in the absence selec-
tion, and plated on LB agar. Colonies were patched to identify MLS-
sensitive colonies, and the corresponding region was PCR amplified and
sequenced to identify strains harboring the appropriate mutations.

Plasmids pJW053, pJW054, pJW055, pJW058, pJW063, pJW064,
pQAO014, pQAO015, and pQA20 were constructed as described previously
(12). Plasmid pQA021 was constructed by two-way ligation with a PCR
product containing the DNA sequence upstream of the P,; promoter in
the fla/che operon (primer pair 0QA100/0QA106). The PCR product was
digested with EcoRI and BamHI and cloned into pDG1661 digested with
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the same enzymes. pDG1661 [amyE::lacZ (cat)] is an ectopic integration
vector. Plasmid pQA022 was constructed by two-way ligation with a PCR
product containing a DNA sequence upstream of the P, promoter of the
fla/che operon (primer pair 0QA103/0QA107). The PCR product was
digested with EcoRI and BamHI and cloned into pDG1661 cut with the
same enzymes. Plasmid pQA026 was generated by amplifying the codY
gene with primer pair 0QA130/0QA131. The PCR product was digested
with Nhel and Xhol and cloned into pET-24b(+) digested with the same
enzymes. Plasmid pQA027 was generated by overlap extension PCR. The
promoter region of the cod operon was PCR amplified using primer pair
0QA166/0QA167, and the coding region of codY was PCR amplified using
primer pair 0QA168/0QA169. The two PCR products were used as the
template for overlap extension PCR with primer pair 0QA166/0QA169.
The amplified fragment was cut with EcoRI and BamHI and ligated to
pDRI111 cut with the same enzymes.

Swim plate assay. Cultures (25 ml) of B. subtilis strains were grown at
37°C in CH medium until the optical density (ODg,) reached approxi-
mately 0.5. Cultures were centrifuged, and cells were concentrated to an
ODg of 10 in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 2 mM KH,PO, [pH 7.4]) containing 0.5% (wt/
vol) India ink (Higgins). The cell suspensions (10 pul) were spotted on top
of 150-by-15-mm petri plates filled with ~100 ml of LB fortified with
0.25% Bacto agar, dried for 30 min at room temperature to allow time for
absorption, and incubated at 37°C inside a covered glass dish containing
water-soaked paper towels to generate humid conditions. Plates were
scanned after 5 h of incubation.

SDS-PAGE and Western blotting. B. subtilis strains were grown to the
mid-logarithmic phase, the optical density was measured (for equivalent
loading levels) at 600 nm, and 1-ml samples were harvested at an OD,
near 0.5. Cells were pelleted by centrifugation and resuspended in 50 pl
lysis buffer (20 mM Tris [pH 7.0], 10 mM EDTA, 10 mg/ml lysozyme, 10
pg/ml DNase I, and 100 pg/ml RNase A, with 1 mM phenylmethylsulfo-
nyl fluoride [PMSF]) and incubated for 15 min at 37°C. A 50-pl volume of
sample buffer (0.25 M Tris [pH 6.8], 4% SDS, 20% glycerol, 10 mM
EDTA) containing 10% 2-mercaptoethanol was added to an equal volume
of lysate and the sample, and the sample was boiled for 5 min prior to
loading. Sample loads were normalized to ODg, values. Proteins were
separated by SDS-PAGE on 4% to 20% mini-Protean TGX polyacryl-
amide gels (Bio-Rad), transferred onto a nitrocellulose membrane (Pall),
and blocked in 5% (wt/vol) nonfat milk—=PBS-0.5% (vol/vol) Tween 20.
Membranes were probed with an anti-SigD antibody at a 1:5,000 dilution
or anti-SigA antibody at a 1:20,000 dilution (Fujita Masaya, University of
Houston, Houston, TX), followed by a 1:10,000 dilution of horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary
antibody (Bio-Rad). Washed membranes were incubated with Super-
Signal West Femto chemiluminescent substrate (Thermo) according to
the manufacturer’s instructions.

Purification of 6His-CodY. E. coli BL21(A\DE3) was transformed with
PQA26. To overexpress 6His-CodY protein, cultures were grown in 25 ml
of Cinnabar high-yield protein expression medium (Teknova) supple-
mented with 25 pg/ml kanamycin and 0.1% (wt/vol) glucose in a shaking
water bath at 300 rpm at 37°C. When the cell density of the cultures
reached an ODy, of 2.5, protein expression was induced by the addition
of 1 mM (final concentration) IPTG (isopropyl-B-p-thiogalactopyrano-
side). Cultures were grown to an ODy, of 7 and harvested by centrifuga-
tion at 15,000 X g. The cell pellets were stored at —80°C until needed. For
lysis, pellets were resuspended in 25 ml of lysis buffer (50 mM Tris-HCl
[pH 8.5], 300 mM NaCl, 50 pl of 1 mg/ml DNase I, and 50 .l of protease
inhibitor cocktail [Sigma]) and passed three times through a French pres-
sure cell at 10,000 Ib/in®. The cells lysate was centrifuged at 15,000 X g for
30 min at 4°C to remove cell debris. The supernatant was collected and
loaded onto a 1-ml bed volume of preequilibrated nickel-nitrilotriacetic
acid (Ni-NTA) (Qiagen) and washed with 5 ml wash buffer (50 mM Tris-
HCI [pH 8.5], 300 mM NaCl, 20 mM imidazole, and 10% glycerol). Pro-
tein was eluted with 2 ml elution buffer (50 mM Tris-HCI [pH 8.5], 300
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mM NaCl, 250 mM imidazole, and 10% glycerol) and collected in 250-pl
fractions. All fractions were subjected to SDS-PAGE to assess purity, and
peak fractions were pooled and dialyzed against binding buffer (see be-
low). Aliquots were frozen at —80°C prior to use.

Electrophoretic mobility shift assays. The PCR products containing
the CodY binding sites upstream of promoter Pp; and the coding se-
quences of fliE and fliK were amplified using primer pairs 0QA136/
0QA137, 0QA140/0QA143, and 0QA146/0QA149, respectively. PCR
products were cleaned using a DNA concentrator kit (Zymogen).

The DNA binding reaction mixtures contained 5 nM DNA, 25 mM 2-(N-
morpholino) ethanesulfonic acid [pH 6.0], 200 mM sodium acetate, ] mM
dithiothreitol (DTT), 1 mM Tris (2-carboxyethyl) phosphine, 1 mM EDTA,
0.05% n-octylglucoside, 5% glycerol, 100 pg/ml bovine serum albumin, 2
mM GTP, and 10 mM (each) valine, leucine, and isoleucine, as described
previously (17). The reaction mixtures contained various amounts of
CodY and were incubated for 15 to 20 min at room temperature and
separated on 5% nondenaturing polyacrylamide gels containing 50 mM
bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane [pH 6.0] and
10 mM isoleucine. The running buffer was composed of 25 mM
2-(N-morpholino) ethanesulfonic acid plus 25 mM bis(2-hydroxy-
ethyl)amino-tris(hydroxymethyl) methane running buffer [pH 6.0]. The gels
were run at 175V for 3 h and then stained with SYBR green electrophoretic
mobility shift assay (EMSA) gel stain (Life Technologies) for 10 min. The gels
were washed with distilled H,O, and DNA was visualized with a Typhoon
Trio fluorescence imager (GE Healthcare) following excitation at 488 nm
with a 520-nm band pass emission filter.

Microscopy. Samples (1 ml) were collected at an ODy, of 0.5, and
cells were pelleted by centrifugation at room temperature and 6,010 X gin
a tabletop centrifuge. To stain membranes, cell pellets were resuspended
in PBS containing 0.02 TMA-DPH [1-(4-trimethylammoniumphenyl)-
6-phenyl-1,3,5-hexatriene p-toluenesulfonate] and mounted on glass
slides with polylysine-treated coverslips. Fluorescence microscopic anal-
ysis was performed with a Nikon Ti-E microscope equipped with a CFI
Plan Apo lambda DM 100X objective, a Prior Scientific Lumen 200 illu-
mination system, a UV-2E/C DAPI (4',6-diamidino-2-phenylindole) fil-
ter cube, and a CoolSNAP HQ2 monochrome camera. All images were
captured with NIS Elements Advanced Research software (version 4.10)
and processed with ImageJ64 software (18).

B-Galactosidase assays. To assay expression from lacZ transcriptional
fusions, B. subtilis strains were grown at 37°C in baffled flasks containing
CH medium. Samples (1 or 2 ml) were harvested at an ODy,, of 0.5 by
centrifugation at room temperature and 21,130 X g in a tabletop centri-
fuge, and cell pellets were frozen at —80°C. The pellets were thawed on ice
and resuspended in 500 pl of Z-buffer (40 mM NaH,PO,, 60 mM
Na,HPO,, 1 mM MgSO,, 10 mM KCl, 38 mM B-mercaptoethanol, 0.2
mg ml ™' lysozyme) and incubated for 15 min at 30°C. To start the reac-
tion, 100 pl of 4 mg ml~" O-nitrophenyl -p-galactopyranoside (in Z-
buffer) was added to the resuspended pellet. The reaction was stopped
with the addition of 250 pl of 1 M Na,COj after a yellow color developed.
The reaction mixtures were centrifuged at 21,130 X g in a tabletop cen-
trifuge at room temperature for 1 min, and the supernatants were trans-
ferred to a cuvette. The optical density of the supernatant was measured at
420 and 550 nm, and the resulting values were used to calculate the 3-ga-
lactosidase-specific activity according to the following equation: 1,000 X
{{OD,,o — (1.75 X ODs5,)]/(time X ODg,)}.

Statistical analysis. To determine significance between independent
samples, unpaired Student ¢ tests were performed.

RESULTS

A AcodY mutant grows primarily as unchained cells. In a previ-
ous study, we found that a ArelA mutant, which possesses de-
creased GTP levels, grows as a homogenous population of un-
chained, swimming cells during exponential growth (12). We
hypothesized that the GTP-sensing global regulator CodY, pre-
viously implicated in repression of flagellar gene expression
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FIG 1 The ArelA mutant is less chained than the wild type. Representative
images of wild-type (wt) (BJH001) and ArelA (BQA009), AcodY (BQA090),
AcodY ArelA AyjbM (BQA096), AcodY ArelA AywaC (BQA097), and ArelA
AcodY (BQA091) cells grown to the mid-log phase in CH medium are shown.
Membranes were stained with TMA.

(16), might become derepressed in the ArelA mutant due to the
lower levels of GTP. In this model, CodY derepression could be
responsible for mediating the shift toward the unchained, mo-
tile cell state that we observed in the ArelA mutant. To test this
idea, we first examined the cell-chaining phenotype in a AcodY
mutant during exponential growth, where the wild-type
(PY79) cells grew as a mixed population of 85% chained and
15% unchained cells (7). We found that the AcodY mutant is
less chained than the wild type during exponential growth but,
unlike the ArelA mutant, is comprised of both chained and
unchained cells (Fig. 1). Quantitation revealed that the propor-
tion of unchained cells increased from 15% in the wild type to
~75% in the AcodY mutant. The cell chaining was comple-
mented by introducing P_,;-codY at an ectopic locus on the
chromosome (see Fig. S1A in the supplemental material). We
conclude that CodY has a significant role in preventing the
switch from chained cells to unchained cells during exponen-
tial growth. This result suggests that derepression of CodY-
regulated genes could account for most of the unchained cells
observed in the ArelA mutant. The result also indicates that
CodY derepression alone cannot account for the 100% un-
chained phenotype observed in the ArelA mutant, since 25% of
AcodY mutant cells remained chained.

We hypothesized that reduced GTP levels in the ArelA mu-
tant could contribute to the CodY-independent unchained
phenotype observed. In this case, strains harboring higher lev-
els of GTP than the ArelA mutant but lower levels than the wild
type should shift the AcodY mutant toward a more unchained
phenotype. To test this hypothesis, we introduced the codY
deletion into the ArelA AywaC and ArelA AyjbM mutant back-
grounds, previously shown to have intermediate GTP levels
(14) and to be 66% and 22% unchained during exponential
growth, respectively (12). In comparison to the codY deletion
alone (~75% unchained), the AcodY ArelA AywaC and AcodY
ArelA AyjbM triple mutants grew exclusively as unchained
populations (Fig. 1). These results suggest that the switch of the
remaining chained cells to unchained cells could be accounted
for by a GTP-dependent but CodY-independent mechanism.
The ArelA AywaC and ArelA AyjbM mutant backgrounds likely
harbor increased (p)ppGpp levels (12-14), so we do not rule
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FIG 2 The AcodY mutant strain exhibits increased mobility on swim
plates. Wild-type (wt; BJH001), ArelA (BQA009), AcodY (BQA090), and
AsigD (BQAO022) strains were inoculated on LB fortified with 0.25% agar. After
5 h of incubation at 37°C, the plates were scanned against a black background.
The images shown were cropped from the same petri plate and are represen-
tative of the swimming behavior of each strain for at least three biologically
independent replicates. The diameter values for the swimming fronts are as
follows: wild-type strain, 80 mm; ArelA strain, 190 mm; AcodY strain, 120 mm;
AsigD strain, 40 mm. The density of cells around the ArelA mutant is less than
the density seen with the wild-type and AcodY strains due to the lower growth
rate and increased mobility of the strain (12).

out the possibility that (p)ppGpp levels contribute to the phe-
notypic switch to unchained cells that we observed.

The AcodY mutant strain exhibits increased mobility on
swim plates. Cell chaining and cell motility are inversely corre-
lated; unchained cells possess flagella and are motile, while
chained cells are mainly aflagellate and nonmotile (7). Since the
AcodY mutant population is less chained than the wild type, we
expected that the AcodY mutant would also produce a more mo-
tile population than the wild type. To assess the motility behavior
of a AcodY mutant population, we performed a swim plate assay
(12). Cultures were grown to the mid-exponential phase, and
equal cell densities were spotted on semisolid media. In the swim
plate assay, motile cells migrate away from the original spot and
produce a halo, the outer edge of which is referred to as the swim-
ming front. As expected, the AcodY mutant swimming front mi-
grated further than the swimming front seen with the wild type
but more slowly than the ArelA mutant swimming front (Fig. 2).
This result is consistent with the proportions of unchained cells
observed in the AcodY and ArelA mutants (Fig. 1, upper panels).
The AsigD mutant population, which is composed exclusively of
chained, nonmotile cells (7), did not migrate appreciably on the
swim plate. The AcodY swimming phenotype could be comple-
mented by introducing P.,;-codY at an ectopic locus on the chro-
mosome (see Fig. S1B in the supplemental material). We conclude
that the AcodY mutant population not only is more unchained but
also is composed of more swimming cells than the wild type.

SigD levels and activity are elevated in the codY mutant. The
phenotypic switch to the unchained, motile cell phenotype is reg-
ulated by both SigD levels and SigD activity, and we previously
found that SigD levels and activity are elevated in the ArelA mu-
tant (12). Since the AcodY mutant is less chained than the wild
type, we hypothesized that the AcodY mutant would also produce
higher levels of SigD than the wild type. Western blot analysis on
cell lysates collected from exponentially growing cultures showed
that the AcodY mutant exhibited higher levels of SigD than the
wild type (Fig. 3A and B). Wild-type levels of SigD could be re-
stored in the AcodY mutant by introducing P, ;-codY at an ectopic
locus on the chromosome (see Fig. S1C in the supplemental ma-
terial). Surprisingly, the levels of SigD protein in the AcodY mu-
tant were not statistically significantly different from those in the
ArelA mutant (Fig. 3B), which exhibits a completely SigD on state
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FIG 3 SigD levels and activity are elevated in the AcodY mutant. (A) Compar-
ison of SigD protein levels in the wild-type (Wt; BJH001), ArelA (BQA009),
ArelA P, ,-relA (BQA068), AcodY (BQA090), ArelA AyjbM (BQA081), ArelA
AywaC (BQAO082), AcodY ArelA AyjbM (BQA096), AcodY ArelA AywaC
(BQA097), and AsigD (BQA022) strains. Samples were collected from mid-log
cultures grown in CH medium. Proteins from cell lysates were separated by
SDS-PAGE and analyzed by Western blotting by probing with anti-SigD anti-
bodies. SigA was used as a loading control. (B) Quantification of SigD protein
from the strains described for panel A. Five independent biological and exper-
imental replicates were analyzed. NS, nonsignificant. (C) B-Galactosidase as-
says of Py, .-lacZ and P, ,-lacZ transcriptional activities conducted on the
wild-type (BJH046 and BJH047), ArelA (BQA050 and BQA051), and AcodY
(BQA102 and BQA103) strains. Samples were collected from mid-log-phase
cultures grown in CH medium. Data shown are the means of the results of
three independent biological replicates with standard deviations. Significant
(P < 0.05) differences between the strain AcodY and strain ArelA results are
indicated by asterisks.

phenotypically (12). The AcodY ArelA AywaC and AcodY ArelA
AyjbM triple mutants phenocopied the ArelA mutant with respect
to the SigD protein produced (Fig. 3A and B).

The ArelA and AcodY mutants accumulated similar levels of
SigD during exponential growth (Fig. 3A and B). Although the
average SigD levels were consistently lower in the AcodY mutant
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FIG4 CodY has three binding sites in the fla/che operon. The genetic organization of the fla/che operon genes is shown. Transcription of Py, is driven by SigA,
while SigD directs transcription from Pj, ;and P ;5. Open reading frames are represented by arrows (not to scale). Components essential for FlgM secretion are
shaded gray. The CodY consensus sequence, CodY binding sites, and point mutations made to the mutated versions of the sites are shown. Nucleotides that differ

between the consensus and the sites are indicated by bold type.

than in the ArelA mutant, densitometric analysis of five indepen-
dent biological replicates indicated that the observed difference
was not significant within a 95% confidence interval. The AcodY
mutant is more chained and less motile than the ArelA mutant,
suggesting that SigD protein levels alone may not account for the
differences in phenotypes. To examine SigD activity, we analyzed
expression from two SigD-dependent promoters (P,,,, and P,,)
using transcriptional fusions to a lacZ reporter gene. CodY was
previously shown to bind the hag promoter and to repress hag
transcription (11, 16). Consistent with the data from a prior study
performed in another B. subtilis strain (JH642) under different
growth conditions (16), we observed that P}, became approxi-
mately 3.5-fold derepressed in the absence of codY in wild-type
PY79 grown in CH medium (Fig. 3C). We also observed that
expression from P, was increased 2.2-fold compared to the
wild-type level, suggesting that CodY also regulates expression
from Py, (Fig. 3C), possibly indirectly through SigD. As expected
based on the phenotypic differences that we observed, expression
fromP,,,,and P,,,, in the AcodY mutant was lower than in a ArelA
mutant (Fig. 3C). Since SigD protein levels do not differ signifi-
cantly between the ArelA and AcodY strains (this study), these
results may suggest that the AcodY mutant harbors a higher level
of inactive SigD than the ArelA mutant. Alternatively, it is also
possible that there are small differences in SigD levels between the
two strains that fall outside the limit of detection for Western blot
analysis.

CodY has three putative binding sites in the fla/che operon
region. CodY is a DNA binding protein that globally regulates the
expression of over 100 gene products in response to changes in
nutrient status (19). The DNA binding domain of CodY recog-
nizes a 15-bp, AT-rich motif, AATTTTCWGAAAATT (20-22).
To determine if CodY could be directly regulating the accumula-
tion of SigD by directly regulating sigD expression from the fla/che
operon (23, 24), we searched the literature for previously reported
CodY binding sites in the region. Three putative CodY binding
sites were identified. One site, found upstream of the SigD-depen-
dent promoter P 5 (referred to as site D in this study), was previ-
ously shown to be bound by CodY directly (16). We also identified
two additional untested, intragenic sites in the fla/che operon in
fliE (site E) and fliK (site K) within a data set from a CodY in vitro
DNA affinity purification sequencing (IDAP-Seq) study (19). The
locations and sequences of the three sites are shown in Fig. 4. The
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site D motif sequence has three mismatches with respect to
the CodY binding consensus motif, while sites E and K have six
and five mismatches, respectively (Fig. 4).

To determine if CodY interacts directly with sites E and K, we
PCR amplified DNA fragments from the chromosome centered at
each site and performed electrophoretic mobility gel shift assays
with 6His-CodY in the presence of GTP and branched-chain
amino acids. As a positive control, we included the previously
identified site, site D, in our analysis (16). In vitro, CodY bound to
all three sites, showing an apparent preference for sites E and D
compared to site K (Fig. 5). DNA lacking the predicted binding
motifs did not show altered mobility at any of the protein concen-
trations tested (data not shown), suggesting that the binding of
CodyY to each of these sites is specific.

Mutating the three CodY binding sites in the fla/che operon
phenocopies the AcodY mutation. CodY negatively regulates
transcription by binding to promoter regions and preventing
transcription initiation (22). CodY has also been shown to prevent
synthesis of full-length transcripts by acting as a roadblock to RNA
polymerase transit (25). Since CodY binding site D is located up-
stream of the SigD-dependent and SigA-dependent promoters,
Pps and Py, respectively (Fig. 4), it could function to prevent
initiation of transcription from Pp; and/or P, On the other
hand, sites E and K lie within open reading frames (Fig. 4). If CodY
is disrupting transcription from sites E and K, then CodY is most
likely acting through a roadblock mechanism, preventing tran-
scription of RNA downstream of each binding site (25).

>
§ &8

SIS 5

Site D Site E
FIG 5 CodY binds directly to three sites in the fla/che operon. Results of
electrophoretic mobility gel shift analysis of DNA fragments (5 nM) centered
on the putative CodY binding motif incubated with the indicated concentra-
tions of 6His-CodY are shown. Gel shifts were performed in the presence of the
CodY cofactors GTP, isoleucine, leucine, and valine.
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FIG 6 Mutating three CodY binding sites in the fla/che operon phenocopies
AcodY. (A) Frequency of chained cells (three or more cells linked) and un-
chained cells (single and doublet) across a population. Cells in images from at
least three independent cultures were counted, and no fewer than 1,000 cells
were quantitated for each strain represented in the graph. The standard devi-
ations for the independent biological samples are shown. Wt, wild type. (B)
Western blot analysis of SigD protein levels from samples collected from mid-
log-phase cultures grown in CH medium. (C) Quantification of SigD protein
across five biologically and experimentally independent samples. The averages
and standard deviations for the five independent replicates are shown normal-
ized to the wild-type strain (PY79). None of the CodY binding site mutants or
mutant combinations differed significantly from the AcodY mutant at the 95%
confidence level.

To determine the contribution of each of the CodY binding
sites to the unchained phenotype and increased SigD levels and
activity that we observed in the AcodY mutant, we created point
mutations within each of the sites on the chromosome (Fig. 4).
Since sites E and K lie within genes, we introduced point muta-
tions that did not disrupt the open reading frames of fliE and fliK,
respectively. To determine the contribution of each binding site to
the chaining phenotype, we determined the proportion of un-
chained versus chained cells in strains harboring all six possible
combinations of mutant CodY binding sites. The proportion of
unchained cells was higher than that seen with the wild type by at
least double for each of the mutants tested (Fig. 6A). The relative
contribution of each single site to cell chaining showed the follow-
ing pattern: site D — site E — site K. Moreover, the double mu-
tants that included D, were most similar to the AcodY mutant.
These results suggest that site D has the strongest control of SigD
activity but that sites E and K are also independently important.
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The triple-binding-site mutant most closely phenocopied the
AcodY strain (Fig. 6A). The AcodY mutant harbors reduced levels
of cellular GTP relative to the wild type (26). To assess how much
of the shift toward unchained cells in the AcodY mutant could be
attributed to reduced GTP levels in the strain background, we
compared the percentage of unchained cells in the AcodY mutant
to the percentage in a double-mutant strain harboring both a de-
letion of codY and point mutations in all three CodY binding sites.
The double mutant was 78% (*2.4%) unchained compared to
76% (*+7.8%) for the AcodY mutant and 75% (*5.3%) for the
CodY binding site mutant. These results suggest that CodY acts in
the same pathway as the CodY binding sites in the regulation of
SigD activity and also support the idea that the AcodY mutant
phenotype (more unchained cells) occurs independently of the
reduced cellular GTP levels present in the AcodY mutant back-
ground.

We then examined SigD levels in backgrounds harboring all
possible combinations of the mutant CodY binding sites. Surpris-
ingly, mutating any one of the CodY binding sites caused a signif-
icant increase in SigD levels compared to the wild-type results,
with each strain reaching SigD levels statistically indistinguishable
from those seen with the AcodY mutant (Fig. 6B and C). Strains in
which either two of the binding sites or all three of the binding sites
were mutated also showed SigD levels comparable to the AcodY
mutant levels (Fig. 6B and C). We conclude that each of sites D, E,
and K contributes to preventing the accumulation of SigD during
exponential growth.

To assess whether the increase in SigD levels observed in the
AcodY mutant could be attributed to the reduced GTP levels pres-
ent in the strain background, we compared the SigD levels of the
AcodY mutant to those seen with a double mutant harboring both
a deletion of codY and point mutations in the three CodY binding
sites (Dpy Emu Kinu)- The levels of SigD in the AcodY mutant also
harboring mutatlons in the three CodY binding sites were indis-
tinguishable from those seen with the AcodY single mutant (see
Fig. S2A in the supplemental material). The swimming behavior
of the double mutant was also similar to the swimming behavior of
the AcodY single mutant (see Fig. S2B). These results further sug-
gest that the AcodY SigD on phenotype occurs independently of
the reduced cellular GTP levels present in the AcodY mutant back-
ground.

DISCUSSION

RelA is a dual-function (p)ppGpp synthetase and hydrolase en-
zyme which, along with two additional (p)ppGpp synthetases,
YjbM (also known as RelQ and SasB) and YwaC (also known as
RelP and SasA), modulates (p)ppGpp levels in B. subtilis (14).
(p)ppGpp synthesis by YjbM and YwaC in the absence of RelA
(p)ppGpp hydrolysis activity is sufficient to bias cells toward the
100% motile, unchained phenotype (12).

Accumulation of (p)ppGpp induces a wide range of physiolog-
ical alterations that affect many important cellular processes such
as DNA replication, transcription, translation, and metabolism
(27).In E. coli, (p)ppGpp and a coregulator, DksA, bind directly to
RNA polymerase to inhibit or activate transcription (28, 29).
(p)ppGpp has also been shown be important for the association of
alternative sigma factors with the RNA polymerase core (30). In
the Gram-positive bacterium B. subtilis, (p)ppGpp’s effects on
transcriptional regulation occur primarily through modulation of
GTP levels (27). GTP is one of the substrates for (p)ppGpp syn-
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thesis, so as (p)ppGpp levels rise, GTP becomes depleted. In ad-
dition, (p)ppGpp inhibits hypoxanthine-guanine phosphoribo-
syltransferase (HprT) and guanylate kinase (GMK), enzymes
involved in the biosynthesis of GTP biosynthesis (26). GTP levels
affect transcription in B. subtilis through at least two mechanisms.
First, GTP is an important cofactor for the global transcriptional
regulator CodY (31), so reductions in cellular GTP levels lead to
derepression of CodY-repressed target genes (15, 32). Second, de-
creased GTP levels reduce transcription from promoters that use
GTP as the initiating nucleotide for transcription (33-37).

In this study, we investigated the role of CodY in regulating the
switch between the SigD on and off states. We found that CodY
represses expression of SigD by binding directly to three sites
within the fla/che operon. To our surprise, cells harboring muta-
tions in any one of the CodY binding sites produced SigD levels
that were indistinguishable from those seen with the AcodY mu-
tant, suggesting that SigD expression in PY79 is largely a function
of whether or not CodY is bound within the fla/che operon. We
found that the SigD protein levels were not necessarily predictive
of the phenotypic consequence of mutating each of the CodY
binding sites. For example, a site D mutant (D,,,,) and a AcodY
mutant produced similar SigD levels on average (Fig. 6C); how-
ever, D, possessed two times more chained cells than a AcodY
mutant (Fig. 6A). It is possible that subtle differences (outside the
linear range of detecting quantitative differences) in SigD levels
explain the observed differences in cell chaining. Alternatively, the
phenotypic differences could be explained by posttranslational
regulation of SigD activity (see below).

One model suggests that CodY’s binding to various sites within
the chromosome is hierarchical (38). In other words, when GTP is
abundant, CodY-GTP would bind to all sites, but as GTP levels
drop, CodY would be gradually released from lower-affinity sites.
Based on our electrophoretic gel mobility shift data, CodY has a
higher affinity for sites D and site E than for site K (Fig. 5). If the
same relative affinities are present in vivo, this would suggest that
CodyY is released from site K first, allowing transcription from the
P,,.r promoter to the end of the operon to occur (Fig. 4) (10). A
further drop in GTP levels would allow transcription through site
K from the Py, and Pp; promoters, respectively.

Our analysis of the CodY binding sites within the fla/che
operon revealed that the newly characterized CodY binding sites
(sites E and K) (Fig. 4) are positioned just upstream of flagellar
apparatus genes important for FigM secretion (Fig. 4) (39). FlgM
is an anti-sigma factor that inhibits SigD activity by preventing its
association with RNA polymerase (10, 40, 41). Upon completion
of the hook-basal body complex, FIgM is secreted outside the cell,
where it is no longer competent to antagonize SigD (39). The
minimal set of flagellar genes in the fla/che operon required for
FIgM secretion consists of fliF, fliG, fliK, fliO, fliP, fliQ, fliR, flhB,
and flhA (39) (Fig. 4, shaded arrows). Therefore, in addition to
regulating SigD levels, CodY may exert some control on SigD
activity by specifically regulating expression of genes important
for FlgM secretion.

We found that a AcodY mutant is ~75% unchained, suggesting
that CodY derepression could contribute to the unchained, motile
phenotype observed in the ArelA mutant. We were unable to de-
termine whether CodY is required for the 100%-unchained phe-
notype of the ArelA mutant because the double mutant is itself
100% unchained (Fig. 1). However, we were able to ascertain that
adjusting the GTP levels in the AcodY mutant background
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through the inactivation of relA and ywaC or relA and yjbM was
sufficient to phenocopy the 100%-unchained phenotype of the
ArelA mutant (Fig. 1). Our results are consistent with the idea that
both CodY-dependent and CodY-independent mechanisms con-
tribute to the SigD on state in the ArelA mutant background and
also suggest that each of these mechanisms is responsive to the
cellular levels of GTP and/or (p)ppGpp. Finally, our results also
support the idea that global transcriptional regulators such as
CodyY are capable of finely tuning gene expression in response to
even small changes in the concentrations of important intracellu-
lar signaling molecules.
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