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ABSTRACT

AprE and NprE are two major extracellular proteases in Bacillus subtilis whose expression is directly regulated by several pleio-
tropic transcriptional factors, including AbrB, DegU, ScoC, and SinR. In cells growing in a rich, complex medium, the aprE and
nprE genes are strongly expressed only during the post-exponential growth phase; mutations in genes encoding the known regu-
lators affect the level of post-exponential-phase gene expression but do not permit high-level expression during the exponential
growth phase. Using DNA-binding assays and expression and mutational analyses, we have shown that the genes for both exo-
proteases are also under strong, direct, negative control by the global transcriptional regulator CodY. However, because CodY
also represses scoC, little or no derepression of aprE and nprE was seen in a codY null mutant due to overexpression of scoC.
Thus, CodyY is also an indirect positive regulator of these genes by limiting the synthesis of a second repressor. In addition, in
cells growing under conditions that activate CodY, a scoC null mutation had little effect on aprE or nprE expression; full effects
of scoC or codY null mutations could be seen only in the absence of the other regulator. However, even the codY scoC double mu-
tant did not show high levels of aprE and nprE gene expression during exponential growth phase in a rich, complex medium.
Only a third mutation, in abrB, allowed such expression. Thus, three repressors can contribute to reducing exoprotease gene

expression during growth in the presence of excess nutrients.

IMPORTANCE

The major Bacillus subtilis exoproteases, AprE and NprE, are important metabolic enzymes whose genes are subject to complex
regulation by multiple transcription factors. We show here that expression of the aprE and nprE genes is also controlled, both
directly and indirectly, by CodY, a global transcriptional regulator that responds to the intracellular pools of amino acids. Direct
CodY-mediated repression explains a long-standing puzzle, that is, why exoproteases are not produced when cells are growing
exponentially in a medium containing abundant quantities of proteins or their degradation products. Indirect regulation of aprE
and nprE through CodY-mediated repression of the scoC gene, encoding another pleiotropic repressor, serves to maintain a sig-
nificant level of repression of exoprotease genes when CodY loses activity.

Bacillus subtilis produces at least eight extracellular or cell wall-
associated proteases (1, 2). The alkaline serine protease subtil-
isin (AprE) and the neutral metalloprotease NprE, commonly re-
ferred to as the major exoproteases, account for ~95% of the total
extracellular protease activity of B. subtilis (3). Even though the
major function of AprE and NprE is thought to be supplying
amino acids for growth via degradation of extracellular proteins,
they have also been ascribed other physiological roles. AprE is
involved in the production of two quorum-sensing signaling pep-
tides (PhrA and CSF) (4), processing of the peptide antibiotic
subtilin (5), and provision of precursors for synthesis of poly-vy-
glutamate (6). Both AprE and NprE contribute to preventing au-
tolysis of B. subtilis cells in stationary-phase cells (7).

Regulation of extracellular protease synthesis has been studied
extensively because of the biotechnological importance of these
enzymes and the temporal correlation between exoprotease pro-
duction and the initiation of sporulation. Neither AprE nor NprE
is essential for growth or sporulation of B. subtilis (3, 8), but their
synthesis is directly and tightly controlled by multiple transcrip-
tional regulators, some of which also regulate spore formation.
For instance, the aprE gene is directly repressed by AbrB, ScoC,
and SinR and activated by phosphorylated DegU (1, 9-20). In
addition, it is indirectly regulated by other proteins, including
phosphorylated Spo0OA (a repressor of abrB), AbbA (an inhibitor
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of AbrB), phosphorylated SalA and TnrA (both of which were
reported to be repressors of scoC), Sinl (an inhibitor of SinR),
DegS (the kinase for DegU), DegQ (an activator of DegU phos-
phorylation), DegR (a protector of DegU~P), and RapG (an in-
hibitor of DegU~P), as well as by factors that control the activities
of the indirect regulators (such as the SpoOA phosphorelay com-
ponents, the kinase for SalA, glutamine synthetase, an inhibitor of
TnrA, and PhrG, an antagonist of RapG) (1, 18-25).

The nprE gene is also directly repressed by ScoC and activated
by DegU~P (1, 15-17, 19, 20); whether it responds to other reg-
ulators is not known.

Null mutations in scoC or mutations that make DegU consti-
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TABLE 1 B. subtilis strains used

Strain Genotype Source or reference®
SMY Prototroph 43

JH14272 AamyE::[aph ®(oppAp™ -lacZ)] AscoC::cat trpC2 pheAl 39

SF646 AamyE::[neo ®(hutPp™ -lacZ)646] trpC2 79

BB382 AabrB::cat 41

BB383 AabrB::(cat:neo) 41

BB385 AscoC::cat SMY X DNA(JH14272)
BB386 AscoC::(cat::neo) BB385 X pCm::Nm (80)
BB1043 codY::(erm::spc) 81

BB2511 AamyE:spc lacA::tet 47

GB1001 AamyE::[erm ®(aprE640p ™ -lacZ)] lacA::tet BB2511 X pGBl1
GB1002 AamyE:[erm ®(nprE396p ™ -lacZ)] lacA::tet BB2511 X pGB2
GB1005 AamyE::[erm ®(aprE640p1-lacZ)] lacA::tet BB2511 X pGB5
GB1006 AamyE::[erm ®(nprE396p1-lacZ)] lacA::tet BB2511 X pGB6
GB1033 AamyE::[erm ®(aprE640p2-lacZ)] lacA::tet BB2511 X pGB13
GB1035 AamyE::[erm ®(aprE334p*-lacZ)] lacA::tet BB2511 X pGB14
GB1047 AamyE::[erm ®(nprE396p2-lacZ)] lacA::tet BB2511 X pGB19
GB1055 AamyE:[erm ®(nprE153p ™ -lacZ)] lacA::tet BB2511 X pGB21
BB2676 AamyE:[erm O (dppAp ™ -lacZ)] lacA::tet 47

BB2770 AamyE:[erm ®(ybgE292p* -lacZ)] lacA::tet 62

BB3550 AamyE::[neo ®(hutPp* -lacZ)646] lacA::tet BB2511 X DNA(SF646)
BB3654 AamyE:[erm D(ispAp™-lacZ)] lacA::tet 27

BB4008 AamyE::[erm ©(aprE334p2-lacZ)] lacA::tet BB2511 X pBB1829

@ The symbol “X” indicates transformation by plasmid or chromosomal DNA.

tutively active permit higher levels of exoprotease expression at
the end of the logarithmic growth phase, but none of these muta-
tions allow high exoprotease expression during early exponential
growth in rich media (1, 20). Despite vast accumulated knowl-
edge, the reason for this lack of expression remains unknown,
suggesting the existence of additional modes of regulation.

The global transcriptional regulator CodY directly or indirectly
controls the expression of more than 200 B. subtilis genes (26-28).
The DNA-binding ability of CodY from B. subtilis and many other
species is increased by interaction with two types of ligands: the
branched-chain amino acids (isoleucine, leucine, and valine
[ILV]) (29-31) and GTP (26, 31-34). As a result, CodY is active in
rich media containing excess amino acids but loses activity as
amino acids are exhausted (35, 36).

Global analyses of CodY-binding sites in vivo and in vitro re-
vealed that the aprE and nprE regulatory regions contain strong
binding sites (26, 27). However, DNA microarray and transcrip-
tome sequencing (RNA-Seq) experiments did not detect signifi-
cant changes in expression of these genes in a codY null mutant
strain (26, 28). A possible explanation is that CodY regulates the
expression of a second regulator of the protease genes. In fact,
both aprE and nprE are directly repressed by ScoC (12, 16, 18, 23,
37,38), a pleiotropic transcriptional regulator, which also controls
expression of a minor extracellular protease (Epr), oligopeptide
permeases, and other proteins (16, 39-42).

We recently reported that scoC is a direct target of CodY-me-
diated repression (41). As a result, the CodY-mediated regulation
of some promoters, such as those of oppA and braB, which are
under dual repression by CodY and ScoC, is not easily revealed by
single mutations in codY or scoC (41, 42).

We hypothesized that CodY directly represses the aprE and
nprE genes but that inactivation of CodY alone might not lead to
higher expression because the increased synthesis of ScoC in a
codY null mutant would mask the effect of inactivating CodY. In
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this work, we showed that CodY is indeed a strong, direct repres-
sor of aprE and nprE and that the increased level of ScoC when
CodY is inactive compensates for the loss of CodY activity or
makes repression even stronger. Even in a codY scoC double mu-
tant, however, expression of aprE in cells growing in a complex
rich medium was not highly derepressed during the exponential
growth phase. Simultaneous inactivation of CodY, ScoC, and
AbrB did allow efficient expression of aprE and nprE at all stages of
growth.

MATERIALS AND METHODS

Bacterial strains and culture media. The B. subtilis strains constructed
and used in this study were all derivatives of strain SMY (43) and are
described in Table 1 or in the text. Escherichia coli strain J]M107 (44) was
used for isolation of plasmids. Bacterial growth in TSS medium contain-
ing 0.5% glucose—0.2% ammonium, with supplementation with 16
amino acids (TSS+16 aa; all common amino acids except for glutamine,
histidine, asparagine, and tyrosine) or without supplementation, or in DS
nutrient broth medium was carried out as described previously (45).

DNA manipulations. Methods for common DNA manipulations,
transformation, and sequence analysis were as previously described (46,
47). All oligonucleotides used in this work are described in Table 2. Chro-
mosomal DNA of B. subtilis strain SMY or plasmids constructed in this
work were used as templates for PCR. All cloned PCR-generated frag-
ments were verified by sequencing.

Construction of transcriptional fusions. Plasmid pGB1 (aprE640p ™ -
lacZ) was created by cloning the Xbal- and HindIII-treated PCR product,
containing the entire aprE regulatory region, in pHK23 (erm), a plasmid
that integrates at the amyE locus of the B. subtilis chromosome (47). A
0.66-kb aprE PCR product was synthesized by use of primers oGB1 and
0GB2. Plasmid pGB14 (aprE334p ™" -lacZ), containing the same aprE reg-
ulatory region but truncated from the 5" end, was constructed in a similar
way by using 0GB29 as the forward primer.

Plasmid pGB2 (nprE396p ™ -lacZ) was created as described above by
cloning the 0.42-kb PCR product, which was synthesized with oGB5 and
0GB6 as primers and contained the entire nprE regulatory region. Plasmid
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TABLE 2 Oligonucleotides used in this work

Regulation of Extracellular Proteases in B. subtilis

Primer category and name

Sequence (5'-3")*

Specificity

Flanking forward primers
oBB67
oGBl1
oGB5
oGB29
oGB37

Flanking reverse primers
0BB102
oGB2
oGB6

Internal mutagenic forward primers
oGB4
oGBS
oGB22
oGB32

Internal mutagenic reverse primers
oGB3
oGB7
oGB23
oGB33

GCTTCTAAGTCTTATTTCC erm (pHK23)
CGGACTCTAGAGCCTATGAATTCTCCATTTTCTTC aprE640
CGGACTCTAGAGAATCAGCAGGGTGCTTTG nprE396
GGACTCTAGAGCACACGCAGGTCATTTG aprE334
CGGACTCTAGACAACAAAAACAAACACAGGAC nprE153
CACCTTTTCCCTATATAAAAGC lacZ (pHK23)
CGGGAAAGCTTGATCCACAATTTTTTGCTTCTCAC aprE640/aprE334
CGAGCAAGCTTAGACAATTTCTTACCTAAACCCAC nprE396
CAATAAATTCACAccATAGTCTTTTAAG aprEpl
CAATATAAAGTTTTgACTATTTTCAAAAAGGGG nprEpl
CAATAAATTCACAGACTAGCCTTTTAAG aprEp2
GACTCATCTTGAccTTATTCAACA nprEp2
CTTAAAAGACTATggTGTGAATTTATTG aprEpl
CCCCTTTTTGAAAATAGTCAAAACTTTATATTG nprEpl
CTTAAAAGECTAGTCTGTGAATTTATTG aprEp2
TGTTGAATAAggTCAAGATGAGTC nprEp2

@ The altered nucleotides conferring mutations in the CodY-binding site are shown in lowercase. The restriction sites are underlined.

pGB21 (nprE153p™-lacZ), containing the nprE regulatory region trun-
cated from the 5" end, was constructed in a similar way by using 0GB37
instead of 0GB5.

Plasmids pGB5 (aprE640p1-lacZ), pGB6 (nprE396pl-lacZ), pGB13
(aprE640p2-lacZ), and pGB19 (nprE396p2), containing 2-bp substitution
mutations in the CodY- or ScoC-binding site, were constructed as de-
scribed above, using fragments generated by two-step overlapping PCR.
In the first step, products containing the 5’ part of the corresponding
regulatory regions were synthesized by using oligonucleotide oGB1 or
oGB5 as the forward primer and mutagenic oligonucleotide oGB3
(aprEpl), oGB23 (aprEp2), oGB7 (nprEpl), or oGB33 (nprEp2) as the
reverse primer. Products containing the 3" part of the regulatory regions
were synthesized by using mutagenic oligonucleotide oGB4 (aprEpl),
oGB22 (aprEp2), oGB8 (nprEpl), or oGB32 (nprEp2) as the forward
primer and oligonucleotide 0GB2 or oGB6 as the reverse primer. The PCR
products were used in a second, splicing step of PCR mutagenesis as over-
lapping templates to generate a modified fragment containing the entire
aprE or nprE regulatory region; oligonucleotides 0GB1 or oGB5 and 0GB2
or oGB6 served as the forward and reverse PCR primers, respectively.

Plasmid pBB1829 (aprE334p2-lacZ) was constructed as described for
pGB14, using pGB13 as the template for PCR.

B. subtilis strains carrying various lacZ fusions at the amyE locus (Table
1) were isolated after transforming strain BB2511 (amyE::spc lacA) with
the appropriate plasmids by selecting for resistance to erythromycin con-
ferred by the plasmids and screening for loss of the spectinomycin resis-
tance marker, which indicated a double-crossover homologous recombi-
nation event. Strain BB2511 and all its derivatives have very low
endogenous [B-galactosidase activity due to a null mutation in the lacA
gene (48).

Labeling of DNA fragments. PCR products containing the regulatory
regions of the aprE or nprE gene were synthesized using fusion-containing
plasmids as templates and vector-specific oligonucleotides 0BB67 and
0BB102 as primers. 0BB67 starts 96 bp upstream of the Xbal site used for
cloning, and oBB102 starts 36 bp downstream of the HindIII site that
serves as a junction between the promoters and the lacZ part of the fu-
sions. The reverse primer, o0BB102, which primed synthesis of the tem-
plate strand of each PCR product, was labeled using T4 polynucleotide
kinase and [y->*P]ATP.
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The procedures for gel shift and DNase I footprinting experiments
were as described previously (41). Samples contained various amounts of
proteins, a vast excess of unlabeled salmon sperm DNA, and =0.1 or 2 to
4 nM labeled DNA for gel shift or DNase I footprinting experiments,
respectively.

Protein purification. CodY-His; was purified to near homogeneity as
described previously (47).

Enzyme assays. 3-Galactosidase specific activity was determined as
described previously (49).

RESULTS
CodY binding to the aprE regulatory region. In gel shift experi-
ments, purified CodY bound to a DNA fragment containing the
entire aprE regulatory region (Fig. 1A) with a moderate to high
affinity (apparent K, [equilibrium dissociation constant] of ~15
nM; the K, was estimated as the protein concentration needed to
shift 50% of DNA fragments under conditions of a vast protein
excess over DNA) (Fig. 1B). In general, nonspecific binding of
CodyY in gel shift experiments is observed only at 400 to 800 nM
CodY (45, 50). Confirming the specificity of interaction, DNase I
footprinting experiments showed that CodY protected a single
region of DNA, located at positions —7 to +30 with respect to the
aprE transcription start point (Fig. 1A and D). This sequence in-
cludes the core CodY-binding site, from positions +4 to +15, as
determined by in vitro DNA affinity purification coupled with
massively parallel sequencing (IDAP-Seq) (27). The aprE CodY-
binding site also encompasses a 15-bp sequence (from posi-
tions —5 to +10) with 4 mismatches to the CodY-binding con-
sensus motif, AATTTTCWGAAAATT (47, 51, 52) (Fig. 1A). (We
use the terms “site” and “motif” to describe an experimentally
determined location of CodY binding and a 15-bp sequence that is
similar to the consensus motif, respectively; core sites include only
positions that are essential for CodY binding.)

CodY- and ScoC-mediated regulation of the aprE gene. An
aprE640p ™ -lacZ transcriptional fusion including the entire inter-
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FIG 1 Binding of CodY to the aprE regulatory region. (A) Sequence (5’ to 3") of the coding (nontemplate) strand of the aprE regulatory region within the
aprE640p ™ -lacZ fusion. Coordinates are reported with respect to the transcription start point (10). The upstream endpoints of inserts within the aprE640 and
aprE334 fusions are at positions —557 and —251, respectively; the latter junction is indicated by a vertical arrow above the sequence. The downstream endpoints
of both inserts coincide with the 3" end of the presented sequence. The likely translation initiation codon, the —10 promoter region, and the apparent
transcription start point are shown in bold. The directions of transcription and translation are indicated by horizontal arrows. The sequences that were protected
by CodY (this work), ScoC (12), or AbrB (11) in DNase I footprinting experiments are shown by bracketed lines. The sequences of the four CodY-binding motifs,
with three or four mismatches each, are italicized and underlined. The mutated nucleotides are shown in lowercase above the sequence. (B and C) Gel shift assays
of CodY binding to aprE fragments. The aprE640p™ (B) and aprE640p2 (C) PCR fragments obtained with oligonucleotides 0BB67 and 0BB102, using pGB1 and
pGB13, respectively, as templates, and labeled on the template strand were incubated with increasing amounts of purified CodY in the presence of 10 mM ILV.
CodY concentrations used (monomers) are reported below the lanes; concentrations corresponding to the apparent K, for binding are underlined. (D) DNase
I footprinting analysis of CodY binding to the aprE regulatory region. The aprE640p™ PCR fragment used for panel B was incubated with increasing amounts of
purified CodY in the presence of 10 mM ILV and then with DNase I. The protected area is indicated by a vertical line, and the corresponding sequence is reported;
the protected nucleotides are italicized. The apparent transcription start point and direction of transcription are shown by a bent arrow. CodY concentrations
used (nanomolar [monomers]) are indicated below the lanes. The A+G sequencing ladder of the template DNA strand is shown in the right lane.

HHEHQMOQOQHRD»DAMORAEIMOFINMNDMDMNADMORADMDAEAOIQORO > A3 dHEAQ

genic region upstream of aprE and the first 25 bp of the coding  theless, inactivation of CodY caused a =2-fold increase in expres-

sequence was constructed. Because aprE expression is strongly
repressed during exponential growth in rich media by a transition
state regulator, AbrB (10, 11), the strains used for the initial anal-
ysis of aprE expression, described in this and the next sections,
contained an abrB null mutation. Efficient CodY binding to a
sequence overlapping the transcription start point suggested that
CodY may be a strong negative regulator of the aprE gene. Never-
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sion of the aprE640p™-lacZ fusion in TSS glucose-ammonium
medium containing a mixture of 16 amino acids (TSS+16 aa; see
Materials and Methods) (Table 3, codY/codY" ratio for strains
BB3912 and BB3913); this medium is known to make CodY highly
active (47, 53).

Even more surprisingly, expression of the aprE640p™ -lacZ fu-
sion in TSS+16 aa medium increased only about 1.5-fold in a scoC
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TABLE 3 Expression of aprE-lacZ fusions in TSS+16 aa medium”

Regulation of Extracellular Proteases in B. subtilis

Fold lati
B-Galactosidase activity OC fegration

Strain Fusion promoter Relevant genotype (Miller units) codY/codY™" scoC/scoC*
BB3912 aprE640p* abrB 6.08 1.9 1.5
BB3913 codY abrB 11.5 16.9
BB3914 scoC abrB 9.14 21.2

BB3910 codY scoC abrB 194.2

BB3933 aprE640p1 abrB 12.8 0.08 1.7
BB3934 codY abrB 1.01 17.5
BB3965 scoC abrB 22.0 0.80

BB3966 codY scoC abrB 17.7

BB3935 aprE640p2 abrB 127.5 0.09 1.5
BB3936 codY abrB 11.3 154
BB3937 scoC abrB 192.2 0.91

BB3938 codY scoC abrB 174.3

BB3939 aprE334p+ abrB 9.00 21.3 1.1
BB3941 codY abrB 191.7 0.90
BB3940 scoC abrB 9.58 17.9

BB3942 codY scoC abrB 171.7

BB4013 aprE334p2 abrB 179.3 1.0 1.0
BB4015 codY abrB 180.6 1.0
BB4016 scoC abrB 180.9 1.0

BB4017 codY scoC abrB 185.5

GB1001 aprE640p™ Wild type 1.62 3.1 1.8
GB1009 codY 5.02 2.5
GBI1018 scoC 2.79 4.5

GB1020 codY scoC 12.7

@ Cells were grown in TSS+ 16 aa medium, duplicate samples were taken at two time points during the exponential growth phase, and B-galactosidase specific activity was assayed

and expressed in Miller units. All values are averages for the two time points from at least two independent experiments, and the relative standard errors of the means did not

exceed 20%.

null mutant (Table 3, scoC/scoC™ ratio for strains BB3912 and
BB3914), despite the fact that scoC was initially identified as a gene
whose inactivation leads to strong derepression of the aprE gene
and to a higher level of accumulation of subtilisin (16, 18, 37, 54).
Importantly, in a codY scoC double null mutant, expression from
the aprE promoter increased 21- or 17-fold over that seen in the
single scoC or codY mutant strain, respectively (Table 3, strains
BB3910, BB3913, and BB3914). We concluded that both CodY
and ScoC are strong repressors of the aprE gene and that each is
sufficient for efficient repression in the absence of the other.
Moreover, given that the difference in aprE expression between
the codY™" scoC™ strain, BB3912, and the codY scoC double mutant
strain, BB3910, was only 32-fold (Table 3), the effects of CodY and
ScoC on aprE are not multiplicative, in accord with the previous
observation that the two proteins do not act completely indepen-
dently of each other due to scoC repression by CodY (41).

CodyY is mostly inactive in cells growing in the absence of ex-
ogenous amino acids (55). Therefore, in TSS glucose-ammonium
medium, aprE640p™-lacZ expression was high in double codY

TABLE 4 Expression of aprE640p™ -lacZ fusion in minimal TSS medium®

scoC and single scoC mutant strains but remained strongly re-
pressed in wild-type and codY single mutant strains, presumably
due to high ScoC activity in both latter cases (Table 4).

Inactivation of the aprE ScoC- and CodY-binding sites. To
prove that the observed effects of CodY on aprE expression are
direct and to unravel the mechanism of interaction between CodY
and ScoC, we performed deletion and point mutational analyses
of their binding sites.

To impair binding of ScoC, we constructed a fusion,
aprE334p™-lacZ, that is similar to the aprE640p™-lacZ fusion but
is truncated by 306 bp at the 5" end. The deleted sequence included
the upstream pair of ScoC-binding sites (two of four identified
sites, from positions —324 to —295 and —292 to —267, by refer-
ence to the transcription start point) (Fig. 1A), which are required
for efficient ScoC-mediated repression of aprE (9, 12, 18). Expres-
sion of this truncated fusion was not affected (0.9- to 1.1-fold
regulation) by a scoC null mutation in either a codY™ or codY
mutant strain (in the abrB background), confirming that ScoC
interaction with the upstream binding sites is necessary for ScoC-

Fold regulation

Strain Relevant genotype B-Galactosidase activity (Miller units) codY/codY™" scoC/scoC*
BB3912 abrB 13.1 0.83 23.5
BB3913 codY abrB 10.9 31.1
BB3914 scoC abrB 307.9 1.1

BB3910 codY scoC abrB 338.8

@ Cells were grown in TSS medium without amino acids, and B-galactosidase specific activity was assayed as described in the footnote to Table 3.
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mediated repression of aprE (Table 3). On the other hand, the
fusion was 21-fold more active in the single codY null mutant
strain than in the codY™ strain (Table 3), consistent with the pre-
diction that the repressive nature of CodY would be revealed un-
der conditions in which ScoC cannot exert its own repression.

We also introduced two double-substitution mutations into
the CodY-binding site of the full-length aprE-lacZ fusion in such a
way as to reduce the site’s similarity to the consensus motif (Fig. 1)
(the mutations are at positions +4 and +5 [the pI version of the
promoter region] or +6 and +10 [the p2 version] with respect to
the transcription start point). In gel shift experiments, CodY
bound the p2-containing regulatory region with a 4-fold-reduced
affinity (Fig. 1C) (the pI-containing fragment was not tested).
Both pairs of mutations abolished CodY-mediated repression of
the promoter (0.8- to 0.9-fold versus 21-fold) as revealed by com-
paring expression levels in pairs of scoC mutant strains (BB3966
and BB3965 or BB3938 and BB3937), indicating that CodY bind-
ing to this region is directly responsible for regulation and that the
other three CodY-binding motifs (i.e., potential binding se-
quences) present in the intergenic region (Fig. 1A) are not in-
volved in regulation (Table 3). Neither mutation affected the ex-
tent of ScoC-mediated regulation (15- to 18-fold), as revealed by
comparing double codY scoC and single codY mutant strains car-
rying the mutant fusions, which is consistent with the nonover-
lapping arrangement of the CodY- and ScoC-binding sites (Table
3 and Fig. 1A) (see below for an additional discussion of the pI
mutation).

Expression of the mutant fusions in a codY" scoC™ strain is
high because fully active CodY represses scoC but is not able to
bind to the mutant promoters. Importantly, comparing codY™"
and codY mutant strains in a scoC* background revealed that
CodyY acts as a strong positive regulator (>10-fold regulation) of
the aprEpl and aprEp2 promoters (Table 3, strain pair BB3933
and BB3934 or BB3935 and BB3936). Because this effect of CodY
was abolished in scoC mutants, it must be indirect and due to
reduced ScoC-mediated repression of the aprE promoter in cod Y™
cells.

As expected, the simultaneous removal of CodY- and ScoC-
mediated repression by construction of the aprE334p2-lacZ fusion
resulted in high-level, nearly constitutive expression from the mu-
tant promoter (Table 3, strain BB4013 and derivatives).

We concluded that preventing direct CodY-mediated repres-
sion of the wild-type aprE promoter in TSS+16 aa medium is
largely compensated for by increased repression resulting from
the elevated level of ScoC. We also concluded that when CodY is
highly active, the aprE promoter is repressed mostly by CodY and
the contribution by ScoC is very small (1.5- to 1.6-fold). In other
words, ScoC-mediated repression of the aprE gene is efficient only
when CodY is inactive or absent.

In addition to eliminating CodY-mediated direct regulation,
the pl mutation pair also reduced (~10-fold) the fully dere-
pressed level of aprE640p1-lacZ expression in a codY scoC double
null mutant (Table 3, strain BB3966). It is possible that pI de-
creases the stability of the aprE-lacZ transcript because it is located
in the sequence corresponding to the stem-loop structure in the 5’
untranslated leader sequence, which is important for maintaining
the unusually long half-life of the aprE and aprE-lacZ mRNAs
(56). Alternatively, the pI mutation could affect the intrinsic ac-
tivity of the aprE promoter by virtue of being very close to the
transcription start point. Because it was introduced at positions
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corresponding to the two bulges of the stem-loop structure (56),
the p2 mutation appeared to have less of an effect on mRNA sta-
bility, as suggested by high expression of the aprE640p2 and
aprE334p2 fusions in a codY scoC background.

Contribution of AbrB to aprE expression. In abrB™ cells that
lacked CodY and ScoC, expression of the aprE640p ™ -lacZ fusion
in TSS+16 aa medium was 15-fold lower than that in abrB mutant
cells (Table 3, strains GB1020 and BB3910). CodY and ScoC to-
gether imposed an additional 8-fold repression of the aprE pro-
moter (Table 3, strain GB1001). The maximal individual effects of
CodY and ScoC were only 4.5- and 2.5-fold, respectively, i.e.,
much smaller than those in the absence of AbrB (Table 3). Both
the CodY-binding site and the downstream ScoC-binding sites
overlap the AbrB-binding site, located at positions —59 to +25
with respect to the aprE transcription start point (11) (Fig. 1A).
Therefore, both CodY and ScoC may compete with AbrB for bind-
ing, though this possibility was not addressed experimentally.

The pI and p2 mutations affected the regulation of aprE640-
lacZ expression in the abrB™ background in a way similar to that
in the abrB background; the expression levels of the mutant fu-
sions in abrB* cells were 9- to 14-fold lower than those in abrB
mutant cells, and therefore the mutations did not substantially
affect AbrB-dependent regulation (data not shown).

aprE expression in nutrient broth sporulation medium. The
lack of strong repression of aprE by ScoC in the wild-type strain
under the growth conditions tested (Table 3) contrasts with sev-
eral previous reports (9, 16, 18, 37, 54). The unexpected regulation
is likely due to the constantly high activity of CodY during growth
in TSS+16 aa medium (see Discussion). Under these conditions,
which were not used previously to test ScoC-dependent regula-
tion, both the aprE and scoC genes were strongly repressed by
CodyY.

In DS nutrient broth sporulation medium, in which amino
acids and other nutrients are exhausted during growth, expression
from the aprE promoter in wild-type (abrB™) cells was low and
increased only at the beginning of stationary phase (T,), when
both AbrB and CodY were losing activity (Fig. 2A). As reported
previously, aprE expression was higher in the absence of ScoC
(Fig. 2A). In a codY mutant, aprE expression remained low at all
stages of growth due to increased ScoC-mediated repression (Fig.
2A).

Despite the substantial differences in expression in TSS+16 aa
medium (Table 3), expression levels from the aprEp™ promoter in
DS medium were rather similar in wild-type and abrB cells (Fig.
2A and B). AbrB-mediated repression could be observed only at
early stages of growth (before T,) in codY single mutant cells and,
much more dramatically, in codY scoC double mutant cells (Fig.
2A and B).

Expression of the aprE640p™-lacZ fusion in abrB (codY™)
strains remained low during exponential phase when CodY was
highly active (Fig. 2B). After T, expression from the aprE pro-
moter increased moderately in the abrB strain (likely due to the
exhaustion of CodY effectors and insufficient derepression of scoC
to maintain aprE repression by ScoC) but much more sharply in
the scoC abrB double mutant (Fig. 2B). Importantly, the codY scoC
abrB triple mutant showed high aprE expression even at early
stages of growth, before T|,. A small increase in expression of the
fusion at this stage of growth was observed even in codY abrB cells,
though no further increase was seen at later stages of growth due to
ScoC-mediated repression (Fig. 2B). We concluded that repres-
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FIG 2 Expression of the aprE640p*-lacZ and nprE396p™-lacZ fusions in DS nutrient broth medium. Cells were grown in DS medium, and samples for
-galactosidase determination were taken at the indicated times. Times are shown with respect to Ty, i.e., the transition point between the exponential and
stationary growth phases. At least two experiments were performed for each strain, and the results of a representative experiment are shown. Other biological

replicates of each experiment gave very similar patterns of gene expression.

sion by either AbrB or CodY is sufficient for maintenance of low
expression of aprE before T, in DS medium. After Ty, abrB* and
abrB strains behave similarly because abrB becomes repressed by
Spo0A and preexisting AbrB becomes inactivated (11, 21, 57, 58).
Thus, inactivation of CodY in a strain that is also defective in AbrB
and ScoC is the only known condition that allows substantial aprE
expression during exponential growth phase in a complex me-
dium.

Expression of the aprE640p * -lacZ fusion reached higher levels
in scoC strains than in codY scoC strains (Fig. 2A and B). This
phenomenon was also observed for the aprE334p2-lacZ fusion,
which is not regulated directly by either CodY or ScoC (data not
shown), indicating the existence of another, unknown step at
which CodyY is indirectly and positively involved in regulation of
aprE expression. Interestingly, CodY is only partly active at this
growth stage in DS medium due to exhaustion of amino acids.

CodY binding to the nprE regulatory region. In gel shift ex-
periments, purified CodY bound with a moderate affinity (appar-
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ent Kj,, ~25 nM) to a DNA fragment containing the entire nprE
regulatory region (Fig. 3B). DNase I footprinting experiments
showed that CodY protected a region of DNA from positions —3
to +25 with respect to the nprE transcription start point (Fig. 3A
and D). This sequence includes the core CodY-binding site, from
positions +3 to +21, as determined by IDAP-Seq (27). The nprE
protected region also includes a 15-bp sequence (positions +2
to +16) that has 4 mismatches with respect to the CodY-binding
consensus motif (Fig. 3A).

CodY- and ScoC-mediated regulation of the nprE gene. Bind-
ing of CodY to a region surrounding the transcription start point
suggests that CodY is a negative regulator of the nprE gene. An
nprE396p ™ -lacZ transcriptional fusion including the entire inter-
genic region upstream of nprE and the first 24 bp of the coding
sequence was constructed. A 2.3-fold increase in expression of the
fusion was observed in a scoC null mutant strain under our growth
conditions (Table 5), reminiscent of the small increase reported
above for the aprE fusion. Unexpectedly, expression of the
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nprE396p " -lacZ fusion in TSS+16 aa medium decreased 2.2-fold
in a codY null mutant strain (Table 5). In contrast, in a codY scoC

level of ScoC more than compensates for the absence of CodY. A
similar, 2.5-fold positive regulation of nprE was observed in a

double mutant strain, expression from the nprE promoter in-
creased 3.7- or 20-fold over its level in a single scoC or codY mutant
strain, respectively (Table 5). We concluded that, as for aprE, both
CodY and ScoC are strong repressors of the nprE gene and the
effects of codY and scoC null mutations can be discerned only in
the absence of the other regulator. The decreased expression of the
nprE-lacZ fusion in a single codY mutant suggests that the elevated
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global RNA-Seq analysis of the CodY regulon (28). Thus, in wild-
type cells, by virtue of repressing scoC, CodY behaves as a net
positive regulator of nprE.

In DS nutrient broth sporulation medium, the expression pat-
tern of the nprE396p*-lacZ fusion was similar, though not iden-
tical, to that of the aprE-lacZ fusion (Fig. 2C). The growth phase-
dependent increase in expression was somewhat smaller, but the
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TABLE 5 Expression of nprE-lacZ fusions in TSS+ 16 aa medium®

Regulation of Extracellular Proteases in B. subtilis

Fold regulation

Strain Fusion promoter Relevant genotype -Galactosidase activity (Miller units) codY/codY ™" scoC/scoC*
GB1002 nprE396p™ Wild type 20.1 0.45 2.3
GB1010 codY 9.0 19.7
GB1021 scoC 47.8 3.7

GB1023 codY scoC 177.8

BB3991 abrB 36.1 0.31 3.0
BB4069 abrB codY 11.2 36.0
BB4070 abrB scoC 107.4 3.8

BB4073 abrB codY scoC 403.3

GB1006 nprE396p1 Wild type 111.9 0.18 33
GB1014 codY 20.7 25.9
GB1022 scoC 372.3 1.4

GB1024 codY scoC 534.8

GB1047 nprE396p2 Wild type 29.3 1.5 1.5
GB1048 codY 44.7 3.7
GB1049 scoC 44.2 3.8

GB1050 codY scoC 166.4

GB1055 nprE153p™ Wild type 53.7 1.5 1.1
GB1056 codY 80.5 3.4
GB1057 scoC 61.5 4.4

GB1058 codY scoC 273.5

@ Cells were grown and B-galactosidase specific activity was assayed as described in the footnote to Table 3.

effect of a scoC mutation was stronger than that for the aprE gene.
Thatis, derepression of the nprE promoter after T, was 4- to 7-fold
in wild-type cells but ~30-fold in the scoC mutant; expression of
the nprE-lacZ fusion before T, was somewhat higher in wild-type
cells, and especially in scoC mutant cells, than that of the aprE-lacZ
fusion (Fig. 2C). A codY mutation had a negative effect on nprE
expression, reflecting stronger repression by ScoC, buta codY scoC
double mutant was derepressed, albeit to different extents, at all
stages of growth (Fig. 2C).

A moderate, 2- to 5-fold increase in nprE396p™-lacZ expres-
sion was seen in an abrB null mutant strain grown in TSS+16 aa
medium or DS nutrient broth medium (Table 5 and Fig. 2D),
consistent with previous microarray results (59). Almost com-
pletely constitutive expression of the nprE-lacZ fusion was ob-
served in the codY scoC abrB triple mutant in DS medium (Fig.
2D). No binding of AbrB to the nprE promoter was detected in
vivo (59), indicating that the negative AbrB effect may be indirect.

Inactivation of the nprE CodY- and ScoC-binding sites. To
test whether the effect of CodY is direct and to figure out the
relationship between CodY- and ScoC-mediated regulation of
nprE, we sought to inactivate the CodY- and ScoC-binding sites of
the nprE gene individually. A double-substitution mutation, p1,
was introduced into the nprE396-lacZ fusion (mutations at posi-
tions +8 and + 10 with respect to the transcription start point) in
such a way as to reduce the similarity of the CodY-binding site to
the consensus motif (Fig. 3A). Comparing strains GB1022 (scoC)
and GB1024 (codY scoC), we found that the pI mutation reduced
CodY-mediated repression of the fusion (1.4-fold instead of 3.7-
fold), suggesting that CodY binding to this region is directly re-
sponsible for regulation (Table 5). In gel shift experiments, CodY
bound the pI-containing regulatory region with a >10-fold-re-
duced affinity, and no complex with an intermediate mobility was
observed; the residual binding to the pI-containing region may be
nonspecific (Fig. 3C). Importantly, the pI mutation did not sig-
nificantly affect ScoC-mediated repression (26- versus 20-fold) of
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the nprE gene (Table 5, strain pair GB1024 and GB1014 or GB1023
and GB1010), indicating that the mutated nucleotides are not in-
volved in ScoC binding and that CodY and ScoC bind to different
sites. The pI mutation also increased 3.0-fold the fully derepressed
level of expression in a codY scoC double null mutant, implying
that the mutation affected the intrinsic activity of the nprE pro-
moter due to its proximity to the transcription start point (Table 5
and Fig. 3A).

Two ScoC-binding sites were found in the regulatory region of
the nprE gene (12). To impair ScoC binding, we constructed a
fusion, nprE153p™ -lacZ, that is similar to the nprE396p™ -lacZ fu-
sion but is truncated by 243 bp from the 5’ end. The deletion
removed most of the upstream ScoC-binding site, which is neces-
sary for ScoC-mediated repression of the nprE gene (12, 60). As
predicted, expression of the truncated fusion was much less af-
fected by a scoC null mutation than was expression of the longer
fusion (3.4-fold compared to 20-fold), suggesting that ScoC bind-
ing to this region contributes significantly to repression of the
nprE gene (Table 5, strains GB1056 and GB1058). The deletion did
not affect regulation by CodY in the scoC background (Table 5,
strains GB1057 and GB1058), indicating that the upstream 15-bp
CodY-binding motif (positions —209 to — 195 with respect to the
transcription start point) (Fig. 3A) is not involved in regulation.

To confirm the location of the ScoC-binding site, we intro-
duced a double-substitution mutation, p2 (mutations at positions
—102 and —101), into the upstream ScoC-binding site of the
nprE396-lacZ fusion in such a way as to reduce the site’s similarity
to the previously suggested ScoC-binding consensus motif,
AATANTATT (Fig. 3) (12). In the codY null background, the p2
mutation strongly reduced ScoC-mediated repression of the fu-
sion, from 20- to 3.7-fold (Table 5, strains GB1048 and GB1050).
Neither the deletion nor the p2 mutation affected CodY-mediated
regulation of nprE, again indicating that CodY and ScoC act at
independent sites (Table 5).

Regulation of the ispA gene. We have previously shown that
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TABLE 6 Effect of ScoC on expression of CodY-regulated fusions”

Fusion Relevant -Galactosidase activity

Strain promoter genotype (Miller units)
BB3654  ispA-lacZ Wild type 0.11

BB3875 scoC 0.17

BB3659 codY 12.3

BB3879 codY scoC 14.1

BB3550 hutP-lacZ Wild type 0.45

BB3873 scoC 0.48

BB3899 codY 9.32

BB3900 codY scoC 9.91

BB2781 dppA-lacZ abrB 6.28

BB3921 scoC abrB 5.42

BB2786 codY abrB 373.8
BB3922 codY scoC abrB 249.8
BB2770 ybgE292-lacZ Wild type 1.12

BB3918 scoC 1.05

BB2771 codY 427.8
BB4089 codY scoC 442.0

“ Cells were grown and B-galactosidase specific activity was assayed as described in the
footnote to Table 3. Histidine (0.1%) was added to the medium in experiments with the
hutP-lacZ fusion to induce promoter expression. The dppA-lacZ fusion was tested in
abrB mutant cells to abolish AbrB-mediated repression of the dppA promoter (35). The
activity of endogenous B-galactosidase was =0.05 Miller unit.

the B. subtilis ispA gene, encoding an intracellular protease, is also
under negative CodY control (27). Considering that expression of
IspA in nutrient broth medium was reported to be under negative
ScoC control (61), we expected the ispA gene to be under a form of
regulation similar to that for aprE and nprE. However, we could
not detect any substantial effect of a scoC null mutation on expres-
sion of an ispA-lacZ fusion in either a codY™ or codY null mutant
strain in TSS+16 aa medium (Table 6).

Potential reciprocal effect of ScoC on CodY activity. Pub-
lished and unpublished DNA microarray data indicated that sev-
eral genes and operons that are direct targets of CodY repression,
such as hutP, ilvB, yxbB, dppA, hom, amhX, bcaP, ilvA, yxbC, putB,
appD, yodF, and rapA, are expressed at 3- to 20-fold lower levels in
a scoC null mutant than in a wild-type strain (16, 26-28). Such an
effect could mean that CodY synthesis or activity is directly or
indirectly reduced by ScoC.

To test this potential effect of ScoC on CodY, we measured the
expression of lacZ fusions to three known CodY-dependent pro-
moters, i.e., those of hutP, dppA, and ybgE (36, 53, 62). None of
these fusions was affected by a scoC mutation in TSS+16 aa me-
dium or in DS nutrient broth medium (Table 6 and data not
shown); the derepressed level of expression of these fusions in
codY null mutant cells was also not affected by the absence of ScoC
(Table 6). Our experiments rule out the possibility of a reciprocal,
negative interaction between the two regulators, at least under the
growth conditions tested. The reason for the downregulation of
several CodY-dependent genes in the published microarray exper-
iment remains unknown. A possible explanation is based on the
medium used (2X SNB [16], which contains twice the concentra-
tion of Difco nutrient broth as that in DS medium). In the absence
of ScoC, increased uptake of oligopeptides (present at a relatively
high concentration in SNB medium) occurs due to derepressed
levels of ScoC-regulated permeases (39, 41). Subsequent intracel-
lular degradation of the oligopeptides and their conversion to
amino acids would lead to elevated activity of CodY.
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DISCUSSION

In this work, we showed that two genes, aprE and nprE, encoding
major extracellular proteases of B. subtilis, are subject to very sim-
ilar but unusual and complex forms of regulation by two tran-
scriptional regulators, CodY and ScoC. Simultaneous inactivation
of three negative regulators, AbrB, CodY, and ScoC, or the latter
two regulators is required to observe high aprE or nprE expression,
respectively, under conditions of nutrient excess.

Both CodY (this work) and ScoC (12) bind to the regulatory
regions of these genes and repress their transcription. In addition,
we have shown previously that CodY binds to the regulatory re-
gion of scoC and represses its transcription (41). Such an arrange-
ment of two regulators, where one of them negatively regulates
expression of the other and both of them negatively regulate ex-
pression of the same target gene, has been termed a type 2 inco-
herent feed-forward loop (63, 64). Though feed-forward loops are
very common, type 2 incoherent loops are less so (63). Type 2
indicates that all direct interactions within the loop are negative.
The term “incoherent” reflects the fact that CodY, in addition to
being a direct negative regulator of aprE and nprE, serves as an
indirect positive regulator of the same genes by preventing high-
level expression of ScoC. Interestingly, other regulators of aprE
form several more feed-forward loops in which both AbrB and
ScoC directly repress the sinIR operon and SinR directly represses
degU (12, 65-67). Additionally, both AbrB and ScoC are subject to
negative autoregulation, and DegU is positively autoregulated
(41, 68, 69).

Because scoC expression increases when CodY is inactive or
absent, stronger ScoC-mediated repression can compensate for
the loss of CodY-mediated repression. As a result, only a mild
increase in aprE expression was observed in codY mutants in a
defined amino acid-containing medium (Fig. 4). Interestingly, ex-
pression from the nprE promoter decreased in codY mutants, im-
plying that repression of nprE by a derepressed level of ScoC is
stronger than that by CodY (Fig. 4). The strong negative role of
CodY in aprE and nprE regulation could be observed only in the
absence of ScoC or by impairing ScoC binding to the promoters
(Tables 3 and 5).

Similarly, the strong negative role of ScoC in regulation of the
aprE and nprE promoters could be observed only when CodY was
absent or unable to bind to the promoters (Tables 3 to 5). This
result contrasts with several previous reports that demonstrated
negative regulation of aprE and nprE or the corresponding en-
zymes by ScoC (16, 18, 37, 54). The unexpected response of the
aprE and nprE promoters to a scoC null mutation in our experi-
ments was likely due to high activity of CodY during growth in
TSS+16 aa medium. Under these conditions, the genes remain
repressed by CodY even if ScoC is absent (Fig. 4). Apparently, in
most previous studies of aprE and nprE regulation, expression of
the genes was tested during late stages of growth in rich complex
media, when exhaustion of nutrients rendered CodY partly inac-
tive. As a result, the aprE and nprE genes would remain repressed
because of the elevated levels of ScoC, and mutational inactivation
of ScoC would reveal a high level of ScoC-mediated regulation.
This is what we observed by evaluating the effects of the scoC
mutation on the expression of aprE- and nprE-lacZ fusions in DS
medium (Fig. 2).

The strong negative contributions of CodY and ScoC to aprE
regulation explain why aprE expression is only weakly increased in
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corresponding lacZ fusions during exponential growth in TSS+16 aa medium.

abrB mutants grown under conditions of nutrient excess. The
nature of AbrB as a repressor was historically revealed only in
spo0A null mutant cells (10, 70), in which AbrB stays active after
T,, whereas CodY is at least partially inactivated. Still, it is uncer-
tain why ScoC does not compensate for the loss of CodY and AbrB
under such conditions, especially given that scoC expression is
increased in the absence of Spo0OA (71).

The B. subtilis opp operon, encoding an oligopeptide permease,
and the braB gene, encoding a branched-chain amino acid per-
mease, as well as the scoC gene itself, are also subject to combined
direct repression by CodY and ScoC (41, 42). A second B. subtilis
oligopeptide permease operon, app, and the bac operon, encoding
the antibiotic bacilysin, are also subject to dual repression by
CodY and ScoC, though the mechanisms of their regulation have
not been determined; the pks operon, encoding the antibiotic
bacillaene, may also be under dual regulation by CodY and ScoC
(16,26-28, 39, 72, 73; unpublished data). Interestingly, each of the
promoters jointly repressed by CodY and ScoC displays its own
distinct pattern of expression, which likely depends on the relative
contributions to regulation and the relative affinities of binding of
the two proteins. In the case of braB, the repressive effects of CodY
and ScoC are almost identical in magnitude, and each of the two
regulators fully compensates for the loss of the other. This effect
contributes to an unusual pattern of braB expression, in which the
highest expression level is observed at intermediate levels of CodY
activity (42). On the other hand, ScoC-mediated repression of opp
is more efficient than CodY-mediated repression and is detect-
able, although at a reduced level, even in codY™ cells (41). In con-
trast, negative regulation of the scoC gene by CodY was almost
fully detectable in scoC* cells (41). Additionally, CodY and ScoC
compete for binding at the oppA and braB promoters but not at
the aprE, nprE, and scoC promoters (41, 42).

AprE, one of the most extensively studied proteins of B. subtilis,
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has proved to be under unusually complex regulation, including
direct transcriptional control by a positive factor, DegU~P, and
four negative factors, AbrB, ScoC, SinR, and CodY. The activity of
each regulator is determined directly or indirectly by different
physiological conditions and may cause heterogeneity in aprE ex-
pression in the cell population (69). The nature of the physiolog-
ical signals affecting the activities of AbrB, ScoC, DegU, and SinR
remains unknown. Thus, CodY is the only regulator of the aprE
and nprE genes for which specific signals that affect its regulatory
activity (ILV and GTP) have been identified. In addition, the ap-
parent role of the stringent response in aprE regulation may be
mediated at least partly through CodY (74). That is, synthesis of
(p)ppGpp occurs when one or more amino acids become limiting
and leads to a reduction in the cellular GTP pool (75). As a result,
CodyY activity decreases under conditions of stringency.

The exact contributions of AbrB, CodY, and ScoC to repres-
sion of aprE and nprE are likely to depend on the composition of
the medium, the extent of nutrient exhaustion, and the growth
stage, all of which affect the exact timing of CodY and AbrB inac-
tivation. AbrB-mediated repression is relieved when Spo0A is ac-
tivated by phosphorylation (21, 76). The multicomponent nature
of the phosphorelay allows integrate multiple environmental sig-
nals in determining the extent of Spo0A activation and, as a result,
AbrB inactivation. CodY-mediated repression is relieved when
the concentrations of amino acids in the growth medium decrease
substantially (35, 36). In DS medium, the consequent reduction in
CodyY activity occurs at roughly the same time that Spo0OA is acti-
vated. ScoC expression gradually increases as a result of CodY
inactivation (41). However, it remains unclear under which phys-
iological conditions, if any, ScoC-mediated repression of nprE and
aprE is relieved in wild-type cells; in codY mutant cells, expression
of aprE and nprE fusions in DS medium remained low at all stages
of growth, suggesting that ScoC was continually active. Although

jb.asm.org 917


http://jb.asm.org

Barbieri et al.

AbrB is able to bind the scoC regulatory region (11) and is reported
to activate the expression of this gene (71), the activity of a scoC-
lacZ fusion was not affected by an abrB null mutation in TSS+16
aa medium (41). It remains unknown how additional regulatory
inputs, e.g., through the SalA-mediated regulation of scoC expres-
sion (18, 22), affect ScoC activity and the interaction between
ScoC and CodY.

Because AbrB appears to be active under all growth conditions
in which Spo0A remains inactive, the roles of CodY and ScoC in
aprE expression may be restricted to growth conditions that lead
to the activation of SpoOA and relief from the AbrB-mediated
repression. Because nprE expression is regulated by AbrB less
tightly than aprE expression (Tables 3 and 5 and Fig. 2), the roles
of CodY and ScoC in NprE expression appear to be important
under a wider range of growth conditions. Due to their noniden-
tical regulation and timing of expression, the two major exopro-
teases of B. subtilis may have different physiological functions.

We recently showed that expression of two minor extracellular
proteases, Vpr and Mpr, is also under direct negative CodY con-
trol (41), though neither vpr nor mpr is under ScoC-mediated
control. Thus, CodY is a direct negative regulator of at least four B.
subtilis extracellular proteases. Expression of exoproteases from
Staphylococcus aureus and Streptococcus pyogenes was also reported
to be under CodY control, and some of these proteases may be
involved in virulence (77, 78). Repression of genes coding for
extracellular proteases under conditions of nutrient excess not
only prevents the waste of energy needed to synthesize and secrete
proteases but also limits the amino acid supply and leads to the
reduced activity of CodY through a negative-feedback loop.

Interestingly, it is possible that the abundance of oligopeptides
in the natural environment of B. subtilis is higher than the abun-
dance of free amino acids. Therefore, the benefits of tight coordi-
nation of protein degradation, oligopeptide transport, and ILV
uptake (due to the ScoC-mediated repression of braB [42]), all of
which affect CodY activity, may provide a rationale for the inti-
mate regulatory interplay between CodY and ScoC.
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