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CodY is a global transcriptional regulator that is activated by branched-chain amino acids. A palindromic
15-bp sequence motif, AATTTTCNGAAAATT, is associated with CodY DNA binding. A gel mobility shift assay
was used to examine the effect of pH on the binding of Bacillus subtilis CodY to the hutPp and ureAp, promoters.
CodY at pH 6.0 has higher affinity for DNA, more enhanced activation by isoleucine, and a lower propensity
for nonspecific DNA binding than CodY at pH 8.0. DNase I footprinting was used to identify the CodY-
protected regions in the hutPp and ureAp; promoters. The CodY-protected sequences for both promoters were
found to contain multiple copies of the 15-bp motif with 6-bp overlaps. Mutational analysis of the hutPp
regulatory region revealed that two overlapping sequence motifs were required for CodY-mediated regulation.
The presence of overlapping sequence motifs in the regulatory regions of many B. subtilis CodY-regulated genes
suggests that CodY binds to native operators that contain overlapping binding sites.

CodY is a global regulatory protein found in low-G+C
Gram-positive bacteria that controls gene expression in re-
sponse to nutrient availability (45). Microarray studies of dif-
ferent bacteria have shown that CodY regulates a large num-
ber of genes involved the adaptation to nutrient limitation (13,
20, 34). CodY has also been identified as a regulator of viru-
lence in several pathogens (5, 15, 33). The Bacillus subtilis
CodY protein has been shown to be a nutritional repressor of
sporulation (39).

CodY is a dimeric protein that contains a winged helix-turn-
helix DNA-binding motif and ligand-binding GAF domain
(29). The activity of CodY is mediated by two different meta-
bolic signals (19, 38, 39). Branched-chain amino acids bind to
CodY proteins from many different bacterial species and stim-
ulate their DNA-binding activities (14, 15, 20, 44). A subset of
CodY proteins also respond to GTP. For instance, GTP binds
to B. subtilis CodY and increases the DNA-binding affinity of
this protein 4-fold (21, 39).

DNase I footprinting and mutational studies have estab-
lished that a 15-bp DNA sequence motif, AATTTTCNGAAA
ATT, is associated with the binding of CodY to DNA (3, 13,
20). Base pair changes that decrease similarity with the con-
sensus motif reduce CodY repression, while mutations that
increase the similarity enhance the level of CodY-mediated
regulation (3, 4, 14). Despite these experimental results, there
are several unexplained observations about the DNA-binding
specificity of CodY. For instance, the CodY-protected regions
observed in DNase I footprinting experiments with the B. sub-
tilis comK, dppA, figBp A, hag, and srfA promoters lack se-
quences with high similarity to the consensus motif (3, 6, 42,
43). In addition, DNA sequences with high similarity to the
CodY-binding motif are present in the upstream regulatory
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regions of many genes that are not subject to CodY-dependent
regulation (3). Moreover, while a putative CodY-binding motif
has been described for the hutP promoter (3, 13), a previously
published study described a mutation outside this CodY-bind-
ing motif that relieved CodY-mediated regulation in vivo (16).
Similarly, several mutations located outside the CodY-binding
motif of the Lactococcus lactis oppD promoter have been
shown to reduce the in vitro affinity of CodY (13, 14).

This communication describes the analysis of the B. subtilis
CodY-regulated hutPp and ureAp; promoters (18, 48). In this
article, the term CodY DNA-binding site is used to refer to
DNA sequences that correspond to the conserved 15-bp motif
while the term CodY operator refers to the cis-acting DNA
region where CodY regulates gene expression. The results
from this study lead us to propose that CodY operators typi-
cally contain multiple CodY-binding sites with 6-bp overlaps.

MATERIALS AND METHODS

Gel mobility shift assays. C-terminal His,-tagged CodY was overexpressed
with plasmid pKT1 (7). CodY protein was purified by sequential chromatography
on immobilized nickel affinity and size exclusion columns (7). The concentration
of CodY was determined by measuring its UV absorbance at 280 nm. An
extinction coefficient for Hisq-tagged CodY of 8,940 M~ ! cm ™! was calculated
from its amino acid sequence (37).

DNA fragments for the binding reactions were prepared by PCR amplification
of plasmid DNA containing the hutPp and ureAp; promoters. Plasmid pHUT724
contains a 200-bp EcoRV-Nael hutPp promoter fragment (1). Plasmid pURE20
contains a 314-bp EcoRV-EcoRV ureAp; promoter fragment (48). PCR prod-
ucts digested with EcoRI and HindIIT were labeled by a fill-in reaction with
[a-3?P]dATP and Klenow DNA polymerase.

The DNA-binding reaction mixtures contained 0.1 nM end-labeled DNA
fragment, 25 mM buffer, 200 mM sodium acetate, 1 mM dithiothreitol (DTT), 1
mM Tris(2-carboxyethyl)phosphine, 1 mM EDTA, 0.05% n-octylglucoside, 5%
glycerol, 100 pwg/ml bovine serum albumin, and 200 pg/ml sonicated calf thymus
DNA. The binding reactions at pH 6.0, 7.0, and 8.0 used the buffers 2-(N-
morpholino)ethanesulfonic acid, N,N-bis(2-hydroxyethyl)-2-aminoethanesulfo-
nic acid, and Tris, respectively. The binding reaction mixtures were incubated at
30°C for 20 min and loaded onto 12% polyacrylamide gels with an acrylamide to
bis-acrylamide ratio of 50 to 1. The gel electrophoresis buffers were designed to
match the pH of the DNA-binding reaction mixtures, and each contained a pair
of pK-matched buffer compounds with a concentration of 25 mM (30). The
buffer pairs for electrophoresis at pH 6.0, pH 7.0, and 8.0 were 2-(N-morpholi-
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TABLE 1. CodY DNA binding affinities

Ky5 (nM) at pH?:

Promoter Coeffector(s)*
6.0 7.0 8.0
hutPp None 1,400 =100 2,600 = 100 2,900 = 100
32 mM Ile 101 400 = 10 600 = 10
100 mM Ile ND¢ ND 610 = 10
5 mM GTP 1,500 = 100 ND 2,500 = 200
32 mM Ile and 13+1 310 £ 10 420 =10
5 mM GTP
ureAp; None 410 £ 20 ND 1,400 = 100
32 mM Ile 84+03 ND 240 = 10

“ Isoleucine was present in the binding reaction mixture, gel, and running
buffer. GTP was present only in the binding reaction mixture.

> The experiments were performed with the binding reaction mixture, gel, and
running buffer at the indicated pH. Values are the averages from two or more
independent experiments. The uncertainty is the standard error from nonlinear
regression analysis of the data.

“ND, not determined.

no)ethanesulfonic acid plus bis(2-hydroxyethyl)amino-tris(hydroxymethyl)meth-
ane, imidazole plus N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid,
and triethanolamine plus N-[tris(hydroxymethyl)methyl]glycine, respectively.
Following electrophoresis, the gels were dried and the radioactive bands deter-
mined by exposing the dried gel to a phosphorimage screen.

To quantitatively analyze the binding of CodY to DNA, the band intensities
were determined with the volume measurement function of ImageQuant soft-
ware (Molecular Dynamics). The binding curves had a sigmoidal shape, and thus
nonlinear regression analysis was used to fit the data to the Hill equation 6 =
Ch(C™ + K, 5™, where 8 is the fraction of bound DNA, C is the total dimer
concentration of CodY, K| 5 is the binding constant, and h is the Hill coefficient.
While the DNA-binding activity of any single CodY preparation was reproduc-
ible, different preparations of CodY had different specific activities. The K s
values for the binding of CodY from various preparations to the hutPp promoter
in the presence of 32 mM isoleucine ranged from 1 to 10 nM. Because of this
behavior, all of the CodY DNA-binding constants were determined with a single
CodY preparation.

DNase I footprinting. The hutPp and ureAp; DNA fragments for footprinting
experiments were prepared by PCR amplification and digested with the restric-
tion enzymes Acc651 and HindIII. The downstream ends of these promoter
DNA fragments were labeled by a fill-in reaction with [a-*?P]dATP and Klenow
DNA polymerase. The footprinting reactions were performed at pH 6.0 in the
presence of 32 mM isoleucine using the same conditions as the gel mobility shift
assay except that the DNA fragment concentration was increased to 1 nM and
the EDTA was replaced with 10 mM magnesium chloride and 2 mM calcium
chloride. The binding reaction mixtures were incubated at 30°C for 20 min and
then treated with DNase I for 2 min. The nuclease reactions were terminated by
adding an equal volume of stop solution (40 mM EDTA, 40 mM EGTA, 1%
SDS, 200 pg/ml tRNA). The samples were extracted with phenol-chloroform,
precipitated with ethanol, and resuspended in formamide gel-loading buffer. Size
standards of the end-labeled DNA fragments were prepared as previously de-
scribed (31).

Oligonucleotide mutagenesis. Site-directed mutagenesis of hutPp was per-
formed by PCR overlap extension using pHUT724 as a template (22). The
mutation-containing PCR DNA fragments were digested with EcoRI and
HindIII and subsequently inserted into pJCD9 (10). The resulting plasmids were
sequenced to confirm the presence of the desired mutation. Transcriptional lacZ
fusions were constructed by inserting the mutant hutPp DNA fragments into
pSFL1 (50). All lacZ fusions were integrated into the amyE gene of the isogenic
B. subtilis strains 168 (trpC2) and SF168Y (trpC2 AcodY) (48).

Enzyme assays. Methods for the cultivation of bacteria in the minimal medium
of Neidhardt et al. (36) have been described previously (1). All cultures con-
tained 0.5% glucose and 0.2% glutamine. The composition of the 16-amino-acid
(16-aa) mixture present in some cultures has been described previously (1).
B-Galactosidase was assayed in crude extracts prepared from cells grown to
mid-log growth phase (1). The reported B-galactosidase levels were corrected for
the endogenous activity present in cells containing the promoterless lacZ fusion
vectors integrated into the amyE gene. One unit of B-galactosidase activity
produced 1 nmol of o-nitrophenol per min.
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RESULTS

Effect of pH on CodY DNA-binding activity. A gel mobility
shift assay was used to examine the binding of CodY to a hutPp
DNA fragment. The initial experiments were performed using
conditions that were buffered at pH 8.0. Under these condi-
tions, the CodY-hutPp interaction had a binding constant
(Ky.5) of 2,900 nM in the absence of any coeffectors and a K, 5
of 600 nM in the presence of 32 mM isoleucine (Table 1).
These results demonstrated that CodY DNA-binding activity
was enhanced 5-fold in the presence of isoleucine. Although
this level of CodY DNA-binding enhancement is similar to
that found in previously published reports (44, 46), it is rather
low compared to that seen for other DNA-binding proteins.
For example, the DNA-binding activities of the TrpR and
PurR repressors are enhanced 200-fold by their corepressors
(9, 51). In the pH 8.0 gel mobility shift autoradiographs, the
CodY-DNA complexes form wavy bands, with tails at the ends
of each band (Fig. 1). In addition, the mobility of the CodY-
DNA complexes at pH 8.0 decreases as the protein concentra-
tion is increased. This decrease in complex mobility is presum-
ably due to nonspecific binding of additional CodY dimers to
the DNA fragment.

To minimize the non-sequence-specific DNA binding and
obtain better isoleucine enhancement of the DNA-binding ac-
tivity, the conditions for the CodY DNA-binding reactions
were modified and tested. Replacement of the calf thymus
nonspecific competitor DNA with synthetic copolymers, such
as poly(dA-dT) - poly(dA-dT), poly(dG-dI) - poly(dG-dI), or
poly(dA) - poly(dT), did not suppress the nonspecific DNA
binding (data not shown). Similarly, reducing the sodium ace-
tate concentration from 200 mM to 50 mM did not abate the
CodY nonspecific DNA binding behavior (data not shown).
Surprisingly, we found that lowering the pH to 6.0 had dra-
matic effects on CodY DNA-binding behavior. Experiments at
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FIG. 1. CodY-hutPp gel mobility shift assays. These assays were per-
formed at pH 8.0 (A) and at pH 6.0 (B). Isoleucine (32 mM) was included
in the binding reaction mixture, gel, and gel buffer. The numbers above
each lane correspond to the CodY dimer concentration (nM).
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FIG. 2. Enhancement of CodY DNA-binding activity by aliphatic
amino acids. The experiments were performed at pH 6.0. CodY with a
dimer concentration of 200 nM was present where indicated. All of the
amino acids were L-stereoisomers and were present only in the binding
reaction sample. Nonstandard abbreviations: Ale, alloisoleucine; Abu,
2-aminobutyric acid; Ape, 2-aminopentanoic acid; Ahe, 2-amino-
hexanoic acid.

pH 6.0 revealed that the K, 5 for CodY-hutPp binding was
1,400 nM in the absence of any coeffectors and 10 nM in the
presence of 32 mM isoleucine (Table 1). Under these acidic
conditions, isoleucine enhanced CodY DNA-binding activity
140-fold. In addition, at pH 6.0 the CodY-DNA complexes
form tight bands and have uniform mobility, with CodY dimer
concentrations that are 100-fold higher than the 10 nM binding
constant (Fig. 1 and data not shown). These observations argue
that the nonspecific DNA-binding activity of CodY is sup-
pressed at pH 6.0. It is also noteworthy that in the presence of
isoleucine CodY had a 60-fold-higher affinity for hutPp DNA
at pH 6.0 (K|, 5 of 10 nM) than at pH 8.0 (K|, 5 of 600 nM). The
hutPp DNA-binding behavior of CodY at pH 7.0 was very
similar to its behavior at pH 8.0 (Table 1). GTP did not sig-
nificantly enhance the hutPp DNA-binding affinity of CodY
under the in vitro conditions used in these gel mobility shift
assays (Table 1).

One possible explanation for the pH-dependent DNA-bind-
ing behavior of CodY is that the corepressor isoleucine might
have a lower affinity for CodY at pH 8.0 than it does at pH 6.0.
To test this hypothesis, the DNA-binding affinity of CodY for
hutPp was examined at pH 8.0 in the presence of 100 mM
isoleucine. We reasoned that if this hypothesis were correct,
then increasing the concentration of isoleucine would increase
the fraction of active CodY and thus result in an increase in the
observed DNA-binding affinity. The experimental results
showed that at pH 8.0 CodY had identical DNA-binding ac-
tivities in the presence of 32 mM and 100 mM isoleucine
(Table 1). These results are consistent with the idea that the
lower DNA-binding affinity of CodY at pH 8.0 is not due to an
inability of CodY to bind isoleucine at this alkaline pH.

The pH-dependent DNA-binding activity of CodY for a
ureAp; DNA fragment was also determined. The isoleucine-
dependent enhancement of CodY affinity for ureAp; DNA was
49-fold at pH 6.0 but only 6-fold at pH 8.0 (Table 1). In
addition, the affinity of CodY for ureAp, in the presence of 32
mM isoleucine was 29-fold higher at pH 6.0 (K, s of 8.4 nM)
than at pH 8.0 (K, 5 of 240 nM). Taken together, these results
argue that the enhanced in vitro DNA-binding affinity of CodY
observed at pH 6.0 is a general effect that is not specific to a
unique operator site.
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Activation of CodY by different coeffectors. In the DNA-
binding assays described above, the most stable CodY-DNA
complexes were observed when 32 mM isoleucine was included
in the binding reaction mixture, gel, and gel running buffer.
Nonetheless, stable CodY-DNA complexes could also be gen-
erated when corepressor was added only to the binding reac-
tion mixture (Fig. 2). This observation was exploited to exam-
ine the effectiveness of different aliphatic amino acids in
activating the DNA-binding activity of CodY. These experi-
ments used a fixed amount of CodY (150 nM) and varied the
concentration of the corepressor. The fraction of bound DNA
was quantified and plotted against the corepressor concentra-
tion. Nonlinear regression analysis was used to fit the data to
the Hill equation and obtain a value for the effective concen-
tration that gave rise to 50% DNA binding (ECs).

Amino acids with 4-carbon side chains (leucine, isoleucine,
alloisoleucine, and 2-aminohexanoic acid) were the most ef-
fective corepressors, with ECyys in the range of 4.7 to 6.8 mM
(Table 2). The amino acids with 3-carbon side chains, 2-amino-
pentanoic acid and valine, required higher concentrations to
activate CodY (ECsys of 17 and 22 mM, respectively). 2-Ami-
nobutyric acid, which has only a 2-carbon side chain, was not a
very effective corepressor (Table 2). These results are consis-
tent with the idea that the size of the aliphatic side chain is a
major determinant in the binding of amino acid corepressors to
CodY.

CodY-binding regions in hutPp and ureAp;. DNase I foot-
printing analysis was used to identify the CodY-protected re-
gions in the hutPp and ureAp, promoters. CodY protected
sequences on the hutPp nontemplate DNA strand from posi-
tions +7 to +40 with respect to the transcriptional start site
(Fig. 3). These results are consistent with an in vivo deletion
analysis of the hutP promoter region which showed that DNA
sequences between +20 and +42 are required for amino acid
repression (50). The hutPp protected region contains two over-
lapping CodY DNA-binding site sequences with 4 mismatches
to the consensus motif (Fig. 4).

The nontemplate DNA strand of ureAp, was protected from
positions —60 to —28 (Fig. 3). The ureAp; protected region
contains three overlapping CodY DNA-binding site sequences
with 5, 3, and 4 mismatches to the consensus motif (Fig. 4).
The overlapping CodY DNA-binding sequences in each pro-
moter have 6-bp overhangs.

TABLE 2. Coeftector ECy, values for CodY DNA binding

Coeffector” ECs, (mM)?
LEUCINE .ttt 4.7 +x04
Isoleucine 49 +0.3
ATIOISOICUCINE ...ttt sse e eenens 55+04
2-Aminohexanoic acid 6.8+ 0.3
2-Aminopentanoic acid.........cccoceceiiiiiiiiiiiiceee 17x3
Valine 22+3
2-Aminobutyric acid >240°

“ The L-stereoisomer of each amino acid was used for these experiments. The
coeffectors were added only to the binding reaction mixture. These experiments
were performed at pH 6.0 with 150 mM CodY dimer.

 Each ECs, was determined from at least two independent experiments. The
uncertainty is the standard error from nonlinear regression analysis of the data.

€ Only 30% of the DNA is bound with 240 mM 2-aminobutyric acid.
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with CodY. The molecular size markers are in the lanes labeled A+G.
The CodY dimer concentration (nM) used for each reaction is indi-
cated above each lane. All reactions were performed at pH 6.0 in the
presence of 32 mM isoleucine. The protected regions are denoted by
the vertical line.

Mutational analysis of the hutP promoter. To analyze the
contributions of the two CodY-binding sites in the AutP pro-
moter to the regulation of gene expression from hutPp, muta-
tions in the binding sites were generated by oligonucleotide-
directed mutagenesis. Since the Aut DNA promoter fragment
used in the mutagenesis experiments lacks the downstream
sequences required for catabolite repression and histidine in-
duction, its expression is regulated only by CodY (18, 49, 50).
The mutated promoters were transcriptionally fused to the
lacZ gene and integrated into the B. subtilis chromosome as
single copies. B-Galactosidase expression from the fusions was
examined in cells grown in the presence and absence of the
16-aa mixture that promotes CodY-dependent repression (Ta-
ble 3). In addition, the CodY DNA-binding affinities were
determined with the gel mobility shift assay (Fig. 5).

Single base pair mutations that decreased the sequence sim-
ilarity of the upstream CodY-binding site to the consensus
motif, hutPp ¢, hutPp, 41, and hutPp 4 5, were found to reduce
the level of repression by CodY in medium containing the

hUth

AATTTTCNGAAAATT
AATTTTCNGAAAATT

AGTTAATAGTTATCAGAATTTTTAGGAATTGAGTGATTCATATGA

ureAp3

AATTTTCAGAAAATT  AATTTTCNGAAAATT
AATTTTCNGAAAATT

TGGTCAAGGTAACTAAATTTTTTAAATATTCTTTGAATTAATAGG

FIG. 4. Summary of the DNase I footprinting experiments. The
nucleotide sequences of the nontemplate strands of the hutPp (+1 to
+45) and ureAp; (—66 to —22) promoters are shown. The —35 region
of the ureAp; promoter is overlined. The CodY-protected regions are
indicated by the brackets below the DNA sequences. The CodY-
binding consensus motifs are shown above the promoter sequences.
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TABLE 3. Expression of hutP,-lacZ fusions in wild-type and
AcodY strains

B-Galactosidase sp act (U/mg of
protein) in cells grown on:

hut - - Amino e}cid CodY

promoter Wild-type strain AcodY strain repress}l)on repre§slon
ﬁ with Gln + ratio ratio
Gln 16 aa 16 aa

Wwild type 6.6 0.4 18 17 45
11C 12 8.1 14 1.5 1.7

12T 1.4 0.01 21 140 2,100
14T 13 7.0 22 1.9 3.1
16A 19 17 18 1.1 1.1
18G 20 16 19 1.3 1.2

24G 12 1.1 17 11 15
25A 14 2.0 17 7.0 8.5

26A 0.08 <0.01 17 >80 >1,700
28G 13 7.4 17 1.8 2.3

30C 5.2 0.23 18 23 78

¢ Cells were cultured in glucose minimal medium containing the indicated
nitrogen sources. All values are the averages of the results from two or more
determinations. The standard errors were less than 20% for each value.

> The amino acid repression ratio was calculated by dividing the B-galactosi-
dase level for wild-type cells grown with glutamine by the value for wild-type cells
grown with glutamine plus the 16-amino-acid mixture.

¢The CodY repression ratio was calculated by dividing the B-galactosidase
level for AcodY cells grown with glutamine plus the 16-amino-acid mixture by the
value for wild-type cells grown with glutamine plus the 16-amino-acid mixture.

16-amino-acid mixture. DNA fragments containing these mu-
tations had 4- to 7-fold-lower affinities for CodY than the
wild-type DNA fragment.

Three mutations in the downstream CodY-binding site
(hutPp,sa, hutPp,gg, and hutPp;yc) that decreased the se-
quence similarity with the consensus motif were also con-
structed. The hutPp,g; mutation relieved CodY-dependent
regulation in vivo and reduced the in vitro CodY affinity 24-fold
compared to that for wild-type hutPp. Expression from the
hutPp,s, promoter was only partially repressed by CodY in

AATTTTCNGAATTTT
AATTTTCNGAAAATT Ko.5 (nM)
hutPp AGTTATCAGAATTTTTAGGAATTG 10
11 ceCueteeieeeeiians 63
172 S 3.7
UT ... T, 44
16A .een.... | N 71
186 terennnnn. Gueeernanns 84
206 i Guovennns ND
4] N Ao..... ND
7L N A..... 3.4
4 O G... 240
300 e C. ND

FIG. 5. Mutations in the hutPp promoter region. The hutPp DNA
sequence from +8 to +31 is shown. The CodY-binding consensus
motifs are displayed above the hutPp sequence. The CodY DNA-
binding affinities were determined at pH 6.0 in the presence of 32 mM
isoleucine and are shown in the rightmost column. The standard errors
for the K|, 5 values from nonlinear regression analysis of the binding
data were less than 10% of each value. ND indicates binding affinities
that were not determined.
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FIG. 6. Gel shift of the hutPp,35 DNA fragment. This experiment
was performed at pH 6.0 in the presence of 32 mM isoleucine. The
intermediate band is indicated by the arrow. Numbers above the lanes
are CodY dimer concentrations (nanomolar).

vivo, while the hutPp,- mutation had no significant effect on
CodY-mediated repression.

The hutPp,,+ and hutPp,s, mutations alter the upstream
and downstream CodY-binding sites, respectively, so that each
site has increased its similarity with the consensus motif (up
mutations). Compared to the wild-type hutPp promoter, both
of these up mutations increased the in vivo levels of CodY-
dependent repression and increased the in vitro CodY DNA-
binding affinities. Taken together, the results of these muta-
tional studies demonstrate that both CodY-binding sites in the
hutPp operator contribute to the in vivo regulation by CodY.
The mutational analysis of hutPp by Eda et al. (16) also sup-
ports this conclusion.

CodY site up mutations can give rise to promoters that are
essentially uninducible. For instance, the hutPp,, , mutant pro-
moter has a level of expression under nonrepressing conditions
that is lower than the level observed with the hutPp wild-type
promoter under repressing conditions (Table 3). The up mu-
tations dppApss, hutPpy A, and ylmAp, have also been shown to
be uninducible (3, 16). These results support the proposal that
no naturally occurring CodY operators contain sequences
identical to the consensus motif, because these promoters
would be unable to derepress gene expression (3).

When analyzed with the gel mobility shift assay, only a single
CodY-DNA complex was observed with the wild-type hutPp,
wild-type ureAp, and most of the hutPp mutant DNA frag-
ments. The only exception was the hutPp,s; DNA fragment,
where a low-abundance CodY-DNA complex with intermedi-
ate mobility was observed (Fig. 6). It is noteworthy that the
hutPp,g DNA fragment had the lowest in vitro CodY affinity
of all of the hutPp mutant DNA fragments (Fig. 5). The pres-
ence of two CodY-DNA complexes in the hutPp,qs gel shift
experiments is consistent with the idea that at least two CodY
dimers are present in the low-mobility CodY-hutPp,g5 com-
plex.

CodY-binding sites of B. subtilis genes. A search of the DNA
sequences upstream of B. subtilis CodY-regulated genes was
performed to determine if additional CodY operators contain
overlapping CodY DNA-binding sites. This search utilized a
24-bp tandem consensus sequence (TCS) that was composed
of two CodY DNA-binding sites with a 6-bp overlap (Table 4).
This search used a cutoff of 7 mismatches with the TCS.

Among the genes with a single TCS site, the sequences
identified for the bcaP, figB, hutP, ureAps, ylmA, and yurP
promoters were found to overlap the CodY-protected regions
from DNase I footprinting experiments (Fig. 4) (3, 4, 6). The
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TCS site upstream of gabP overlaps the promoters for this gene
17).

The rocABC and rocDEF operons were formerly shown to
be regulated by CodY in microarray experiments (34). While
no TCS sites were found upstream of the roc4 or rocD gene, a
single TCS site was found upstream of the rocR gene (Table 4).
RocR is a transcriptional activator of the rocABC and rocDEF
operons (8). These observations suggest that CodY may indi-
rectly regulate expression of the roc operons by controlling the
level of rocR expression.

Two TCS sites were found in the upstream DNA regions of
several genes (Table 4). In three of these genes, dppA, ilvB, and
wbB, the TCS sites overlap to form a tandem array of three
CodY-binding sites (Fig. 7) that was identical to the arrange-
ment observed in the ureAp; promoter (Fig. 4). The overlap-
ping TCS sites in the dppA and ilvB promoters correspond to
the CodY-protected sequences observed in DNase I footprint-
ing experiments (43, 44). The presence of multiple CodY-
binding sites in the dppA promoter region has been noted
previously (3). The individual CodY-binding sites in the dppA
promoter have relatively low sequence similarity with the
CodY-binding consensus sequence (3). The ability of CodY to
regulate dppA expression may be dependent on the tandem
arrangement of the three CodY-binding sites shown in Fig. 7.
The occurrence of nonoverlapping TCS sites for several genes
may indicate the presence of two CodY operators. It has been
shown that the regulation of bcaP by CodY is mediated by two
independent operators (4).

CodY TCS sites are found within the experimentally iden-
tified ureAp, and yxbB promoters (35, 48). Both of the TCS
sites for the oppA gene are located downstream of the putative
promoter for the opp operon (40). It is noteworthy that CodY
is a nutritional repressor of sporulation and that opp gene
mutants are defective in sporulation (39, 40). These observa-
tions suggest that the opp operon may be a target for the
CodY-mediated repression of sporulation.

DISCUSSION

Several in vitro DNA-binding properties of CodY are signif-
icantly altered by the pH of the binding conditions. First, CodY
has a higher affinity for DNA at pH 6.0 than at pH 8.0 (Table
1). Second, CodY DNA-binding affinity has a higher level of
isoleucine enhancement at pH 6.0 than at pH 8.0 (Table 1).
Third, there is a larger discrimination between sequence-spe-
cific and nonspecific DNA binding at pH 6.0 than at pH 8.0
(Fig. 1). The physiological significance of these observations is
unclear because exponentially growing B. subtilis cells maintain
an intracellular pH of ~8.1 (32). The observation that Strep-
tococcus mutans codY mutants are acid sensitive compared to
wild-type cells (28) raised the possibility that enhanced CodY
DNA binding at low pH might facilitate survival of B. subtilis
cells under acidic growth conditions. However, no difference in
growth of wild-type and codY B. subtilis cultures could be
observed in low-pH growth medium (S. H. Fisher, unpublished
data). Another explanation for this discrepancy is that the
acidic in vitro conditions artificially activate the DNA-binding
activity of CodY. This interpretation could indicate the exis-
tence of an additional in vivo corepressor for CodY.

The mutational analysis of hutPp clearly demonstrates that
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TABLE 4. CodY-binding sites in CodY-regulated B. subtilis genes

Promoter region No. of bp bet\jveen site DNA sequence” .NO' of
and downstream gene mismatches

CodY DNA-binding site1 o AATTTTCNGAAAATT

CodY DNA-binding site 2 AATTTTCNGAAAATT---------

Tandem consensus sequence AATTTTCNGAAWWTTCNGAAAATT

Genes with a single TCS site
yurP 86 AtTaTTgAGAAATTTCAGAAAATA 4
ginQ 37 AATTTTCAGAAAAGTETGALCATT 4
yimA 29 AgTTTTaTGAAAATTaAaACAATT 5
bcaP 167 AATTTgtCGALTTTTCTaACAATT 5
ureAps 867 AATTTTtTaAATATTCTttgAATT 5
hutP 2 AgTTaTCAGAATTTTtAGgAALTY 6
gabP 25 AATTaTCAtAATATTCAGtAAtga 6
flgB 231 AAagTTtCaAAAATgCCGAAAAgaA 7
rocR 43 AATagaaGcAATATTaAGAAAATa 7
appD 98 AATTTTtCGAtAATTCAatAttaT 7
yegM 89 tATTTTgAGGATATTGTGAACGCT 7
ilvA 45 tATTTTEtTGAATATTCAtgttATa 7
acsA 55 tATaTTtTaAAAATTgAGAAgGAAT 7
yegA 277 CATaTTgCtACTATTCAGAAtAAT 7
yhjC 136 tAaTTTCAGACAATTCACACtATa 7
yur] 86 tATTTTaGaAATATagCaAAAATY 7

Genes with two TCS sites
dppA 11 AATaTTCAtAATTTagTaAAAAag 7
dppA 20 AtTTgTtAGAATATTCAtAAttTa 7
ilvB 521 AATTgTCTaAtAATTtTaAAAAAT 6
ilvB 530 AtTaaTCAaAATTgTCTaAtAATT 7
yxbB 414 AATTaTCAGAggATTaTaAtALTT 7
wbB 423 tATTgaCAGAATTaTCAGAggATT 6
ureAp, 242 tATTaTaGaAATTTcCAGAAAAaa 7
ureAp, 266 AATTgTCGaAcTAgTCAGACAAGT 6
ilvD 41 AATaaaCTGAAAATTYTCAAAATa 6
ilvD 197 AtTgTTgACAAATAaTCCGAAAACT 6
ybgE 104 AtccTaaAGAATATTCTGAAALTT 6
ybgE 24 AAaagaCTGAATATTtAAACAATT 7
oppA 44 AtTTgTCTGALATTTCTGAggATT 5
oppA 93 AATaaTCAGAAAAgaCGGAAcAga 7
yufN 95 AATTTTaTcgATTcTaAGAAALTY 7
yufN 106 tATTaTCAGAAAATTETatcgATT 7

“ Bases with mismatches to the TCS are indicated in lowercase.

two overlapping CodY-binding sites are required for CodY-
mediated regulation of this promoter. The presence of TCS
sites within the CodY-protected regions of several other B.
subtilis CodY-regulated promoters suggests that multiple
CodY-binding sites are present in other B. subtilis CodY op-
erators. Studies of DNA binding by CodY from other bacteria
support the overlapping binding site model. For instance, a
previously published bioinformatics analysis of Staphylococcus
aureus CodY-binding DNA regions identified a 21-bp con-
served motif (33). This motif corresponds to bases 3 to 23 of
the 24-bp TCS. These observations suggest that many S. aureus

AATTTTCNGAAAATT
AATTTTCNGAAAATT  AATTTTCNGAAAATT

dppA  AtTTgTtAGAATATTCAtAATTTagTaAAAAag

ilvB  AtTaaTCAaAATTgTCTaAtAATTtTaAAAAaT

yxbC  tATTgaCAGAATTaTCAGAggATTaTaAtAtTT
FIG. 7. Promoters with three tandem CodY-binding sites. The in-
dividual CodY-binding consensus motifs are shown at the top. Bases in

the promoter region sequences with mismatches to the CodY-binding
consensus motifs are indicated in lowercase.

CodY operators may also contain two CodY binding sites with
a 6-bp overlap. In addition, mutational studies of the L. lactis
oppD promoter are consistent with the idea that the CodY
operator of this gene also contains two overlapping binding
sites (14). It is tempting to speculate that this mode of DNA
binding by CodY may be conserved in other bacteria.

Despite this evidence in favor of overlapping CodY-binding
sites, the TCS has limited usefulness in identifying native
CodY operators. For instance, in a search of the intergenic
regions of the B. subtilis genome for TCS sites with seven or
fewer mismatches, the majority of the identified sequences
were upstream of genes that are not regulated by CodY (L.
Wray, unpublished results). In addition, no TCS sites were
identified in the CodY-protected region of the comK, figBp A,
hag, or srfA promoter (6, 42). Furthermore, the experimentally
identified CodY operator located downstream of the B. subtilis
bcaP promoter is not a good match to the TCS (4). A position-
specific weight matrix based on the contributions of the indi-
vidual base pairs to CodY-DNA binding would likely be more
successful at identifying native CodY operators.

The binding of CodY to DNA appears to be highly cooper-
ative. This assertion is supported by the finding that CodY
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forms a single complex in the gel shift experiments with wild-
type hutPp DNA even though the mutational studies revealed
that there are at least two CodY DNA-binding sites in the
hutPp operator. Further support comes from the observation
that the DNA-binding curves are sigmoidal. A cooperative
binding mechanism, regardless of its molecular details, would
be expected to have an optimal spacing of the CodY DNA-
binding sites. The presence of sequences in many CodY oper-
ators that match the TCS suggests that a 6-bp overlap would be
most favorable.

This DNA-binding model for CodY could explain the ob-
served behavior in pH 8.0 gel shift experiments, where CodY-
hutPp DNA complexes with progressively lower mobility are
observed as the CodY protein concentration is increased (Fig.
1). This process could involve the iterative binding of CodY
dimers to sequence-specific sites and subsequent binding to
nonspecific sites. This hypothesis argues that the cooperative
binding of CodY to DNA is less dependent upon sequence
specificity at pH 8.0 than at pH 6.0. Similarly, the progressive
binding of CodY dimers could explain the observed tendency
of CodY to protect large extended regions of DNA in DNase
I footprinting experiments (13, 42, 43, 44).

The proposed mechanism for CodY DNA binding has been
observed with other repressors. The DtxR, Fur, QacR, TrpR,
TtgR, and XyIR proteins have been shown to interact with
DNA at overlapping binding sites (2, 11, 24, 26, 27, 41, 47). The
in vitro behavior of several of these proteins mimics that of
CodY. For instance, the QacR repressor binds DNA cooper-
atively and forms a single QacR-DNA complex in gel mobility
shift assays (41). In addition, the Fur repressor can protect
large extended DNA regions in DNase I footprinting experi-
ments (12, 25).

The TrpR repressor binds to its native operators with re-
pressor dimer to DNA stoichiometries of 1:1, 2:1, and 3:1 (23).
Similarly, Fur-DNA complexes with repressor dimer to DNA
ratios of 1:1, 2:1, 3:1, and 4:1 have been reported (26). CodY
may also bind to its native operators with different stoichiom-
etries. As noted above, the dppA, ilvB, ureAp;, and yxbC pro-
moters contain three overlapping CodY-binding sequences
(Fig. 4 and 7). The CodY-protected region of the hutPp pro-
moter is large enough to accommodate three CodY-binding
sites (Fig. 4). The significance of this observation is unclear
because the putative third CodY-binding site in sutPp would
have 10 mismatches with the 15-bp consensus motif. Unfortu-
nately, technical problems associated with the in vitro proper-
ties of CodY prevented the determination of CodY-DNA sto-
ichiometries. Nonetheless, while the observations presented
here strongly suggest that many CodY operators contain mul-
tiple overlapping CodY-binding sites, it is possible that some
CodY operators may consist of only a single binding site. The
ability of CodY dimers to bind to single or tandem sites would
presumably be dependent on the DNA sequence context.
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