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Global regulators that bind strategic metabolites allow bacteria
to adapt rapidly to dynamic environments by coordinating the
expression of many genes. We report an approach for determining
gene regulation hierarchy using the regulon of the Bacillus subtilis
global regulatory protein CodY as proof of principle. In theory, this
approach can be used to measure the dynamics of any bacterial
transcriptional regulatory network that is affected by interaction
with a ligand. In B. subtilis, CodY controls dozens of genes, but the
threshold activities of CodY required to regulate each gene are un-
known. We hypothesized that targets of CodY are differentially reg-
ulated based on varying affinity for the protein’s many binding sites.
We used RNA sequencing to determine the transcription profiles of
B. subtilis strains expressing mutant CodY proteins with different levels
of residual activity. In parallel, we quantified intracellular metabolites
connected to central metabolism. Strains producing CodY variants
F71Y, R61K, and R61H retained varying degrees of partial activity
relative to the WT protein, leading to gene-specific, differential alter-
ations in transcript abundance for the 223 identified members of
the CodY regulon. Using liquid chromatography coupled to MS, we
detected significant increases in branched-chain amino acids and
intermediates of arginine, proline, and glutamate metabolism, as well
as decreases in pyruvate and glycerate as CodY activity decreased.
We conclude that a spectrum of CodY activities leads to programmed
regulation of gene expression and an apparent rerouting of carbon
and nitrogen metabolism, suggesting that during changes in nutrient
availability, CodY prioritizes the expression of specific pathways.

BCAA | ILV | RNA-seq | metabolite analysis

daptation of bacteria to fluctuating environmental conditions is

a fundamental biological process that is mediated at the level
of gene expression in most cases. Genetic switches, controlled, in
part, by global regulatory factors that bind key metabolites, allow
bacteria to integrate diverse signals to alter their gene expression
programs in response to changes in nutrient availability, exposure to
reactive oxygen species, osmotic stress, and other environmental
factors (1-3). Sensing the quality and availability of nutrients is not
only important for survival and biomass production but also for
successful competition against other cell types.

CodY is a global regulatory protein that controls dozens of
genes in a variety of low guanine + cytosine (G + C) Gram-
positive bacterial species (4-10). First identified in Bacillus subtilis
as a factor that represses stationary phase genes during exponential
growth in rich medium (11), CodY is now known to provide a
critical regulatory link between metabolism and pathogenesis in
bacteria important for human health (5, 6, 12-16). CodY is acti-
vated as a DNA-binding protein in vitro by at least two classes of
metabolites: the branched-chain amino acids [BCAAs; i.e., iso-
leucine, leucine, and valine (ILV)] and GTP (17-21). Changes in
the intracellular pools of these effectors correlate with altered
CodY activity (13, 17, 20, 22-24). CodY typically behaves as a re-
pressor of gene expression by binding to a specific sequence located
in or near the promoter region of target genes (4, 25), by competing
with a positive regulator (26), or by causing premature termination
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of transcription via a roadblock mechanism (27). CodY also acti-
vates transcription of some target genes (8, 24, 28).

Extensive characterization of targets in B. subtilis has revealed
that medium-dependent changes in steady-state CodY activity lead
to varying extents of gene expression (17, 21, 22, 25), likely due to
varying intracellular pools of CodY effectors and variable affinity of
CodY for target sites. Indeed, Belitsky and Sonenshein (29) recently
performed a genome-wide in vitro binding experiment that not only
identified all CodY-binding sites in the B. subtilis chromosome but
also determined relative binding strengths for these sites. Although
the targets of CodY are generally known, the threshold concen-
trations of activated CodY that regulate each gene are not. Theo-
retically, one can determine such thresholds by monitoring the
global transcriptional response at multiple stages of nutrient ex-
haustion or by titration of a regulatory protein (30). However, such
experimental design strategies can be problematic. First, changes in
medium composition and growth rate may cause transcriptional
perturbations due to factors other than the regulator being ana-
lyzed. Second, altering the cellular abundance of a transcription
factor by ectopic expression creates a nonphysiological state and
may lead to heterogeneity in the population if the factor is
expressed from a plasmid (31). We report an alternative ap-
proach in which we conducted genome-wide profiling of tran-
script abundances in strains producing mutant CodY proteins
with varying residual activities during steady-state growth under
conditions that maximize WT CodY activity. We thereby identified
genes that are turned on or off at different levels of CodY activity
and coupled this analysis with MS-based metabolite quantification,
providing a framework for determining the bacterium’s strategy for
altering the activities of multiple metabolic pathways when
faced with changing levels of nutrient availability.

Results and Discussion

Strand-Specific RNA Sequencing Reveals Additional CodY Targets
Not Previously Observed. The B. subtilis CodY regulon has been
previously defined by microarray analysis (8) and theoretical
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genomic reconstruction (32). To quantify the dynamic ranges of
CodY target genes, we extracted RNA from WT and codY null
strains during steady-state exponential phase growth in defined
glucose-ammonium medium supplemented with a 16-amino
acid mixture that fully activates CodY (33) and subjected
cDNA versions of the RNAs to RNA-sequencing (RNA-seq)
analysis (34).

We generated a dataset of sequence reads associated with
each ORF and used DESeq (35) to calculate the expression for
all CodY targets corrected for effective library size (Dataset S1).
After calculating significance levels (P < 0.05) adjusted for
multiple hypothesis testing, we identified 196 genes that were
overexpressed and 27 genes that were underexpressed at least
threefold in the codY null strain relative to its parent strain
(Datasets S2 and S3). These genes include both direct and
indirect targets of CodY; the vast majority were identified pre-
viously (8, 29). Negatively regulated targets (i.e., those over-
expressed in the codY null strain) exhibited the highest dynamic
ranges (e.g., frlO was regulated 894-fold) (Dataset S2). The
target of strongest positive regulation (underexpressed in the
codY null strain) was nhaC, an indirect target (29) that was
regulated 34-fold (Dataset S3). The RNA-seq approach re-
vealed several CodY target genes that were missed in the micro-
array analysis. These genes include the argCJIBD-carAB-argF
operon (four- to 40-fold derepression in the codY mutant strain)
and the mmAKU operon, whose products play a role in methionine
salvage (36).

RNA-Seq Reveals a Graded Transcriptional Response Mediated by
CodY. Previous results indicated that CodY binds to different
target sites with varying affinity (29, 37). Furthermore, significant
variation has been observed in the extent to which mutations in
CodY that affect its DNA-binding activity alter the regulation of
a limited number of its direct targets (17, 37, 38). These findings
suggest that not all genes regulated by CodY respond equally to
a given extent of nutritional limitation (27, 37). That is, if one
assumes that the intracellular concentration of active (ligand-
bound) CodY molecules is the limiting factor for determining
whether CodY binds to and regulates a given gene, regulation of
genes with low-affinity (i.e., weak) binding sites would be lost
when the concentration of active CodY molecules decreases
even moderately. On the other hand, high-affinity (i.e., strong)
binding sites would remain occupied by CodY even when the
intracellular concentration of active CodY is relatively low.

To modify the activity of CodY without changing the medium
composition or the codY gene copy number, we used a set of
codY mutant strains that have alterations in the GAF domain
(18) that is responsible for ILV binding (37, 38, and this study).
The mutant strains were expected to behave as though ILV levels
were limiting even though excess ILV was provided in the me-
dium. A similar set of mutant strains was shown previously to
provide highly variable regulation of a target gene (37). To verify
that the variable activities of the mutant set used for the ex-
periments reported here was related to the presence of ILV,
we measured transcript abundance for bcaP (a direct CodY
target) in strains producing WT CodY and the mutant forms
F71Y, R61K, and R61H (ref. 38 and this study), all of which
have single amino acid substitutions in the ILV-binding pocket
(Fig. S1). Transcript abundance was monitored during growth in
a minimal glucose-ammonium medium (known as TSS) and TSS
supplemented with L-isoleucine. The bcaP gene was derepressed
to varying degrees in the variants in TSS in which the only source
of ILV is endogenous synthesis. Moreover, all three mutants
responded to the addition of isoleucine, but none of them to the
same extent as the WT. The strain producing the variant F71Y
behaved most like the WT, and the strain producing the variant
R61H was most similar to the null mutant. We verified that the
amino acid substitutions did not affect the cellular abundance of
CodY, its mobility under denaturing conditions, or its oligomeric
state (Fig. S2). CodY®®'™ ran slightly faster than the other forms
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of CodY under nondenaturing conditions, as expected from the
change in net charge.

We then used RNA-seq to measure the variability in expres-
sion of the entire CodY regulon in the set of mutant strains. We
calculated reads per kilobase per million ORF read (RPKMO)
values; values in the variant strains were converted to a per-
centage of the RPKMO value obtained when expression was
maximal (i.e., in the null strain for negatively regulated targets or
in the WT strain for positively regulated targets) (Dataset S4).
The results (Fig. 1) demonstrate that CodY target genes ex-
hibit a broad range of sensitivities to changes in CodY activity.
Direct targets of CodY [determined by genome-wide analysis of
CodY-binding sites (29)] could be aggregated into 36 negatively
regulated transcription units and seven positively regulated
transcription units, whereas indirect targets of CodY could
be aggregated into 16 negatively regulated transcription units and
10 positively regulated transcription units. Products of some
genes that are direct (rapA, phrA, rapF, phrF, yobQ, kinB) and
indirect (hpr, ywaE) targets of CodY regulate other genes. The
dataset was subjected to k-means clustering (39-41), set to 10
clusters for negatively regulated genes and four clusters for
positively regulated genes, to identify distinct expression pat-
terns (Fig. 2 and Dataset S5). Some negatively regulated genes
were fully derepressed in the strain producing F71Y (cluster 1),
whereas others were only fully derepressed in the codY null
strain (cluster 10). Similarly, some positively regulated genes
were not expressed above background levels in the F71Y strain
(cluster 11), whereas others were partially expressed in all
strains except the null strain (cluster 14). All positively regu-
lated genes were affected by the F71Y mutation, which seemed
to have the least effect on CodY activity.

In general, genes located in the same operon or with related
functions fell into the same cluster (Dataset S5), lending credence
to the number of clusters used in calculations. For example, the
majority of the polyketide synthase genes (i.e., pksFGHIJLM,
acpK) fell into cluster 9; the distal pksN gene was assigned to
cluster 4. All five genes of the dipeptide permease (dpp) operon,
as well as the ykfABCD genes that are transcribed by read-through
from the dpp operon (8), were assigned to cluster 9; all seven
genes of the ilv-leu operon were assigned to cluster 4. The un-
linked BCAA biosynthesis genes ilvA and ilvD, however, were
assigned to clusters 7 and 3, respectively.

Whereas the vast majority of the gene expression patterns
correlate with relative CodY activity, some do not (e.g., cluster 1,
cluster 14). We offer three possible explanations. First, many
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Fig. 1. Reductions in transcription factor activity generate a diverse set of
responses throughout the CodY regulon. RPKMO values for 197 differen-
tially expressed targets with values >10 in at least one strain were plotted as
a percentage of maximal expression (i.e., expression in the codY null mutant
for negatively regulated genes and expression in the WT for positively
regulated genes). Some CodY target genes, including adcA, friR, romE2,
rpsN, trpD, yczL, yrpE, ybfAB, yciABC, yjbA, and yrhP, were omitted because
the data were not reproducible or the patterns were complex. Note that the
positions of the point mutant strains on the x axis are arbitrary and are not
meant to imply a linear relationship between position and residual CodY
activity. Data points are the means of two independent experiments.
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Fig. 2. Graded response to changes in CodY activity is revealed by k-means
clustering. Genes repressed by CodY were distributed to 10 clusters (clusters
1-10, red), and genes activated by CodY were distributed to four clusters
(clusters 11-14, blue). Reading from cluster 1-10 and from cluster 11-14,
gene clusters that responded to modest changes in CodY activity precede
those that only responded to more substantial changes in activity. The rel-
ative positioning of clusters 6 and 7 was arbitrary.

CodY-regulated genes are subject to multiple forms of regulation.
Second, because binding of BCAAs induces a major conformational
change in CodY, the population of WT protein is expected to be
almost entirely in the liganded conformation, whereas different
fractions of the mutant protein populations will be in the unli-
ganded conformation. If unliganded CodY is able to bind to some
CodY-binding sites but not to most, a mutant protein that has
a higher unliganded fraction will bind better to those sites than
a protein that has a higher liganded population. Third, if a gene
has two independent CodY-binding sites with different affinities
and CodY acts as a negative regulator at one site and a positive
regulator at the other site, there will be intermediate levels of
CodY activity at which positive regulation prevails, another level
at which negative regulation prevails, and a third level at which
the two modes of regulation will compete. As a result, the overall
expression pattern will be unpredictable.

Validation of RNA-Seq Data. We chose three direct targets of
CodY [yoyD, ilvB, and amhX (8, 29, 42)] to validate the RNA-seq

experiment by quantitative RT-PCR (qRT-PCR) analysis. The
target genes fell into clusters 2, 4, and 10, respectively. Transcript
abundance was normalized to that of sig4, whose expression was
stable (Table 1). Fold-regulation (i.e., the ratio of transcript
abundance in a codY mutant strain to that in the WT strain)
compared favorably between the qRT-PCR and RNA-seq
experiments (Table 1).

Genes for Glutamate-Producing Pathways Are More Sensitive to CodY
Activity than Genes of Glutamate Biosynthesis. Glutamate connects
carbon and nitrogen metabolism by providing the carbon skeleton
for a-ketoglutarate synthesis, the entry point into carbon me-
tabolism for certain amino acid degradation pathways, and by
serving as the substrate for ammonium assimilation via glutamine
synthesis (43) (Fig. 34). A complex interplay involving several
regulatory proteins, including CodY, controls the expression of
nitrogen metabolism genes. We observed coregulation of genes
coding for enzymes thought to be involved in uptake and utili-
zation of urea (ureABC), histidine (hutGHIMPU), and proline
(putBClycgMN) (Fig. 3B). rocB, postulated to convert citrulline to
carbamate and ornithine (44), followed a similar pattern of
expression. These pathways all lead to production of glutamate,
ammonia, or both. These degradation genes were more re-
sponsive to modest reductions in CodY activity than were the
operons for glutamate and arginine biosynthesis (i.e., argC, gltAB,;
Fig. 3B), suggesting that the cell’s strategy is to use these exter-
nally supplied amino acids both for protein synthesis and as
sources of glutamate and ammonium ion before up-regulating de
novo biosynthesis of glutamate or arginine.

Based on the observations above, one might expect that
intracellular pools of histidine, proline, ornithine, and other
metabolites would change as CodY becomes deactivated. To gain
further insight into the physiological consequences of CodY de-
activation, we used tandem liquid chromatography-TOF MS (LC-
MS) in parallel with our RNA-seq experiment to measure the
intracellular pools of metabolites of central and intermediary
metabolism. We identified 62 named compounds by comparison
against an accurate mass retention time database (Dataset S6).
We observed increases (<twofold) in intracellular arginine, or-
nithine, citrulline, and glutamine pools (Fig. 3C; P < 0.05 for all
except citrulline) in the codY null strain relative to its WT parent.
Glutamate abundance also increased, but the measured differ-
ence was not statistically significant. In the codY null mutant,
uptake, degradation, and biosynthesis are all fully derepressed.
At intermediate levels of CodY activity (i.e., in the Cod YR'¥.
and CodYR*™_producing strains), we saw less of an increase in

Table 1. Validation of RNA-seq data by qRT-PCR

Target CodY protein  Copies of transcript relative to sigA*  Expression by qRT-PCR," %  Expression by RNA-seq," %

amhX WT 1.3 0.0 0.0
F71Y 3.0 14 0.9
R61K 7.2 4.9 5.0
R61H 45.2 36.2 36.4
Null 122.6 100.0 100.0

ilvB WT 14.0 0.0 0.0
F71Y 124.9 233 25.5
R61K 191.5 37.3 44.0
R61H 342.7 69.1 741
Null 489.7 100.0 100.0

yoyD WT 43.8 0.0 0.0
F71Y 239.0 46.2 61.6
R61K 382.8 80.2 74.2
R61H 489.7 105.5 101.5
Null 466.5 100.0 100.0

*Transcript abundances were measured by qRT-PCR using RNAs purified from cells grown in chemically defined glucose-ammonium
medium with ILV and 13 other amino acids. Transcript abundances are relative to sigA. SEMs were <30%.

TAfter subtracting the transcript abundances in the WT strain from those determined for the mutant strains, the increased abundance
in each point mutant strain was related to the abundance in the codY null mutant strain, which was normalized to 100%.
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Fig. 3. CodY represses certain amino acid utilization genes less stringently
than glutamate and arginine biosynthesis genes. All data here and in sub-
sequent figures are presented as the means of at least two independent
experiments. (A) Histidine, proline, and arginine are degraded to glutamate
or to glutamate plus ammonium ion. (Urea is released as the first step in
arginine degradation and is then degraded by urease to ammonia and CO,.)
o-KG, a-ketoglutarate. (B) CodY-repressed targets coding for enzymes for
degradation of histidine (hutP), citrulline (rocB), urea (ureA), and proline
(ycgMN, also known as putBC), as well as CodY-repressed targets coding for
biosynthesis of arginine (argC) and glutamate (g/tA), are shown. (C) Heat
map displays the relationship between relative levels of CodY activity and
key metabolites of amino acid metabolism (Dataset S6). Changes in the
abundance of each metabolite are color-coded, with red indicating an in-
crease in intracellular abundance relative to the baseline (abundance in the
WT) on a log(2) scale. p, level of statistical significance by Cuzick’s non-
parametric test for trend of the abundance of each metabolite in WT
(SRB109), R61K (SRB361), R61H (SRB465), and null (SRB268) strains; p*, the
adjusted P value after correction for multiple hypothesis testing (65). P val-
ues in red typeface indicate the level of significance in the WT vs. codY null
mutant determined by a Mann-Whitney U test but do not show a dose-
dependent relationship by Cuzick’s test of trend across all isolates. NS, not
significant.

abundance of arginine, ornithine, citrulline, and glutamine. Based
on transcript analyses, the levels of the amino acids in these strains
are likely to reflect derepression of uptake and degradation con-
comitant with repression of biosynthesis. Calculating relative fluxes
using labeled nutrients would help to resolve the activities of these
competing pathways.

CodY Regulates BCAA Aminotransferases Differentially. B. subtilis
encodes three enzymes (YbgE, YwaA, and Bcd) that can in-
terconvert the branched-chain keto acids (BCKAs) and BCAAs
(17, 45-48) (Fig. 44). YbgE and YwaA are aminotransferases;
Bed (also known as leucine dehydrogenase) is primarily a de-
aminating enzyme, but it can also aminate BCKAs. CodY represses
all of these genes; ybgE and ywaA are direct targets, and bcd is an
indirect target (Dataset S2). The physiological basis for the func-
tional redundancy of these enzymes remains an open question. The
Bed enzyme is primarily used for conversion of BCAAs to BCKAs
as part of the pathway for branched-chain fatty acid synthesis. The
bcd gene is positively regulated by BkdR in response to isoleucine
and valine availability, and thus is indirectly regulated by CodY via
control of BCAA biosynthesis (46) (Fig. 4B). YbgE and YwaA both
prefer ILV over nearly all other amino acids tested as an amino
donor; the aminotransferase activity of YbgE is much greater than
that of YwaA (45). Interestingly, the ywad (cluster 2) and bcd
(cluster 1) genes responded to relatively small changes in CodY
activity, whereas ybgE (cluster 9) responded only when CodY ac-
tivity was almost completely ablated (Fig. 4C and Dataset S4).
Coexpression of ilv-leu (cluster 4), ctrA (bcaP, encoding the major
BCAA transporter; cluster 4), ywaA, and bcd would be consistent
with the hypothesis that when those genes are expressed, the cells
direct a substantial portion of imported BCAAs and the newly
synthesized BCKAs toward pantothenate and branched-chain fatty
acids. When YbgE is added to the mix (i.e., when CodY is nearly

8230 | www.pnas.org/cgi/doi/10.1073/pnas.1321308111

inactive), the balance may tilt toward the BCAAs. B. subtilis likely
keeps ybgE gene expression low in the presence of exogenous ILV
to prevent futile cycling between the amino acid and the keto acid.
When CodY is absent, the pool of pyruvate decreases as the pools
of BCAAs increase, consistent with the idea that BCAA bio-
synthesis is a major consumer of pyruvate (Fig. 4D).

CodY Inversely Regulates Carbon Overflow Metabolism and Reutilization
of Overflow Metabolites. When B. subtilis is offered a mixture of
glucose and other potential carbon sources, as it was in these
experiments, it preferentially metabolizes the glucose. Multiple
mechanisms, including inducer exclusion, catabolite repression by
the global regulator CcpA, and repression by CodY of various
carbon source uptake systems, contribute to the preferential use
of glucose (1, 30, 49-52). Glucose is degraded via glycolysis to
pyruvate, a critical intracellular metabolite that has many fates
(43). For example, excess pyruvate can be diverted to overflow
pathways, which results in the synthesis and excretion of lactate,
acetate, and acetoin via the Ict-, pta-ackA-, and acu-encoded
pathways (53, 54); to the Krebs cycle; or to the synthesis of ala-
nine, BCAAs, and other cellular building blocks. Once the supply
of glucose is exhausted, excreted acetate and lactate can be
reassimilated via the Ac-CoA synthetase encoded by acs4 (54)
and the lut gene products, respectively (54, 55) (Fig. 54). CodY
appears to be a direct positive regulator of ack4 (24, 29) and
a direct negative regulator of ilv-leu, acsA, the Krebs cycle gene
citB, and the lactate transporter gene lutP (formerly yvfH) (29),
potentially controlling the flow of carbon in and out of this im-
portant metabolic intersection (24, 29, 42, 56). Consistent with
these results, we found that expression of ackA decreased as
CodY activity decreased (Fig. 5B), concomitant with increases in
the expression of acsA, lutP, citB, and the ilv-leu operon. The
extent of expression of the latter transcription units was similar at
varying levels of residual CodY activity (Fig. 5B and Dataset S4).
This hierarchical coregulation reveals a role for CodY in priori-
tizing carbon source utilization by stimulating acetate synthesis
when nutrients are in excess and in importing and metabolizing
acetate and lactate when nutrients are limited.

Genes for utilization of other potential carbon sources are also
within the CodY regulon and have different expression patterns.
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Fig. 4. CodY prioritizes BCAA aminotransferase gene expression. (4) YbgE,
YwaA, and Bcd mediate interconversion of a-keto acids (BCKAs) and their
cognate amino acids (BCAAs). (B) CodY regulates the expression of bcd in-
directly. Inactivation of CodY leads to increased synthesis of lle and Val, both
of which can activate BkdR, the positive regulator of bcd. (C) ywaA and
bcd were substantially derepressed when CodY activity was mildly re-
duced, whereas ybgE was derepressed more than 50% only in the strain
lacking CodY activity. (D) Heat map displays the relationship between
strains with varying levels of CodY activity and the fate of pyruvate.
Changes in the abundance of each metabolite (Dataset S6) are color-
coded, with red and blue indicating an increase or decrease in intracellular
abundance, respectively, relative to the baseline (abundance in the WT) on
a log(2) scale. Strains and statistical testing are presented as described in
the legend for Fig. 3.
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For instance, genes for transport of citrate/malate, BCAAs, oli-
gopeptides, arginine/ornithine, and y-aminobutyrate are turned
on when CodY activity is slightly reduced, whereas genes for the
transport and metabolism of lactate, proline, and histidine are
derepressed at an intermediate level of CodY activity and genes
for the transport of choline/glycine-betaine, dipeptides, and
fructosamines are only activated when CodY activity is almost
completely ablated (Dataset S4). Highly active CodY is a positive
regulator of iron and ribose uptake.

Is the CodY Regulon Hierarchy Determined by Binding Strength?
Based on previous studies, we hypothesized that CodY affinity
for DNA at a given site would dictate its relative position in the
CodY expression hierarchy. We did, in fact, find a substantial but
imperfect correlation between the expression hierarchy and the
binding strength rankings determined by Belitsky and Sonenshein
(29). Fourteen of the 22 transcription units in clusters 9 and 10 that
are direct targets of CodY are among the 25 highest strength
binding sites [of a total of 353; dataset S14 sheet 1(2) in ref. 29]
associated with CodY-regulated genes expressed under the con-
ditions used here. Also, of the 13 direct CodY target operons in
clusters 5-8, nine are within the top 100 binding sites, and of the 42
direct targets of CodY in clusters 1-4, 39 are in the top 200 binding
sites. However, there were outliers in almost every cluster. For in-
stance, the gmuF-gmuG locus of cluster 3 ranks as the sixth highest
strength binding site (29) and the argC operon of cluster 10 has
a ranking of 169th. These discrepancies may be attributable to
multiple factors. First, the exact positioning of a CodY-binding site
with respect to the promoter may influence the efficiency with
which CodY regulates transcription. Second, CodY binding to some
targets, such as argC, is cooperative. At 8 nM CodY, the argC site
has a ranking of 169th, but at 40 nM CodY, the argC site has
a ranking of 61st. Third, if a gene has a second regulator whose role
is to interfere with CodY binding, a relatively strong CodY-binding
site might not have the same relative effectiveness in vivo. For in-
stance, Hillen and coworkers (57) recently showed that CodY and
CcpA, the global regulators of carbon metabolism, can be cross-
linked to each other in vivo, consistent with the known coregulation
or antagonistic regulation by the two proteins at the ackA, ilvB, and
other promoters (8, 24, 58).

Conclusion

We have presented here an approach to determine in a rigorous
and empirical manner the expression patterns of all genes con-
trolled by a regulator. This approach, which is based on altering
the responsiveness of the regulator to its activating ligands, is
robust and generates physiologically meaningful data with minimal
experimental artifacts because the cells are cultivated without
nutritional limitation and are at biological steady state. It is im-
portant to note that the differential regulation observed here
is independent of the dynamic range of regulation of individual
CodY targets (ratio of expression in a codY null mutant to that in
the parental strain). Thus, whether a gene is regulated threefold or
300-fold by CodY, its place in the expression hierarchy is de-
termined by the fraction of the population of CodY molecules that
is active. Coupling LC-MS-based metabolite profiling to the
expression analysis provides further insight into the metabolic
changes associated with changes in regulator activity. Taken to-
gether, the transcriptional profiling and intracellular metabolite
measurements indicate that CodY is responsible, at least in part,
for executing several strategies for adapting to fluctuating nutri-
tional conditions. The approach can be applied to any biological
model with a manipulatable genetic system. Because CodY is
produced by low G + C Gram-positive bacterial species of both
industrial and medical relevance, the approach has the potential to
reveal the cell’s strategy for integrating central metabolic pathways
with virulence gene expression and production of useful byprod-
ucts. These questions are the subject of current investigations in
our laboratories.
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Fig. 5. CodY regulates carbon overflow metabolism and reutilization of
overflow metabolites. (A) Metabolic paths to and from pyruvate. The terms
“out” and “in” denote extracellular and intracellular lactate, respectively.
Reactions of the Krebs cycle are shaded in gray. (B) Extent of expression of
four genes that represent carbon overflow metabolism (ackA) and overflow
metabolite reutilization (acsA, IutP, and citB) is depicted as a percentage of
maximal expression. A reduction in CodY activity reduced expression of
ackA, but increased expression of acsA, lutP, and citB.

Materials and Methods

Bacterial Strains and Growth Conditions. All Escherichia coli and B. subtilis SMY
lineage) strains used in this study are listed in Table S1; growth media are
described in detail in SI Materials and Methods. All B. subtilis RNA samples were
isolated from cells in midexponential phase as described (22) in a defined me-
dium (TSS) containing glucose as a carbon source and a mixture of 16 amino
acids (TSS + 16 AA) (33).

DNA Manipulations and Transformations. All molecular biology techniques
were performed as described (59). Oligonucleotides were obtained from In-
tegrated DNA Technologies (Table S2). Construction of strains was performed as
previously described (17, 60) or as described in S/ Materials and Methods.

RNA Sampling and Preparation. Samples were collected and nucleic acid was
extracted as previously described (22) during steady-state exponential phase
growth within approximately one generation of one another, when CodY
activity is maximal.

RNA-Seq Library Construction, Sequencing, and Analysis. Libraries for Illumina
sequencing were constructed using the strand-specific method described
previously (61) and in SI Materials and Methods. Reads were aligned to the
B. subtilis genome (RefSeq NC_000964) using Burrows-Wheeler Aligner
version 5.9 (62); gene annotations were obtained from RefSeq (www.ncbi.
nlm.nih.gov/refseq/). The overall read coverage of genomic regions corre-
sponding to features such as ORFs and rRNAs was conducted as described
(63). Differential expression analysis was conducted using DESeq (35). Clus-
tering analysis was performed in MATLAB (MathWorks) using standard
k-means, with the Pearson correlation as a distance measure.

gqRT-PCR Analysis. Real-time qRT-PCR was performed as described (17) with
either a Roche LightCycler 480 instrument and associated SYBR green
chemistry or a Bio-Rad CFX96 instrument and SensiFAST SYBR No ROX re-
agent (Bioline). Samples (3 pg) of nucleic acid were treated using the TURBO
DNA-free kit (Invitrogen) to reduce contaminating DNA to undetectable
levels. Standard curves constructed from purified PCR products or chromo-
somal DNA allowed for absolute quantification of transcripts over five to six
orders of magnitude. Assay efficiencies were 85-110%. Specificity of am-
plification was assessed using a combination of melting curve analysis and
agarose gel electrophoresis with ethidium bromide staining (59). Statistical
tests were performed in Prism version 4.0a (GraphPad).

MS-Based Metabolomics Sample Preparation and Analysis. Sample preparation
and metabolite analyses were performed as described in S/ Materials and
Methods using methods similar to those of Weisenberg et al. (64).
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