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ABSTRACT Exploiting mechanisms of utilizing the sugar D-galactose in Escherichia coli as a model system, we explored the conse-
quences of accumulation of critical intermediates of the D-galactose metabolic pathways by monitoring cell growth, metabolites,
and transcript profiles. These studies revealed both metabolic network changes far from the D-galactose pathway and changes in
the global gene regulatory network. The concentration change of a critical intermediate disturbs the equilibrium state, generat-
ing a ripple effect through several metabolic pathways that ends up signaling up- or downregulation of specific sets of genes in a
programmed manner to cope with the imbalance. Such long-range effects on metabolites and genetic regulatory mechanisms not
only may be a common feature in bacteria but very likely operate during cellular development and differentiation in higher or-
ganisms as well as in disease cells, like cancer cells.

IMPORTANCE Metabolite accumulation can create adverse intracellular conditions that are relieved by compensatory immediate
changes of metabolite pools and later changes of transcript levels. It has been known that gene expression is normally regulated
by added catabolic substrates (induction) or anabolic end products (repression). It is becoming apparent now that change in the
concentration of metabolic intermediates also plays a critical role in genetic regulatory networks for metabolic homeostasis. Our
study provides new insight into how metabolite pool changes transduce signals to global gene regulatory networks.
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Intracellular accumulation of sugar phosphate intermediates
causes “cytotoxicity” (1–5). It has been shown that such intra-

cellular conditions created by accumulation or depletion of cer-
tain metabolites change the cellular transcript profile in a specific
manner (5, 6). Recently it was proposed that Escherichia coli can
measure its glycolytic flux with the Cra transcription factor and
uses this signal for metabolic regulation (7). These programmed
changes occur to fix or minimize the adverse conditions and re-
store homeostasis.

The Leloir pathway of D-galactose metabolism (8), conserved
from E. coli to humans, is shown in Fig. 1. D-Galactose sensitivity
of specific gal mutant cells has been known for more than five
decades both in bacteria and in yeast (Saccharomyces cerevisiae) (1,
9–11). A galT defect causes the disease galactosemia in humans
(12–15). When given D-galactose, E. coli galE mutants accumulate
the intermediates of D-galactose catabolism, including UDP-
galactose, that bring about changes in cellular transcript profile,
some of which help maintain homeostasis (5). In yeast, the effects
of D-galactose on a gal7 (galT homolog) mutant were studied by
transcript analysis (6). It was observed that inositol metabolic
genes were highly induced in D-galactose-intoxicated gal7-
deficient cells, although any relationship between D-galactose me-
tabolism and inositol gene expression was not explored.

In this article, we report investigation of the cause and effect of
cytotoxicity induced by the addition of D-galactose to galT mutant
E. coli cells growing on another carbon source and monitoring of

their responses in terms of cell growth, metabolite changes, and
global gene expression patterns. We discuss the reasons for growth
inhibition of galT mutant cells by D-galactose and show how sig-
nals are sent from metabolite levels to genetic regulatory systems.

RESULTS
D-Galactose-induced bacteriostasis in galT mutant cells. When
galT mutant cells take in external D-galactose, growth of E. coli
cells in any of several carbon sources is retarded, presumably be-
cause of accumulation of galactose-1-phosphate (5). Inhibitions
of cell growth by accumulation of sugar phosphates are not un-
common (16, 17). We routinely used glycerol or fructose minimal
medium to study the effect of D-galactose on growth in a galT
mutant. The growth inhibition is severe when D-galactose is added
to cells growing in minimal medium containing glycerol. The re-
sults describe the effects of D-galactose on galT mutant cells grow-
ing in glycerol or fructose minimal media after D-galactose addi-
tion.

NTP pool analysis of galT mutants. It is expected from the
metabolic pathway of D-galactose utilization that addition of
D-galactose to a galT mutant would cause accumulation of
galactose-1-phosphate and likely depletion of ATP (Fig. 1). We
analyzed the ribonucleotide triphosphate pools in cells grown in
glycerol after D-galactose addition. The ATP pool immediately
decreased but gradually recovered (Fig. 2A). Even a 20% reduc-
tion in the level of ATP, the most critical nucleoside triphosphate
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(NTP) in the cell, is expected to have a strong effect on cellular
metabolism (18). The ATP recovery is expected because of a vari-
ety of ATP-regenerating systems in the cell, including the presence
of a robust ATP synthase in E. coli (19). The GTP level did not
change significantly; if anything, like ATP it decreased slightly but
increased later. The guanosine tetraphosphate (ppGpp) level
gradually decreased after D-galactose addition, the cause of which
is not clear (18). In contrast, UTP and CTP levels increased in galT
mutant cells 5 min after D-galactose addition. As expected, in the
absence of the GalT enzyme, UDP-glucose and galactose-1-
phosphate accumulate in the cell. UDP-glucose would be con-
verted back to UTP by reverse action of the GalU enzyme leading
to accumulation of the latter (Fig. 1), and the fate of accumulated
galactose-1-phosphate is mentioned below. The gradual increase
in the CTP level is justified because CTP is synthesized from UTP
by CTP synthetase (20). Overall, purine nucleoside triphosphate
pools transiently decreased and pyrimidine nucleoside triphos-
phate pools permanently increased after D-galactose addition to
galT mutant cells (Fig. 2B).

The metabolite profile of galT mutants. To confirm the ex-
pected accumulation of galactose-1-phosphate, to monitor any
ripple effect on equilibrium state of the metabolites, and to fully
understand the changes in the NTP pools mentioned above, we
analyzed the metabolite profiles in all gal mutants, including the
galT mutant, grown in D-fructose with and without D-galactose.
The effects of D-galactose on galT mutant cells are apparent on
analysis of galactose-1-phosphate-related metabolites. Figure 3
shows the metabolite levels in the E. coli galT mutant strain by
plotting the natural log of mean values of ion counts in ionized
samples made in the presence versus absence of D-galactose dur-
ing mass spectrometry analysis (Fig. 3; see Table S2 in the supple-
mental material). Only P values of �0.1 are shown. (i) We con-
firmed the expected accumulation of D-galactose and galactose-1-
phosphate in the presence of D-galactose in the galT mutant. The
level of D-galactose appears to be higher than the level of galactose-
1-phosphate; this could be due to many things. First, the induced
level of GalK enzyme, which phosphorylates D-galactose, is over-
whelmed by excess D-galactose. Second, the product galactose-1-
phosphate is subject to dephosphorylation by phosphatases (21).
Third, GalK could be product inhibited or even catalyze the re-

verse reaction when Gal-1-P levels increase. (ii) Glucose, man-
nose, maltose, maltotriose, and several other hexoses, as well as
fructose-6-phosphate and fructose-1,6-bisphosphate, were signif-
icantly increased, presumably by anabolic gluconeogenesis. (iii)
We also observed a dramatic decrease in the level of precursors of
de novo pyrimidine biosynthesis: e.g., N-carbamoylaspartate, oro-
tate, and dihydroorotate in galT mutant cells grown in the pres-
ence of D-galactose. Additionally, pyrimidine nucleoside triphos-
phate precursors or related metabolites (5,6-dihydrouracil,
uridine, and cytidine 5=-monophosphate) decreased. The de-
creases in pyrimidine metabolites are discussed below.

Transcript profile of galT mutant cells. In order to under-
stand the metabolite changes created by D-galactose in galT mu-
tant cells and how the metabolite changes correlate to the gene
expression, we analyzed the transcripts of galT mutant cells grown
in glycerol minimal medium with and without D-galactose. The
results with or without D-galactose were compared graphically
(Fig. 4). The figure shows the RNA levels of all of the genes in
E. coli by plotting the model-based analysis of tiling array (MAT)
score in the presence versus absence of D-galactose. We observed
that 42 genes are upregulated and 187 genes downregulated in the
presence of D-galactose compared to those in the absence of
D-galactose in galT mutant cells. Incidentally, the levels of expres-

FIG 1 Leloir pathway of D-galactose metabolism in E. coli.

FIG 2 Quantification of thin-layer chromatography of 32P-labeled nucleo-
tides of galT mutants in the presence of D-galactose by ImageQuant. Numbers
indicate time (min) after D-galactose addition in the cells.
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sion of these genes are not affected by the presence of D-galactose
in wild-type cells, except for the upregulation of the gal regulon
members. A list of the 18 most upregulated genes and 72 most
downregulated genes outside �2 standard deviations (SD) is
shown in Table S1 in the supplemental material. Although the
cause of the up- or downregulation of many of these genes re-
mains to be understood, several features, including the severe ef-
fect of D-galactose on glycerol metabolism in galT mutant cells, are
discussed below.

The gal regulon. As mentioned, gal regulon members (galE,
galK, galM, and galP) were clearly induced by D-galactose. We
note that galT mutant transcripts were not observed because the
galT mutation is an in-frame deletion of the entire gene.

Stress and stringent response. It was previously known and
confirmed above that creation of imbalances of critical metabo-
lites brings about what is called cellular stress (1, 5, 22, 23). A
cellular stress is defined as a condition that induces synthesis of
typical stress-responsive genes, including the hdeA, hdeB, and
hdeD genes (24, 25) and the gadA, gadB, and gadC genes (26, 27).
We found that galactose-1-phosphate accumulation in the galT
mutant upregulates the hde genes as well as the gad genes, al-
though we do not know whether the upregulation is direct or
indirect (see Table S1 in the supplemental material). We suggest
that galactose-1-phosphate accumulation causes stress intracellu-
larly and thus the hyperinduction of the stress-responsive genes. A
striking feature of this stress was substantial downregulation of
almost all ribosomal protein genes when the mutant cells are
grown in D-galactose and glycerol minimal medium, suggesting

onset of a stringent response as well as some stress response per-
haps as a result of cessation of growth. In this context, we note that
the ppGpp level always decreases, as we observed (Fig. 2A) when
pyrimidine or purine metabolites are low (18). Note that under
normal stringent conditions, the ppGpp level increases (18, 28).

Glycerol metabolism. The effects of D-galactose on growth of
E. coli galT mutant cells on glycerol as a carbon source in both
liquid and solid agar minimal media are shown in Fig. 5. As
shown, when D-galactose is added to the liquid culture exponen-
tially growing in glycerol, the cell growth rate was immediately
retarded compared to that of the culture with no D-galactose ad-
dition (Fig. 5A). No visible cell growth was observed after 60 h of
incubation of cells on agar plates under similar conditions
(Fig. 5B). We observed, as listed in Table S1 in the supplemental
material, a severe downregulation of glp regulon members (glpFK,
glpTQ, glpD, glpA, glpB, glpC, and gapA) involved in glycerol me-
tabolism. This explains why D-galactose-mediated growth inhibi-
tion is stronger in glycerol minimal medium than in fructose min-
imal medium. A metabolite of glycerol, sn-glycerol-3-phosphate,
induces the glp regulon by altering the conformation of the cog-
nate GlpR regulatory protein (29). Our results show that the
D-galactose or galactose-1-phosphate that accumulates in the galT
mutant (see Table S2 in the supplemental material) is an inhibitor
of growth. The addition of D-galactose to a galK mutant causes
accumulation of only D-galactose and not galactose-1-phosphate
(30) and does not inhibit cell growth in glycerol medium (5). We
propose two models to explain the growth inhibition in glycerol
minimal medium by the presence of D-galactose in a galT mutant.
(i) Galactose-1-phosphate is the anti-inducer of the GlpR-

FIG 3 Metabolomic profile of galT mutant cells grown in M63 minimal
medium containing D-fructose with (w/) and without (w/o) D-galactose (Gal).
Abbreviations: FBP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate;
G1P, galactose-1-phosphate. Because of very slow cell growth in glycerol when
D-galactose is present in the galT mutant, D-fructose was used as a carbon
source in these experiments. Identification of metabolites and determination
of their relative amounts were performed by ultrahigh-performance liquid
chromatography-mass spectrometry. The values in the graph represent ion
counts from a metabolite after ionization of the compound. The analysis was
done in three replicates, and any changes reported are statistically significant
with a P value of �0.05.

FIG 4 MAT analysis of the transcriptome of galT mutant cells grown in M63
minimal medium containing glycerol in the presence and absence of
D-galactose. gal regulon members were clearly induced by D-galactose. E, K, M,
and P represent the galE, galK, galM, and galP genes, respectively. Pyrimidine
biosynthetic genes (pyrBI, carA, upp, and codBA) as well as glp regulon mem-
bers are strikingly downregulated by D-galactose. Red and blue lines represent
the means � 2SD, which were used for the selection of the outliers listed in
Table S1 in the supplemental material.
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mediated repression of the glp regulon, thus preventing the syn-
thesis of glycerol enzymes. (ii) Galactose-1-phosphate inhibits the
activity of glycerokinase and prevents the formation of the inducer
sn-glycerophosphate, thus keeping the synthesis of the glycerol
enzymes repressed. We tested an anti-inducer role (model i) of
galactose-1-phosphate by introducing a defective (deletion) glpR
gene into the galT mutant strain. We monitored the growth of the
galT glpR double mutant cells in both liquid and solid glycerol
minimal media with and without D-galactose. As expected, both
galT single and galT glpR double mutant cells cannot grow on
minimal liquid and agar plates containing only D-galactose as the
sole carbon source because of impaired metabolic pathway for
D-galactose. galT mutant cells cannot grow on both minimal liq-
uid and agar media due to their inability to express glp genes in the
presence of D-galactose, as observed in transcript analysis. How-
ever, the presence of the glpR mutation in galT mutant cells al-
lowed cell growth under similar conditions in both liquid and
solid media. The slight growth advantage of the glpR mutant in
glycerol medium in the presence over in the absence of D-galactose
is because both sugars are being used as a carbon source in the
former case. These results clearly showed that in the absence of the
glpR gene, D-galactose failed to inhibit the expression of glp genes
in the galT mutant. Thus, galactose-1-phosphate-mediated re-
pression of the glp expression involves the glpR gene. These results
support the anti-inducer role (model i) of galactose-1-phosphate.
The glpR mutant results, however, do not completely eliminate
the glycerokinase inhibitor role of galactose-1-phosphate (model
ii). It is possible that glpR mutation causes synthesis of a very high

level of glycerokinase and that the small level of galactose-1-
phosphate that accumulated in galT mutant (see Table S2 in the
supplemental material) is not sufficient to totally inhibit the syn-
thesis of sn-glycerophosphate by glycerokinase. We are currently
confirming the anti-inducer role of galactose-1-phosphate in an in
vitro transcription system.

Pyrimidine metabolism. A noteworthy finding in the tran-
script analysis of galT mutant cells was the dramatic change of de
novo nucleotide biosynthetic mRNAs (Fig. 4). Pyrimidine biosyn-
thetic regulon members (yjgF, carA, upp, pyrB, and pyrI) were very
much downregulated (see Table S1 in the supplemental material).
This is because of the observed accumulation of UTP and CTP
levels in cells. UTP and CTP accumulation represses the expres-
sion of genes involved in the biosynthesis of pyrimidine nucleo-
side triphosphates (31). Such conditions would be expected to
lower the levels of biosynthetic precursors of pyrimidines, pre-
cisely what was observed in metabolite analysis mentioned above.

Nucleoside supplementation. Since the levels of UTP and
CTP were high and those of ATP and GTP were low (with a later
recovery) in the presence of D-galactose in galT mutant cells
(Fig. 2), we surmised that the growth reduction of galT mutant
cells by D-galactose might be alleviated by the addition of purine
nucleotide precursors. We added different nucleosides to the cul-
ture medium of galT mutant cells in the presence and absence of
D-galactose. The growth arrest of galT mutant cells by D-galactose
was partially corrected by addition of purine nucleosides (adeno-
sine or guanosine) but not by pyrimidine nucleosides (uridine or
cytidine), suggesting that a reduction in purine nucleosides is

FIG 5 Growth of galT, galT glpR, and glpR mutant cells in M63 broth (A) and on M63 minimal agar (B) containing glycerol (0.3%) as the sole carbon source
in the presence of D-galactose (0.3%). The agar plates were incubated for 60 h at 37°C.
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partly responsible for their reduced growth (Fig. 6). The major
reason for the reduced cell growth might be the repression of
genes encoding enzymes of glycerol metabolism by galactose-1-
phosphate, as discussed above. In galT glpR double mutant cells,
we added the different nucleosides to test the recovery of cellular
growth. The growth of D-galactose-stressed galT glpR double mu-
tant cells was improved by addition of purine nucleosides (aden-
osine and guanosine) but not by that of pyrimidine nucleosides
(uridine and cytidine) (Fig. 7).

DISCUSSION

Exploration of the cellular stress created by intermediary metab-
olites is not easy, because metabolic reactions are very fast and
difficult to stop. As an alternative, we can investigate the equilib-
rium state of cellular factors under a given condition. It is also
hard to know which of two correlated effects is the cause and
which is the effect. In this study, we investigated the state of the
metabolome and transcriptome under stress created by accumu-
lation of a specific D-galactose intermediates, galactose-1-
phosphate, in a D-galactose-nonutilizing mutant (galT defective).
Although we have not been able to explain numerous changes that
took place both at the metabolic as well as the gene transcriptional
levels, several interesting features about intracellular response un-
der the stress have been emerged. These features are summarized
below as follows.

(i) We explored a biochemical relationship between
D-galactose metabolism and nucleotide levels. Since the former
process requires a purine nucleoside triphosphate (ATP in the

phosphorylation of D-galactose) and a pyrimidine nucleoside
triphosphate (UTP in making UDP-glucose), accumulation of
galactose-1-phosphate would lower ATP and nonutilization of
galactose-1-phosphate would accumulate UTP in a galT mutant
cell. However, any depletion of ATP would be ultimately over-
come by ATP produced by various ATP-regenerating systems, as
mentioned. We also showed that the UTP accumulation signals
UTP biosynthetic genes to be turned off and not to make the
pyrimidine nucleoside triphosphates any more (31).

(ii) It has been demonstrated that there are several indicators,
called stress responses, that show up when cells are subjected to
adverse conditions (heat or cold shock, change in osmolality or
pH, etc.). The indicators are upregulation of several genes (e.g.,
the set of hde genes and gad genes) and extensive downregulation
of the ribosomal protein genes and not the ribosomal RNA genes.
Our results showed that when there is a sudden change in intra-
cellular metabolite concentrations, the stress response genes are
expressed at high levels, suggesting that intracellular metabolite
changes are recognized by cells as stress. The cells are programmed
at the genetic level to adjust to stress and restore a new balance.

(iii) Our study appears to have resolved a long-standing puzzle
in glycerol metabolism in bacteria: the failure to metabolize glyc-
erol when utilization of D-galactose present simultaneously is
blocked after initial phosphorylation. We showed that the accu-
mulation of the resulting galactose-1-phosphate intermediate
may act as an anti-inducer of genes that encode glycerol utilization
enzymes. The anti-inducer is postulated to act by antagonizing the
inducing action of sn-glycerol-3-phosphate on the GlpR repres-

FIG 6 Nucleoside effect on growth of galT mutant cells in M63 minimal medium containing glycerol (0.3%) and/or D-galactose (0.3%). Nucleosides (0.1 mM)
and D-galactose were added at the same time at an OD of 0.3, as indicated by arrows. Error bars represent standard deviations. Abbreviations: A, adenosine; G,
guanosine; U, uridine; C, cytidine; and Gal, D-galactose.
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sor. Consistently, a glpR deletion obviates the D-galactose sensitiv-
ity of galT mutant cells growing on glycerol. A single mutation in
a metabolic pathway that leads to accumulation or depletion of an
apparently innocuous metabolite intermediate can have ripple ef-
fect on the metabolic network (32). The resulting concentration of
metabolites at the end of a ripple ends up signaling genes for the
purpose of restoring the imbalance.

(iv) Finally, our genetic approach to understand metabolic im-
balances exposed a plethora of important surprises about meta-
bolic network connections: how ripple effects of a single biochem-
ical can change a large number of metabolites, how the cell is
programmed to deal with the change(s), and how metabolites are
intricately connected with each other and to the gene regulatory
signaling system. It would not be surprising if such connections
guide cellular development and differentiations, as well as operate
in disease cells. Our results also made us recall the importance of
observations made decades ago and reviewed again that the gross
alteration in cellular energy metabolism is one of the defining
features of cancer (33–35). Cancer cells shut down the tricarbox-
ylic acid (TCA) cycle (aerobic ATP synthesis) and strongly up-
regulate the glycolytic pathway (substrate-level ATP synthesis),
thereby supporting biosynthetic pathways. These changes in can-
cer may be due to changes in genetic regulatory mechanisms by
metabolite changes, as reported here.

MATERIALS AND METHODS
Bacterial strains. Bacteriophage P1 lysates of the Keio Collection (36)
were used to transduce galT and glpR mutations carrying kanamycin
markers into the BW25113 wild-type strain to make isogenic mutant

strains. P1 transduction was carried out to introduce a glpR mutation into
galT mutant cells to make galT glpR double mutant cells. Subsequently,
pCP20 (37) was transformed into galT mutants to delete kanamycin
markers, to avoid an unwanted transcriptional polarity in the gal operon.
After removal of the kanamycin marker, the temperature-sensitive pCP20
plasmid was cured at 42°C.

DNA tiling arrays. Tiling array DNA chips (E. coli_Tab520346F) were
purchased from Affymetrix, Inc. (Santa Clara, CA). The chips had
1,159,908 probes and a 25-mer probe every 8 bp in both strands of the
whole E. coli genome. Each DNA probe overlapping 4 bp with the
opposite-strand probe was designed to cover the entire E. coli genome.
E. coli galT mutant cells were cultivated in 125-ml Corning flasks contain-
ing 30 ml of M63 minimal medium plus glycerol (final concentration,
0.3%) at 37°C. At an optical density at 600 nm (OD600) of 0.5, cell cultures
were separated into two flasks. D-Galactose (final concentration, 0.3%)
was added to one flask, and the cells were grown for 1.5 h further. Cells
were then placed on ice, and RNAprotect bacterial reagent (Qiagen) was
added to stabilize the RNA. Total RNAs of cells were purified by RNeasy
minikit (Qiagen). Subsequent cDNA synthesis, labeling, hybridization,
and staining were performed as previously described (5). Stained tiling
arrays were scanned using a GeneChip scanner 3000 (Affymetrix). Stan-
dardized signals for each probe in the arrays were generated using the
model-based analysis of tiling array (MAT) software (38), which provides
a model-based, sequence-specific background correction for each sample.
A gene-specific score was then calculated for each gene by averaging all
MAT scores (natural log) for all probes under the annotated gene coordi-
nates. Gene annotation was from the ASAP database (39), University of
Wisconsin—Madison, for E. coli K-12 MG1655 version m56. Differences
of 2 log-scale values in the absence or presence of D-galactose were calcu-
lated in galT mutants. Then the genes with significant signal difference in
tiling arrays were selected and listed in Table S1 in the supplemental ma-

FIG 7 Nucleoside effect on growth of galT glpR double mutant cells in M63 minimal medium containing glycerol (0.3%) and/or D-galactose (0.3%).
Nucleosides (0.1 mM) and D-galactose were added at the same time at an OD of 0.3, as indicated by arrows. Error bars represent standard deviations.
Abbreviations are as described in the legend to Fig. 6.
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terial. ArrayStar software (DNASTAR, Inc., Madison, WI) was employed
for diagonal visualization of the data in Fig. 4.

TLC assay. Analysis of nucleoside triphosphate pools was carried out
by thin-layer chromatography (TLC), as previously described (40). Cells
were grown in MOPS (morpholinepropanesulfonic acid) medium with
glycerol (final concentration, 0.3%) and high phosphate (final concentra-
tion, 1.3 mM) for 12 h and then transferred to MOPS medium containing
low phosphate (final concentration, 0.3 mM). Inorganic phosphate (32P;
final concentration, 150 �Ci/ml) was added for labeling of nucleotide
phosphates at an OD600 of 0.2. D-Galactose (final concentration, 0.3%)
was added at OD600 0.4. Ten microliters of samples was taken and mixed
with 10 �l of 2 N formic acid and immediately chilled in dry ice prior to at
least three freeze-thaw cycles. Four microliters of each lysate was equili-
brated to pH 7.0 with Tris-base solutions and was loaded on polyethyl-
eneimine cellulose TLC plates and chromatographed in phosphate buffer.
Amounts of nucleotides were quantified using the ImageQuant Phospho-
rImager (Molecular Dynamics, CA). Relative levels of nucleotides were
calculated by amounts of purine and pyrimidine nucleoside triphosphate
divided by total nucleotides, including ppGpp.

Nucleoside supplementation test. All nucleosides were purchased
from Sigma-Aldrich and dissolved in dimethyl sulfoxide (DMSO) to
make stock solutions (final concentration, 250 mM). Nucleosides (final
concentration, 0.1 mM) and D-galactose (final concentration, 0.3%) were
added at an OD600 of 0.3 during cell growth in M63 minimal medium
(20 ml in 125-ml flask) containing 0.3% glycerol. Cell cultures were di-
luted 1:3 or 1:5 in the same medium to accurately measure the optical
density during subsequent growth. The optical density of cell cultures at
600 nm was monitored for cell growth using an Ultrospec 3100 Pro spec-
trophotometer (Amersham Biosciences).

Microarray data accession number. Tiling array data have been de-
posited in NCBI’s Gene Expression Omnibus (http://www.ncbi.nlm.nih
.gov/geo) and are accessible through GEO series accession no. GSE42821.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00972-13/-/DCSupplemental.

Table S1, PDF file, 0.1 MB.
Table S2, PDF file, 0.1 MB.
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