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ABSTRACT

Our laboratory recently discovered that Escherichia coli cells starved for the DNA precursor dGTP are killed efficiently (dGTP
starvation) in a manner similar to that described for thymineless death (TLD). Conditions for specific dGTP starvation can be
achieved by depriving an E. coli optA1 gpt strain of the purine nucleotide precursor hypoxanthine (Hx). To gain insight into the
mechanisms underlying dGTP starvation, we conducted genome-wide gene expression analyses of actively growing optA1 gpt
cells subjected to hypoxanthine deprivation for increasing periods. The data show that upon Hx withdrawal, the optA1 gpt strain
displays a diminished ability to derepress the de novo purine biosynthesis genes, likely due to internal guanine accumulation.
The impairment in fully inducing the purR regulon may be a contributing factor to the lethality of dGTP starvation. At later time
points, and coinciding with cell lethality, strong induction of the SOS response was observed, supporting the concept of replica-
tion stress as a final cause of death. No evidence was observed in the starved cells for the participation of other stress responses,
including the rpoS-mediated global stress response, reinforcing the lack of feedback of replication stress to the global metabo-
lism of the cell. The genome-wide expression data also provide direct evidence for increased genome complexity during dGTP
starvation, as a markedly increased gradient was observed for expression of genes located near the replication origin relative to
those located toward the replication terminus.

IMPORTANCE

Control of the supply of the building blocks (deoxynucleoside triphosphates [dNTPs]) for DNA replication is important for en-
suring genome integrity and cell viability. When cells are starved specifically for one of the four dNTPs, dGTP, the process of
DNA replication is disturbed in a manner that can lead to eventual death. In the present study, we investigated the transcrip-
tional changes in the bacterium E. coli during dGTP starvation. The results show increasing DNA replication stress with an in-
creased time of starvation, as evidenced by induction of the bacterial SOS system, as well as a notable lack of induction of other
stress responses that could have saved the cells from cell death by slowing down cell growth.

The direct DNA precursors, deoxyribonucleoside 5=-triphos-
phates (dNTPs), are important determinants of the progress

of DNA replication, as they affect cell cycle continuity and viabil-
ity. They are also critical determinants of the accuracy of DNA
replication, ultimately affecting genomic stability and the long-
term fitness of populations (1–5). Many studies on the role of
dNTPs have been conducted with the bacterial model Escherichia
coli, and these studies have contributed to our understanding of
DNA metabolism and other aspects of cellular physiology. Exam-
ples are the effects of dNTPs on replication fork progress (6),
progress through the cell cycle (7, 8), regulation of the error-prone
SOS system (9), and the bacterial mutation rate (10–12).

In an ideal system, one would like the opportunity to manip-
ulate the dNTP levels in a controlled manner, for example, by
providing the cells with specific DNA precursors, such as DNA
bases or nucleosides, without affecting the levels of the NTP RNA
precursors. However, because RNA and DNA precursors share
many pathways for their salvage and de novo synthesis, such treat-
ments lead to effects on both NTPs and dNTPs, and hence selec-
tive manipulation of dNTPs without concurrent effects on the
NTPs cannot readily be achieved. Also, with enteric bacteria, there
is no straightforward access for externally supplied deoxyribo-
nucleosides because of the lack of deoxyribonucleoside kinases to
convert them to the corresponding deoxyribonucleotides (13).
The exception is thymidine kinase, which allows for conversion of
external thymidine to thymidylate (dTMP) (13). Finally, the crit-
ical step of converting ribonucleotides to deoxyribonucleotides
via the enzyme ribonucleotide reductase is subject to complex

feedback regulation, which is aimed at maintaining a proper
dNTP/NTP ratio as well as a proper balance among the four indi-
vidual dNTPs (14). This feedback precludes arbitrary manipula-
tion of dNTP pools through RNA precursors and also makes it
difficult to manipulate a single dNTP without affecting the other
dNTPs.

So far, two genetic methods have been reported for E. coli that
allow, at least in principle, manipulation of a single DNA precur-
sor. The first is the use of thymidylate synthase gene (thyA)-defi-
cient mutants. In these strains, de novo dTTP synthesis is blocked
at the dUMP-to-dTMP step, and dTTP availability becomes de-
pendent on the external provision of thymine or thymidine, which
are converted to dTTP by the salvage pathway. By varying the
thymine level in the medium, the cellular dTTP concentration can
be controlled (15). This approach led to the discovery of impor-
tant phenomena, such as thymine limitation, where the supply of
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thymine is restricted, and thymine starvation and thymineless
death (TLD), where thymine is completely withheld (16). These
studies have contributed significantly to the understanding of im-
portant aspects of bacterial physiology, from the bidirectionality
of chromosome replication (17) to a determination of factors cru-
cial for maintaining cell shape homeostasis (18). Importantly, the
TLD phenomenon has been observed in all forms of life, including
bacterial, yeast, and mammalian cells, and has provided a means
to kill actively growing cells, leading to anticancer and antiviral
applications. See reference 19 for an extensive review of recent
advances in TLD research.

Our laboratory recently discovered a second case in E. coli
where an individual dNTP, namely, dGTP, can be specifically ma-
nipulated (20). This was achieved by combining an increased-
expression allele for a specific dGTPase, encoded by the dgt gene
(optA1 allele) (21), with a null mutation in the guanine salvage
gene gpt, encoding guanine phosphoribosyltransferase (22). In-
creased breakdown of dGTP by the dGTPase combined with an
inability to recycle the resulting deoxyguanosine and guanine back
to dGTP (due to the lack of gpt) leads to a severe reduction in the
dGTP level without affecting the other dNTPs or any of the NTPs.
We termed this phenomenon dGTP starvation (20). Under these
conditions, the bacterial population demonstrates a number of
features similar to those of TLD, including DNA synthesis arrest,
development of chromosomal complexity, SOS system induction,
filamentation, and loss of viability (20).

Certain worthwhile differences between dGTP starvation and
TLD have also been observed. While in TLD the withdrawal of
thymine from a thyA strain provides an absolute block for dTTP
production, hypoxanthine withdrawal from the optA1 gpt strain
provides a severe and progressive but not complete depletion of
dGTP. As a consequence, the kinetics of cell death is more gradual
and can be followed experimentally over a period of several hours
(20). Another distinction is that the lethal effects of dGTP starva-
tion can be overcome by the production of extragenic suppressor
mutations (to be published elsewhere), which has not been ob-
served for TLD.

The precise sequence of metabolic events leading to cell death
during dGTP starvation has not been explored. Ultimately, cell
death is likely associated with the breakdown of chromosomal
DNA (20) as in TLD (23, 24). Global gene expression during TLD
has been studied, revealing a pronounced induction of the SOS
response accompanying cell death (23). In the present study, we
analyzed gene expression changes in dGTP-starved cells in re-
sponse to withdrawal of hypoxanthine for extended periods. The
results show profound changes in the purine metabolism genes in
response to hypoxanthine withdrawal, and it is likely that these
changes play a role in the starvation phenomenon via the accumu-
lation of internal guanine. At later times, SOS induction becomes
apparent, which is reflective of DNA replication stress. The results
further confirm the concept of unbalanced growth, in which there
is a clear lack of feedback from DNA replication stress to the rest of
the cellular metabolism.

MATERIALS AND METHODS
Bacterial strains. The E. coli strains used in this study are listed in Table 1
and are all derivatives of strain MG1655. Genetic deficiencies were intro-
duced by P1 transduction using P1virA. The optA1 allele of dgt was intro-
duced linked to the zad-220::Tn10 transposon (along with the nearby
tonA and panD alleles) as described earlier (25). The gpt::mini-Tn10 kan

defect was transferred from strain JD20450, obtained from the National
BioResource Project (NIG) of Japan (http://www.shigen.nig.ac.jp/ecoli
/strain/top/top.jsp). The �guaA::kan allele was from the Keio collection
strain JW2491-1, obtained from the E. coli Genetic Stock Center. The
�lacIZ::cat allele was created by the method of Datsenko and Wanner
(26), using the cat gene from plasmid pKD3 (26) and the following prim-
ers: 5=-GTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCG
GTGTCTCTTAgtgtaggctggagctgcttc and 5=-TTATTTTTGACACCAGAC
CAACTGGTAATGGTAGCGACCGGCGCTCAGCTcatatgaatatcctccttag.

Growth conditions. The strains were grown exponentially (after ini-
tiation by a 1,000-fold dilution from overnight cultures) for �5 genera-
tions at 37°C in Vogel-Bonner (VB) minimal medium (27) supplemented
with glucose (0.4%), pantothenic acid (5 �g/ml), Casamino Acids (Bec-
ton Dickinson) (1%), and hypoxanthine (50 �g/ml). At an optical density
at 630 nm (OD630) of 0.1, the cultures were filtered through 47-mm-
diameter polycarbonate membrane filters (0.4-�m pore size; Millipore),
washed with the same medium without hypoxanthine (Hx), and then
resuspended at the same cell density (OD630 � 0.1) in the medium with-
out Hx, and growth was continued as before. The OD630 was followed
closely during the next 2 h, and the cells were periodically diluted with
fresh, prewarmed medium without Hx to keep the OD values between 0.1
and 0.3 (low-dilution protocol) (Table 2). Samples were taken for mi-
croarray analysis (see below) at 0, 15, 30, 45, 60, and 120 min. In a parallel
procedure, the optA1 gpt double mutant was also monitored in a nearly
identical manner, using a more highly diluted culture over a 6-h incuba-
tion period in the absence of hypoxanthine (high-dilution protocol) (Ta-
ble 2). The effectiveness of the latter treatment was followed microscopi-
cally by observing the extensive cellular filamentation associated with
dGTP starvation (20). The data in Fig. 1 provide an example of the inhib-
itory and lethal effects of the starvation treatment. For this purpose, sam-
ples were withdrawn and aliquots plated on LB plates to monitor the
viable counts.

RNA isolation and transcriptomic analysis. At each time point, 15 ml
of each culture was mixed with 30 ml of RNAprotect bacterial reagent
(Qiagen), vortexed for 5 s, incubated for 5 min at room temperature, and
centrifuged for 10 min at 5,000 � g. The pellet was processed using a
Qiagen RNeasy Midi kit with on-column DNase digestion with Qiagen
DNase. The final elution of RNA from the column was performed with
160 �l RNase-free water. Each experiment was repeated 3 times for each
strain at each time point.

Microarray methodology. Gene expression analysis was conducted
using Affymetrix E. coli Genome 430 2.0 GeneChip arrays (Affymetrix,
Santa Clara, CA). Total RNA was amplified as directed in the Affymetrix
prokaryotic target labeling assay protocol. One microgram of amplified
biotin-labeled RNA was fragmented and hybridized to each array for 16 h
at 45°C in a rotating hybridization oven, using the Affymetrix target hy-
bridization controls and protocol. Array slides were stained with strepta-
vidin-phycoerythrin by utilizing a double-antibody staining procedure
and then were washed for antibody amplification according to a Ge-

TABLE 1 E. coli strains used in this study

Strain Relevant genotypea

NR17789G Control
NR17789R optA1
NR17794 gpt::kan
NR17793 optA1 gpt::kan
NR18056 �guaA::kan
NR18315 �lacIZ::cat
NR18314 �lacIZ::cat optA1
NR18169 �lacIZ::cat gpt::kan
NR18170 �lacIZ::cat optA1 gpt::kan
a The NR17789G control strain is MG1655 carrying the zad-220::Tn10, tonA, and panD
alleles (25). All other strains are NR17789G carrying the indicated markers. See
Materials and Methods for more details.
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neChip Hybridization, Wash and Stain kit and user’s manual. Arrays were
scanned in an Affymetrix Scanner 3000, and data were obtained with
GeneChip Command Console and Expression Console software (versions
3.2 and 1.2; AGCC), using the RMA algorithm to generate .CHP files.
Preliminary analyses were performed with OmicSoft Array Studio (ver-
sion 7.0) software. Statistical analysis to find differentially expressed genes
was performed with Partek Genomics Suite, version 6.6 (Partek, St. Louis,
MO), using analysis of variance (ANOVA) with a false discovery rate of
�10% for significance of individual comparisons.

Cross-feeding assay. The cross-feeding assay used the strict guanine-
requiring (�guaA) strain NR18056 (Table 1) and the four strains to be
tested for guanine excretion (wild-type [wt], optA1, gpt, and optA1 gpt
strains). The last four (NR18315, NR18315, NR18169, and NR18170)
(Table 1) additionally contained a �lacIZ::cat chromosomal deletion. The
cells were grown overnight in LB, centrifuged, and resuspended in 1� VB
solution. The �guaA indicator strain was diluted 10-fold, while the tester
strains were diluted 100-fold. A Chromov replicator (121 pins) was
dipped into the indicator strain and used to deliver small spots on a min-
imal glucose plate containing pantothenic acid (5 �g/ml), Casamino Ac-
ids (1%), IPTG (isopropyl-�-D-thiogalactopyranoside; 1 mM), and X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside; 40 �g/ml). After
the spots had dried, 1.5 �l of diluted tester strain was applied manually to
each previously deposited spot. The plate was incubated for 18 h at 37°C
and inspected for hydrolysis of X-Gal (green or blue spots). The latter
signals growth of the lac-proficient �guaA strain by any guanine produced
by the superimposed tester strains.

Amino acid dropout experiment. VB medium agar mixtures with
0.4% glucose, 5 �g/ml pantothenic acid, and different synthetic mixtures
of amino acids (each at 20 �g/ml) were poured into the wells of a 96-well
plate and solidified. The amino acid mixtures contained either all 20
amino acids or 19 amino acids (one amino acid omitted). Other additions
for some of the wells were hypoxanthine (50 �g/ml) and thiamine (1
�g/ml). The medium also contained IPTG (1 mM) and X-Gal (40 �g/ml)
for easier visualization of bacterial growth (all strains used for the exper-
iment contained an intact lacZ operon). Overnight cultures of the optA1
gpt and control strains were serially diluted in 10-fold steps with 1� VB
buffer, and 10 �l of diluted cells was added to each well for overnight
incubation at 42°C.

Microarray data accession number. Raw data and array information
have been submitted to the GEO database under accession number
GSE80002.

RESULTS AND DISCUSSION
Gene expression analysis during dGTP starvation. The data in
Fig. 1 show the typical outcome of a dGTP starvation experiment,
in which the strains initially grown in the presence of hypoxan-
thine were transferred to fresh medium lacking hypoxanthine (0-
min time point). It can be seen that the three control strains (wt,
optA1, and gpt strains) continued to grow exponentially in the new
medium for the duration of the experiment, but the optA1 gpt
double mutant clearly suffered. Its growth slowed down after the
first hour, followed by a period of stalled growth, and after the 3-h

TABLE 2 Time points and OD630 values employed for microarray analysis of the indicated strainsa

Time (min)

OD630 (dilution factor [fold])

Low-dilution regimen High-dilution regimen

wt optA1 strain gpt strain optA1 gpt strain optA1 gpt strain

0 0.097 0.096 0.094 0.1 (10)
15 0.14 0.14 0.14 0.14
30 0.19 (2) 0.19 (2) 0.21 (2) 0.19 (2)
45 0.116 0.1 0.12 0.11
60 0.163 (2) 0.16 (2) 0.18 (2) 0.17 (2)
120 0.23 0.22 0.27 0.17 0.08 (3, 9, 25, and 50b)
180 0.097
240 0.095
300 0.1
360 0.1
a The strains used in this experiment were NR17789G (wt), NR17789R (optA1), NR17794 (gpt), and NR17793 (optA1 gpt) (Table 1). The numbers in bold represent the OD630

values at which samples were taken for microarray analyses. Following sampling, cultures were diluted, where appropriate, by the indicated dilution factors (in parentheses) to
maintain the desired density range. See Materials and Methods for more details on the growth conditions.
b For the 180-, 240-, 300-, and 360-min time points, respectively.

FIG 1 Loss of viability of E. coli optA1 gpt double mutants during dGTP
starvation. Control (wt), optA1, gpt, and optA1 gpt strains were grown expo-
nentially in minimal medium containing hypoxanthine (see Materials and
Methods) to an OD630 of 0.1 and then diluted 10-fold, to an OD630 of 0.01, in
medium with Hx (open symbols) and without Hx (closed symbols). Viability
was assessed every 30 min for the next 6 h. Periodic dilutions were performed
to keep the OD630 at 0.1 or less (50-fold dilution of all cultures at 120 min and
25-fold dilution at 270 min, except for the optA1 gpt strain grown without Hx).
Symbols: circles, wt; squares, optA1 strain; triangles, gpt strain; diamonds,
optA1 gpt strain.
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time point the strain underwent filamentation and cell death (also
see reference 20).

We previously showed that a critical parameter for observing
cell death is maintenance of cells with an active growth status.
Sufficiently active growth can be achieved by periodically diluting
the culture such that the OD stays below 0.2. At slightly higher
densities, cells are able to overcome the strictures imposed by the
starvation and survive. We have proposed that death by dGTP
starvation results from an imbalance between the rate of new ini-
tiations of DNA replication at the chromosomal oriC origin,
which is largely determined by the nutritional status of the cells,
and the ability to complete such new replication rounds, which is
limited by the availability of sufficient DNA precursors. Contin-
ued initiations without the ability to complete the replication
rounds leads to high origin/terminus (ori/ter) ratios, high chro-
mosome complexity, and, ultimately, chromosomal breakdown
(23, 24). Within this model, a lowering of the initiation rate at
higher cell densities provides one obvious way to escape death.

The present study was aimed at understanding the metabolic

changes in dGTP-starved cells. To do so, we designed two exper-
iments. The first experiment was aimed at investigating the tran-
scriptional consequences of loss of the Hx purine source in each of
the four strains (wt, optA1, gpt, and optA1 gpt strains). In this
experiment, hypoxanthine was withdrawn from actively growing
cells starting at an OD of 0.1, and periodic 2-fold dilutions were
applied to keep the OD of the growing cultures below or only
slightly above 0.20 (Table 2, low-dilution regimen). Samples were
taken for microarray analysis at 15, 30, 45, 60, and 120 min. At
each time point, RNA samples were taken and analyzed for gene
expression changes by use of an Affymetrix GeneChip E. coli Ge-
nome 2.0 array. This experiment was conducted independently
three times.

The second experiment was aimed at following the transcrip-
tional changes in the optA1 gpt strain during the entire 6-h time
course, including the filamentation and cell death stage. For this
experiment, we used a slightly different dilution protocol (Table 2,
high-dilution regimen) in which the strain was initially highly
diluted (OD630 � 0.01) and then further diluted at strategic points

TABLE 3 Genes up- or downregulated after 120 min of hypoxanthine withdrawala

Geneb Function or pathway

Fold change in:

Control optA1 strain gpt strain optA1 gpt strain

Upregulated genes
purT_b1849 Purine de novo synthesis 16.3 14.3 7.6 3.4
xanP_b3654 Xanthine transport 8.7 8.5 5.4 3.9
purD_b4005 Purine de novo synthesis 8.2 8.2 4.5 4.2
purL_b2557 Purine de novo synthesis 7.7 7.8 5.0 3.1
cvpA_b2313 Colicin V production 7.6 7.3 4.4 2.8
purM_b2499 Purine de novo synthesis 7.0 7.7 4.3 2.8
purC_b2476 Purine de novo synthesis 6.4 5.7 4.5 2.5
purE_b0523 Purine de novo synthesis 6.2 6.1 3.4 2.1
purH_b4006 Purine de novo synthesis 5.9 6.6 4.0 3.3
purK_b0522 Purine de novo synthesis 5.5 5.6 3.5 2.2
purF_b2312 Purine de novo synthesis 4.8 5.3 3.3 2.2
purN_b2500 Purine de novo synthesis 4.6 5.4 2.8 2.0
codB_b0336 Cytosine catabolism 3.7 3.6 2.4 0.7
codA_b0337 Cytosine catabolism 3.3 3.4 2.2 0.9
gcvP_b2903 Glycine catabolism 2.9 3.0 2.2 1.3
gcvT_b2905 Glycine catabolism 2.8 3.1 2.2 1.3
yfdV_b2372 Transport 2.7 2.5 1.7 1.0
gcvH_b2904 Glycine catabolism 2.7 2.7 2.2 1.4
ydeO_b1499 Low-pH adaptation 2.5 2.9 2.0 1.5
ydiJ_b1687 Not known 2.4 2.6 2.1 1.1
tsx_b0411 Deo/nucleoside transport 2.3 2.1 2.1 1.3
glyA_b2551 One-carbon metabolism 2.3 2.1 1.7 1.3
yfdE_b2371 Low-pH adaptation 2.2 1.5 1.4 0.7
menI_b1686 Biosynthesis of menaquinone 2.2 2.1 1.9 1.1
oxc_b2373 Low-pH adaptation 2.2 1.6 1.7 1.6
yfdX_b2375 Low-pH adaptation 2.1 1.8 1.6 1.5
purB_b1131 Purine de novo synthesis 2.1 2.1 1.7 1.5
purR_b1658 Purine de novo synthesis 2.1 1.8 1.8 1.2
rspB_b1580 Not known 2.0 1.5 1.2 1.0

Downregulated genes
add_b1623 Purine salvage 	3.3 	2.8 	2.9 	1.4
ydhC_b1660 Not known 	2.5 	2.4 	1.7 	0.8
kdtA_b3633 Lipopolysaccharide (LPS) biosynthesis 	2.4 	1.7 	1.6 	1.0
yaaX_b0005 Not known 	2.0 	1.8 	1.3 	1.3

a The strains used are described in Table 1 and were subjected to the low-dilution protocol. The genes listed are all those that showed an effect of at least 2-fold in the control strain.
b Genes shown in bold belong to the purR regulon.
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to prevent the OD from rising above 0.1. These conditions opti-
mize the cell death phenomenon as seen in Fig. 1. This experiment
was also conducted independently three times.

Derepression of de novo purine synthesis upon hypoxan-
thine withdrawal. Withdrawal of the purine precursor hypoxan-
thine is expected to lead to derepression of the genes required for
de novo purine biosynthesis, i.e., a group of genes and operons
controlled by the purine repressor (PurR) (28). The microarray
results confirmed this prediction (Table 3). In the wild-type strain,
33 genes were significantly affected by hypoxanthine withdrawal
(29 were upregulated and 4 downregulated at a significant [2-fold]
expression level). Of the 29 upregulated genes, 21 (72%) belonged
to the purR regulon, with 16 comprising the most affected genes.
Table 3 lists the 33 affected genes at the 120-min time point, while
the panels of Fig. 2 and 3 show time-dependent responses for each
of the four strains. Figure 2 shows a strong spike of purR regulon
expression at the 15-min point, representing a 10- to 40-fold
increase, followed by stabilization at a slightly lower level. The
purB gene and the purR gene itself followed the same pattern,
though at a lower level. The data in Fig. 2 further show that the

pattern for the optA1 strain was similar to that for the wt, that
the response in the gpt strain was only marginally lower, and
that the response in the optA1 gpt strain was significantly lower.
Thus, while after 120 min the average pur gene was upregulated
approximately 8-fold in the wt, this was reduced to about
3-fold in the optA1 gpt double mutant strain. This reduced
ability of the strain to fully upregulate de novo purine synthesis
may be one contributing factor to its poor ability to adapt to Hx
withdrawal. A likely explanation involves the accumulation of
guanine in the strain (see below).

Figure 3 presents data on two other groups of genes affected by
hypoxanthine withdrawal. One group is represented by the glyA,
gcvP, gcvT, and gcvH genes, which are involved in the production
of glycine and its subsequent cleavage to produce one-carbon res-
idues for the biosynthesis of several important compounds, in-
cluding purines (29, 30). This group of genes is also under the
control of the purR repressor (28), and the behavior of these genes
is similar to that of the pur genes (Fig. 3). Interestingly, the codAB
genes, encoding a cytosine deaminase and a cytosine (NCS1)
transporter (31), respectively, while also under the control of

FIG 2 Induction of the various pur genes belonging to the purR regulon in control (wt), optA1, gpt, and optA1 gpt strains at various time points after
hypoxanthine withdrawal. See the text for details.
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PurR, showed the opposite response. They were depressed at the
early time point (15 min) but then recovered to an elevated level
similar to those of the other pur genes (Fig. 3). One reason may be
that the codAB operon is additionally regulated by the NAC nitro-
gen-dependent regulator (32).

Guanine accumulation and excretion in the optA1 gpt strain.
The hydrolysis of dGTP by the Dgt dGTPase produces deox-
yguanosine (G-dRib), which can be converted to guanine by the
DeoD purine nucleoside phosphorylase (Fig. 4). In the optA1 gpt
strain, due to the inactive state of the gpt gene, encoding guanine
phosphoribosyltransferase, this guanine cannot be recycled to
GMP, leading to its accumulation. Because the PurR repressor
uses hypoxanthine or guanine as a corepressor (33), this accumu-
lation of guanine provides a likely explanation for the reduced
derepression of the purR-controlled genes in the optA1 gpt strain.
For example, Meng and Nygaard (33) showed repression of the
PurR-regulated purE and purD genes by addition of guanine or
hypoxanthine to an E. coli gpt mutant (33), while the two purine
bases strongly promoted PurR binding to DNA in vitro, as mea-
sured by gel shift assay (33).

To test for the internal generation of guanine and its excretion,
we performed a cross-feeding experiment (Fig. 5). The assay used
the four donor strains (wt, optA1, gpt, and optA1 gpt strains),
which were each grown with a recipient strain that was guaA de-
ficient. GuaA-deficient strains are guanine-specific auxotrophs
(34). Figure 5 shows that only the optA1 gpt strain produced
enough guanine to sustain growth of the �guaA strain, as evi-
denced by its hydrolysis of X-Gal (green areas). This result is con-
sistent with high levels of guanine accumulation in the optA1 gpt
strain. Since guanine serves as a corepressor of PurR, this provides
a plausible rationale for the observed reduced ability of the strain
to derepress the regulon.

It should be noted that in the absence of the gpt gene product
(Gpt), guanine can alternatively be converted to GMP by the hpt
gene product (Hpt [hypoxanthine phosphoribosyltransferase])
(35). The Hpt affinity (1/Km) and turnover (kcat) for guanine are
20- and 6-fold lower, respectively, than those of Gpt (35), thus
making the enzyme nearly 200-fold less active for guanine usage.
Nevertheless, Hpt activity is likely responsible for at least some
conversion of excess guanine to GMP (36). This source of GMP

FIG 3 Induction of the codAB, gcvTHP, and glyA genes belonging to the purR regulon in control (wt), optA1, gpt, and optA1 gpt strains at various time points after
hypoxanthine withdrawal. See the text for details.
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may be an explanation for the less stringent nature of dGTP star-
vation than that of dTTP starvation in TLD.

Gene expression changes during the lethal phase of dGTP
starvation. To investigate the gene expression changes during the
lethal stages of the dGTP starvation process, we used a slightly
modified dilution protocol (Table 2, high-dilution regimen) in
which the cells were initially diluted more deeply, such that they
would reach OD values of around 0.1 at the time of harvest. Under
these conditions, the strongest filamentation and cell death could
be detected (Fig. 1) (20). The microarray data indicated that at the
6-h time point, 114 genes were significantly affected by a factor of
3-fold or more, with 66 genes upregulated and 48 genes down-
regulated, compared to the 0-h point. The results for a main subset
of these affected genes (genes affected by 3.3-fold or more) are

displayed in the heat maps of Fig. 6 and 7 for the up- and down-
regulated genes, respectively. Quantitative fold changes for each of
the affected genes are provided in Tables 4 and 5. Among the
induced genes, a most prominent part is played by genes belong-
ing to the SOS regulon, such as umuDC (encoding the error-prone
DNA polymerase Pol V), recA, sulA, recN, dinD, etc., and their
appearance is fully consistent with the replication stress occurring
under these conditions (20). SOS induction under the conditions
of this regimen were already observed at the 120-min time point
and increased steadily over the next several hours (see Fig. S1 in
the supplemental material), reflecting accumulating levels of
DNA distress over time.

Another notable feature of dGTP starvation is upregulation of
the nrdA and nrdB genes (3- to 4-fold) (Table 4). These genes
encode the enzyme ribonucleotide reductase (RNR), which is re-
sponsible for the nucleoside diphosphate (NDP)-to-dNDP con-
version critical for dNTP synthesis. Upregulation of nrdAB has
been reported in the case of DNA damage (37, 38), and upregula-
tion of dNTP depletion has been reported for the RNR inhibitor
hydroxyurea (39). Thus, this effect, which is SOS independent,
clearly reflects a sensing mechanism for depletion of one or more
dNTPs, possibly mediated by the NrdR repressor (40).

Upregulation was also observed for a number of genes belong-
ing to three different defective lambdoid phages present in the
MG1655 genome: e14 (41), DLP-12 (42), and Qin (43). The genes
of phage e14 were most notably induced, representing 10 of the 66
upregulated genes (Fig. 6; Table 4), and they were previously

FIG 4 Flow diagram of metabolic intermediates in purine biosynthesis. Green arrows indicate the enzymatic steps for turnover of the guanine moiety (labeled
in red) within the guanine nucleotide pools, with the thick arrow indicating the elevated levels of dGTP triphosphohydrolase (dgt up-promoter allele in the optA1
strain). Also indicated in green is the Hpt-mediated salvage of hypoxanthine (Hx) to yield IMP. The blue arrows represent the mainstream de novo purine
biosynthesis pathway, as well as its interconnections with histidine biosynthesis (from ATP and P-Rib-PP), resulting in AICAR production, and with thiamine
biosynthesis (TPP) from the intermediate AIR. The red dashed line indicates the repressive effect of accumulated guanine (Gua) on the PurR-controlled genes
(in the optA1 gpt strain). dgt, dGTP triphosphohydrolase gene; deoD, purine nucleoside phosphorylase gene; gpt, guanine phosphoribosyltransferase gene; hpt,
hypoxanthine phosphoribosyltransferase gene; purR, purine repressor gene (encodes the transcription factor controlling de novo synthesis of purine nucleotides);
Gua, guanine; Hx, hypoxanthine; G-dRib, deoxyguanosine; P-Rib-PP, 5=-phosphoribosyl-1-pyrophosphate (PRPP); AIR, 5=-aminoimidazole ribonucleotide;
THZ-P, 4-methyl-5(�-hydroxyethyl)thiazol phosphate; HM-PP, 4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophosphate; TPP, thiamine pyrophos-
phate; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; PRFAR, phosphoribosyl formimino-5 aminoimidazol-4-carboxamide; His, histidine. The red
cross indicates the lack of Gpt activity in the gpt deletion strain.

FIG 5 Cross-feeding assay demonstrating guanine excretion by the optA1 gpt
strain under dGTP starvation conditions. In this assay, growth of a guanine-
requiring (�guaA) indicator strain—as evidenced by increased X-Gal hydro-
lysis—is enabled by simultaneous growth with the optA1 gpt strain. See the text
for details.
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shown to be induced as part of the SOS response (44). Complete
excision of e14 from the bacterial chromosome under SOS condi-
tions has also been reported (41). Thus, cryptic prophage activa-
tion is another indication of the replication stress associated with
dGTP starvation. As far as we know, inducibility of the DLP-12 or
Qin prophage genes under stress conditions has not yet been re-
ported in the literature.

We also noted the activation of a number of transport systems,
most notably the maltose and maltodextrin transport/utilization
system (45): the malEFGKM/lamB genes, encoding the maltodex-
trin ABC uptake system, were increased 8- to 33-fold, while malQ,
encoding the enzyme amylomaltase, was induced 3.4-fold (Table
4). The maltose/maltodextrin system is under the control of the
MalT transcriptional regulator, which becomes active in the pres-
ence of the trisaccharide maltotriose (45). It is possible that the

filamentation and cell death in dGTP-starved cultures release
maltodextrins into the medium. Alternatively, maltotriose can be
generated from endogenous sources, such as glycogen (46) or tre-
halose (47), or by factors associated with the accumulation of
unphosphorylated glucose (48). For example, during unbalanced
growth, the flow of carbon in and out of the glycogen reservoir
may be altered, leading to upregulated maltotriose levels, as could
be the upregulation of trehalose import (treB; 3.1-fold) (Table 4).

Another affected system was the sulfate transport/utilization
system, including the genes for the CysP/Sbp-CysUWA sulfate
ABC importer (3.0- to 5.9-fold increases) (Table 4) and the Cys-
JIH sulfite reductase (5.3- to 9.9-fold increases) (Table 4). Sulfate
uptake and L-cysteine synthesis are under positive control of the
CysB transcriptional regulator and the cysteine precursor (N/O)-
acetyl-L-cysteine (49). Upregulation generally occurs under con-
ditions of sulfide or cysteine limitation (49), and this may suggest
the existence of some sulfide or cysteine limitation in starving
cells. On the other hand, cysteine is provided in the medium as
part of the Casamino Acids supplementation, which makes this
possibility less likely. In an experiment described below, we noted
that the presence or absence of cysteine did not affect cell death
during dGTP starvation.

Downregulated genes during dGTP starvation. Among the
downregulated genes in the dGTP-starved cells (Table 5), there
was a large set of genes associated with growth adaptation to low
pH or organic acid accumulation (gadA/gadB/gadC [50, 51], ybaS
[52], hdeA [53], slp [54], yfiD [55, 56], and dhaKLM [57]). How-
ever, it is likely more relevant that most or all of these genes are
also under the control of the RpoS general stress response regula-

FIG 6 Heat diagram and time course for 55 genes upregulated (3.3-fold or
more) in the optA1 gpt strain during the lethal phase of dGTP starvation.
The boxes represent the results for the three replicate samples at each point.
See the text for more details. The colors of the heat diagram represent the
gradient of normalized expression (base 2 logarithm). Genes highlighted in
red belong to the SOS regulon, with those representing the phage e14 genes
underlined. The genes encoding ribonucleotide reductase subunits are
shown in green.

FIG 7 Heat diagram and time course for 30 genes downregulated (3.3-fold or
more) in the optA1 gpt strain during the lethal phase of dGTP starvation. The
boxes represent the results for the three replicate samples at each point. See the
text for more details. Genes highlighted in blue are rpoS-controlled genes,
which are generally induced in the stationary phase of bacterial growth or as a
part of adaptation to low pH.
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tor and are strongly activated upon entrance into stationary phase
(58, 59). Other members of the RpoS regulon that were similarly
depressed upon dGTP starvation included otsA, ybaS, katE, dps,
and rmf (Fig. 8A; Table 5). In Fig. 8A, we plotted the gradual
decline of these genes during the starvation period. Importantly,
rpoS expression itself also declined about 1.5-fold during this pe-
riod (Fig. 8A). Thus, while the cells clearly suffered from replica-
tion stress, the general stress response was not activated and was in
fact depressed. It appears that under favorable growth conditions
(low cell density in enriched medium), the cells persisted in a very
active metabolic mode, without consideration of chromosomal
distress. Likewise, in Fig. 8B, we plotted a similar decline of the Lrp
(leucine-responsive regulatory protein) system, including the lrp
gene itself (2-fold decline), which affects nearly three-fourths of
the genes induced upon entry into stationary phase (59, 60). In
contrast, the hdeAB and gadABC genes were previously observed
to be induced during thymineless death (TLD) (23). However, in
that study, the cell density during the treatment (thymine removal
from the medium) was higher (23), and this may be an important
distinction.

The downregulated genes (Table 5) also included the oppAB-
CDF genes, encoding the oligopeptide ABC uptake system (61).
This system allows E. coli to take up oligopeptides of 2 to 5 resi-
dues, serving both nutritional purposes and the effective recycling
of cell wall (murein) peptides (62). The expression of the genes is
under the control of the minor sigma factor 
28, which is respon-
sible for initiation of transcription of a number of genes involved
in motility and flagellar synthesis (63). Possibly most relevant is
that it is also negatively controlled by a small regulatory RNA
encoded by the gcvB gene (64). This RNA is expressed as part of the
glycine cleavage (Gcv) system important for the production of
one-carbon units (29). Since hypoxanthine withdrawal led to a
clear upregulation of the Gcv system (Fig. 2), increased produc-
tion of GcvB may be one explanation for the downregulation of
oppABCDF.

The importance of culture density in controlling lethality
during dGTP starvation. Previous work (20) on dGTP starvation
revealed the requirement for keeping cultures at low densities
(OD630 of 0.15 or less). At slightly higher densities (OD630 of
�0.25), cultures are able to survive the treatment. We hypothe-
sized that at higher densities, cells are already starting to lower
their metabolic rate, including the rate of DNA replication initia-
tion (20). It has been reported that E. coli cells growing in LB
medium experience a diauxic growth shift at this density, resulting
in a reduced growth rate due to depletion of the more easily me-
tabolizable medium components (small oligopeptides) (65). In
our experiments for the present study, the cells were grown in

TABLE 4 Genes upregulated 3-fold or more after 6 h of dGTP
starvation in the optA1 gpt straina

Upregulated gene Function or pathway Fold increase

malK_b4035* Transport 33.2
lamB_b4036* Transport 27.4
malM_b4037* Transport 20.3
malE_b4034* Transport 20.1
ymfJ_b1144 e14 prophage 18.3
ymfT_b1146 e14 prophage 13.5
ymfM_b1148 e14 prophage 13.0
malF_b4033* Transport 11.9
cysH_b2762 Sulfate reduction 9.9
ymfN_b1149 e14 prophage 8.9
malG_b4032* Transport 8.5
sbp_b3917 Sulfate transport 8.5
ymfO_b1151 e14 prophage 7.9
ymfL_b1147 e14 prophage 7.6
sulA_b0958 SOS response 7.5
recN_b2616 SOS response 7.5
aspA_b4139 Anaerobic respiration 7.4
ilvN_b3670 Branched-chain amino acids 7.3
purD_b4005 Pur regulon 7.1
umuD_b1183 SOS response 6.8
cysJ_b2764 Sulfite reductase 6.7
xisE_b1141 e14 prophage 6.6
xanP_b3654 Pur regulon 6.5
rmuC_b3832 SOS response 6.4
ycgW_b1160 Proteolysis inhibition 6.2
purH_b4006 Pur regulon 5.9
cysP_b2425 Sulfate transport 5.9
intE_b1140 e14 prophage 5.7
oraA_b2698 SOS response 5.7
galT_b0758 Galactose catabolism 5.5
ribB_b3041 Riboflavin biosynthesis 5.4
cysI_b2763 Sulfite reductase 5.3
dinD_b3645 SOS response 5.3
galE_b0759 Galactose catabolism 5.3
yigM_b3827 Not known 5.3
umuC_b1184 SOS response 4.9
galK_b0757 Galactose catabolism 4.5
ydfD_b1576 Qin prophage 4.1
tnaA_b3708 Indole production (signal) 4.0
ybcV_b0558 DLP12 prophage 4.0
soxS_b4062 Oxidative stress 4.0
ybcW_b0559 DLP12 prophage 3.9
yicG_b3646 Not known 3.7
nrdB_b2235 Ribonucleotide reductase 3.7
ivbL_b3672 Branched-chain amino acids 3.7
glpF_b3927 Glycerol transport 3.7
fadB_b3846 Riboflavin biosynthesis 3.6
ymfP_b1152 e14 prophage 3.6
htrL_b3618 LPS biosynthesis 3.5
ymfR_b1150 e14 prophage 3.5
recA_b2699 SOS response 3.5
malQ_b3416* Transport 3.4
rihC_b0030 Ribonucleoside hydrolase 3.4
nrdA_b2234 Ribonucleotide reductase 3.4
gadY_b4452 Regulatory RNA 3.3
cysU_b2424 Sulfate transporter 3.3
mnmE_b3706 tRNA modification 3.2
cpxP_b3914 Stress response 3.2
purM_b2499 Pur regulon 3.1
yiaD_b3552 Not known 3.1

TABLE 4 (Continued)

Upregulated gene Function or pathway Fold increase

treB_b4240 Trehalose transport 3.1
purL_b2557 Pur regulon 3.1
ryhB_b4451 Regulatory RNA 3.1
cysA_b2422 Sulfate transport 3.0
cysW_b2423 Sulfate transport 3.0
ryiA_b4456 Regulatory RNA 3.0
a Genes shown in bold are those involved in the SOS response, and underlined genes
belong to the e14 prophage. Double underlining indicates genes functioning in
nucleotide metabolism. *, maltodextrin transport/utilization genes.
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minimal medium with Casamino Acids to augment the growth
rate. Nevertheless, not all amino acids are equally available in
Casamino Acids preparations (66), and some may run out early,
potentially lowering the growth rate. To gain possible insight into
this question, we prepared a synthetic amino acid (solid) medium
containing all 20 amino acids in equal concentration (20 �g/ml).
As reported before, dGTP starvation can be demonstrated both in
liquid media and on solid media, with minor adjustments (20). As
shown in Fig. 9, the synthetic medium was equally effective at

bringing about inactivation of the optA1 gpt strain, in a cell den-
sity-dependent manner. Some further insight was then sought by
omitting individual amino acids from the mixture, one at a time.
The majority of these omissions did not affect the phenomenol-
ogy, suggesting that amino acid limitations may not be a main
factor in these cases. The experiment showed two exceptions,
however: lack of histidine or serine in the mixture allowed cells to
overcome the lethality (Fig. 9). The case of histidine omission can
readily be understood, as the biosynthesis of histidine, which is
necessary under these conditions, produces an equimolar amount
of 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR),
which is the direct precursor of IMP (Fig. 4). In this manner,
histidine biosynthesis supports and stimulates purine biosynthe-
sis, relieving dGTP starvation.

The avoidance of cell death in case of serine omission is inter-
esting and deserves further investigation. It is possible that serine
levels are a critical growth-determining factor under starvation
conditions. It has been reported for E. coli that serine is the first
amino acid to be depleted from Casamino Acids, by the action of

FIG 8 Decline of genes belonging to the RpoS regulon (A) or the Lrp regulon
(B) during dGTP starvation. See the text for more details.

TABLE 5 Genes downregulated 3-fold or more after 6 h of dGTP
starvation in the optA1 gpt straina

Downregulated gene Function Fold change

gadB_b1493 Low-pH adaptation 	6.4
gadC_b1492 Low-pH adaptation 	5.7
uraA_b2497 Uracil transport 	5.6
dhaK_b1200 Dihydroxyacetone metabolism 	5.5
dhaM_b1198 Dihydroxyacetone metabolism 	5.2
dhaL_b1199 Dihydroxyacetone metabolism 	4.8
gltB_b3212 Glutamine degradation 	4.7
rmf_b0953 Stress response 	4.6
ydfZ_b1541 Not known 	4.6
oppF_b1247* Transport 	4.4
gdhA_b1761 Glutamate biosynthesis 	4.3
gltD_b3213 Glutamine degradation 	4.3
thrA_b0002 Threonine biosynthesis 	4.2
oppB_b1244* Transport 	4.2
thrC_b0004 Threonine biosynthesis 	4.1
gadA_b3517 Low-pH adaptation 	4.1
oppD_b1246* Transport 	3.9
thrB_b0003 Threonine biosynthesis 	3.8
ompF_b0929 Transport 	3.6
yfiD_b2579 Low-pH adaptation 	3.6
yeaR_b1797 Not known 	3.6
gcd_b0124 Glucose dehydrogenase 	3.5
yegP_b2080 Not known 	3.5
oppC_b1245* Transport 	3.4
yehE_b2112 Not known 	3.4
oppA_b1243* Transport 	3.3
ompT_b0565 Transport 	3.3
yneE_b1520 Swarming 	3.3
hdeA_b3510 Low-pH adaptation 	3.3
slp_b3506 Low-pH adaptation 	3.3
caiF_b0034 Carnitine metabolism 	3.3
pyrD_b0945 De novo pyrimidine synthesis 	3.3
efeU_b1016 Iron transport 	3.2
ybgS_b0753 Not known 	3.2
pnuC_b0751 Nicotinamide riboside transporter 	3.2
serA_b2913 Serine biosynthesis 	3.2
otsA_b1896 High-osmolarity stress response 	3.2
yebV_b1836 Not known 	3.2
yeeF_b2014 Transport 	3.2
ycdB_b1019 Iron transport 	3.1
IS092_b4434 Small RNA 	3.1
yeaQ_b1795 Not known 	3.1
ybaS_b0485 Low-pH adaptation 	3.1
katE_b1732 Oxidative stress response 	3.1
yceK_b1050 Outer membrane 	3.1
ycdO_b1018 Iron transport 	3.0
ydcX_b1445 Not known 	3.0
dps_b0812 Stress protein 	3.0

a Genes shown in bold are RpoS-dependent stationary-phase genes. *, opp genes
encoding the oligopeptide transport system.
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three serine deaminases (67). At the same time, the de novo syn-
thesis of serine may be strained. For example, expression of serA,
specifying the first committed step from 3-phosphoglycerate to
serine (29), was downregulated �3-fold under dGTP starvation
conditions (Table 5). Further, the derepression of the purR regu-
lon (Fig. 2 and 3) is likely to stress serine levels by increased con-
version of serine to glycine and subsequent glycine cleavage (glyA
and gcvTHP genes, respectively) (Fig. 3). Under those conditions,
omission of serine may lower the biomass growth rate, which in
turn may protect the cell against death by dGTP starvation.

Some effects of branched-chain amino acids were also noted.
Valine omission further impaired growth (Fig. 9), while isoleucine
omission (not shown in Fig. 9) was toxic for all strains (see the
legend to Fig. 9). These effects may not be related directly to dGTP
starvation but instead to the complex regulation of branched-
chain amino acids (68, 69). The slightly inhibitory effect of methi-
onine omission may be related to the competition between methi-
onine and purine biosynthesis pathways for one-carbon units.

Interestingly, we also noted that addition of thiamine (1 �g/
ml) to the medium relieved the dGTP starvation (Fig. 9). As noted
in the diagram in Fig. 4, thiamine and the purine mononucle-
otides are synthesized by joint pathways that diverge at the inter-
mediate 5=-aminoimidazole ribonucleotide (AIR). It is possible
that because of the repressed condition of purine de novo synthesis
in the optA1 gpt strain, the drain of AIR toward thiamine pyro-
phosphate (TPP) further limits purine production. In the pres-
ence of thiamine, the TPP-dependent riboswitch (70) may play an
important role in switching off the thiamine biosynthetic en-
zymes.

Increased genome complexity as revealed by microarray
analysis. During dGTP starvation, ongoing replication forks slow
down or stall due to the lack of dGTP, while new forks continue to
be initiated at the chromosomal origin (oriC) (20). This produces

increasingly complex genomes, where newly started replication
forks accumulate without being able to reach the replication ter-
minus (ter), ultimately causing DNA breakage and genome de-
struction (71). Interestingly, the present genome-wide expression
data also provide direct evidence for this increase in genome com-
plexity. As shown in Fig. 10, dGTP starvation in the optA1 gpt
strain led to a marked gradient of expression ratios for genes lo-
cated near the replication origin (red symbols; upregulated genes)
relative to those for genes located toward the replication terminus
(green symbols; downregulated genes).

In a previous paper (20), we pointed out similarities and dif-
ferences between dGTP starvation and TLD (death by dTTP star-
vation). The differences are likely not fundamental but instead
reflect the severity of the particular replication stress (abrupt and
severe in TLD, due to a complete lack of dTTP, and more tem-
pered during dGTP starvation) (20). The data in Fig. 10 bring out
another, related difference, i.e., loss (breakdown) of the chromo-
somal origin during TLD (23, 24), while the origin region appears
to be relatively stable during dGTP starvation.

Concluding comments. The present genome-wide expression
data both support and inform our understanding of the metabolic
changes during dGTP starvation of E. coli. The results reveal that a
lack of derepression of de novo purine synthesis upon removal of
the external purine source (hypoxanthine) is an important con-
tributing factor to the starvation stress. In a parallel study (our
unpublished data), we showed that mutants with suppressors of
dGTP starvation capable of surviving the treatment carry defects
of the PurR repressor controlling the biosynthetic pur regulon,
consistent with this model. In addition, the data support previ-
ously proposed concepts regarding dGTP starvation (20), includ-
ing production of DNA damage (i.e., induction of the SOS re-
sponse), the buildup of nucleoid complexity, and the probability

FIG 9 Growth of the indicated strains on solid media with different nutritional additions or subtractions. See Materials and Methods for more details. AA,
mixture of all 20 amino acids. Omitted amino acids are indicated separately after a minus sign. The mixture without isoleucine did not support growth of any of
the strains, presumably because of the toxicity of valine in the absence of isoleucine (68, 69), and the results are not shown. The first four rows represent controls.
The third line (red) shows that with the synthetic mixture (	Hx�AA), the optA1 gpt strain was not able to grow at a low dilution. The rows in blue are the cases
where growth of this strain at a low dilution was enabled by the absence of histidine (His), the absence of serine (Ser), or the addition of hypoxanthine (Hx) or
thiamine (Thi). Not shown here are the �Hx	AA and 	Hx	AA conditions for the optA1 gpt strain, which showed normal growth (no growth inhibition) (also
see reference 20).
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of escaping the lethal consequences of starvation by entering a
phase of slower growth.
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