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Several components of different Escherichia coli regulons are
integrated to prevent premature oxidative deterioration of
starving cells. The interconnected regulation of these regulons
encompasses oxidation signalling, sigma factor competition,
and possibly also the use of sigma factor inhibitors. Recent
data demonstrate that stasis-induced oxidation targets both
DNA and protein and that some enzymes are specifically
susceptible to oxidative attack.
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Abbreviations
E core RNA polymerase
ROS reactive oxygen species

Introduction
Gerontologists have proposed that the ubiquitous progres-
sive decline in the functional capacity of aging eukaryotes
may be a consequence of the accumulation of oxidative
damage caused by reactive oxygen species (ROS) pro-
duced by normal metabolism. This is the postulation of
the free radical hypothesis of cellular aging. The study of
the mortality of bacteria and how they survive starvation-
induced growth arrest has raised the question of whether
the free radical hypothesis of aging is relevant also for
explaining the progressive deterioration of growth arrested
bacterial cells. This issue seems relevant in the light of the
well documented increase in the levels of oxidative stress
defence proteins in bacteria starved for any of a variety of
nutrients. It is, however, unclear whether these stress pro-
teins are really involved in allowing the cells to better
survive stasis rather than enhancing the cell’s ability to sur-
vive cataclysmic oxidative stresses that they may
encounter in the future. Recent data support the idea that
oxidative stress defence proteins prevent stasis-related
accumulation of oxidative damage caused by ongoing
metabolic activities (respiration) in the growth arrested cell
and further point to a role of oxidation signalling in devel-
opmental induction of stress regulons. These data are
reviewed in relation to the recent findings that bacteria
possess chromosomally encoded proteins that could poten-
tially elicit programmed cell death during starvation.

Oxidative damage and the fight against aging
Many starvation-inducible genes have been identified as
bona fide members of known stress response networks
including the RpoH-, RpoS- and OxyR-dependent regu-
lons [1–6]. The functions of the induced genes indicate

that a significant part of the starving cell’s transcriptional
and translational machinery is devoted to making proteins
with specific roles in oxidative stress defence. Indeed, the
increased levels of catalases, superoxide dismutases,
L-isoaspartyl protein methyltransferase, peptide methion-
ine sulfoxide reductase, glutathione, glutathione
reductase, and heat shock proteins [1–3,7,8,9••,10] strong-
ly suggest that the growth-arrested cell increases its ability
to deal with oxidative denaturation and the spontaneous
aging of proteins (Figure 1). In addition, the ArcA-depen-
dent repression of Krebs-cycle enzymes and respiratory
components during stasis may be part of an oxidative
defence system aimed at minimising unnecessary harmful
respiration and self-inflicted oxidative damage [11]. 

Recent data more directly support the idea that stasis-
induced deterioration of proteins may be a problem in
growth-arrested cells; a clear correlation exists between the
age of a stationary phase Escherichia coli culture and the lev-
els of isoaspartyl residues, which are formed by
spontaneous damage of aspartate and asparagine residues
[12], illegitimate oxidative disulphide bond formation, and
protein oxidation producing aldehyde or ketone groups
(protein carbonylation) [9••]. The RpoS and OxyR regu-
lons are both important in slowing down this protein
oxidation during growth arrest [9••]. A number of proteins
are specifically susceptible to stasis-induced oxidation
including DnaK, H-NS, UspA, EF-Tu, glutamine syn-
thetase, glutamate synthase, pyruvate kinase, PtsI, FabB
and several Krebs-cycle enzymes [9••]. Thus, the growth-
arrested cell may experience problems in performing
peptide chain elongation, protein folding and reconstruc-
tion, central carbon catabolism, and nitrogen assimilation.
E. coli cells appear to experience similar problems during
conditions of iron overload and hydrogen peroxide, and
superoxide radical exposure [13•]. 

ROS generated during starvation (in this case after growth
on plates [14]) appears to target DNA as well as proteins,
since introduction of plasmids expressing singlet oxygen
scavengers (carotenoids) significantly reduce the yield of
mutants generated during starvation [14]. The reversion to
prototrophy of amino acid auxotrophs occurring when
E. coli is starved of the required amino acid results in many
cases from the accumulation of oxidative damage to gua-
nine residues in DNA. In the experimental set-up of
Bridges and Timms [14], however, RpoS, which is required
for stationary phase induction of several genes involved in
DNA protection, does not seem to contribute to the pro-
tection of DNA against oxidative attack nor does this
attack on DNA appear to limit viability during the starva-
tion conditions studied. Overproducing the mismatch
repair protein MutL, like overproducing carotenoids,
reduces the mutation frequency in stationary phase but not
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during growth [15], indicating that ROS in concert with a
limiting mismatch repair system may be a key player in
stationary-phase mutations. Oxygen attack of DNA is most
likely intimately connected to the production of hydroxyl
radicals, which is stimulated by the presence of Fe2+ (e.g.
[16]). Moreover, the crystal structure of the stationary
phase DNA-binding protein Dps, which is involved in pro-
tecting DNA against oxidative attack, strongly suggests
that Dps functions by sequestrating Fe ions [17•].
Interestingly, overexpression of the stress protein UspA
drastically shuts off expression of genes (cirA, fepA and
pbuA) involved in iron uptake and this may be an addition-
al attempt by the aging cell to minimise generation of
hydroxyl radicals [18]. 

Recent research has focused less on stasis-induced lipid per-
oxidation but it is likely that stasis-inducible genes have a
role also in protecting membrane lipids. In fact, members of
the OxyR regulon, including KatG and AhpFC (Figure 1),
have been demonstrated to prevent accumulation of lipids
modified by oxidation [19]. In addition, it is known that pro-

tein carbonylation, as seen during starvation-induced stasis
[9••], can occur via reactions with aldehydes produced dur-
ing lipid peroxidation [20]. A schematic representation of
stasis-induced defence against oxidative macromolecular
damage is depicted in Figure 1. 

A large number of E. coli mutants that are specifically
hypersensitive to various oxidative agents are also
impaired in surviving starvation [21,22], which fits with
the notion that endogenously generated oxidative stress
may lead to accelerated bacterial aging as suggested by
Eisenstark and colleagues [22]. These results highlight
the fact that many, or most, oxidative stress proteins are
not solely emergency response proteins but mediate
homeostatic regulation of the ROS levels produced by
normal aerobic catabolism; this has been stressed by
Gonzalez-Fletcha and Demple [19] who also have shown
that, similar to eukaryotic mitochondria, most of the
superoxide anions are generated at the NADH dehydro-
genase and ubiquinone sites at least during ‘normal’
aerobic growth conditions [23]. 

Figure 1

Schematic representation of the stationary
phase bacterial defence against oxidation
derived aging of macromolecules. Several
genes/proteins responding to starvation
appear to form an integral part of a defense
system aimed at avoiding the damaging
effects of ongoing respiratory activity during
growth arrest. This defence system includes
(i) an ArcA-dependent reduced production of
respiratory substrates and components of the
aerobic respiratory apparatus, (ii) an increased
production  of primary detoxification proteins,
such as Sod and Kat, (iii) the silencing of
genes, including fepA, cirA, and pbuA,
involved in iron uptake possibly to avoid
generation of hydroxyl groups via the Fenton
reaction, and (iv) an increased production of
proteins, including HSPs, Pcm, MsrA, GorA,
XthA, and AhpFC, involved in repairing
damaged proteins, DNA and lipids. Plus and
minus signs denote induction and repression,
respectively, of the corresponding genes
during stationary phase. Stars indicate
oxidised macromolecules. AhpFC, alkyl
hydroperoxide reductase; Dps, DNA-binding
protein stationary phase; FepA, CirA, and
PbuA are outer membrane iron uptake
proteins; GorA, glutathione reductase; HSPs,
heat shock proteins; Kat, catalase; MsrA,
peptide methionine sulfoxide reductase; Ndh,
NADH dehydrogenase 1; Pcm, L-isoaspartyl
protein methyltransferase; Sod, superoxide
dismutase; Ubi, ubiqinone: XthA, exonuclease
III.
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Developmental regulon control by
oxidation signalling
The gradual stasis-induced increase in protein oxidation
has recently been suggested to explain starvation induc-
tion of the OxyR and RpoH regulons [9••]. OxyR becomes
active through the oxidative formation of a disulphide
bond between two of its cysteine residues [24••]. It is fea-
sible that cysteine residues on OxyR, similar to a
cytoplasmic alkaline phosphatase [9••], may be subjected
to gradual oxidation during stasis that eventually may give
rise to a high enough titre of oxidised OxyR to activate
gene expression. This would mechanistically explain the
OxyR-dependent gene expression during growth arrest
(Figure 2) [9••,25].

Likewise, developmental induction of heat shock genes
may be intimately connected to oxidative attack on target
proteins. Inducers of the heat shock response are thought
to elicit the response by generating aberrant, partially or
completely unfolded proteins. Presumably, the gradual
oxidation of proteins observed during stasis would result in
increasing levels of denatured or misfolded proteins and
the observed oxidation of DnaK itself [9••] may block its

ability to participate in the DnaK/DnaJ/GrpE-dependent
pathway leading to σ32 degradation (Figure 2). In support
of this oxidative signalling model, stationary phase induc-
tion of heat shock genes is counteracted by overproducing
SodA (superoxide dismutase A) and the regulon is superin-
duced in cells lacking cytoplasmic Sod activity [9••].

Regulon civil war
Stasis-induced expression of E. coli genes is the result of
the combined effort of at least four different sigma factors:
σ70, σs, σ54 and σ32 [1,2,4,26•]. Recent data suggest that
these sigma factors compete for binding to a limiting
amount of core RNA polymerase (E). As a consequence,
under- or over-expression of one sigma factor may greatly
perturb the binding of other sigma factors to E [26•].
Limitations in E levels would appear to be more severe
during stasis, because the concentration of all sigma factors
taken together increases markedly during stationary phase
(mostly due to the increase in σs and σ32), whereas E lev-
els decrease by about 33% [27]. Thus, the increase in σs

and σ32 and the competition for E binding upon entry into
stationary phase may be a mechanism for stasis-induced
down-regulation of some genes requiring Eσ70. Promoters
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Figure 2

Schematic representation of the model for
stasis-induced, ‘developmental’, induction of
the OxyR and RpoH regulons. Central to the
OxyR model is that the OxyR protein serves
as both sensor and regulator of the OxyR
regulon and that oxidative disulphide bridge
formation between two of its cysteine
residues activate the protein (OxyR*) leading
to transcription initiation from OxyR
dependent promoters [24]. This oxidation of
the cysteine residues is suggested to occur
during stasis as well as specific oxidative
stress (e.g. hydrogen peroxide exposure) [9••].
Central to the RpoH model is that the heat
shock proteins DnaJ, DnaK, and GrpE have
two different functions: one is to promote
refolding of misfolded, aberrant proteins and
the other is to participate in the proteolytic
degradation of the heat shock regulator σ32.
An increase in the cellular level of denatured
proteins will sequester the DnaJ, DnaK, and
GrpE components allowing stabilization of
σ32. During stasis, oxidative damage of target
proteins could similarly sequester these heat
shock modulators allowing induction of the
regulon. This notion is supported by the fact
that heat shock induction is markedly
suppresses by overproducing SodA during
stasis [9••]. In addition, DnaK appears to be
specifically sensitive to oxidative carbonylation
(Dnak*), which may destroy or reduce its
ability to participate in the degradation of σ32.
As indicated in the figure, some TCA cycle
enzymes appear to be specifically susceptible
to oxidative attack and it is tempting to
speculate that this is physiologically
significant. It may be argued that specific

oxidation sensitivity of key enzymes at the TCA
cycle will feedback control the rate of
respiration so that when the rate of electron
transport and ROS production become too

high the oxidation, and presumably the loss of
activity, of TCA cycle enzymes will reduce
respiration by limiting it substrate, NADH. Ox,
oxidation.
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that are poor in recruiting Eσ70 would be expected to be
affected greatly by an increased sigma factor competition.
Indeed, many Eσ70-dependent genes that are normally
down-regulated during stasis fail to be so in rpoS mutants
[28]. Whether this down-regulation during stasis is due to
sigma factor competition leading to reduced levels of
active Eσ70 or, for example, expression of specific Eσs-
dependent repressor genes remains to be elucidated. 

Moreover, the switching in gene expression during growth
arrest may include elevated levels of specific inhibitors of
sigma factors. Jishage and Ishihama [29••] identified and
isolated a protein known as Rsd, which is produced during
stationary phase and forms a complex with σ70 both in vivo
and in vitro. The isolated Rsd inhibits transcription from
some, but not all, Eσ70-dependent promoters analysed in
vitro [29••]. It is thus possible that elevated levels of Rsd
favour transcription of the Eσs- and Eσ32-dependent regu-
lons at the expense of Eσ70-dependent genes. In addition,
functional interaction of E with inorganic polyphosphate
may, under some stationary phase conditions, play a role in
promoter selectivity and favour Eσs-dependent promoters
over Eσ70-dependent ones [30]. This is an interesting
observation in view of the fact that inorganic polyphos-
phates appear to play a role in rpoS expression [31]. 

On the basis that the regulatory RNA OxyS, a member of
the OxyR regulon, represses rpoS translation [32], it
appears as if the regulon civil war also includes combat
between the OxyR and RpoS regulons. This type of regu-
lation, it was argued [32], may prevent redundant
induction of oxidative stress genes (the OxyR and RpoS
regulons encompass some of the same antioxidant genes).

Toxin–antitoxin proteins: role in programmed
cell death or checking superfluous activity
during starvation?
Bacterial ‘addiction modules’ [33] or ‘proteic plasmid sta-
bilisation systems’ [34] consist of two genes encoding a
stable cytotoxin and an unstable antitoxin (usually degrad-
ed by the heat shock proteases Lon or Clp (e.g. [34]). The
systems are harmless as long as both proteins are produced
allowing the unstable antitoxin to neutralise the toxin by
forming a tight cytotoxin–antitoxin complex. Recent
investigations have shown that E. coli possesses chromoso-
mally located toxin–antitoxin systems that may have a role
in programming cell death [33]. One such system, the
mazEF operon, is negatively regulated by guanosine
tetraphosphate (ppGpp) and was therefore suggested to
have a role in eliciting programmed cell death during dif-
ferent starvation conditions causing stasis [33]. More
recently, Gotfredsen and Gerdes [35•] demonstrated that
the chromosomal relBE genes of E. coli encode another
cytotoxin–antitoxin system and presented an attractive
model explaining the well known but until now mysterious
relaxed-control phenotype of relB mutants. Elevating
RelE levels in the absence of RelB rapidly kills growing
E. coli cells probably by interfering with translation [35•].

While the presence and regulation of these systems are
extremely interesting, they raise the question of the possi-
ble benefits of programmed cell death in a unicellular
organism. The authors describing the mazEF system [33]
proposed that this systems may serve as a mechanism for
altruistic cell death during starvation conditions in that cell
lysis of part of the population may enable the rest of the
population to survive or even grow. If so, we would still
have to explain the apparent conflict between the regulon
members that are assign to enhance survival versus those
that promote killing (notably members of the stringent
control and heat shock networks [36]). 

Another possibility may be that the cytotoxins are not real-
ly designed to kill the cell but may be involved in checking
cellular processes (e.g. translation and replication) that
should be down-regulated in a growth-arrested cell. When
artificially expressed in an exponentially growing culture,
however, they may inhibit a required process leading, sec-
ondarily, to cell death. In other words, the cytotoxins may
be conditionally lethal when artificially expressed at the
wrong time but may have a beneficial role in stasis physi-
ology. 

Conclusions
The recent findings demonstrating stasis-induced oxida-
tion of bacterial proteins and DNA, the poor ability of
bacterial cells lacking components of oxidative stress sys-
tems to survive stasis, and the role of oxidation signalling in
developmental, stasis-induced expression of stress defence
regulons, may seem to be in accord with the free radical
hypothesis of aging (e.g. [37]). This is, however, a prema-
ture conclusion; what this review (and most contemporary
papers concerning stationary phase survival in bacteria) has
dealt with is the analysis of mutants that are worse off than
the wild-type strain and we cannot make the a priori
assumption that wild-type E. coli dies for the same reason
as those mutants. Unfortunately, there are, as far as I know,
no equivalents to gerontogenes (genes whose alteration
causes life extension) identified yet in bacteria with the
possible exception of the Micrococcus luteus rpf gene, which
encodes a protein that when added to a dormant M. luteus
culture increases the viable cell count at least 100-fold
[38•]. Thus, we have to await identification of genes similar
to the gerontogenes of Caenorhabditis elegans [39] and
Drosophila melanogaster [37] before we can judge whether
the free radical hypothesis of aging is relevant or useful in
explaining the longevity of growth arrest in wild-type bac-
terial cells. The search for such genes may be an important
task for the future as is elucidating the physiological role
and regulation of the chromosomal toxin–antitoxin systems
during stasis. This may establish to what extent stasis-
induced bacterial death is accidental or programmed.

Acknowledgements
I thank Kenn Gerdes for enlightening discussions about bacterial addiction
and suicide, and Anne Farewell and Sam Dukan for valuable comments on
the manuscript. Lars Rutberg and Lars Hederstedt at the Department for
Microbiology, Lund University are gratefully acknowledged for providing

Starvation, cessation of growth and bacterial aging Nyström    217



218 Cell regulation

support and space in times of need. Work in my laboratory was supported by
the Swedish Natural Science Research Council (NFR) and in part by the
Swedish Research Council for Engineering Sciences (TFR). 

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

1. Jenkins DE, Schultz JE, Matin A: Starvation-induced cross
protection against heat or H2O2 challenge in Escherichia coli.
J Bacteriol 1988, 170:3910-3914.

2. Hengge-Aronis R: Survival of hunger and stress: the role of rpoS in
early stationary phase gene regulation in E. coli. Cell 1993,
72:165-168.

3. Kolter R, Siegele DA, Tormo A: The stationary phase of the bacterial
life cycle. Annu Rev Microbiol 1993, 47:855-874.

4. Rockabrand D, Livers K, Austin T, Kaiser R, Jensen D, Burgess R,
Blum P: Roles of DnaK and RpoS in starvation-induced
thermotolerance of Escherichia coli. J Bacteriol 1998,
180:846-854.

5. Farewell A, Kvint K, Nyström T: uspB, a new ss regulated gene in
Escherichia coli which is required for stationary phase resistance
to ethanol. J Bacteriol 1998, 180:6140-6147.

6. Ferguson GP, Creighton RI, Nikolaev Y, Booth IR: Importance of
RpoS and Dps in survival of exposure of both exponential- and
stationary-phase Escherichia coli cells to the electrophile
N-ethylmaleimide. J Bacteriol 1998, 180:1030-1036.

7. Visick JE, Cai H, Clarke S: The L-isoaspartyl protein repair
methyltransferase enhances survival of aging Escherichia coli
subjected to secondary environmental stresses. J Bacteriol 1998,
180:2623-2629.

8. Moskovitz J, Rahman MA, Strassman J, Yancey SO, Kushner SR,
Brot N, Weissbach H: Escherichia coli peptide methionine
sulfoxide reductase gene: regulation of expression and role in
protecting against oxidative damage. J Bacteriol 1995,
177:502-507.

9. Dukan S, Nyström T: Bacterial senescence: stasis results in
•• increased and differential oxidation of cytoplasmic proteins

leading to developmental induction of the heat shock regulon.
Genes Dev 1998, 12:3431-3441.

The physiological role of stress gene induction in stationary phase has been
a matter of debate. In this paper it is demonstrated that the levels of protein
disulphide bonds and carbonyls increase during stationary phase and that
this protein oxidation is enhanced and accelerated in mutants lacking the
stress regulon regulators, OxyR and RpoS. In addition, the causal factor
behind induction of the heat shock regulon during starvation appears to be
connected to oxidative attack on target proteins. 

10. Nyström T: The glucose starvation stimulon of Escherichia coli:
induced and repressed synthesis of enzymes of central metabolic
pathways and the role of acetyl phosphate in gene expression
and starvation survival. Mol Microbiol 1994, 12:833-843.

11. Nyström T, Larsson C, Gustafsson L: Bacterial defense against
aging: role of the Escherichia coli ArcA regulator in gene
expression, readjusted energy flux, and survival during stasis.
EMBO J 1996, 15:3219-3228.

12. Visick JE, Ichikawa K, Clarke S: Mutations in the Escherichia coli
surE gene increase isoaspartyl accumulation in a strain lacking
the pcm repair methyltransferase but suppress stress-survival
phenotypes. FEMS Microbiol Lett 1998, 167:19-25.

13. Tamarit J, Cabiscol E, Ros J: Identification of the major oxidatively
• damaged proteins in Escherichia coli cells exposed to oxidative

stress. J Biol Chem 1998, 273:3027-3032.
The data presented in this paper concerning identifications of major oxida-
tively damaged proteins provide some interesting insights into the specific
cellular functions affected in cells exposed to various oxidative stresses.

14. Bridges BA, Timms A: Effect of endogenous carotenoids and
defective RpoS sigma factor on spontaneous mutation under
starvation conditions in Escherichia coli: evidence for the
possible involvement of singlet oxygen. Mut Res 1998,
403:21-28.

15. Harris RS, Feng G, Ross KJ, Sidhu R, Thulin C, Longerich S,
Szigety SK, Winkler ME, Rosenberg SM: Mismatch repair protein

MutL becomes limiting during stationary-phase mutation. Genes
Dev 1997, 11:2426-2437.

16. Touati D, Jacques M, Tardat B, Bouchard L, Despied S: Lethal
oxidative damage and mutagenesis are generated by iron in Dfur
mutants of Escherichia coli: protective role of superoxide
dismutase. J Bacteriol 1995, 177:2305-2314.

17. Grant RA, Filman DJ, Finkel SE, Kolter R, Hogle JM: The crystal
• structure of Dps, a ferritin homolog that binds and protects DNA.

Nat Struct Biol 1998, 5:294-303.
The crystal structure of the Dps monomer turns out to have essentially the
same fold as ferritin. Further, the structure strongly suggests that DNA pro-
tection by Dps is governed by the sequestration of Fe ions. 

18. Nyström T, Neidhardt FC: Effects of overproducing the universal
stress protein, UspA, in Escherichia coli K-12. J Bacteriol 1996,
178:927-930.

19. Gonzalez-Flecha B, Demple B: Homeostatic regulation of
intracellular hydrogen peroxide concentrations in aerobically
growing Escherichia coli. J Bacteriol 1997, 179:382-388.

20. Berlett BS, Stadtman ER: Protein oxidation in aging, disease, and
oxidative stress. J Biol Chem 1997, 272:20313-20316.

21. Benov L, Fridovich I: A superoxide dismutase mimic protects sodA
sodB Escherichia coli against aerobic heating and
stationary-phase death. Arch Biochem Biophys 1995,
322:291-294.

22. Eisenstark A, Calcutt MJ, Becker-Hapak M, Ivanova A: Role of
Escherichia coli rpoS and associated genes in defense against
oxidative damage. Free Rad Biol Med 1996, 21:975-993.

23. Gonzalez-Flecha B, Demple B: Metabolic source of hydrogen
peroxide in aerobically growing Escherichia coli. J Biol Chem
1995, 270:13681-13687.

24. Zheng M, Åslund F, Storz G: Activation of the OxyR transcription
•• factor by reversible disulfide bond formation. Science 1998,

279:1718-1721.
A very interesting paper demonstrating that activation/inactivation of the
OxyR regulon is caused by formation and reversal of protein disulphides on
the OxyR regulator itself. Feed-back inactivation of OxyR is demonstrated to
involve the glutathione- and glutaredoxin-dependent pathway. In the formal-
istic terms of a stimulus/response pathway we can now name OxyR as sen-
sor, transducer and regulator. There are few, or perhaps no other regulons in
which one single protein has all these assignments.

25. Becker-Hapak M, Eisenstark A: Role of rpoS in the regulation of
glutathione oxidoreductase (gor) in Escherichia coli. FEMS
Microbiol Lett 1995, 134:39-44.

26. Farewell A, Kvint K, Nyström T: Negative regulation by RpoS: a case
• of sigma factor competition. Mol Microbiol 1998, 29:1039-1052.
This paper highlights that RNA polymerase is limiting for transcription in
stationary phase and that growth-phase-dependent changes in RNA poly-
merase availability may constitute a mechanism of passive regulation of
gene expression.

27. Ishihama A: Adaptation of gene expression in stationary phase
bacteria. Curr Opin Genet Dev 1997, 7:582-588.

28. Nyström T: Role of guanosine tetraphosphate in gene expression
and the survival of glucose or seryl-tRNA starved cells of
Escherichia coli. Mol Gen Genet 1994, 245:355-362.

29. Jishage M, Ishihama A: A stationary phase protein in
•• Escherichia coli with binding activity to the major sigma subunit

of RNA polymerase. Proc Natl Acad Sci USA 1998, 95:4953-4958.
A stationary phase E. coli protein, designated Rsd, with proposed regulato-
ry activity of the σ70 function, is isolated and identified. Interestingly, the Rsd
protein binds at or downstream of region 4 of σ70, the promoter-35 recogni-
tion domain, and reduces transcription from some σ70-dependent promoters
in vitro. Perhaps this protein is involved in a novel type of repression of spe-
cific σ70-dependent functions during stasis. 

30. Kusano S, Ishihama A: Functional interaction of Escherichia coli
RNA polymerase with inorganic polyphosphate. Genes Cells 1997,
2:433-441.

31. Shiba T, Tsutsumi K, Yano H, Ihara Y, Kameda A, Tanaka K,
Takahashi H, Munekata M, Rao NN, Kornberg A: Inorganic
polyphosphate and the induction of rpoS expression. Proc Natl
Acad Sci USA 1997, 94:11210-11215.

32. Zhang A, Altuvia S, Tiwari A, Argaman L, Hengge-Aronis R, Storz G:
The OxyS regulatory RNA represses rpoS translation and binds
the Hfq (HF-1) protein. EMBO J 1998, 17:6061-6068.



Starvation, cessation of growth and bacterial aging Nyström    219

33. Aizenman E, Engelberg-Kulka H, Glaser G: An Escherichia coli
chromosomal addiction module regulated by 3¢,5¢-
bispyrophosphate: a model for programmed bacterial cell death.
Proc Natl Acad Sci USA 1996, 93:6059-6063.

34. Gerdes K, Jacobsen JS, Franch T: Plasmid stabilization by post-
segregational killing. Genet Eng 1997, 19:49-61.

35. Gotfredsen M, Gerdes K: The Escherichia coli relBE genes belong
• to a new toxin–antitoxin gene family. Mol Microbiol 1998,

29:1065-1076.
The relBE genes, like the mazEF operon, of Escherichia coli have all the
basic features of a toxin–antitoxin (suicide) system. On the basis of the data
presented, the authors propose a very plausible model that explains the
relaxed phenotypes associated with mutations in the, until now, mysterious
relB locus. Specifically, the data showing that RelB is an antitoxin to RelE,
which may be an inhibitor of translation, are consistent with the delayed
recovery phenotype of some relB mutants during nutrient upshifts.

36. Nyström T: To be or not to be: the ultimate decision of the growth
arrested bacterial cell. FEMS Microbiol Rev 1998, 21:283-290.

37. Orr WC, Sohal RS: Extension of life-span by overexpression of
superoxide dismutase and catalase in Drosophila melanogaster.
Science 1994, 263:1128-1130.

38. Mukamolova GV, Kaprelyants AS, Young DI, Young M, Kell DB:
• A bacterial cytokine. Proc Natl Acad Sci USA 1998, 95:8916-8921.
An intriguing paper that reports on the isolation of a wondrous protein, Rpf,
made and excreted during growth of Micrococcus luteus that, when added
exogenously, has the ability to both significantly increase viable cell counts
of a dormant cell population and stimulate growth of viable cells. A bacterial
version of cytokine, autocrine or paracrine? 

39. Murakami S, Johnson TE: Life extension and stress resistance in
Caenorhabditis elegans modulated by the tkr-1 gene. Curr Biol
1998, 8:1091-1094.


	Starvation, cessation of growth and bacterial aging
	Introduction
	Oxidative damage and the fight against aging
	Developmental regulon control by oxidation signalling
	Regulon civil war
	Toxin–antitoxin proteins: role in programmed cell death or checking superfluous activity during starvation?
	Conclusions
	Acknowledgements
	References and recommended reading

	Figures
	Figure 1
	Figure 2


