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Abstract. With respect to oxidative damage and its tar-
gets, growth-arrested bacterial cells show some of the
same signs of senescence as aging insects, worms and
mammals. In addition, the fact that the life span of
growth-arrested Escherichia coli cells is greatly extended
by limiting oxygen availability suggests that free radicals
may be one causal factor behind bacterial senescence.
Recent analysis reveals a novel culprit in this oxidation,
namely the production of aberrant proteins, which are es-
pecially susceptible to oxidative attack. This route of ox-
idation appears to elude the classical oxidative defense

proteins. In addition, the failure of growth-arrested cells
to fully combat oxidative damage may be linked to a
trade-off between proliferation activities and stress man-
agement. Even during stasis, E. coli cells maintain a basal
transcription of reproduction-related genes, and re-
sources are thus partly diverted from maintenance and
stress defences to activities relating to proliferation. Thus,
some aspects of bacterial senescence may lend support to
contemporary theories of aging, including the free radi-
cal, antagonistic pleiotropy, and disposable soma theo-
ries.

Key words. Escherichia coli; free-radical hypothesis; protein oxidation; translational fidelity; transcriptional trade-

off.

The free-radical hypothesis of aging

The ‘stochastic’ as opposed to ‘programmed’ view of ag-
ing states that aging results from random deleterious
events, and oxidative damage has been suggested to be a
major contributor to such stochastic degeneration of cells
and organisms [1-5]. Harman’s original free-radical the-
ory of aging [1] gained in credibility with the identifica-
tion of superoxide dismutase, which provided compelling
evidence of in vivo generation of superoxide anions [4].
The hypothesis was later supported by different experi-
mental data using different model organisms. For exam-
ple, it has been demonstrated that the levels of oxidatively
damaged macromolecules increase with age in a large va-
riety of species and that oxidatively modified proteins
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lose their catalytic activity and structural integrity [2, 3].
In Drosophila melanogaster, life span can be marginally
prolonged by genetically increasing the copy number of
their native Cu/Zn superoxide dismutase [5]. However, a
more significant and impressive effect is seen with tissue-
specific overexpression [6] or an ectopic, inducible over-
expression [7] of the Cu/Zn superoxide dismutase. In ad-
dition, overproduction of the mitochondrial Mn superox-
ide dismutase extends the life span of adult fruit flies
without affecting metabolic activity [8]. In Caenorhabdi-
tis elegans, identification of gerontogenes (genes whose
alteration causes life extension) supports a strong corre-
lation between longevity and oxidative stress defence
also in worms [9]. For example, a mutation in the C. ele-
gans iron sulfur protein (isp-1) of the mitochondrial com-
plex I1I reduces oxygen consumption, decreases sensitiv-
ity to reactive oxygen species (ROS) and markedly ex-
tends the life span of the adult worms [10]. Interestingly,
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a mutation in daf-2, which extends life span in otherwise
wild-type worms, has no effect in the isp-/ mutant back-
ground, indicating that the daf-2 pathway primarily con-
trolls life span by affecting oxidation management [10].
Also, Daf-2 is a member of a conserved insulin-like sig-
nal transduction pathway [11], and the increased life span
achieved by mutations in this pathway is associated with
increased expression of the mitochondrial Mn superoxide
dismutase [12].

With respect to life extension and free-radical biology, the
filamentous fungi Podospora anserina provide one of the
most impressive cases. The life span of P anserina is, on av-
erage, around 25 days, depending on the strain [13]. The
respiratory chain of this fungus can use two different termi-
nal oxidases, COX and AOX. Mutations, which affect res-
piration such that the alternative oxidase, the iron contain-
ing AOX, is used preferentially over the copper-containing
COX, tend to increase life span, and this effect is believed
to be due to AOX being less prone to generate reactive oxy-
gen species [ 13, 14]. Intriguingly, a mutant in which most of
the coxI gene is deleted is essentially immortal (presently
grown for 10 years in suspension) [13, 15].

While it appears clear that oxidative damage is one im-
portant factor in setting the pace of aging, the key task of
pinpointing the causal factors behind the increased oxi-
dation of macromolecules during aging has proven diffi-
cult. Some attempts have been made to correlate oxida-
tion in aging cells with reduced activity (or abundance) of
the antioxidant defence and repair systems. However,
these attempts have generated conflicting results. For ex-
ample, catalases have been demonstrated to either in-
crease or decrease with age depending on the tissues an-
alyzed [16], and in other studies it has been demonstrated
that some antioxidant defence proteins may increase
while others decrease with age in the same tissues [17]. In
the prokaryotic model system Escherichia coli, the situa-
tion is paradoxical rather than conflicting since in a re-
productively arrested population of E. coli cells, the lev-
els of oxidative defence proteins increase markedly and
the population becomes increasingly resistant to external
oxidative stresses [18, 19]. Yet the levels of oxidation-
damaged proteins in such an E. coli population increase
[20, 21]. Recent analysis of this phenomenon has yielded
results that may, at least in part, explain this apparent
paradox, and these data will be reviewed here. Before do-
ing this, I will briefly introduce the concept of conditional
senescence in bacteria and some of the key players in the
bacterial fight against stasis-induced death.

Conditional senescence
Cytokinesis in simple unicellular bacteria such as Es-

cherichia coli proceeds in a symmetrical fashion, with a
nonconservative dispersion of cytoplasmic material. Dur-

Free-radical hypothesis

ing division, potentially damaged constituents are distrib-
uted equally to both daughter cells, and the two cells are
said to be of the same age. As a consequence, E. coli cells
do not exhibit a mandatory replicative aging process and
are, in principle, immortal creatures. However, bacterial
cells entering a nonproliferating state due to starvation-
induced stasis become unable to reproduce on standard
nutrient plates and, if stasis proceeds, eventually lose
their membrane integrity and life-supporting activities
[22]. The death phase following starvation has been ar-
gued to be the nearest bacteria come to a ‘natural’ death
of the kind familiar among higher organisms [23, 24], and
this has more recently been referred to as conditional
senescence of bacteria [25, 26].

It has been suggested that prolonged survival of bacterial
cells starved for exogenous nutrients is dependent upon
regulation of endogenous metabolism in accordance with
the energy of maintenance requirement. Endogenous me-
tabolism is defined as ‘the total metabolic reactions
which occur within the living cell when it is held in the
absence of compounds or elements which serve specifi-
cally as exogenous substrates’. It has been shown that the
endogenous metabolism of starved bacteria encompasses
de novo production of macromolecules, including pro-
teins. Specifically, Matin and co-workers [18] demon-
strated that cells of E. coli continue to synthesize proteins
for an extended period of time when held in the absence
of exogenous nutrients, and the synthesis of proteins be-
longing to the early class of starvation proteins is required
for long-term survival. Several of these proteins have now
been identified, and many of these have specific roles in
protecting the cell against heat and oxidative stress [18,
26—28]. Their expression relies, to a large extent, on one
transcription factor, the sigma factor 0°[27, 28].

o’ and its role in oxidative stress defence

The o° transcription factor accumulates during stasis and
directs the RNA polymerase to a large number of genes
with diverse functions [27, 28]. However, there is a sig-
nificant bias towards stress defence functions. Interest-
ingly, these functions overlap with those of the daf-16-
regulated genes of C. elegans and the RAS/cAMP/PKA-
regulated genes in yeast [9, 29, 30]. The Daf-16 fork-head
transcription factor is a key regulator in the starvation-in-
duced dauer formation in the nematode, and like o®, this
regulator directs the transcriptional apparatus to genes in-
volved in protection against heat shock and oxidative
agents [29]. Overexpression of daf-16 (achieved, for ex-
ample, by mutating daf-2) extends the life span of adult
nematodes, whereas daf-16 inactivation accelerates aging
and causes increased oxidative damage of proteins [31].
The RAS/cAMP/PKA regulatory pathway of Saccha-
romyces cerevisiae is similarly involved in general stress
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defence and longevity. Disruption of RAS alleviates
PKA-dependent repression of genes (e. g. genes encoding
heat shock proteins, catalase and CuZn superoxide dis-
mutase) containing a stress response element (STRE) in
their promoter region, resulting in increased resistance to
oxidative agents and heat [30, 32]. Moreover, the replica-
tive life span of yeast is extended in mutants with low pro-
tein kinase A (PKA) activity, whereas the opposite is true
for mutants with constitutive PKA activity [33]. Like the
o and Daf-16 pathways, the RAS/cAMP/PKA pathway
responds to starvation, such that glucose limitation con-
verts Ras to the inactive GDP bound form, which in turn
reduces cyclic AMP (cAMP) levels and elevates the ex-
pression of STRE element genes. The 0%, Daf-16 and
RAS/cAMP/PKA regulatory systems are thus function-
ally analogous; they all respond to starvation, they are all
required to mount a general stress defence and they are
longevity determinants.

It is not clear which members of the o® regulon are most
important in slowing down senescence, but 0% mutants
exhibit elevated levels of oxidatively damaged proteins
during stasis, suggesting that oxidative stress defence
proteins, as in the C. elegans Daf-16 network [31], might
be key members of the regulon [20, 21]. In addition, the
role of ¢ in the survival of stationary phase Salmonella
enterica serovar Typhimurium has recently been inti-
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mately linked to oxidative stress defence [34], reinforcing
the argument that oxidative injury is one of the major
mechanisms of reduced microbial viability during peri-
ods of nutrient deprivation and that one important, if not
primary, role of o®in stasis survival is to prevent such
damage. However, another alternative sigma factor, oF,
appears to aid and partially complement o in this func-
tion [34]. In addition, it should be noted that the bacterial
defence against stasis-induced oxidative deterioration
proteins also encompasses the heat shock sigma factor o*
and the Hsp60 (GroEL) and Hsp70 (DnaK) chaperones

(fig. 1) [18].

Reorganization of catabolism in senescing cells;
an oxidative stress defence?

The response of E. coli to starvation also includes an in-
creased synthesis of specific glycolysis enzymes, con-
comitantly with reduced production of tricarboxylic acid
cycle (TCA) cycle enzymes [35]. Thus, modulation of the
synthesis of catabolic enzymes during aerobic carbon/en-
ergy starvation is remarkably similar to the response of
cells shifted to anaerobiosis. E. coli can grow under aer-
obic and anaerobic conditions, deriving energy from a
number of different respiratory pathways or from fer-

N

Figure 1. Schematic representation of the bacterial defence against starvation-induced oxidative deterioration of proteins. The ArcA-de-
pendent downregulation of respiration and the production of reducing equivalents derived from the TCA cycle is suggested to reduce gen-
eration of reactive oxygen species (ROS) during starvation, and the poor survival of an arc4 mutant can be suppressed by overproducing
Mn-superoxide dismutase [35]. Primary oxidative defence proteins, including the superoxide dismutases (SodA and SodB), and catalases
(KatE and KatG), are induced in growth arrested cells, which further reduces ROS levels catalytically. At least some of the corresponding
oxidative stress defence genes require the alternative sigma factor 0. The elevated production of proteins involved in the reduction, repair
and proteolysis of oxidized proteins is a third mode of action in the oxidative stress defence. The proteins of this defence system include
peptide methionine sulfoxide reductase, glutathione reductase in concert with glutathione, thioredoxin, glutaredoxin and heat shock chap-
erones. At least three alternative sigma factors, 0%, o* and o* are required for this response. The proteases involved in this process have not
been identified but may be members of the heat shock regulon requiring 0°? for transcription.
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mentation. A number of genetic regulatory programs co-
ordinately direct the cells’ selection of the most efficient
metabolic system in a particular environment. This selec-
tion ensures that electrons are channeled from donors to
a terminal acceptor such that the drop in Gibbs energy is
the maximum allowed under the particular growth condi-
tion [36]. This regulation, presumably, optimizes the
metabolic systems used to maximize growth rate in a
given environment. The ArcA/ArcB regulon is one of
several global regulatory systems involved in this meta-
bolic regulation [36]. The ArcA/ArcB pair makes up a
two-component regulatory system which is activated
when the environment contains no electron acceptors or
only poor ones, ArcA being the regulator and ArcB the
sensor component [36].

Interestingly, the ArcA regulator is also a key player in
starvation-induced modulations of gene expression, and
an AarcA mutant is impaired in several activities associ-
ated with the E. coli starvation response [35]. Specifi-
cally, the ArcA modulon appears to be involved in check-
ing the rate of catabolic degradation of endogenous bio-
molecules. The respiratory activity is significantly higher
during stasis in the AarcA mutant than the wild-type par-
ent, as is the total metabolic activity and the fraction of to-
tal activity derived from aerobic respiration [35]. The
ArcA-dependent reduced production and activity of the
aerobic respiratory apparatus during starvation may pre-
vent uncontrolled drainage of endogenous reserves. In
addition, this response may be an additional defence
mechanism mustered by the cell to protect itself against
self-inflicted oxidative damage (fig. 1; in support of this
notion, the reduction in the life span caused by the arcA
mutation can be suppressed by overproducing the super-
oxide dimutase SodA [35]). This notion highlights an im-
portant coupling between energy efficiency, catabolic
flux and metabolic stress. Thus, it is possible that the re-
organization in catabolic flux during starvation for ex-
ogenous nutrients is dictated by stress sensing rather than,
or in addition to, sensing energy efficiency and a maxi-
mal drop in Gibbs energy.

A cause of oxidation I: translation errors

As described, a significant number of the genes and reg-
ulons induced by stasis are part of an oxidative stress de-
fence machinery (shown schematically in fig. 1). How-
ever, as in aging organisms of eukaryotic origin, this sys-
tem fails to fully combat stasis-induced oxidation of
proteins. A possible explanation for this enigma comes
from recent results that demonstrate that stasis-induced
oxidation might occur by a route that eludes the classical
oxidative defence pathways.

The level of oxidized proteins increases upon treatment
of cells with antibiotics and mutations causing increased
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mistranslation [37]. Interestingly, during these treat-
ments, the rate of superoxide production and the activity
of the superoxide dismutases and catalases are un-
changed, and the expression of oxidative stress defence
genes does not increase [37]. In addition, it was demon-
strated that increased oxidation during these treatments
was primarily the result of aberrant protein isoforms be-
ing oxidized [37]. In other words, increased protein oxi-
dation can be the result of increased production of aber-
rant proteins, and this does not appear to be sensed by the
oxidative defence regulons and does not require increased
generation of reactive oxygen species [37]. Moreover,
two-dimensional gel electrophoresis of proteins demon-
strated that the sudden increase in protein oxidation dur-
ing the early stages of stasis in E. coli is strongly associ-
ated with the production of aberrant protein isoforms that
appear to be specific targets for oxidative modifications
[38]. Also, results showing that frameshifting [39, 40],
missense errors [41] and stop codon read-through [38] in-
crease in response to stasis in E. coli cells raises the pos-
sibility that protein oxidation in nonproliferating cells
might be caused by an increased mistranslation. Indeed,
protein oxidation is drastically attenuated in the early
stages of stasis in E. coli cells harboring intrinsically hy-
peraccurate ribosomes (carrying the rpsLi41 allele;
[38]). Thus, elevated oxidation of proteins in nonprolifer-
ating cells might be due to the abundance of substrates
(aberrant proteins) available for oxidative attack surges
during stasis due to reduced fidelity of the translational
apparatus.

The 0° regulon might be ineffective in counteracting such
mechanisms of oxidation. In addition, this type of oxida-
tion occurs as an immediate response to growth arrest be-
fore o° has reached its maximal concentration. It should
be noted, however, that the gradual increase in protein ox-
idation levels observed during prolonged stasis is coun-
teracted by o°, since this increase is much more pro-
nounced in 7poS mutants [21]. It is not clear why aberrant
proteins are more susceptible to oxidation. Possibly, a
slight misfolding of the corrupted polypeptide might ex-
pose oxidation-sensitive targets that are normally hidden
during the coupled translation-folding process.

An alternative idea holds that continued respiration in so-
matic G, cells or growth-arrested bacteria will inevitably
increase the levels of oxidized macromolecules because
such cells have little ability to dilute any damage with de
novo macromolecular synthesis. This proposal is in line
with the rate-of-living hypothesis. In its simplest form,
this model predicts that the higher the metabolic activity
(i.e. respiration) in a nongrowing system, the higher the
protein oxidation and the shorter the life-span. However,
data concerning nonproliferating E. coli and yeast G,
cells does not support this notion, since the correlation
between respiratory activity and protein oxidation in
growth-arrested cells is poor or nonexistent in the set of
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starvation experiments performed [8, 42]. For example,
phosphate-starved cells exhibited the highest rates of res-
piration during growth arrest, yet protein oxidation is
only marginally increased. In addition, the culture half-
life is longer in the phosphate-starved cultures despite the
continued high metabolic activity in these nonproliferat-
ing cells [38]. Again, this result is at odds with the rate-
of-living hypothesis but not the free-radical hypothesis of
aging, since phosphate-starved cells exhibited very low
levels of oxidized proteins. Thus, it can be concluded that
the rate of respiration in a nongrowing aerobic system
does not, per se, determine the degree of oxidative dam-
age to the proteins of the system.

A cause of oxidation II:
trade-off between stress defence and proliferation

Some evolutionary models of senescence propose that
there is a trade-off between the resources an organism de-
votes to reproduction and growth and those devoted to
cellular maintenance and repair [43]. As an inevitable
consequence, an optimal life history entails an imperfect
ability to resist stress. In C. elegans, this trade-off can be
altered by mutations in DAF-16 such that transgenic ani-
mals carrying DAF-16 alleles that slow down growth and
reproduction live longer and are more resistant to extrin-
sic stresses [44]. There are examples of such a trade-off
also in E. coli. For example, Kurland and Mikkola [45]
found that in general, natural and laboratory E. coli iso-
lates exhibiting fast growth and efficient ribosomes died
more rapidly during starvation-induced stasis. Continu-
ous cultivation in chemostats effectively selected for cells
with faster growth rates with a concomitant increased ef-
ficiency of translation. However, the trade-off for this in-
creased rate of reproduction was a reduced ability to
withstand starvation-induced stasis [45].

The E. coli trade-off phenomenon has more recently been
linked to the status of the rpoS gene encoding o°. It is
known that mutations in 7poS are common in many nat-
ural and laboratory E. coli strains, and it was demon-
strated that there is a selective advantage of losing ¢°
function during growth under nonstressful condition
[46]. The loss of o° in populations growing in a glucose-
limited chemostat is accompanied by an elevated expres-
sion of genes contributing to fitness; e.g. genes encoding
glucose uptake systems that require the housekeeping
sigma factor ¢’° [46]. However, increased fitness is
traded for reduced stasis survival and stress resistance,
since 0° is a master regulator required for these functions.
The effect of mutations in rpoS a bacterial example of an-
tagonistic pleiotropy, in which mutations that are benefi-
cial for reproduction may be harmful during old age or
stasis. This kind of antagonistic pleoitropy has been sug-
gested to be a major factor in the evolution of aging [47].
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A molecular model for this antagonism, or trade-off, in E.
coli has recently been suggested that includes sigma fac-
tor competition for RNA polymerase binding and ex-
plains how the quality of the environment can be sensed
and translated to intracellular signals that control the al-
location of resources between reproductive and mainte-
nance activities. The model argues that the conflict be-
tween proliferation activities and maintenance could stem
from the fact that RNA polymerase may be limiting for
transcription and that sigma transcription factors com-
pete for polymerase binding. It has been shown that even
a subtle overproduction of o’° effectively shuts down tran-
scription from genes requiring 0%, and the cells become
sensitive to stresses [48]. Also, overproduction of o° at-
tenuates the expression of genes requiring 0™, [48]. This
antagonism between sigma factors is highly regulated
and is dictated by the nutritional quality of the environ-
ment and the alarmone ppGpp [49]. Mutants lacking
ppGpp fail to induce o%-dependent genes upon the impo-
sition of stress and starvation, a phenomenon that is ex-
plained by the fact that o° itself requires ppGpp for both
its production [50, 51] and activity [52]. This activity ap-
pears to be linked to ppGpp, facilitating the ability of ¢°
to compete with ¢’ for RNA polymerase binding [49].
Thus, ppGpp is priming the RNA polymerase (by direct
binding to the fand B’ subunits of the polymerase) in ac-
cordance with environmental signals such that the tran-
scriptional apparatus will be primarily occupied with
transcription of o’°-dependent housekeeping genes as
long as the ppGpp levels are low, which signals that the
nutritional status of the environment is favorable for re-
production. When conditions are less favorable for prolif-
eration, elevated ppGpp levels allow the alternative sigma
factors to work in concert with ¢’ by shifting their rela-
tive competitiveness (fig. 2). Thus, the antagonistic
pleiotropy observed by Notley-McRobb and co-workers
[46] could be explained by the fact that more ¢’ proteins
are allowed to bind RNA polymerase core in the total ab-
sence of any competing o°, and more resources are,
thereby, directed towards growth and reproduction-re-
lated activities.

The trade-off model could also explain why o° and its
regulon genes are not able to fully combat stasis-induced
deterioration, e. g. oxidative damage to proteins and other
macromolecules. The model argues that sigma factors
work in concert in a ppGpp-regulated fashion and that the
housekeeping sigma factor competes with alternative
sigma factors even during severe stress and growth arrest.
As a consequence, a certain fraction of the cell’s re-
sources is therefore allocated to activities related to pro-
liferation rather than survival and oxidative stress defence
(fig. 2). The benefit of such a regulatory system might be
that the growth-arrested cell maintains the potential to re-
spond rapidly, grow and initiate proliferation should nu-
trients become available.
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Figure 2. Transcriptional trade-off between reproduction and survival/stress defence. The model is based on data suggesting that RNA
polymerase (RNAP) is limiting for transcription and that sigma transcription factors, e.g. 0”° (housekeeping sigma factor) and alternative
sigma factors, such 0%, 0> and oF, compete for RNAP binding. This competition is regulated by the nucleotide ppGpp, which accumulates
during starvation and stress. Two proteins, RelA and SpoT, are responsible for the production of ppGpp, and these proteins are activated by
different conditions. The nucleotide binds the core RNAP and primes the RNAP in accordance with environmental signals such that the
transcriptional apparatus will be primarily occupied with transcription of ¢’°-dependent housekeeping genes (proliferation) as long as the
ppGpp levels are low (left panel: nutritional status of the environment favorable for growth). During growth arrest (right panel), elevated
ppGpp levels allow the alternative sigma factors 05, 03 and o* required for expression of many maintenance genes, including those en-
coding oxidative stress defence proteins, chaperones and proteases, to work in concert with 07 by shifting the relative competitiveness of
the sigma factors. In addition, ppGpp is required for the productions of o°. However, even during growth arrest, a certain fraction of the
RNAP is allocated to 0’’-dependent, housekeeping gene expression, and genes requiring alternative sigma factors might not be saturated.

Protein oxidation and feedback catastrophe

Orgel [53] has presented a conceptual and mathematical
model explaining how an error feedback loop in macro-
molecular synthesis may cause an irreversible and expo-
nential increase in error levels leading to an ‘error cata-
strophe’ (fig. 3). The feedback loop in Orgel’s original
model concerned ribosomes and translational accuracy
such that errors in the sequences of proteins, which them-
selves functioned in protein synthesis (e.g. ribosomal
proteins, elongation factors) might lead to additional er-
rors. Such a positive feedback loop was argued to lead to-
wards an inexorable decay of translational accuracy and,
as a result, aging. The hypothesis is thus based on the as-
sumption that mistranslated proteins can escape degrada-
tion and be incorporated into functional (but less accu-
rate) ribosomes. However, several experimental and the-
oretical approaches, primarily using E. coli as a model
system, have indicated that increased mistranslation does

not cause a progressive decay in the proofreading capac-
ity of the ribosomes (see [54]). The susceptibility of mis-
translated proteins to oxidation may provide a molecular
explanation for the maintenance of translational fidelity.
It has been shown that oxidized proteins are more sus-
ceptible to proteolytic degradation than their nonoxidized
counterparts [37, 55]. Thus, the rapid oxidation of an er-
roneous protein may ensure that such a polypeptide is di-
rected to the proteolysis apparatus (fig. 3). This proteoly-
sis will effectively reduce incorporation of mistranslated
proteins into mature machines (e.g. ribosomes and RNA
and DNA polymerases) involved in information transfer.
In this context, it should be pointed out that the reduced
translation fidelity of growth-arrested cells is most likely
the result of ribosomes being increasingly starved for
charged transfer RNAs (tRNAs) (empty A sites are
known to be slippery) rather than being intrinsically error
prone. In addition, increased mutagenesis and the SOS
response are probably not contributing to stasis-induced
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Figure 3. The principle of the feedback catastrophe hypothesis. The feedback loop of this hypothesis concerns the central dogma such that
errors in the sequences of proteins (aberrant proteins), which themselves function in information transfer (e.g. DNA polymerase [DNAP],
RNA polymerase [RNAP], and ribosomes) might lead to additional errors. These aberrant proteins might be the stem from a corrupted
code, an erroneous transcript and/or errors in the translational process. The hypothesis is thus based on the assumption that mistranslated
proteins can escape degradation and be incorporated into functional (but less accurate) machines involved in information transfer. How-
ever, increased mistranslation does not appear to cause a progressive decrease in the fidelity of ribosomes (see [54]), and the susceptibil-
ity of mistranslated proteins to oxidation may provide a molecular explanation for this effect since oxidized proteins are more susceptible
to proteolytic degradation than their nonoxidized counterparts [37, 55].

production of erroneous proteins, since specific muta-
tions that render the ribosomes hyperaccurate counter-
acted aberrant protein production [38].

Conclusion

Gerontologists have proposed that the progressive decline
in the functional capacity of aging eukaryotes may be a
consequence of self-inflicted damage caused by reactive
oxygen species. This is the postulation of the free-radical
hypothesis of cellular aging. Recent studies of bacterial
culturability and physiology during starvation-induced
growth arrest have raised the question whether the free-
radical hypothesis of aging is relevant also for explaining

the progressive decline in the culturability of growth-ar-
rested bacterial cells [25]. The work on bacteria as model
systems reveals that there might be a novel mechanism be-
hind protein oxidation in nonproliferating cells. This oxi-
dation may occur in the absence of increased oxidative
stress and may instead be due to increased concentration
of substrates available for oxidative attack. Recent data
suggest that aberrant and misfolded proteins are such sub-
strates that are more susceptible to oxidation than their na-
tive counterparts, and the concentration of these aberrant
proteins increases during growth arrest due to reduced
translational fidelity. Thus, the potential to oxidize pro-
teins may be exceedingly high in the cell, but the process
of coupled translation and folding may have evolved to es-
cape such oxidation, for example by rapidly hiding oxida-
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tion-sensitive domains in the peptides being produced.
Any condition causing increased production of aberrant,
misfolded proteins may also cause elevated levels of oxi-
dized proteins. It is possible also that increased levels of
oxidatively damaged proteins is a consequence of growth
arrest due to the fact that erroneous products cannot be di-
luted in such a system. However, growth arrest elicited by
phosphate starvation does not result in significantly ele-
vated levels of oxidized proteins despite a high respiration
rate [38], indicating that elevated damage is not an in-
evitable consequence of growth arrest. Interestingly, phos-
phate-starved cells exhibited a higher translational fidelity
than carbon- or nitrogen-starved cells [38].

In addition, increased oxidation during stasis might stem
from the fact that maintenance and stress defence activi-
ties are partly traded for continued transcription of genes
involved in proliferation and growth. Sigma factors di-
recting functions related to reproduction, on the one hand
and stress resistance and survival on the other compete
for RNA polymerases binding. This competition results
in the antagonism between survival activities and repro-
duction. Even during growth arrest, a certain fraction of
the cell’s transcriptional resources is allocated to activi-
ties related to proliferation rather than stress defences and
survival, and as a consequence, stress defence genes are
not allowed to operate at their maximal capacity.

In summary, some contemporary models of conditional
senescence in bacteria share concepts and ideas from the
free-radical, antagonistic pleiotropy, and disposable some
theories of aging. On the other hand, the data derived
from prokaryotic model systems do not support the rate-
of-living hypothesis or the feedback catastrophe theory of
aging. The future might show to what extent the molecu-
lar mechanisms underlying bacterial senescence are
strictly prokaryotic in nature or whether similar mecha-
nisms operate in aging eukaryotes.
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