Bacterial senescence: stasis results
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Aging, or senescence, is the progressive deterioration of every bodily function over time. A fundamental
guestion that applies to all life forms, including growth-arrested bacteria, is why growing older by necessity
causes organisms to grow more fragile. In this work, we demonstrate that the levels of oxidized proteins is
correlated to the age of a stationary-phase Escherichia coli culture; both disulfide bridge formation of a
cytoplasmic leader-less alkaline phosphatase and protein carbonyl levels increase during stasis. The
stasis-induced increase in protein oxidation is enhanced in cells lacking the global regulators OxyR and o°.
Some proteins were found to be specifically susceptible to stasis-induced oxidation; notably several TCA cycle
enzymes, glutamine synthetase, glutamate synthase, pyruvate kinase, DnaK, and H-NS. Evidence that
oxidation of target proteins during stasis serves as the signal for stationary-phase, developmental, induction of
the heat shock regulon is presented by demonstrating that this induction is mitigated by overproducing the
superoxide dismutase SodA. In addition, cells lacking cytoplasmic superoxide dismutase activity exhibit
superinduction of heat shock proteins. The possibility that oxidative sensitivity of TCA cycle enzymes serves
as a feedback mechanism down-regulating toxic respiration is discussed.
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Reactive oxygen species (ROS) such as hydrogen perox-
ide, superoxide anion, and hydroxyl radicals have been
implicated in determining the life span of several organ-
isms, and cancer, chronic inflammation, and cardiovas-
cular, neurodegenerative, and pulmonary diseases have
been associated with age-related oxidative stress (e.g.,
Stadtman 1992). External environmental factors includ-
ing ionizing radiation and a variety of chemicals can gen-
erate ROS (Cooper and Zika 1983; Petasne and Zika
1987). Importantly, they are also produced during normal
metabolic electron transport by mitochondria, chloro-
plasts, and respiring bacteria (Fridovich 1978) and cells
have developed antioxidant defense systems aimed at
protecting against these ROS (e.g., Halliwell 1974;
Demple and Halbrook 1983; Christman et al. 1985;
Greenberg et al. 1990; Tsaneva and Weiss 1990). How-
ever, the defense systems are not leak proof and ROS can
escape and attack subcellular components, including
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nucleic acids, fatty acids, and proteins (Halliwell and
Gutteride 1984; Davies et al. 1987). Proteins are one of
the major targets for this attack and oxidation of amino
acids can generate non-native cysteine disulfide bonds
(Davies et al. 1987), methionine sulfoxide (Levine et al.
1996), and introduce carbonyl groups at lysine, arginine,
proline, and threonine residues (Farber and Levine 1986;
Amici et al. 1989). These modifications may inhibit or
alter the proteins’ activities and increase their suscepti-
bility to proteolytic attack (e.g., Rivett and Levine 1990;
Bertlett and Stadtman 1997).

It has been demonstrated that growth arrest of Esche-
richia coli caused by starvation for different nutrients
elicits an increased production of proteins that are nor-
mally made during oxidative stress (e.g., H,O, exposure)
(Jenkins et al. 1988). As a consequence, starved, aging E.
coli cells become markedly resistant to H,O,, treatments
(Jenkins et al. 1988). The development of this resistance
is, at least partly, dependent on the transcription factor
sigma-S (0°) encoded by rpoS (Lange and Hengge-Aronis
1991; McCann et al. 1991; Von Ossowski et al. 1991) and
several rpoS-dependent genes have been shown to en-
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code proteins with specific roles in oxidative-stress re-
sistance; they include catalase HPII (katE) (Von Os-
sowski et al. 1991), exonuclease Il (xthA) (Sak et al.
1989), and the DNA-binding protein Dps (dps) (Almiron
et al. 1992; Martinez and Kolter 1997). What is the physi-
ological significance of this oxidative-stress resistance
elicited by growth arrest? It has been suggested that in-
duction of the rpoS-dependent network during entry into
the stationary phase may increase the chance of survival
in future situations that do not allow protein production
(Hengge-Aronis 1993; Kolter et al. 1993). Thus, the role
of oxidative-stress protein production at the onset of sta-
sis could be to protect the cell against oxidant exposure
that it may later encounter during the time of growth
arrest (Hengge-Aronis 1993). Alternatively, oxidative-
stress proteins may be produced during growth arrest
because oxidative attack of macromolecules is a problem
caused by continued metabolic activities in the growth-
arrested cell. Superoxide radicals arise as byproducts of
all aerobic respiration but inactive ROS-damaged mac-
romolecules are rapidly diluted as long as the environ-
ment promotes growth and continued translation.
Gonzalez-Flecha and Demple (1995) measured the rates
of hydrogen peroxide and superoxide anion production
during aerobic growth of E. coli and demonstrated that a
considerable production of these ROS continued in sta-
tionary phase (Gonzalez-Flecha and Demple 1995). Thus,
it is possible that during growth arrest of metabolically
active cells, such as E. coli, the levels of oxidized pro-
teins increase simply because they cannot be diluted by
de novo protein synthesis.

Several heat shock proteins are produced increasingly
during growth arrest (Jenkins et al. 1988, 1991; Nystrom
1994), indicating that this regulon, like the hydrogen per-
oxide defense stimulon, may respond to some starvation
developmental signal as well as a true stress-inducible
signal elicited by heat (or ethanol). Using the gene—pro-
tein database of E. coli (VanBogelen et al. 1990), we have
identified eight stasis proteins as being the heat shock
proteins GrpE, GroEL, DnaK, GroES, HtpH, HtpO, ClpB,
and Lon (Nystrom 1994). Matin and coworkers (Jenkins
et al. 1991) demonstrated that the heat shock o factor o2
is required also for developmental induction of the heat
shock regulon but the regulatory mechanisms involved
in this induction have not been elucidated. In addition,
the physiological significance of this regulon during sta-
sis is not clear but may be argued to either prepare the
cell for future cataclysmic changes in the environment
or to actually have a role in stasis survival. However,
cells lacking DnaK die rapidly during carbon starvation-
induced stasis (Spence et al. 1990); fail to develop star-
vation-induced resistance to heat, oxidation, and os-
motic stress; and exhibit reduced levels of ¢® in station-
ary phase (Rockarbrand et al. 1998).

The objective of this study was to test whether stasis,
per se, causes increased oxidation of cytoplasmic pro-
teins and whether oxidative-defense regulons known to
be induced during stasis have a role in minimizing such
oxidation in growth-arrested, aging bacteria. Protein oxi-
dation was analyzed with respect to protein disulfide
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bridge formation in the cytoplasm and protein carbon-
ylation. It is demonstrated that (1) the activity of a
leader-less alkaline phosphatase (A2-22AP) increases,
aerobically but not anaerobically, during stasis in wild-
type E. coli in parallel to an increase in protein carbon-
ylation; (2) the increase in A2-22AP activity observed
during stasis is enhanced in cells lacking glutathione re-
ductase or ¢°, whereas increased carbonylation is en-
hanced in both rpoS and oxyR mutants; (3) stasis-in-
duced oxidation targets specific proteins, including tri-
carboxylic acid (TCA) cycle enzymes, glutamine
synthetase, glutamate synthase, pyruvate kinase, DnakK,
and H-NS; and (4) reducing the levels of superoxide in
stationary-phase cells by overexpressing superoxide dis-
mutase A (SodA) decreases protein carbonylation and
mitigates developmental induction of the heat shock
regulon. The results explain, in part, how and why the
stationary-phase bacterial cell becomes resistant to both
oxidants and heat and have implications for our under-
standing of the forces causing the deterioration of
growth-arrested cells.

Results

The rate of synthesis of oxidative-defense proteins
increase during growth arrest

E. coli cells were pulse-labeled with [*>SJmethionine dur-
ing exponential growth and at times after growth ceased
because of glucose, nitrogen, or phosphate depletion.
Analysis by two-dimensional gel electrophoresis re-
vealed that the rates of synthesis of at least 10 proteins
normally induced by H,O, exposure were induced also
during the starvation conditions studied. A significant
overlap between starvation stimulons and the H,O,
stimulon of E. coli has been observed previously by Jen-
kins et al. (1988). Unfortunately, a correlation between
this study and the study of glucose-starvation proteins
by Matin and coworkers (Reeve et al. 1984; Jenkins et al.
1988, 1991) was impossible because of differences in the
two-dimensional protocols. Six of the 10 oxidative-stress
proteins identified here as produced increasingly during
carbon starvation were found to be members of the oxyR
regulon, that is, an oxyR mutant failed to increase the
synthesis of these proteins during H,O, exposure and
these proteins were synthesized constitutively at high
rates in an oxyR2 mutant that is constitutive for expres-
sion of the oxidative-stress regulon (not shown). The
members of the OxyR regulon were induced also by
phosphate and nitrogen starvation (not shown). The lo-
cation of these proteins on the E. coli reference two-
dimensional gel and the extent of induction during car-
bon starvation is depicted in Figure 1A and B, respec-
tively. Two of the OxyR-dependent proteins were
identified as glutathione reductase (GorA) and glutare-
doxin 1 (GrxA), both involved in disulfide bond reduc-
tion. We found that both OxyR and ¢° were required for
the increased production of GorA and GrxA during stasis
(Fig. 1C). In addition, the kinetics of oxidative-stress pro-
tein induction during starvation was different from the
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Figure 1. Synthesis of oxidative-defense pro-
teins during starvation. (A) Location on the
two-dimensional reference gel of the OxyR-de-
pendent oxidative-stress proteins identified as
inducible by carbon starvation. The alpha-nu-
meric designations and protein names of iden-
tified proteins are shown in the inset box. The
box with broken lines denotes the area shown
in D. (B) Relative rate of synthesis of oxidative-
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pressed as k, the first-order growth-rate constant. The analysis was repeated three times to confirm reproducibility. Representative
results are presented in the figure and the standard deviation was always <10% in the measurements of rates of individual protein

synthesis.

typical stationary-phase protein induction. Specifically,
most stress proteins (e.g., UspA,; Fig. 1D) are induced as
soon as growth is inhibited but no induction of oxida-
tive-defense proteins (e.g., GrxA; Fig. 1D) could be ob-
served prior to 15 min of starvation, indicating that the
encoding genes do not respond to starvation per se. Also,
the rate of GorA and GrxA production was not an effect
of slow growth because the production rates were found
to be indistinguishable at growth rates between k = 0.3
and 1.9 (Fig. 1E). For a comparison, the rate of SdhA
production, known to be inversely dependent on growth
rate (Nystrom 1994), is depicted in Figure 1E.

The results, together with the fact that growth-ar-
rested cells accumulate glutathione (Nystrom 1995), in-
dicate that the cell’s capacity to reduce cysteine disulfide
bridges increases during stasis (Prinz et al. 1997). The
question of whether this is caused by an increased need
for these systems during growth arrest or if the described
response prepares the cell for possible future oxidative
conditions was approached by determining the occur-
rence of disulfide bridge formation in the cytoplasm as
described below.

The activity of a cytoplasmic alkaline phosphatase
increases during stasis

To determine the extent of disulfide bond formation in

the cytoplasm during growth and stasis, the signal se-
guence-less A2-22 alkaline phosphatase (AP) was ex-
pressed and assayed for activity. Wild-type AP is a
periplasmic homodimeric enzyme that contains two in-
terchain disulfide bridges in each monomer that are re-
quired for enzymatic activity. The amino-terminal sig-
nal sequence targets AP to the periplasm, where the di-
sulfide bonds are formed. The A2-22AP is deleted for its
signal sequence and therefore remains in the cytoplasm
(Prinz et al. 1997). Normally, the cytoplasm, being a re-
ducing environment, does not support disulfide bond for-
mation and A2-22AP can therefore be used to assess the
potential for disulfide bond formation in this compart-
ment during different environmental conditions and in
different mutant backgrounds. Prinz et al. (1997) used
this system to demonstrate that mutants missing com-
ponents of the thioredoxin reductase and glutathione re-
ductase systems allowed disulfide bridges to form in the
cytoplasm of growing E. coli.

As depicted in Figure 2A, the A2-22AP activity of the
wild-type WP551 strain increased significantly during a
period of two days in stationary phase. To ensure that
this activity was derived from the cytoplasmic compart-
ment, the activity measurements were repeated after
subjecting the cells to an osmotic shock. No significant
reduction in A2-22AP activity was observed after this
treatment (Fig. 2A). In contrast, the same treatment al-
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(A) A2-22AP activity during growth (time zero) and in stationary phase (2 days). AP activity measured in aerobically grown

cells was normalized to total cell mass (ODgq) before (open bars) and after an osmotic shock treatment (hatched bars). Activity was
measured also in cells grown and starved anaerobically (shaded bars) and aerobically in the presence of 4 mm DTT (black bars). (B)
Wild-type AP activity before (open bars) and after an osmotic shock (hatched bars). (C) Determination of A2-22AP activity after
separation of crude extract by gel filtration on Sephacryl HR 100. The relative levels of A2-22AP in the eluted fractions were
determined by Western blotting using polyclonal antibodies against AP and quantification of A2-22AP bands was performed elec-
tronically using the ImageQuant (Molecular Dynamics) software. (D) Effect of DTT (4 mm) on the in vitro A2-22 AP activity. See text
for details. The analysis was repeated three times to confirm reproducibility. Representative results are presented and the standard

deviation was always <7% in the measurements of AP activity.

most totally abolished wild-type AP activity, demon-
strating that the periplasmic shock treatment worked
properly (Fig. 2B). No increase in A2-22AP activity dur-
ing growth arrest was observed when cells were grown
and starved anaerobically or aerobically in the presence
of the reductant DTT (4 mwm) (Fig. 2A), demonstrat-
ing that an oxidative environment is required for
the increased A2-22AP activity observed in stationary
phase.

A crude extract of WP551 cells starved for two days
was obtained using a French press and the proteins were
subsequently separated using a Sephacryl S-100 HR
(Pharmacia) gel-filtration column. As shown in Figure
2C, A2-22AP activity was detected in the fraction of A2-
22AP containing the larger, presumably dimeric, and as
expected, less abundant A2-22AP subpopulation. The
smaller, presumably monomeric, A2-22AP subfraction
possessed no AP activity (Fig. 2C). The A2-22AP activity
of fraction 7 (Fig. 2C) was significantly reduced by the
addition of 4 mm DTT (Fig. 2D), further demonstrating
that the activity requires disulfide bonds.

gorA and rpoS but not oxyR mutants exhibit increased
A2-22AP activity during stasis

Next, the A2-22AP activity was determined in mutant
cells lacking functional glutathione reductase encoded
by gorA. As depicted in Figure 3, the gorA mutant cul-
ture exhibited a slightly higher A2-22AP activity as com-
pared to the wild-type parent in exponential growth but
the difference was enhanced with the time in stationary
phase (Fig. 3). Thus, the growth-phase-dependent in-
crease in GorA synthesis appears to be physiologically
relevant as cells lacking gorA are subjected to an in-
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creased oxidative disulfide bond formation during stasis.
As described above, increased gorA expression (Becker-
Hapak and Eisenstark 1995) and GorA synthesis (Fig. 1B)
during stationary phase requires both functional ¢° and
OxyR. Therefore, the effect of a oxyR and rpoS mutation
on A2-22AP activity was determined during growth and
stasis. As shown (Fig. 3), the rpoS but not oxyR mutant
culture exhibited enhanced A2-22AP activity in station-
ary phase.
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Figure 3. A2-22AP activity in wild-type, and gorA, oxyR, and
rpoS mutants during growth (time zero) and stationary phase.
All activity measurements were normalized to A2-22AP levels
determined by Western blotting as described in Materials and
Methods. The analysis was repeated three times to confirm re-
producibility. The standard deviation was <8%.



The carbonyl content of proteins increase during stasis

To further determine if proteins were subjected to in-
creased oxidative damage during stasis, an immuno-
chemical assay for protein carbonyl groups was used.
Carbonyl groups are introduced into protein side chains
by site-specific oxidative modifications and protein car-
bonyl levels have been used to determine the oxidation
status of proteins (e.g., Tamarit et al. 1998). Crude pro-
tein extracts were obtained during growth and at differ-
ent times in stationary phase; the extracts reacted with
the carbonyl reagent, DNPH; dot blotted onto a PVDF
membrane; and oxidatively modified proteins were de-
tected with anti-DNP antibodies. The carbonyl content
of total proteins was measured densitometrically, which
demonstrated a four- to fivefold increase in carbonyl con-
tent in wild-type cells during a period of 2 days in sta-
tionary phase (Fig. 4A,B). A gorA mutation did not affect
the degree of carbonylation during either growth or stasis
(Fig. 4A,B) indicating that GorA is specifically required
for reduction of disulfide bonds rather than being a gen-
eral oxidative-defense protein. However, both rpoS and
oxyR mutants exhibited enhanced carbonyl content dur-
ing stasis (Fig. 4A,B). No increase in carbonyl levels was
detected when cells were grown and growth-arrested an-
aerobically (not shown).

Stasis-induced oxidative carbonylation targets
specific proteins

Two-dimensional electrophoresis in combination with
immunochemical assay for protein carbonyl groups dem-
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Figure 4. (A) Autoradiograph showing protein carbonyl levels
in wild-type cells and different mutants, as indicated, during
growth (time zero, OD = 0.5 + 0.05) and stationary phase (1 and
2 days). Equal amounts of protein were loaded in each slot. (B)
Quantification of carbonyl levels using the ImageQuant soft-
ware (Molecular Dynamics). The analysis was repeated three
times to confirm reproducibility. Representative results are pre-
sented.
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Figure 5. Specific protein carbonylation determined by two-
dimensional Western blot immunoassay. (A) An autoradiograph
obtained after carbonyl immunoassay of proteins from a wild-
type E. coli culture starved for 1 day; (B) the same protein ex-
tract blotted to PVDF membrane and stained with Coomassie
brilliant blue. (GItD) Glutamate synthase; (GInA) glutamine
synthetase; (lcd) isocitrate dehydrogenase; (SucB) dihydroli-
poamide succinyltransferase; (Mdh) malate dehydrogenase;
(AceF) dihydrolipoamide acetyltransferase; (SucC) succinyl CoA
ligase; (Ptsl) phosphoenolpyruvate-protein phosphotransferase;
(Pyk) pyruvate kinase; (UspA) universal stress protein A; (FabB)
B-ketoacyl-[acyl carrier protein] synthetase; (EF-Tu) elongation
factor Tu. The analysis was repeated two times to confirm re-
producibility. Representative results are presented.

onstrated that some proteins are specifically susceptible
to stasis-induced oxidation. Specifically, glutamate syn-
thase, glutamine synthetase, pyruvate kinase, and the
TCA cycle enzymes and subunits isocitrate dehydroge-
nase, dihydrolipoamide succinyltransferase, dihydroli-
poamide acetyltransferase, succinyl CoA ligase, and ma-
late dehydrogenase were found to be highly carbonylated
(Fig. 5A). The identity of malate dehydrogenase as one of
the carbonylated proteins was confirmed with amino-
terminal sequencing yielding the sequence, MKVAVL-
GAAGI. As shown in Figure 5B, these proteins are not
very abundant in the growth-arrested cell and we have
previously demonstrated that TCA cycle enzymes are
repressed markedly in stationary phase (Nystrom 1994;
Nystrom et al. 1996). In addition, DnaK of the heat shock
regulon was found to be markedly oxidized in response
to stasis, whereas other members of the regulon, includ-
ing GroEL, were not (it should be noted that the molar
concentration of DnaK and GroEL are very similar under
these conditions). Other proteins, including EF-Tu, FabB,
Ptsl, UspA, and H-NS were also found to be highly car-
bonylated. However, some of these proteins are very
abundant in the growth-arrested cell (Fig. 5B) and it is
therefore difficult to judge whether these proteins are
specifically sensitive to oxidation.

Stasis-induced expression of heat shock genes is
mitigated by overproducing the superoxide
dismutase SodA

Aberrant proteins have been suggested to be the signals
that induce the heat shock response (e.g., Bukau 1993)
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and the best inducers of this response, namely heat and
ethanol, are thought to elicit the response by generating
denatured, partially or completely unfolded proteins
(e.g., Bukau 1993; Gross 1996). The fact that cytoplasmic
proteins are increasingly oxidized during stasis made us
hypothesize that this oxidation of target polypeptides
may cause misfolding of proteins which, by titrating out
the heat shock modulators, DnaK, DnaJ, and GrpE, elicit
the stationary-phase induction of the regulon. To test
this hypothesis, we measured the levels of DnaK and the
induction of a groEL-lacZ fusion during stationary-phase
conditions in the presence and absence of SodA overpro-
duction, arguing that reducing superoxide levels may, at
least partly, suppress induction of the regulon. Cells har-
boring a chromosomal groEL-lacZ fusion were trans-
formed with plasmid pDT1-19 which is pBR322 carrying
lacl® and an operon fusion between the tac promoter and
the sodA gene. Cells were grown in presence of 0.1 mm
MnCI, (SodA requires Mn?* for activity) and with or
without 1 mm IPTG and samples were taken for mea-
surements of B-galactosidase and DnaK levels. As ex-
pected groEL-lacZ was induced in stationary phase.
Moreover, as shown in Figure 6, cells overexpressing
sodA exhibited a markedly decreased induction of groEL
(Fig. 6A) and levels of DnaK (Fig. 6B) in response to
growth arrest. In addition, by measuring protein car-
bonyl levels it was demonstrated that overproduction of
SodA mitigated the stationary-phase-induced increase in
oxidative carbonylation of proteins (Fig. 6C). Finally,
cells lacking cytoplasmic superoxide dismutase activity
(sodA sodB double mutant) exhibit superinduction of
groEL-lacZ (Fig. 6D) and DnaK (Fig. 6E). The decreased
B-galactosidase activity in the sodA sodB mutant after 1
day in stationary phase may be caused by the poor ability
of this double mutant to survive stasis. It has been
shown that the die-off rate of sodA sodB mutants in
early stationary phase (up to 3 days) is much higher than
for the wild-type (Benov and Fridovich 1995).

Discussion

Long-term growth-arrested cells, which have little abil-
ity to produce new polypeptides, must strive to maintain
a pool of functional proteins. The increased levels of the
heat shock proteins (Jenkins et al. 1988; Spence et al.
1990), L-isoaspartyl protein methyltransferase (Pcm) (Li
and Clarke 1992), peptide methionine sulfoxide reduc-
tase (MsrA) (Moskovitz et al. 1995), glutathione (GSH),
glutathione reductase (Nystrom 1995), catalase HPII
(Von Ossowski et al. 1991), and superoxide dismutase A
(T. Nystrom, unpubl.) during stasis indicate that the cell
increases its ability to deal with oxidative denaturation
and spontaneous aging of proteins. In addition, the ArcA-
dependent reduced production of respiratory substrates
and components of the aerobic respiratory apparatus dur-
ing stasis may be another integral component of a de-
fense system aimed at minimizing potential damaging
effects of oxygen during stasis (Nystrom et al. 1996).
However, it is not clear whether these responses are de-
voted to avoiding and repairing damage by ROS during
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Figure 6. Effects of overproducing SodA on stasis-induced heat
shock gene expression. (A) groEL promoter activity in the ab-
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of elevated levels of SodA. The levels of DnaK was determined
by Western blot analysis using monoclonal mouse anti-DnaK
antibodies. (C) Protein carbonyl levels during growth (time zero)
and at times in stationary phase in the absence or presence of
elevated levels of SodA. Equal amounts of protein were loaded
in each slot. (D) groEL promoter activity in the wild-type strain
(open bars) and a sodA sodB double mutant (hatched bars) dur-
ing growth (time zero, OD = 0.3 + 0.05) and stationary phase (1
day). (E) Levels of DnaK during growth (time zero) and after 1
day of stationary phase in wild-type and sodA sodB double mu-
tant strains. The levels of DnaK was determined by Western
blot analysis using monoclonal mouse anti-DnaK antibodies.
The analysis was repeated three times (Miller units) or two
times (Western blot) to confirm reproducibility. Representative
results are presented in the figure and the standard deviation
was always <10%.

stasis or if the increased levels of the oxidative-defense
proteins are rather aimed at increasing the ability of the
cells to survive possible stresses that may be encoun-
tered in the future. However, the fact that protein oxi-



dation, measured as disulfide bond formation of a cyto-
plasmic alkaline phosphatase and protein carbonyl lev-
els, increase during stasis and that mutants of the rpoS
and oxyR regulons exhibit enhanced carbonylation lev-
els demonstrates that both these regulons are indeed in-
volved in protecting the cell against endogenously de-
rived oxidation of target macromolecules during stasis.

Disulfide bond formation and GorA synthesis in rpoS
versus oxyR mutants deserves some comments. As dem-
onstrated by two-dimensional gel analysis, GorA synthe-
sis failed to increase during stasis in both an rpoS and
oxyR mutant (this work). This is in accord with previous
results demonstrating that stasis-induced gorA promoter
activity requires both ¢°* and OxyR (Becker-Hapak and
Eisenstark 1995). However, GorA activity increases dur-
ing stasis in an oxyR mutant but not an rpoS mutant
(Becker-Hapak and Eisenstark 1995). This should be
compared with the data demonstrating that disulfide
bond formation during stasis was enhanced in gorA and
rpoS but not oxyR mutants (Fig. 3). Taken together, the
results suggest that GorA activity can increase during
stasis in an ¢°-dependent fashion in the absence of in-
creased gorA transcription (Becker-Hapak and Eisenstark
1995) and translation (this paper). In addition, Becker-
Hapak and Eisenstark (1995) have shown that GorA does
not confer general resistance to different oxidants. This
is consistent with the fact that gorA mutants did not
exhibit enhanced carbonylation indicating that this gene
may be involved specifically with preventing disulfide
bond formation in the cytoplasm, whereas other mem-
bers of the oxyR and rpoS regulons are devoted to a gen-
eral protection against protein oxidation. However, it
should be recognized that the role of GorA by itself is
difficult to interpret because the lack of GorA can be
compensated for, at least partly, with an increased activ-
ity of the thioredoxin reductase (trxB) pathway (Prinz et
al. 1997). For example, in a gorA trxB double mutant,
A2-22AP activity increased rapidly during stasis to ex-
tremely high levels that were well above the sum of the
activity levels in single mutants (not shown, but see
Prinz et al. 1997). Also, these double mutants died rap-
idly in stationary-phase (not shown). Again, these results
are difficult to interpret with respect to stationary-phase
phenotypes since the trxB gorA double mutant also
grows extremely poorly unless DTT is added to the me-
dium (Prinz et al. 1997).

Whereas it appears clear that the oxyR and rpoS regu-
lons are involved in a defense against oxidation of target
macromolecules during stasis, it is equally clear that
these two regulatory systems cannot fully prevent oxi-
dation of proteins during growth arrest of cells under the
conditions studied. Wild-type cells were found to exhibit
gradually increased levels of active A2-22AP and protein
carbonyl groups during stationary phase. This gradual
increase in protein oxidation may help explain both the
oxyR and rpoH dependent gene expression during stasis.
It has been demonstrated that OxyR becomes active
through the oxidative formation of a disulfide bond be-
tween two of its cysteine residues (Zheng et al. 1998). It
is feasible that cysteine residues on OxyR, like A2-22AP,
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may be subjected to gradual oxidation during stasis,
which eventually may give rise to a high enough titer of
oxidized OxyR to activate gene expression. This would
mechanistically explain the OxyR-dependent increase in
gorA expression (Becker-Hapak and Eisenstark 1995),
and GorA and GrxA synthesis (this work) during stasis.

Likewise, we suggest that the stationary phase, devel-
opmental, induction of heat shock genes (Jenkins et al.
1988; Nystrom 1994) is connected to oxidative attack on
target proteins. The best inducers of the heat shock re-
sponse, namely heat and ethanol, are thought to elicit
the response by generating aberrant, partially or com-
pletely unfolded proteins (e.g., Bukau 1993; Gross 1996).
Thus, aberrant proteins have been suggested to be the
signals that induce the heat shock response, a hypothesis
that is strongly supported by the demonstration that the
production of heterologous proteins, mutant proteins, or
protein fragments induce a heat shock response (Goff
and Goldberg 1985; Ito et al. 1986; Parsell and Sauer
1989). The demonstration that the levels of oxidized pro-
teins increase during stasis may form the basis for heat
shock induction during stationary phase. Presumably,
this oxidation would result in increasing levels of dena-
tured or misfolded proteins that may titrate out the heat
shock modulators DnaJ, DnaK, and GrpE and allow an
increased stability of o2, whose levels have been dem-
onstrated to increase during starvation-induced growth
arrest (Jenkins et al. 1991). In addition, the observed oxi-
dation of DnaK itself may well damage the protein and
reduce its well-known ability to participate in the path-
way leading to o2 degradation (e.g., Bukau 1993; Gross
1996). In support of this oxidative-signaling model, we
demonstrate here that stationary-phase induction of heat
shock genes (and protein carbonylation) can be mitigated
markedly by overproducing SodA. Thus, the sensor-sig-
nal mechanisms involved in induction of the heat shock
regulon during heat shock and stationary-phase condi-
tions may well be identical but the signal (aberrant pro-
teins) is generated by different pathways. A schematic
description of the model is depicted in Figure 7. The fact
that cells lacking cytoplasmic superoxide dismutase ac-
tivity exhibit superinduction of heat shock genes further
substantiates the notion that oxidative attack of proteins
may serve as a signal mechanism eliciting increased ex-
pression of the heat shock regulon.

It is interesting that some TCA cycle enzymes appear
to be specifically susceptible to oxidative attack and it is
tempting to speculate that this is physiologically signifi-
cant. It may be argued that specific oxidation sensitivity
of key enzymes of the TCA cycle will feedback control
the rate of respiration so that when the rate of electron
transport and ROS production becomes too high the oxi-
dation, and presumably loss of activity, of TCA cycle
enzymes will reduce respiration by limiting its sub-
strate, NADH. [It should be noted that carbonylation of
glutamine synthetase in vitro correlates well with a loss
of enzyme activity (Levine 1983).] However, at this point
it is difficult, if not impossible, to interpret whether spe-
cific sensitivity to oxidation is the result of design rather
than necessity or chance. For example, it is possible that
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Figure 7. Schematic representation of the model for stasis-in-
duced, developmental, induction of the heat shock regulon. The
model is very much the same as the proposed signal-response
transduction pathway for heat shock induction presented by
Bukau (1993) with the addition of DnaJl, DnaK, and GrpE, as
negative modulators of the response (for review, see Bukau
1993; Gross 1996). Central to this model is that the heat shock
proteins DnaJ, DnakK, and GrpE, have dual functions; one is to
aid refolding of denatured or misfolded proteins and the other is
to promote proteolytic degradation of the heat shock regulator
32, An increase in the cellular level of denatured proteins as a
consequence of heat or ethanol treatment will sequester the
Dnal, DnaK, and GrpE components (provided at least one of
them is limiting) through binding to their denatured substrate.
This will allow stabilization of 032, which will trigger increased
transcription of the heat shock genes (e.g., Bukau 1993). During
stasis, we propose that oxidative damage of target proteins will
similarly sequester these heat shock modulators allowing in-
duction of the regulon. This notion is supported by the fact that
heat shock induction is markedly suppressed by overproducing
SodA during stasis. In addition, the fact that DnaK appears to be
specifically sensitive to oxidative carbonylation opens up the
possibility that oxidative damage of DnaK itself may be in-
volved in stasis-induced heat shock gene expression. Presum-
ably, oxidation of DnaK will destroy or reduce its ability to
participate in the degradation of o2 which, in turn, will activate
heat shock promoters.

metal-catalyzed oxidation will be an intrinsic problem
for all proteins containing, or being associated with, met-
als such as iron (see Fucci et al. 1983; Tamarit et al.
1998). In addition, the apparent sensitivity of some pro-
teins may be caused by the fact that these proteins hap-
pen to be in close proximity to ROS-generating sites.
Finally, whereas this work demonstrates that the lev-
els of oxidized proteins increase during stasis, it is not
clear whether the life span of nongrowing wild-type E.
coli populations is limited by oxidation-inflicted damage
of target macromolecules such as proteins, lipids, or
DNA. Reduced oxygen species may be one of the causal
factors underlying the aging process in multicellular or-
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ganisms and it has been demonstrated that overproduc-
tion of Sod alone, or together with a catalase, can signifi-
cantly increase the maximal life span of some multicel-
lular eukaryotic species (e.g., Tyler et al. 1993; Warner
1994). Similarly, it has been suggested that oxidative
damage derived from endogenous metabolism may be a
causal factor in bacterial self-destruction (Dodd et al.
1997). Also, it was demonstrated recently that oxidative
damage during aging of the housefly targets the mito-
chondrial aconitase and that experimental manipula-
tions that decrease aconitase activity also decreased the
life span of the organism (Yan et al. 1997). To our knowl-
edge, this is the first report demonstrating that bacterial
stasis per se results in an increased and differential oxi-
dation of target proteins. Furthermore, we believe that
the identification of specific targets sensitive to oxida-
tion in stationary phase reported here will greatly benefit
our search for cellular functions associated with the se-
nescence and deterioration of growth-arrested bacteria.

Materials and methods

Chemicals and reagents

Detection of carbonylated proteins was performed using the
chemical and immunological reagents of the OxyBlot Oxidized
Protein Detection Kit (Oncor). Antibodies (rabbit) against E. coli
alkaline phosphatase were kindly provided by Lars Hederstedt
(Lund University). Anti-DnaK monoclonal mouse antibodies
were purchased from StressGen Biotechnologies Corp. Anti-
mouse IgG peroxidase conjugates were from Sigma Immuno
Chemicals. The chemiluminescence blotting substrate (POD)
was obtained from Boehringer Mannheim and used according to
instructions provided by the manufacturer. Immobilon-P poly-
vinylidene difluoride (PVDF) membrane was obtained from Mil-
lipore Corp. Protein assay reagents were from Pierce. All chemi-
cals used for radiolabeling of proteins were from Amersham
Corp. X-Omat AR-5 film was purchased from Eastman Kodak
Co. The ampholines (Resolyte 4-8) used for two-dimensional
electrophoresis were from BDH.

Bacterial strains and media

The E. coli K-12 strains used in this study are listed in Table 1.
Cultures were grown aerobically or anearobically in liquid Luri-
a-Bertani (LB) or glucose M9 (Miller 1972) medium in Erlen-
meyer flasks in a rotary shaker. When appropriate, the medium
was supplemented with kanamycin (50 pg/ml), carbenicillin
(200 pg/ml), and/or tetracycline (20 pg/ml).

General methods

Plasmid DNA was purified using Qiagen columns according to
the protocol provided by the manufacturer. P1 transductions
and plasmid transformations were performed as described by
Miller (1972) and Sambrook et al. (1989). Crude cell extracts
were obtained using an SLM Aminco French Pressure Cell (SLM
Instrument). Culture samples were processed to produce ex-
tracts for resolution on two-dimensional polyacrylamide gels by
the methods of O’Farrell (1975) with modifications (VanBogelen
and Neidhardt 1990). The two-dimensional gel apparatuses used
for the O’Farrell methodology were that of Hoeffer Corp. and



Table 1. Strains and plasmids used in this work
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Bacterium or
plasmid

Genotype or relevant characteristic(s)

Source

E. coli strains

W3110 F~ IN[rrnD-rrnE]1 F.C. Neidhardt (University of Michigan, Ann Arbor)

DHB4 F' lac—pro laclQ/[ara—leu]7697 araD139 lacX74 W. Prinz (Harvard University, Boston, MA)
galE galK rpsL phoR (phoA) Pvull malF3 thi

WP551 DHB4 + pAID135 W. Prinz

WP552 WP551 trxB::Km W. Prinz

WP841 WP551 gor522 mini-Tn10Tc W. Prinz

TN5001 WP551 rpoS::Km this work

TN5002 WP551 oxyR::Km this work

SL396 lacZ-350 galK2 galT22 rpsL179 A\pF13 (PgroE::lacZ)F’ C. Gross (UCSF Medical Center)

SD18 SL396 ®(sodA’-'lacZ)49 d(sodB-kan)A2 this work

SD20 SL396 katE::Tn10 katG::Tnl10 this work

SD22 SD20 d(sodA’-'lacZ)49 d(sodB-kan)A2 this work

SD16 SL396 + pDT1-19 this work

MG1655 F D. Touati (University of Paris, France)

QC2413 MG1655 oxyR::Km D. Touati

QC2410 MG1655 rpoS::Tn10 D. Touati

Plasmids

pAID135 A2-22AP under Ptac control W. Prinz

pDT1-19 pBR322 carrying the lacl gene and the SodA gene D. Touati

under Ptac control

Millipore Corp. Separation of monomeric and dimeric A2-22AP
by gel filtration was performed using a Sephacryl HR 100 (Phar-
macia) column (2.6 x 95 cm). Proteins were eluted with 100 mm
Tris (pH 8.0) containing 10 mm iodoacetamide at a flow rate of
0.66 ml/min. Fractions were collected at 5-min intervals. The
presence of A2-22AP in the fractions were determined by West-
ern blot analysis using polyclonal antibodies against AP. AP
activity was measured as described below.

The B-galactosidase levels were measured as described by
Miller (1972) with modifications (Albertson and Nystrom 1994).
Samples were measured spectrophotometrically at 420 nm (8-
galactosidase). The B-galactosidase activity is expressed as fol-
lows: (OD,,0)/(ODgqq culture) x (reaction time).

Amino-terminal sequencing of proteins recovered from two-
dimensional gels was performed as described previously (Nys-
trom et al. 1996).

Alkaline phosphatase assays

The strains were grown at 37°C in LB medium containing 200
png/ml carbenicillin, and 5 mm isopropyl-1-thio-p-galactopyra-
noside (IPTG) to induce expression of alkaline phosphatase A2-
22AP. Cells were washed twice in M9 salts (20) containing 10
mwm iodoacetamide and subjected subsequently to an osmotic
release of periplasmic proteins as described (Nossal and Heppel
1966) to eliminate measurement of possible activity from A2-
22AP that may have leaked to the periplasm. After osmotic
shock, the cells were centrifuged, resuspended, and assayed for
AP activity as described (Prinz et al. 1997). Alkaline phospha-
tase activity was normalized to the actual levels of A2-22AP in
the cells, which was determined using Western blot analysis
with antibodies (rabbit) against AP and secondary goat anti-
rabbit immunoglobin G-horseradish peroxidase conjugate anti-
bodies. For quantification, autoradiograms were scanned using
a UMAX S-12. Quantification was performed electronically

using the ImageQuant (Molecular Dynamics) software. AAP ac-
tivity is expressed using the formula: OD,,,/reaction time
(min) x relative quantity AAP x volume (ml). The relative quan-
tity of A2-22AP in exponentially growing wild-type W551 cells
was assigned a value of 1.0.

Carbonylation assays

The carbonyl groups in the protein side chains were derivatized,
using the Oncor OxyBlot kit, to 2,4-dinitrophenylhydrazone
(DNP-hydrazone) by reaction with 2,4-dinitrophenylhydrazine.
The DNP-derivatized crude protein extracts were dot blotted
onto PVDF membrane filters. The filters were incubated with
primary antibody, specific to the DNP moiety of the proteins,
and subsequently incubated with secondary (goat anti-rabbit)
horseradish peroxidase-antibody conjugate directed against the
primary antibody. Filters were subsequently treated with the
chemiluminescence blotting substrate (POD) for detection. To
detect specific carbonylated proteins, DNP-derivatized proteins
were separated by two-dimensional SDS-polyacrylamide gel
electrophoresis and transferred subsequently to PVDF mem-
branes by using a semidry blotting system. For immunodetec-
tion, the same protocol was used as described above for dot-
blotted protein extracts.

Measurement of rates of synthesis of individual proteins

A portion (1 ml) of a culture was removed and placed in a flask
containing [*H]leucine (5 mCi/mmole, 100 uCi/ml). Incorpora-
tion was allowed to proceed for different lengths of time after
which nonradioactive leucine (2.4 mm) was added for a chase.
To this sample was added a portion of a culture of the same
strain grown in [**S]methionine labeling medium as described
(Nystrom and Neidhardt 1992). The mixed sample was then
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prepared as described previously (VanBogelen and Neidhardt
1990) to produce extracts for resolution of the cellular proteins
on two-dimensional gels. An autoradiogram was prepared to
permit visualization of labeled proteins. Protein spots chosen
for quantitative assay were sampled from the dried gel with a
syringe needle and treated as described (Pedersen et al. 1976) to
permit measurement of their *H and 3°S content by scintillation
counting. The differential rate of synthesis of a sampled protein
was defined as the 3H/3°S ratio of the sampled spot divided by
the same isotope ratio of unfractionated mixed extracts. The
identifications of GorA and GrxA were performed by comigra-
tion with the purified proteins.
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