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The L-isoaspartyl protein carboxyl methyltransferase (PCM) can stimulate repair of isoaspartyl

residues arising spontaneously in proteins to normal L-aspartyl residues. PCM is needed in

Escherichia coli for maximal long-term survival when exposed to oxidative stress, osmotic

stress, repeated heat stress or methanol. The effect of pH on a pcm mutant during long-term

stationary phase was examined. PCM was not required for long-term survival of E. coli subjected

to pH stress alone; however, PCM-deficient cells showed impaired resistance to paraquat and

methanol only at elevated pH. The mutant also showed stress-survival phenotypes in minimal

medium buffered to pH 9?0. Accumulation of isoaspartyl residues was accelerated at pH 8?0 or

9?0 in vivo, though PCM-deficient cells did not show higher levels of damage. However, the pcm

mutant displayed an extended lag phase in recovering from stationary phase at pH 9?0. Protein

repair by PCM thus plays a key role in long-term stress survival only at alkaline pH in E. coli, and

it may function primarily to repair damage in cells that are recovering from nutrient limitation and

in those cells that are able to divide during long-term stationary phase.

INTRODUCTION

The spontaneous formation of isoaspartate from aspartyl
(Asp) and asparaginyl (Asn) residues via a succinimide
intermediate (Fig. 1) can adversely affect the function (e.g.
Clarke et al., 1992) and stability (Szymanska et al., 1998) of
many proteins. This form of protein damage can be recog-
nized and repaired by the L-isoaspartyl protein carboxyl
methyltransferase (PCM; EC 2.1.1.77), a highly conserved
enzyme. PCM specifically methylates isoaspartyl (isoAsp)
residues, stimulating regeneration of the unstable succini-
mide and net repair to normal Asp (Visick & Clarke, 1995;
see Fig. 1). Protein repair by PCM has been linked to
successful ageing, long-term viability and stress survival in
bacteria (Visick et al., 1998a), nematodes (Kagan et al.,
1997), plants (Mudgett & Clarke, 1994), fruit flies (Chavous
et al., 2001) and mice (Kim et al., 1997). However, much
remains to be learned about this repair enzyme’s in vivo

role(s), including where and when its activity is crucial and
the identities of its key substrates.

As nutrients are exhausted during exponential growth,
Escherichia coli enters stationary phase and activates specific
genetic programmes, such as the RpoS regulon (Kolter et al.,
1993). If nutrient deprivation continues, an initial loss of
viability (traditionally termed ‘death phase’) is observed,
but the population then stabilizes and enters long-term
stationary phase. This is a state of dynamic equilibrium in
which individual cells may die or divide but the community
as a whole survives indefinitely, due in part to selection
for subpopulations that are better adapted to the current
nutritional conditions (Finkel & Kolter, 1999). Long-term
stationary phase probably represents an important adapta-
tion for survival of E. coli in oligotrophic environments
such as its environmental reservoirs.

During long-term stationary phase, de novo protein syn-
thesis is greatly reduced, and maintenance of existing
proteins becomes crucial. To this end, the transition to
stationary phase includes increased synthesis of chaperones,
trehalose, catalase and other protective factors (Kolter et al.,
1993). Long-term stationary-phase cells model many aspects
of senescence in higher organisms, including gradual loss of
viability of individual cells, decreased function of macro-
molecules and increased susceptibility to oxidative damage
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(Kolter et al., 1993; Nyström, 2003; Visick et al., 1998a).
Under these conditions, PCM is required for maximal stress
resistance: strains carrying pcm deletions show reduced
long-term survival when exposed to oxidative, osmotic or
heat stress, or methanol (Visick et al., 1998a). Based on these
results, we have hypothesized that covalent damage (due to
isoAsp formation) and conformational damage (due to
destabilization of protein structure) synergize to result in
impaired stress survival in ageing E. coli (Visick et al.,
1998b).

Surprisingly, ageing pcm mutants are deficient in stress
resistance only when grown in rich media such as Luria–
Bertani (LB) broth. In glucose minimal medium, no
difference in survival between wild-type and mutant strains
has been found under conditions tested to date (Visick et al.,
1998a). Growth of E. coli in rich media such as LB broth
exposes the cells to elevated pH as organic acids are con-
sumed (Stancik et al., 2002), whereas glucose minimal

medium would be acidified by acidic fermentation products
(Böck & Sawers, 1996), though such media are typically
buffered to a near-neutral pH. Alkaline pH increases the rate
of isoAsp formation in vitro (by sixfold for a model peptide
at pH 9?0 compared to 7?5; Brennan & Clarke, 1994),
probably favouring succinimide formation (see Fig. 1)
by deprotonating the attacking peptide-bond nitrogen.
Furthermore, exposure to alkaline pH in rich medium
produces or intensifies other known long-term survival
phenotypes (Farrell & Finkel, 2003; Lazar et al., 1998; Vulı́c
& Kolter, 2002; Weiner & Model, 1994). We therefore
sought to determine (i) whether PCM is required for
survival of pH stress during long-term stationary phase (as it
is for other stresses that can affect protein conformation)
and (ii) whether elevated pH in LB broth is sufficient to
account for the difference in stress survival between rich and
minimal media.

METHODS

Bacterial strains. E. coli strain MC1000 (l2 e142 araD139
D[araA-leu]7697 galE15 galK16 D[codB-lac]3 rpsL150 mcrB1 relA1
spoT1; Casadaban & Cohen, 1980) was used as the wild-type strain
for all of the experiments described. Construction of the pcm
mutant derivative JV1068 (Dpcm : : Kmr) has been described pre-
viously (Visick et al., 1998a).

Growth media and pH buffers. LB broth (Miller, 1972) was used
as a rich growth medium for all experiments. Buffers (200 mM final
concentration) were added to maintain a specific pH in LB broth as
follows (Blankenhorn et al., 1999): pH 5?5 or 6?0, MES; pH 7?0,
MOPS; pH 8?0, TAPS; pH 9?0, 3-[(1,1-dimethyl-2-hydroxyethyl)-
amino]-2-hydroxypropanesulfonic acid (AMPSO). All buffers were
adjusted to the desired pH with KOH. For growth in minimal
medium, either MOPS-buffered minimal medium (pH 7?4;
Neidhardt et al., 1974) and an AMPSO-buffered derivative (pH 9?0)
or M63 medium (pH 7?0; Miller, 1972) and a derivative made
by altering phosphate concentrations (pH 9?0; Farrell & Finkel,
2003) were used. All cultures were grown at 37 uC under aerobic
conditions.

Stationary-phase and stress-survival assays. Long-term
stationary-phase survival was measured as described previously
(Visick et al., 1998a). Viable counts were performed to determine
the number of viable cells after 24 h of aerobic growth at 37 uC (day
0) and daily for 10 days thereafter. When appropriate, methanol
(0?5% final concentration) or paraquat (0?25 mg ml21 final concen-
tration) was added after the first 24 h growth. Results were normal-
ized by expressing viable counts as percentages of the maximum
number of viable cells for a particular culture; maximal density was
reached on either day 0 or day 1. In all cases, the maximum number
of viable cells ranged from 16109 to 2?56109 cells ml21, and no
significant differences were observed between MC1000 and JV1068.

Growth curves. LB broth buffered to either pH 7?0 or pH 9?0 was
inoculated with MC1000 or JV1068, using a 1 : 100 dilution of a
broth culture or a 1 : 100 dilution of a single resuspended colony
from a plate. Inocula consisted of either cells grown overnight at
37 uC in LB broth or on LB plates or ‘aged’ cells incubated at 37 uC
for five additional days. Viable counts were used to verify initial
c.f.u. ml21; there was no significant difference in the number of
viable cells in the inocula under either condition. Cultures were
grown aerobically at 37 uC and growth was monitored spectrophoto-
metrically (Milton-Roy Spectronic 20D spectrophotometer using
cuvettes with 1 cm path length) by OD600. Length of lag phase and

Fig. 1. IsoAsp damage and repair by PCM. IsoAsp residues
result from nucleophilic attack (top) of the peptide-bond nitro-
gen on the side-chain carbonyl group of Asp or Asn, forming
an unstable succinimide intermediate (middle) rapidly hydrolysed
to either Asp (top) or isoAsp (bottom). Methylation of the
isoAsp residue (arrow) by PCM stimulates reformation of the
intermediate and results in net repair to normal Asp.
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generation time were calculated for each growth curve according
to the Baranyi growth model (Baranyi & Roberts, 1994), using the
MicroFit program (www.ifr.ac.uk/microfit). Statistical significance of
differences in averaged lag and generation times was evaluated using
Student’s t test.

Measurement of isoAsp damage. IsoAsp content of proteins
from crude E. coli extracts was measured essentially as described pre-
viously (Visick et al., 1998a). Cytosolic extracts were prepared from
cells maintained for 24 h, 5 or 10 days after onset of stationary
phase in LB broth adjusted to the desired pH. Cells were washed
and resuspended in buffer containing 50 mM Tris/HCl (pH 8?0)
and 300 mM NaCl, lysed by sonication and centrifuged at 20 000 g
to pellet debris. Protein concentration was estimated by the Lowry
method (Lowry et al., 1951), following precipitation with trichloro-
acetic acid. Base-labile methyl esters produced by transfer of the
methyl group from S-adenosyl-L-[methyl-14C]methionine to isoAsp
residues by purified recombinant human PCM were measured as
described by Li & Clarke (1992). IsoAsp content was then calculated
as picomoles of methyl groups transferred per milligram total pro-
tein in the extract.

RESULTS

PCM is not required for survival of pH stress

Maximal survival of E. coli in long-term stationary phase in
rich growth media (e.g. LB broth) requires PCM under
specific stress conditions (oxidative, osmotic or heat stress
or methanol) that can affect protein conformation (Visick
et al., 1998a). Extremes of pH can also alter protein con-
formation or even denature proteins (Slonczewski & Foster,
1996); therefore, we initially investigated whether the pH
of the medium might affect the long-term survival of a
pcm deletionmutant. No difference in survival was observed
between wild-type (MC1000) and pcm mutant (JV1068)
strains, using buffered LB broth over a pH range from 5?5
to 9?0 (Fig. 2). Indeed, there was remarkably little change in
the long-term survival profile over this range. Replacement
of NaCl by KCl in LB broth (LBK; Blankenhorn et al., 1999)
did not significantly alter results at any pH (data not
shown). Thus, we concluded that any influence of pH on
long-term survival must be fundamentally different from
that of the stresses tested previously.

Survival of methanol and oxidative stress is
PCM-dependent at alkaline pH

We next examined whether the long-term survival defect of
pcm mutants exposed to stress in rich but not in minimal
medium (Visick et al., 1998a) could be explained by the
greater alkalinity of rich medium. The pH of long-term
stationary-phase cultures in unbuffered LB broth typically
increased from 7?5 on day 0 to about 8?0 by day 2 and 9?0 by
day 4–5 (Fig. 3a). In the presence of 0?5% methanol, the
pcm mutant strain JV1068 (triangles) exhibited a distinct
survival defect relative to its parent, MC1000 (circles), in
this medium (Fig. 3a and Visick et al., 1998a). Buffering
the medium to pH 7?0 eliminated the difference between
the two strains (Fig. 3b); actual pH remained within
0?5 pH units of 7?0 throughout the 10 day period. In LB

broth buffered to pH 9?0 (Fig. 3c), the pcm mutant’s
survival defect relative to MC1000 reappeared, and the
behaviour of the two strains was similar to that observed for
unbuffered LB broth. The actual pH of the buffered culture
again remained within 0?5 units of the desired value. Similar
results were obtained for LB buffered to pH 8?0, though the
magnitude of the difference between the two strains was
reduced (data not shown).

To determine whether this effect of pH was specific for the
methanol survival phenotype, paraquat was used to expose
ageing cells to continuous oxidative stress (Hassan &
Fridovich, 1979) in a parallel experiment. As was the case for

Fig. 2. Long-term survival of pH stress by pcm mutants.
Cultures of MC1000 (wild-type, #) and JV1068 (Dpcm, n)
were grown in LB broth buffered to (a) pH 5?5, (b) pH 6?0, (c)
pH 7?0, (d) pH 8?0, or (e) pH 9?0 for 24 h (day 0), and the
number of viable cells remaining was determined at intervals
for the next 10 days. Data are reported as a percentage of
maximum c.f.u. ml”1; the maximum ranged from 16109 to
2?56109 c.f.u. ml”1 for all cultures, and there was no signifi-
cant difference between the two strains. Means of at least
three replicates are shown; error bars represent one standard
deviation.
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methanol, addition of paraquat resulted in reproducibly
impaired survival of the pcm mutant strain when grown
either in unbuffered LB or in LB buffered to pH 9?0, but no
difference in survival was observed between the two strains
in LB buffered to pH 7?0 (data not shown). The magnitude
of difference between the two strains, however, was smaller
in this experiment, probably because paraquat results in a
precipitous decline in survival as pH rises even for wild-type
E. coli (Visick et al., 1998a), and this decline began
immediately in the pH 9?0 LB, giving less time for isoAsp
damage to accumulate.

While these experiments demonstrate the importance of
pH, they do not establish whether the inability to detect
survival phenotypes for the pcmmutant inminimal medium
(Visick et al., 1998a) can be accounted for entirely by the
difference in pH. To address this question directly, we
compared cells maintained in M63 medium (buffered with
potassium phosphate to pH 7?0; Miller, 1972) with those
maintained in M63 at pH 9?0 (adjusted by manipulating
phosphate concentrations; Farrell & Finkel, 2003). The pcm
mutant strain JV1068 survived exposure to 0?5% methanol
to the same extent as MC1000 at pH 7?0 (open symbols in
Fig. 4), but at pH 9, the mutant (closed triangles) exhibited
a survival defect relative to its parent (closed circles)
comparable to that observed in rich medium (Fig. 3c). The
actual pH remained at the target level in the pH 7?0 cultures
(dashed line in Fig. 4) but initially decreased somewhat in
those buffered to pH 9?0 (dotted line), probably due to
the effect of acidic products that resulted from growth on
glucose. The appearance of differences between the strains
coincided with the point at which the pH reached 8?5.
Methanol appeared to have a somewhat stronger deleterious
effect on both strains in this medium than in LB broth
(compare Figs 3 and 4). Similar results were obtained (data

Fig. 3. Effect of pH on long-term stress survival in rich medium. MC1000 (wild-type, #) and JV1068 (Dpcm, n) were grown
in unbuffered LB broth (a), or in LB buffered to pH 7?0 (b) or pH 9?0 (c); after 24 h growth (day 0), methanol was added to
0?5%. The number of viable cells is reported as a percentage of maximum c.f.u. ml”1; the maximum ranged from 16109 to
2?56109 c.f.u. ml”1 for all cultures, and there was no significant difference between the two strains. Means of at least three
replicates are shown; error bars represent one standard deviation. The dotted line in panel (a) shows the pH of a
representative culture in unbuffered medium.

Fig. 4. Effect of pH on long-term stress survival in minimal
medium. MC1000 (wild-type, #) and JV1068 (Dpcm, n) were
grown in M63 medium buffered to pH 7?0 (#, n) or pH 9?0
($, m). Methanol (0?5%) was added after 24 h growth (day
0). The number of viable cells is reported as a percentage of
maximum c.f.u. ml”1; the maximum ranged from 16109 to
2?56109 c.f.u. ml”1 for all cultures, and there was no signifi-
cant difference between the two strains. Means of at least
three replicates are shown; error bars represent one standard
deviation. The dashed line shows the actual pH of a represen-
tative culture buffered to pH 7?0; the dotted line shows the
actual pH of a representative culture buffered to pH 9?0.
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not shown) when the strains were exposed to oxidative stress
in minimal medium or when stress survival in MOPS-
buffered minimal medium (pH 7?4) was compared to
AMPSO-buffered minimal medium (pH 9?0).

IsoAsp accumulation is pH-dependent in vivo

Based on the increased rate of isoAsp formation pre-
viously reported for peptides aged at alkaline pH in vitro
(Brennan & Clarke, 1994), we hypothesized that PCM is
necessary for stress survival at alkaline pH because accel-
erated formation of isoAsp exacerbates the problem of
unrepaired proteins in ageing cells. To determine whether
damage would indeed accumulate more rapidly and/or to
higher levels under alkaline conditions in vivo, we measured
methylatable isoAsp residues in crude extracts of E. coli cells
aged for 1, 5 or 10 days at pH 7?0, 8?0 or 9?0. As shown in
Fig. 5(a), accumulation of isoAsp in MC1000 over the first
5 days at pH 8?0 was 1?6-fold that observed at pH 7?0.
Ageing at pH 9?0 increased isoAsp content after 5 days by
about 4?1-fold relative to pH 7?0. These rates are consistent
with in vitro data on isoAsp formation (Brennan & Clarke,
1994) showing approximately a 3?5-fold decrease in the

half-life of Asn at pH 8?0 and 10-fold at pH 9?0 as compared
to pH 7?0.

After 10 days, however, the differences were smaller: about
1?8-fold more isoAsp was detected at pH 8?0 than at
pH 7?0, and about 2?3-fold more at pH 9?0 versus pH 7?0.
Fig. 5 shows that while damage continued to increase in a
fairly linear fashion over the 10 days at pH 7?0 or 8?0, there
was a distinct plateau at pH 9?0; this observation is dis-
cussed further below. Similar results were obtained for the
pcm mutant strain JV1068 (Fig. 5b); there was no statis-
tically significant difference between MC1000 and JV1068
for isoAsp accumulation at any pH. This result is consistent
with our earlier findings for unbuffered LB (Visick et al.,
1998b), and is a key component of the model for PCM
function developed below.

PCM accelerates recovery from long-term
stationary phase

In the course of performing the survival assays described
above, we noticed that for the pcm mutant, the number of
c.f.u. ml21 after 24 h growth at pH 9?0 (day 0) was often
lower than after an additional 24 h incubation in stationary
phase (day 1), particularly if the culture was started from a
colony stored for a few days on a plate, rather than directly
from frozen stock. In contrast, wild-type cultures (as well as
any culture grown at pH 7?0 or in unbuffered broth) were
almost always at their maximum c.f.u. ml21 on day 0. This
phenomenon can be observed, for example, in Fig. 3(c)
(compare JV1068 with MC1000 on day 0 and day 1). We
therefore investigated whether PCM might be involved in
recovery from long-term stationary phase, perhaps affect-
ing either the growth rate (i.e. doubling time) of recovering
cells or their lag time before exponential growth begins.

We monitored growth of fresh (grown in unbuffered LB
broth overnight) and aged (maintained in LB broth for
5 days) MC1000 and JV1068 after dilution 1 : 100 into fresh
LB buffered to pH 7?0 or pH 9?0. Viable counts (data not
shown) were used to verify that the initial number of
c.f.u. ml21 was essentially the same for both strains, whether
fresh or aged. At pH 7?0, wild-type and pcm mutant cells
displayed the same growth characteristics regardless of age
(Table 1), although aged cells of both types required a
slightly (~20 min) longer lag period before resuming
exponential growth. Generation time was not affected by age
or genotype.

At pH 9?0, however, a different picture emerged. All cul-
tures grown at pH 9?0 showed both a longer lag phase and
a longer generation time, consistent with previous reports
(Stancik et al., 2002). Aged cells exhibited both a longer
generation time and a longer lag phase than fresh cells at
pH 9?0 (Table 1). Most strikingly, under alkaline condi-
tions, lag phase for the pcm mutant averaged about 90 min
longer than for its repair-proficient counterpart, a statisti-
cally significant (P<0?03) difference not seen at pH 7?0 or
for fresh cells at pH 9?0. Furthermore, no difference was

Fig. 5. Effect of pH on accumulation of isoAsp damage.
MC1000 (a) or JV1068 (b) was grown overnight in LB broth
buffered to pH 7?0 (#), 8?0 (%) or 9?0 (n) and sampled after
1, 5 or 10 additional days in stationary phase. Cells were lysed
by sonication and the isoAsp content of proteins was deter-
mined as described in Methods. Means of at least three repli-
cates are shown; error bars are shown upward only for clarity
and represent one-half standard deviation.
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observed between the wild-type and mutant strains when
aged cells were incubated in unbuffered LB until they began
exponential growth and then shifted to pH 9?0 (data not
shown). These data suggest a role for PCM during the
recovery period between long-term stationary phase and the
resumption of exponential growth. PCM decreased this
transition period in the absence of stress, but only for aged
cells. In all cases, plate-grown inocula gave somewhat
longer lag times than broth-grown cultures but displayed
the same patterns, and unbuffered LB gave results indis-
tinguishable from pH 7?0 broth (data not shown). The
longer lag time does not appear to be due to genetic change,
as no difference between wild-type and mutant can be
observed if recovered cultures are rediluted in fresh medium
at pH 9?0 (data not shown).

DISCUSSION

Role of PCM at alkaline pH

When nutrients are limited – as is very often the case for
bacteria living in oligotrophic environments outside verte-
brate hosts – the value of preventing or repairing damage to
proteins increases, as limitations on both energy and raw
materials make cells in long-term stationary phase more
dependent on existing proteins than de novo synthesis.
PCM-catalysed repair of isoAsp damage, however, appears
to play a significant role in the long-term survival of E. coli
only under certain environmental conditions: specifically,
when the bacteria are exposed to stresses capable of alter-
ing protein conformation (e.g. oxidation, osmotic change,
heat, methanol; Visick et al., 1998a). We can now add that
stress survival is PCM-dependent only at alkaline pH, a
condition that bacteria are likely to encounter frequently,
either in inherently alkaline environments or as a result of
metabolic activity (Stancik et al., 2002). This pH depen-
dence appears to fully account for the previous observation

(Visick et al., 1998a) that pcm mutants show survival
phenotypes only in rich media.

Stress survival, including both pH stress (reviewed by
Slonczewski & Foster, 1996) and protein-denaturing con-
ditions such as heat and oxidative stress (reviewed by Storz
& Zheng, 2000; Yura et al., 2000), has been extensively
studied in E. coli. Most studies, however, have focused on
stress resistance either during exponential growth or shortly
after the transition to stationary phase, and little is known
about possible combinatorial effects of multiple stresses.
Like our pcm phenotypes, other long-term effects, including
the growth advantage in stationary phase (GASP) phenotype
(Farrell & Finkel, 2003), surA phenotypes (Lazar et al.,
1998), psp phenotypes (Weiner &Model, 1994) and viability
loss preventable by ethanol (Vulı́c & Kolter, 2002), also
become apparent or more pronounced at alkaline pH, sug-
gesting that pH is a major factor in the ability of ageing E.
coli to survive stress. It is significant in this regard that even
for wild-type, repair-proficient cells, the effect of oxidative
stress or methanol on survival was much greater under
alkaline conditions than at neutral pH (Figs 3 and 4). The
mechanisms by which alkaline pH potentiates loss of via-
bility under stress merit further study: while growing and
early stationary cells effectively buffer cytoplasmic pH, it
may be that internal pH is less effectively maintained during
long-term stationary phase.

Our data suggest that PCM-mediated repair might be more
important at high pH due to increased isoAsp damage in
vivo: damaged proteins accumulated to higher levels sooner
under alkaline conditions than at neutral pH (Fig. 5),
mirroring previous in vitro measurement of isoAsp forma-
tion rates (Brennan & Clarke, 1994). Assuming the molec-
ular mass of a typical protein to be 40 000 Da, the amount
of methylatable isoAsp we observed at pH 9?0 would
represent about one damage site per 17 individual protein

Table 1. Recovery of wild-type and pcm mutant strains from stationary phase

Strain and age Recovery at pH 7?0* Recovery at pH 9?0

Lag

(min)D

Generation time

(min)d

Lag

(min)

Generation time

(min)

MC1000 (wild-type)

Overnight 112±5 28±2 301±28 41±5

Aged 5 days§ 134±8 27±2 331±36|| 65±11

JV1068 (Dpcm)

Overnight 120±5 26±3 294±24 49±4

Aged 5 days 136±8 28±2 419±39|| 65±10

*Cells grown in LB broth and diluted into fresh LB buffered to pH 7?0 with MOPS or to pH 9?0 with

3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acid (AMPSO).

DCalculated time to onset of exponential phase (Baranyi & Roberts, 1994); mean of four trials±SD.

dCalculated doubling time during exponential growth; mean of four trials±SD.

§Cells grown in LB broth and maintained at 37 uC with no added nutrients for 5 days after initial overnight.

||Figures in bold type indicate a significant difference (P<0?03) between MC1000 and JV1068.
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molecules after 5 days, versus one damage site per 70
molecules at pH 7?0. This suggests the potential for the
reduced activity of amuch larger number of cellular proteins
under alkaline conditions, perhaps more rapidly surpass-
ing some threshold of damage beyond which survival is
impaired. However, isoAsp content began to plateau
between 5 and 10 days of ageing at pH 9?0 (Fig. 5), at a
concentration roughly the same as the maximum accumu-
lation observed in PCM-deficient mice (Lowenson et al.,
2001). Perhaps most of the susceptible residues have iso-
merized by this point, but we cannot exclude the possibility
of an as-yet-unknown additional physiological mechanism
that limits the amount of isoAsp damage. Our previous
finding (Visick et al., 1998b) that isoAsp accumulation
increases in cells deficient in both PCM and SurE – an acid
phosphatase (Zhang et al., 2001) of unknown substrate
specificity co-transcribed with pcm – favours the second
hypothesis.

Effect of PCM on recovery: a model for PCM
function in vivo

Two of our results seem incongruous with the simple model
in which PCM is required to repair isoAsp damage that
accumulates during long-term stationary phase due to
reduced metabolism and protein synthesis. First, isoAsp
levels after 10 days were no higher in the pcm mutant than
in wild-type cells (Fig. 5), consistent with previous results
for unbuffered LB (Visick et al., 1998b). Second, it seems
surprising that PCMwould play a role during recovery from
stationary phase (Table 1), in the presence of plentiful
nutrients. Taken together, however, these results may
suggest a new model for isoAsp protein repair in vivo.
While PCM is active in exponential and early stationary
phases (Li et al., 1997), its activity may be limited in
long-term stationary phase, due to poor expression,
instability, limiting concentrations of the methyl donor
(S-adenosylmethionine) and/or excess of product (S-
adenosylhomocysteine). If so, then even a repair-proficient
cell would be unable to prevent accumulation of isoAsp
damage during nutrient limitation, but it may be able to
respond more rapidly to the return of favourable condi-
tions when PCM is present to enable repair of existing
proteins in addition to de novo synthesis.

This hypothesis can also account for the stress-survival
phenotypes of pcm mutants during long-term stationary
phase. It is increasingly clear that ‘stationary’ phase is really a
dynamic state in which some cells (particularly those that
have or acquire mutations increasing fitness for current
culture conditions) reproduce at the expense of others
(Finkel & Kolter, 1999; Vulı́c & Kolter, 2001). PCM may
thus function primarily to repair damaged proteins in those
cells that are able to divide: those that undergo a ‘recovery’
period even in the absence of added nutrients. Our previous
finding (Visick et al., 1998a) that aged pcm mutants fail to
outcompete younger cells – the GASP phenotype (Finkel &
Kolter, 1999), which requires the ability to divide during

long-term stationary phase – supports this idea. Future
experiments will test this new hypothesis directly.
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