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SurA is a periplasmic peptidyl-prolyl isomerase required for the efficient folding of extracytoplasmic pro-
teins. Although the surA gene had been identified in a screen for mutants that failed to survive in stationary
phase, the role played by SurA in stationary-phase survival remained unknown. The results presented here
demonstrate that the survival defect of surA mutants is due to their inability to grow at elevated pH in the
absence of sS. When cultures of Escherichia coli were grown in peptide-rich Luria-Bertani medium, the
majority of the cells lost viability during the first two to three days of incubation in stationary phase as the pH
rose to pH 9. At this time the surviving cells resumed growth. In cultures of surA rpoS double mutants the
survivors lysed as they attempted to resume growth at the elevated pH. Cells lacking penicillin binding protein
3 and sS had a survival defect similar to that of surA rpoS double mutants, suggesting that SurA foldase activity
is important for the proper assembly of the cell wall-synthesizing apparatus.

Bacteria have evolved a multitude of starvation-inducible
mechanisms that lead to profound changes in cellular mor-
phology and physiology (25, 40, 42). Induction of these changes
results in cells with a greatly increased ability to survive many
different environmental stresses, including starvation itself
(26). Another survival strategy that appears to be quite wide-
spread in the microbial world is a phenomenon we have
termed GASP (for growth advantage in stationary phase) (45–
47). When bacterial cultures are incubated for prolonged pe-
riods in stationary phase under many different conditions,
there can be a dramatic loss in the number of CFU. Surpris-
ingly, the survivors almost invariably are mutants able to grow
at the time that the majority of the cells lose viability. The
GASP phenomenon is easily observed when cultures of Esch-
erichia coli K-12 are incubated in Luria-Bertani (LB) medium
at 37°C. After reaching an initial titer of approximately 5 3 109

CFU/ml after overnight incubation, titers drop during the first
week and then stabilize at approximately 108 CFU/ml (47). The
surviving cells are invariably mutants expressing the GASP
phenotype, which can be assessed by their ability to take over
a wild-type strain in mixed cultures during stationary-phase
incubation.

In an effort to understand more about the surviving cells of
E. coli cultures kept in stationary phase for long periods, we
designed a screen for mutants unable to survive under these
conditions and in this way discovered surA (43). Mutants that
lacked SurA grew normally but completely lost viability af-
ter 3 to 5 days of incubation in rich medium. The nucleotide
sequence of surA, determined later, indicated that SurA was
similar in amino acid sequence to parvulin, a peptidyl-prolyl
isomerase (PPIase) (37). Subsequently, it was determined that
SurA was a periplasmic protein required for the proper assem-

bly of several outer membrane proteins (22) and that it pos-
sessed PPIase activity (29, 36).

We wondered how the loss of a periplasmic PPIase could
result in a survival defect during stationary phase. E. coli pos-
sesses three periplasmic PPIases: PpiA (23), FkpA (16), and
SurA (29, 36, 37). Mutants that lack PpiA or FkpA have no
obvious phenotype (39). Therefore, the phenotype associated
with the lack of SurA was very unusual. This difference in
phenotype suggested that the functions of these PPIases are
not entirely redundant. The differential, but interconnected,
regulation of the three activities also suggested nonredundant
functions. Both ppiA and fkpA are induced in response to
periplasmic stresses (e.g., unfolded proteins or elevated pH)
and are members of the CpxRA and sE regulons, respectively
(5, 6, 31). The surA gene does not appear to be a member of
either of these regulons, but its loss induces the expression of
the sE regulon (5, 29, 31, 36). In an effort to understand why
loss of this particular PPIase should cause cells to die in sta-
tionary phase, we further analyzed the properties of surA cells.
The results of these analyses are presented here.

MATERIALS AND METHODS

Strains and growth conditions. Our standard laboratory wild-type strain of
E. coli is K-12 ZK126 (W3110 DlacU169 tna-2) (4). Mutations were transduced
into this strain with bacteriophage P1vir (28), and the resulting strains are
described in Table 1. Cells were grown in LB medium and incubated at 37°C with
aeration for the time periods indicated in the figures. Cultures were supple-
mented with kanamycin (50 mg/ml) or tetracycline (15 mg/ml) where appropriate.

Microscopy. Samples from cultures were spotted onto microscope slides
coated with 0.8% agar and then viewed with a Nikon Optiphot-2 phase-contrast
microscope at 360 magnification. Images were collected with a charge-coupled
device camera linked to a Macintosh 8600 computer with Scion Image software
for image processing.

Immunoblot detection of proteins. Detection of SurA was performed as pre-
viously described, (10) with rabbit polyclonal antiserum raised against SurA. This
antiserum was obtained under our contract with Immuno-Dynamics Inc. (La
Jolla, Calif.) with purified SurA (22). Log-phase cells were at an optical density
at 600 nm (OD600) of 0.6, and stationary-phase cultures grew overnight.

pH sensitivity assay. To determine the effect of pH on growth, exponentially
growing cultures (OD600, 0.1) were resuspended into fresh prewarmed LB me-
dium that had been either untreated or adjusted to pH 9 with NaOH. Growth
was monitored by observing OD600.

High-pressure liquid chromatography (HPLC). The composition of the
murein sacculus was determined by following the protocol of Glauner (8). Cells
from mid-log-phase cultures (OD600, 0.7) were used for analysis.

Penicillin binding protein (PBP) assay. Cells were grown at 37°C in 10 ml of
LB medium to an approximate OD600 of 1. Culture volumes were adjusted with
LB medium as necessary to an OD600 of 1. Five milliliters of cells was pelleted
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and resuspended in 125 ml of spheroplast buffer (50 mM Tris [pH 8], 5 mM
EDTA, 500 mM sucrose). Forty microliters of this suspension was transferred to
a fresh tube and incubated for 10 min at 4°C. Then 2.6 ml of 300 mM fluorescein-
hexanoic acid-6-amino penicillanic acid (Flu-Apa) (gift of D. Weiss) was added,
and the mixture was incubated at 30°C for 30 min. An equal volume of 23
loading buffer (1) was added, and cells were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Proteins were visualized and quantitated
with a Fluorimager (Molecular Dynamics).

RESULTS

Characterization of surA mutant cells. SurA appeared to be
specifically required for survival during stationary phase (43).
Thus, it made sense to investigate whether surA expression was
growth phase regulated. To determine whether SurA was spe-
cifically induced in stationary phase and whether it was regu-
lated by sS, the stationary-phase-specific sigma factor, we
quantitated the abundance of SurA in a strain lacking sS (20).
The results of Western blot analysis are shown in Fig. 1A. The
amount of SurA was unchanged in an rpoS::Km strain relative
to that in the wild type and did not change significantly when
the cells were in stationary phase.

While sS does not control the expression of surA, we seren-
dipitously discovered that the allelic state of rpoS greatly af-
fects the expression of the survival (Sur2) phenotype. When
the original surA1::mini-Tn10(Km) allele was transduced into
a wild-type strain, we observed that the Sur2 phenotype was
lost, i.e., transductants survived in stationary phase like the
wild type. Since it has been reported that many laboratory
wild-type E. coli K-12 strains harbor mutant rpoS alleles (17,
18, 47), we tested the original surA1::mini-Tn10(Km) strain for
the activity of sS. We determined that the original strain in
which the surA1::mini-Tn10(Km) mutation was isolated did
indeed contain a mutation in rpoS (rpoS819) and that this
mutation was also required for the loss of viability in stationary
phase. To further test the notion that in order to express the
Sur2 phenotype a strain needs mutations in both surA and
rpoS, we constructed strains containing combinations of null
alleles of these genes (DsurA3::Km and rpoS::Tn10). Strains
carrying null alleles of either rpoS or surA alone did not have
noticeable defects in stationary-phase survival (Fig. 1B); only
when mutant alleles of both genes were present did all the cells
of the culture lose viability in stationary phase (Fig. 1B).

Effect of pH on the survival of surA rpoS double mutants.
SurA is found in growing and nongrowing cells but is essential
only during stationary phase. This finding suggests that partic-
ular changes in the environment during stationary phase are re-
sponsible for rendering SurA essential only during this phase.
In order to understand why SurA function is required in the
absence of sS, environmental changes that occur during sta-
tionary phase in LB medium cultures had to be determined.

Tormo et al. (43) observed that, unlike cells in LB medium,
surA1::mini-Tn10(Km) rpoS819 cells grown in minimal glucose
medium were able to survive for a long time (20 days) during
incubation in stationary phase. Since the main carbon source in
LB medium is peptides and amino acids, these cultures be-
come alkaline in stationary phase due to the release of excess
amine-containing compounds. In contrast, the pH of M63-glu-
cose-grown culture supernatants remains near neutrality (pH
6.5 to 7). To test whether the increase in pH in LB medium
cultures was responsible for the loss of viability of surA1::mini-
Tn10(Km) rpoS819 mutants, 40 mM MOPS (morpholinepro-
panesulfonic acid; pH 7.4) was added to buffer the LB medium
cultures. In this medium, surA1::mini-Tn10(Km) rpoS819 cells
did not lose viability (Fig. 2). That the Sur2 phenotype is ob-
served only in cells carrying both mutations indicates that a
wild-type allele of either surA or rpoS is sufficient for cell
survival in stationary phase at elevated pH.

Although SurA is present in exponentially growing cells,
little if any sS is present during exponential phase when cells
are grown in LB medium at 37°C. We therefore hypothesized
that loss of SurA should also increase the sensitivity of expo-
nential-phase cells to alkaline pH. To test this, exponentially
growing cells of four strains, the wild type, a DsurA3::Km strain,
an rpoS::Tn10 strain, and a DsurA3::Km rpoS::Tn10 strain,
were resuspended in fresh LB medium adjusted to pH 9 with
sodium hydroxide and incubated at 37°C (Fig. 3). For the first
30 min of incubation, all four strains continued to grow expo-
nentially. After that time, the wild-type strain continued to
grow, the rpoS::Tn10 strain lagged for a bit and then resumed
growth to a level similar to that of the wild type, and the two

FIG. 1. (A) SurA levels are independent of sS and growth phase. The levels
of SurA in wild-type (wt) and rpoS::Km cells were detected by immunoblot
analysis in exponential-phase (OD600, 0.6) and stationary-phase (overnight) cells.
(B) Mutations in both rpoS and surA are required to express the Sur2 phenotype.
Levels of viability of the wild type (filled squares), rpoS::Tn10 mutant (open
squares), DsurA3::Km mutant (open triangles), and rpoS::Tn10 DsurA3::Km dou-
ble mutant (open circles) in LB medium are shown. The asterisk represents ,102

CFU/ml. This experiment was repeated more than three times, and representa-
tive data are shown.

TABLE 1. Strains used in this study

Strain Relevant genotype Reference
or source

ZK126 W3110 DlacU169 tna-2 4
ZK1000 ZK126 rpoS::Km 3
ZK1171 ZK126 rpoS::Tn10 24
SL238 ZK126 rpoS::Tn10 This work
ZK819 ZK126 rpoS819 47
ZK880 ZK819 surA1::mini-Tn10(Km) 43
SL133 ZK126 DsurA3::Km rpoS1 22
SL239 SL238 DsurA3::Km This work
EC295 ftsI23 leu::Tn10 11
SL268 ZK126 ftsI23 leu::Tn10 This work
SL270 ZK1000 ftsI23 leu::Tn10 This work
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strains lacking SurA stopped growing and began to lyse (Fig.
3). Lysis was confirmed by microscopic observation (Fig. 4).
These results demonstrate that SurA is required for growth at
pH 9.

Both the DsurA3::Km and the DsurA3::Km rpoS::Tn10 strain
lysed in the experiment shown in Fig. 3, whereas in stationary
phase the DsurA3::Km strain survived and only the double
mutant died. During exponential growth the DsurA3::Km mu-
tant strain should not contain much sS, since sS is not highly
expressed during exponential phase in LB medium at 37°C. As
cell growth slows in early-stationary-phase cultures, the sS reg-
ulon is induced, before the pH of the medium becomes alka-
line. This suggests that sS expression can compensate for the
loss of SurA.

The results shown in Fig. 3 demonstrate that SurA is re-
quired during exponential growth at elevated pH but do not
answer the question of why both SurA and sS are required for
long-term survival in stationary phase. The answer may lie in
the fact that stationary-phase LB medium cultures are highly
dynamic. As most of the cells died, GASP mutants took over
the culture. For the first two days of incubation in stationary
phase, the DsurA3::Km rpoS::Tn10 strain lost viability, with ki-
netics similar to those of the wild type. The difference in levels
of viability between the two cultures became apparent on the
third to fourth days of incubation (Fig. 1B), the same period
during which the GASP mutants grew and took over the cul-
ture (47). This suggests that either SurA or sS activity was
specifically required for growth of the GASP mutants at ele-
vated pH in these stationary-phase cultures. Consistent with
the idea that SurA is required only for growth is the observa-
tion that after overnight incubation the nongrowing cells were
completely viable although the medium was at pH 9 (Fig. 1B).

Morphological changes in a DsurA3::Km rpoS::Tn10 mutant.
Microscopic analysis of mutant cells in stationary phase was
performed to determine whether the mutant cells had altered
morphology. These experiments indicated that DsurA3::Km
rpoS::Tn10 mutant cells indeed had aberrant morphology (Fig.
5). The DsurA3::Km rpoS1 cells appeared similar to the wild-
type cells in overnight cultures (data not shown). Two-day-old
cultures of the wild-type and DsurA3::Km rpoS::Tn10 strains
also appeared similar (Fig. 5). After 4 days of incubation, the
cell morphology became drastically altered. Many of the dou-
ble-mutation cells were misshapen, having bulges in their mid-
dle sections. Other cells appeared extremely small (Fig. 5).
Experiments with the vital stain acridine orange suggested that

the large bulging cells were the cells that were attempting to
resume growth and that the small cells had lost viability (data
not shown). Decrease in the OD of the culture and accumu-
lation of cellular debris in the culture suggested that the cells
lysed as they attempted to grow and that lysis was the ultimate
reason for the death of the surA rpoS double mutants in sta-
tionary phase.

Cell shape is determined by the murein sacculus, which is
composed of short, cross-linked strands of peptidoglycan (14).
The altered morphology of DsurA3::Km rpoS::Tn10 cells sug-
gested that changes in peptidoglycan composition occurred in
these mutant cells. At least 15 enzymes act in concert to syn-
thesize the sacculus (9, 14). Although disruption of any one of
these enzymes need not be lethal to the cell, morphological
defects can occur (14). The concurrent disruption of multiple
peptidoglycan-synthesizing enzymes can cause cell lysis, as ev-
idenced by the action of b-lactam antibiotics (38). The mis-
shapen morphology of DsurA3::Km rpoS::Tn10 cells suggested
that the relative activities of these sacculus-synthesizing en-
zymes were no longer in balance, resulting in a sacculus with
structural defects.

The fine structure of a sacculus can be determined by iso-
lating the peptidoglycan from the cell and then digesting it into
its component muropeptides (8). At least 80 different mu-
ropeptides are generated from this digestion, and these can be
separated by reverse-phase HPLC (8). Changes in a chromato-
gram profile reflect changes in relative enzyme activities in
vivo. This technique has been used extensively to monitor the
changes that a sacculus undergoes under a variety of condi-
tions, including the changes seen upon the entry of cells into
stationary phase (27, 30, 44). The peptidoglycans of the wild
type and the surA1::mini-Tn10(Km) rpoS819 mutant were an-
alyzed by this technique. The results indicated that the mutant
cells had an approximately twofold enrichment of muropep-
tides with 1,6-anhydrous moieties. These moieties are the sig-
nature activities of the lytic transglycosylases, enzymes that
break the b-1,4-acetylglucosaminic links between N-acetyl-mu-
ramic acid and N-acetyl-glucosamine residues of the peptido-
glycan backbone (15). This activity is analogous to that of ly-
sozyme, so it is not surprising that increasing the amount of it
can result in cell lysis.

At least three lytic transglycosylases are present in E. coli,

FIG. 2. Growth of the surA1::mini-Tn10(Km) rpoS819 double mutant in LB
medium (filled circles) or LB medium plus 40 mM MOPS (pH 7.4) (open
circles). The asterisk represents ,102 CFU/ml. This experiment was repeated
three times, and representative data are shown.

FIG. 3. SurA is required for growth at pH 9. Exponentially growing cells
(OD600, 0.1) were resuspended into LB medium (pH 9) and incubated for 5 h at
37°C with aeration. Growth was monitored by observing OD. Shown are results
for the wild type (filled squares), the rpoS::Tn10 mutant (open squares), the
DsurA3::Km mutant (filled circles), and the rpoS::Tn10 DsurA3::Km double mu-
tant (open circles). This experiment was repeated more than three times, and
representative data are shown.
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the predominant one being the 70-kDa soluble lytic transglyco-
sylase (Slt70) (35). These three enzymes are required for cel-
lular growth, since links within a sacculus must be broken in
order for new strands of peptidoglycan to be inserted. Little is
known about the regulation of any of the peptidoglycan-me-
tabolizing enzymes. For instance, overexpression of Slt70 is
insufficient to lyse cells unless the stringent response is inacti-
vated, but the mechanism(s) by which the stringent response is
involved is still unknown (2). This lack of cell lysis under these
conditions suggests that although the relative amount of lytic
transglycosylase activity is probably increased in the surA1::

mini-Tn10(Km) rpoS819 strain, some other activities must also
be altered in order for lysis to occur.

To investigate what other cell wall-synthesizing activities
might have been altered in the DsurA3::Km rpoS::Tn10 double
mutant, the relative amounts of nine PBPs were measured.
These enzymes catalyze a variety of functions required for the
growth of the sacculus. A penicillin-fluorescein conjugate, Flu-
Apa, was used to visualize and quantitate the PBPs (32). Wild-
type and DsurA3::Km cells were incubated with Flu-Apa, and
the proteins were then separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Fig. 6). During growth at

FIG. 4. Typical morphology of surA1::mini-Tn10(Km) rpoS819 cells in the process of lysing after transfer to pH 9. Cultures of surA1::mini-Tn10(Km) rpoS819 cells
growing exponentially (OD600, 0.1) in LB medium were transferred to LB medium at pH 9. After 30 min at 37°C cells were observed microscopically with phase contrast.

FIG. 5. Morphology of DsurA3::Km rpoS::Tn10 cells in stationary phase. The morphologies of wild-type (WT) and DsurA3::Km rpoS::Tn10 cells at days 2 and 4 of
incubation in LB medium are shown.
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neutral pH the amounts of several PBPs were altered in the
DsurA3::Km mutant. Most notably, PBP8 and AmpH de-
creased and PBP7 increased. The amounts of PBP1, -2, -3, and
-8 and AmpH decreased between 15 and 40% relative to
amounts in the wild type, while the amount of PBP4 was
approximately the same. In overnight cultures few differences
were observed (data not shown). Since cultures of stationary-
phase cells contain mixtures of viable and nonviable cells, the
PBPs were not measured during extended incubation.

PBP7 is an endopeptidase that cleaves the DD-diaminopime-
late-D-alanine bonds in intact cell walls, the same bond that
PBP3 creates (33). PBP7 is processed into PBP8, a smaller but
still active form (12, 33). AmpH is similar to the class C b-lac-
tamases but does not possess b-lactamase activity (13). Cells
lacking AmpH as well as PBP1a and PBP5 have aberrant
morphology during exponential growth, though they have no
noticeable defect when AmpH alone is missing (13).

It has been reported that PBP3, PBP7/8, and Slt70 might
function together in a complex and that the activity of Slt70
might be modulated by the complex (34). PBP3, encoded by
ftsI, forms the cross-links between muropeptide side chains
that create the septa of dividing cells (14). Inactivation of PBP3
does not cause cell lysis but rather inhibits cell division, leading
to filament formation (14). Since the HPLC data suggested
that Slt activity might be increased and since the PBP profile
data indicated that the amounts of PBP7/8 were altered, we
decided to test whether a mutation in one of the genes of this
complex, ftsI, would confer a Sur2 phenotype upon the cell. To
do this, we tested whether cells lacking sS and PBP3 lysed
during stationary phase. Although loss of PBP3 results in fila-
mentation in growing cells, the effect of losing this enzyme in
stationary-phase cultures was unknown. PBP3 is essential for
growth, so mutations in the gene encoding PBP3, ftsI, are
conditional mutations. These cultures must be maintained at
the permissive temperature, 30°C, and switched to 37°C to de-
plete PBP3 from the cells. The ftsI23 mutation (11) was trans-
duced into our wild-type strain, as well as into the isogenic
rpoS::Km mutant. Cultures were grown at 30°C for 15 h, and
then the temperature was shifted to 37°C for long-term incu-
bation of the cultures in stationary phase (Fig. 7). Control cell
cultures maintained at 30°C displayed normal stationary-phase
survival characteristics, similar to what occurred with the wild

type (Fig. 7A). Cells in cultures whose temperature was shifted
to 37°C behaved differently, mimicking the Sur2 phenotype.
The ftsI12 rpoS::Km double mutant completely lost viability
within 6 to 7 days, similar to what occurred with a surA rpoS
mutant (Fig. 7B). No decrease in viability was seen in an rpoS1

background, again similar to what occurred in a surA rpoS1

background (Fig. 7B).
The morphology of the ftsI23 mutants in stationary phase

was also similar to that of surA mutants. After the switch to
37°C, in an otherwise wild-type background cells carrying the
ftsI23 allele appeared normal (Fig. 8). However, cells from
overnight cultures of the double mutant appeared long and
thin, reminiscent of the morphology of the DsurA3::Km rpoS::
Tn10 mutant (Fig. 8). As incubation continued and viability
decreased, the cells bulged and lysed, which is again very sim-
ilar to what occurred with the morphology of the DsurA3::Km
rpoS::Tn10 mutant (Fig. 8).

DISCUSSION

We have investigated the requirement for SurA in station-
ary-phase cultures. SurA is expressed in both exponentially

FIG. 6. The pattern of PBPs is altered in a DsurA3::Km mutant. Cells from
exponential-phase cultures (OD600, 0.1) grown in LB medium at 37°C were
labeled with Flu-Apa (see the text). Shown are bands that decreased (open
arrows) or increased (filled arrow) in intensity in the mutant relative to the
intensities of corresponding bands in the wild type. WT, wild type; S, DsurA3::Km
mutant; H, AmpH. Numbers indicate designations of PBPs.

FIG. 7. Survival of ftsI mutants in stationary phase. E. coli ftsI23 strains
containing rpoS (filled symbols) or rpoS::Km (open symbols) were grown at 30°C.
The cultures were either maintained at 30°C (top) or switched to 37°C (bottom)
after 15 h of incubation. The asterisk represents ,102 CFU/ml. This experiment
was repeated three times, and representative data are shown.
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growing and nongrowing cells and is not regulated by sS. In the
absence of SurA, some outer membrane proteins do not fold
properly (22), resulting in pleiotropic defects, including in-
creased sensitivity to antibiotics and large hydrophobic com-
pounds (21). These phenotypes are observed in both rpoS1

and rpoS mutant cells. Cells lacking SurA grow in LB medium

under standard laboratory conditions without noticeable de-
fects. However, cells growing at pH 9 require SurA, presum-
ably to allow nascent outer membrane proteins to fold. The pH
of LB medium stationary-phase cultures slowly increases to pH
9, causing the majority of cells in the culture to lose viability.
Presumably the death of the majority of cells provides nutri-

FIG. 8. Morphology of cells lacking ftsI in stationary phase. The morphologies of cells carrying ftsI23 or ftsI23 rpoS::Km at days 1, 5, and 7 of incubation are shown.
The cultures were grown at 30°C for 15 h and then switched to 37°C.
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ents for the GASP mutants to grow. For wild-type cells or cells
lacking either SurA or sS, this is not a problem. However, loss
of both of these proteins prevents the cell from growing at pH
9 by causing cell lysis.

The results presented here indicate that lytic transglycosy-
lase activity is increased in the surA1::mini-Tn10(Km) rpoS819
mutant relative to that in the wild type and that the levels of
PBP7/8 and AmpH are altered in the DsurA3::Km mutant.
Since Slt is believed to be in a complex with PBP7/8 and PBP3,
we speculate that in cells lacking SurA this complex is altered,
perhaps destabilized, resulting in a disruption of the regulatory
interactions between the enzymes. Presumably at high pH this
complex or some other enzyme involved in sacculus integrity is
lost, resulting in lysis.

The reason for the altered levels of PBPs is unclear. Four
enzymes, namely, Slt70, endopeptidases 30 and 49, and PBP3,
were tested for the ability to fold in the absence of SurA at
neutral pH. These proteins do not require SurA function to
fold properly (22; data not shown). Presumably, some other
protein which does require SurA to fold alters the stability of
the PBP3–PBP7/8–Slt70 complex. Alternatively, these enzymes
might require SurA function to fold only at elevated pH.

The changes in peptidoglycan and the PBPs caused by loss of
SurA are all observed in exponentially growing cells, at a time
when cellular growth and morphology appears normal (data
not shown). The morphology and growth defects are observed
only in cells growing at alkaline pH in the absence of sS.
Several enzymes involved in cell shape and structure are reg-
ulated by sS, namely, bolA, ftsQAZ, and dacA (3, 7). Mutant
cells lacking rpoS have been reported to have altered shape in
overnight cultures (19). The combined loss of SurA and sS

presumably results in the altered expression of numerous pro-
teins required for maintaining the cell structure, and loss of
these enzymes results in a compromised structure that fails to
maintain cell integrity at elevated pH. The lack of sS-depen-
dent functions that mediate extreme alkali resistance (41)
might also contribute to cell lysis of the mutants in stationary
phase. Alternatively, sS may regulate some other folding chap-
erone that can partially supplem

l2;5qent SurA function.
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