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During a 3-day period, glucose starvation of wild-type Escherichia coli produced thermotolerant, H,0,-
resistant, small cells with a round morphology. These cells contained elevated levels of the DnaK protein,
adjusted either for total protein or on a per-cell basis. Inmunoprecipitation of [**S]methionine-labeled protein
produced by such starving cells demonstrated that DnaK underwent continuous synthesis but at decreasing
rates throughout this time. Glucose resupplementation of starving cells resulted in rapid loss of thermotol-
erance, H,0, resistance, and the elevated DnaK levels. A drnaK deletion mutant, but not an otherwise isogenic
wild-type strain, failed to develop starvation-induced thermotolerance or H,O, resistance. The filamentous
phenotype associated with DnaK deficiency was suppressed by cultivation in a defined glucose medium. When
starved for glucose, the nonfilamentous and rod-shaped dnaK mutant strain failed to convert into the small
spherical form typical of starving wild-type cells. The dnaK mutant retained the ability to develop adaptive
H,O0, resistance during growth but not adaptive resistance to heat. Complementation of DnaK deficiency by
using P, -regulated dnaK* and dnaK*J™* expression plasmids confirmed a specific role for the DnaK molec-
ular chaperone in these starvation-induced phenotypes.

Several features of nonsporulating bacteria, including cell
morphology and resistance to killing, can depend upon growth
state. Stationary-phase cells produced by nutrient deprivation
(25) or nutrient excess (12) exhibit a distinctive rounded cell
shape of reduced volume (33, 37, 45, 46) and a generalized
resistance to extremes of heat, oxidizing agents such as hydro-
gen peroxide (H,O,), and sodium chloride (for reviews, see
references 28 and 38). Starvation-induced resistance is depen-
dent upon protein synthesis (25) and the regulons controlled
by the alternative sigma factors o>* (24) and ¢® (39), encoded
by the rpoH and rpoS (katF) genes, respectively (for a review,
see reference 36). A requirement for o° in the development of
stress resistance and reductive division has also been demon-
strated in stationary-phase cells under conditions of nutrient
excess (32, 33). Since stress resistance in starving cells is sig-
nificantly greater than that produced by the adaptive treatment
of growing cells (25), unique mechanisms may be employed in
nongrowing cells to create the stress-resistant state (34). For
example, an important role for trehalose synthesis in nutrient
excess stationary-phase thermotolerance has been reported
(20). In addition, expression of the htrE operon, which is re-
quired for growth above 43.5°C and is controlled by & (13),
and rpoS (49) may play some role in stationary-phase thermo-
tolerance.

Stationary-phase cells assume a characteristic small and
spherical cell morphology in a process termed reductive divi-
sion (45). This morphological change is likely to involve the
morphogene bol4 (1) and ficA (26). Stationary-phase cells are
also typified by an extreme resistance to oxidants such as H,O,.
An important role for rpoS (32, 39) and the rpoS-controlled
gene dps (2) or pexB (35) in this unique physiologic condition
is supported by the apparent H,O,-sensitive and stationary
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phase-specific phenotypes of mutants in these genes. RpoS is
also important for the expression of katE, encoding the hy-
droperoxidase II catalase, and xthA, encoding exonuclease 111
(36). In contrast, distinct regulatory systems appear to control
H,O0, resistance in growing cells (for a review, see reference
11).

The ability of bacteria to withstand thermal stress depends
upon the synthesis of heat shock proteins (HSPs) (for reviews,
see references 14, 17, and 56). A critical role for HSPs in
thermotolerance is supported by the thermosensitive pheno-
type of HSP mutants. In addition, mutants lacking o2, which
are deficient in or have reduced expression of most HSPs,
express a severe temperature growth-restricted phenotype (57)
which can be suppressed by plasmid-mediated HSP overpro-
duction (30). HSPs are preferentially produced in nutrient-
starved Escherichia coli during the first several hours of star-
vation (16, 52). This is likely to reflect the ongoing presence of
02 during the starvation period examined (24). Since the de-
velopment of the starvation-induced stress-resistant state is
sensitive to a block in protein synthesis imposed at the onset of
starvation (25), it is likely that synthesis of particular HSPs may
be important in starvation-induced changes.

The HSP and molecular chaperone DnaK is one of the
starvation-induced HSPs. DnaK controls protein folding in an
ATP-dependent process involving the cochaperones Dnal and
GrpE (for a review, see reference 14). Mutations in dnaK
exhibit several common phenotypes, including heat-sensitive
growth, an inability to support bacteriophage growth, and a
defect in the attenuation of the heat shock response (17, 56).
The deletion allele AdnaK52 (47) results in severe filamenta-
tion, defective chromosome segregation, and a more restricted
range of growth temperatures than observed with previously
described dnaK mutant alleles (5, 6). Several phenotypes also
suggest a role for DnaK in carbon metabolism. The dnaK103
mutation (22, 52) reduces cell survival on a carbon-deficient
solid medium as well as the synthesis of a subset of starvation
proteins (52). Another mutation, dnaK25, inhibits mannose
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and sorbitol metabolism (8). The dnaK gene is highly expressed
under normal growth conditions (48) but retains the capacity
for further induction in response to heat (55), oxidation (44),
osmotic stress (41), and starvation (16). In E. coli, the concen-
tration and rate of synthesis of this protein have been shown to
correlate directly with increasing growth rate and are therefore
at the lowest levels in slowly dividing cells (48). Growth limi-
tation elevates DnaK levels in starving Vibrio species (21) and
in sodium chloride-stressed E. coli (41). Artificially elevated
DnaK levels are also preferentially toxic in stationary phase E.
coli in a dnaJ-dependent manner (3). In the studies described
here, the absolute levels of DnaK and the consequence of
DnaK deficiency were examined to explore the role of DnaK in
the starvation-induced stationary phase.

MATERIALS AND METHODS

Bacterial strains and cultivation. E. coli K-12 strains used were PBL500
(lacZ::TnS5 lacIY), a recA™ homolog of PBL325 (3, 29); GW4813 (AdnaK52::Cm"),
kindly provided by G. Walker (47); and PBL501 (AdnaK52:Cm" lacZ::Tn5
lacI?"), a prototrophic dnaK mutant derivative of PBL500. Plasmids used in these
studies were pBN13 (P, .::dnaK* lacI* bla™), pBN15 (P,,.:: dnaK* dnal™ lacl™*
bla™), pBN16 (P,,.::dnal ™ lacI* bla™), and pBN8 (lacI™ bla™) (3). These plas-
mids utilize a ColE2 replicon and are therefore DnaK independent for replica-
tion (15, 40). Plasmid-bearing derivatives of PBL500 or PBL501 were con-
structed by transformation at 30°C. Complementation of the chromosomal
AdnaK52 mutation was required for efficient transduction of the AdnaK52 mu-
tant allele (40). A pBN15 transformant of GW4813 was used as the donor to
transfer the AdnaK52::Cm" mutation into the PBL500 background by phage P1
vir transduction. Cell densities in both growing and starving cultures were mon-
itored spectrophotometrically at a wavelength of 600 nm. The medium used was
either M9 minimal medium (42) containing glucose at the concentration indi-
cated or LB rich medium (42). Chloramphenicol, kanamycin, and ampicillin were
added as needed at final concentrations of 25, 75, and 100 wg/ml, respectively.

Starvation protocols. Starvation cultures were maintained at either 30 or 37°C
as indicated in 500-ml volumes of minimal medium containing 0.025% (wt/vol)
glucose (4). Cultures were inoculated with exponential-phase cells pregrown in
minimal medium at a cell density of 6.0 X 10°ml. Samples were removed for
analysis at mid-exponential phase, at the onset of starvation when the absorbance
of the culture ceased to increase, and then after the onset of starvation at the
times indicated. Mid-exponential phase was equivalent to 5.6 X 107 cells per ml,
and starvation ensued at a cell density of 1.5 X 10%ml. Starving cultures were
maintained with gentle agitation at the temperatures indicated. Dehydration of
the cultures due to evaporation was minimized by resupplying distilled water at
regular intervals based on changes in observed weight of the culture vessel.
Glucose resupplementation of starving cultures was performed by the addition of
glucose to a final concentration of 0.4% (wt/vol). Samples were removed for
analysis every 12 min for the first hour and then every 24 min for an additional
hour. After 2 h, the cells were subcultured into fresh prewarmed medium con-
taining excess glucose (0.4% [wt/vol]) and maintained in exponential phase for an
additional 10 generations prior to analysis. Viable cell numbers were determined
by plating diluted culture samples on LB plates in duplicate.

Thermotolerance measurements were performed essentially as described pre-
viously (25). Samples in 2-ml volumes were subjected to heating at 57°C in a
prewarmed heating block. Heated samples were then diluted and spread onto LB
plates in duplicate and incubated overnight at the temperature indicated. H,O,
(15 mM) was used to assess the extent of oxidant resistance as described previ-
ously (25). All samples were adjusted to achieve a cell density of 1.5 X 10%/ml
prior to exposure to heat or H,O,. Cell morphology was examined by phase-
contrast microscopy. Cell samples used for microscopy were from liquid cultures
which were starved for glucose or were in exponential phase and growing in a rich
or minimal medium. All cultures used for microscopy were grown at 30°C and
were concentrated by centrifugation to a cell density of 5 X 10'%/ml prior to
examination. Cell size was determined by comparison with 0.8-pm-diameter
Bactolatex beads (Difco). Photomicrographs were prepared with a Nikon Mi-
crophot microscope and then scanned with a GDS CCCD video camera. Scanned
images were analyzed with Image-1 software (Universal Imaging Inc.).

In vivo labeling of proteins and immunoprecipitation. In vivo labeling of
cellular protein was performed as described previously (29), using [>°S]methi-
onine (Trans label; NEN) with a specific activity of 1,000 Ci/mmol. To achieve
sufficient incorporation of [>>S]methionine, samples were incubated in the pres-
ence of label for progressively longer times: 6 min for exponential phase and
starvation onset, 1 h for 4 h of starvation, and 12 h for all subsequent starvation
samples. The cells contained in the following culture samples were used for in
vivo labeling: 18 ml for exponential phase; 4 ml for starvation onset, 4 h of
starvation, and 24 h of starvation; and 36 ml for 3 days of starvation. To minimize
cellular perturbations, [>*S]methionine was added to concentrated cell suspen-
sions resuspended in clarified culture supernatants from starving cell cultures.
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The quantity of label was also adjusted to ensure sufficient labeling of cell
protein. The quantities were 10 wCi for exponential phase, starvation onset, and
4 h starvation and 25 pCi for all other samples. All samples were chased with a
1,000-fold molar excess of nonradioactive methionine for 10 min. Following
labeling, cells were pelleted by centrifugation and washed twice in cold 20 mM
sodium phosphate—150 mM sodium chloride (pH 7.4) (phosphate-buffered saline
[PBS]), and the cell pellets were stored at —20°C.

Immunoprecipitation of DnaK from in vivo-labeled cells was performed as
described previously (51), with the following modifications. Cell pellets repre-
senting 1 ml of a cell suspension with an 44y, of 1 were resuspended in PBS
containing 1% (vol/vol) Triton X-100 and 5 mM magnesium chloride. Samples
were sonicated at 4°C by three 30-s pulses in a Braun sonicator equipped with a
microtip probe at a power setting of 30%. The samples were then centrifuged for
5 min at 13,000 X g at 4°C, and the supernatants were transferred to a new tube.
The solutions were adjusted to 1% (vol/vol) Triton X-100, 1% (wt/vol) sodium
deoxycholate, and 0.1% (wt/vol) sodium dodecyl sulfate (SDS). Thirteen micro-
grams of purified anti-DnaK monoclonal antibody (29) was added per ml of the
cell sonic extract, and then the mixture was incubated at 4°C for 1 h. Protein
A-agarose (Bethesda Research Laboratories) was added at 70 wg of protein A
per reaction, and the solution was incubated for 90 min at 4°C with occasional
mixing. Samples were centrifuged at 13,000 X g for 10 min, and the pellet was
washed three times with PBS containing the same concentrations of detergents.
The washed pellets were then processed for SDS-polyacrylamide gel electro-
phoresis (PAGE). Proteins were detected by autoradiography using Kodak XAR
film.

Western blot (immunoblot) and DnaK analysis. To quantitate total DnaK
levels by Western blot analysis, cells from cultures grown at 37°C were concen-
trated by centrifugation at 13,000 X g, and the resulting cell pellets were frozen
at —20°C. The cell pellets were then resuspended in 25 mM Tris-hydrochlo-
ride—40 mM glycine at 4°C and sonicated to achieve a minimum of 90% cell lysis.
Samples were removed to determine protein concentrations by using the bicin-
choninic acid protein assay (Pierce). The remaining samples were adjusted to
0.1% (wt/vol) SDS and frozen at —20°C. Proteins were resolved by SDS-PAGE,
using 12.5% (wt/vol) acrylamide separating gels and 10% (wt/vol) acrylamide
stacking gels as described previously (3, 31) and prestained low-molecular-weight
markers (Bio-Rad). Western blots were prepared essentially as described previ-
ously (19, 29). Western blots were processed and developed with disodium
3-(4-methoxyspiro[ 1,2-dioxetane-3,2'-(5'-chloro)tricyclo[3.3.1.17]decan }-4-yl)phenyl
phosphate (Tropix) as described by the manufacturer. Western blots were
probed with the monospecific anti-DnaK monoclonal antibody 2G5 (29) and
then a goat anti-mouse immunoglobulin G-alkaline phosphatase conjugate
(Gibco BRL). The quantity of monoclonal antibody was kept constant at 37
1g/100 cm? of membrane. DnaK standards (3) were included in all blots at 0.75
to 6.0 ng. The regression coefficient for the DnaK standard curve used to
determine the levels of DnaK in cell extracts was always greater than 0.98. Cell
extracts were diluted to ensure that DnaK levels were within the linear range of
the standard curve. Chemiluminescence was measured by autoradiography using
Kodak XAR film. Autoradiograms were analyzed by densitometry using a GDS
7500 densitometer and Gel base/gel blot software (Ultraviolet Products).

RESULTS

DnaK levels, thermotolerance, and H,O, resistance during
glucose starvation and glucose resupplementation. Strain
PBL500 was subjected to glucose starvation by allowing cells to
deplete the culture medium of growth-limiting levels of glu-
cose, resulting in a final cell density of 1.5 X 10® CFU/ml. After
3 days of starvation, cultures were resupplemented with an
excess (0.4% [wt/vol]) of glucose. Throughout the starvation
time period, there was a 25% increase in viable cell counts.
Thermotolerance and H,O, resistance were monitored during
both the onset and exit of cells from the starvation state by
determination of viable cell counts of culture samples treated
at 57°C or with 15 mM H,0,. As reported previously (25), a
rapid increase in thermotolerance and H,O, resistance was
observed as starvation proceeded (Fig. 1). Maximum resistance
to both stresses was reached after 48 h of starvation. However,
following glucose resupplementation of starving cell cultures,
there was an immediate and rapid reduction of thermotoler-
ance and H,O, resistance to prestarvation, dividing cell levels
(Fig. 1, arrow).

In the absence of further cell division resulting from glucose
starvation, continued DnaK synthesis could result in the accu-
mulation of this protein. To examine this possibility, an anti-
DnaK monoclonal antibody (2G5) was used to quantitate
DnaK levels in culture extracts by Western blot analysis.
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FIG. 1. Thermotolerance and H,O, resistance in glucose-starved and re-
supplemented E. coli. Thermotolerance of PBL500 (wild-type) cell samples was
determined at 57°C after 4 min (circles) of heat exposure. H,O, resistance was
determined by exposure to 15 mM H,O, for 30 min (squares). The number of
surviving cells was normalized to the number of viable cells in an untreated but
otherwise identical sample. The values shown are the averages of duplicate
samples. The onset of glucose starvation is indicated as time zero, and the time
at which cultures were resupplemented with glucose is indicated by the arrow.
The insert shows cell survival frequencies for glucose-resupplemented cells on an
expanded time scale. The insert x-axis value for time zero corresponds to 72 h of
glucose starvation.

Monoclonal antibody 2G5 detects an N-terminal DnaK
epitope located at residues 288 to 310 (29). Total DnaK levels
of either growing, glucose-starved, or glucose-resupplemented
cells indicated there were significant changes in absolute DnaK
levels during this period (Fig. 2A, lanes 1 to 3). No other
proteins of similar size were detected in extracts of an other-
wise isogenic AdnaK52 mutant strain, PBL501, during growth
or starvation under the same conditions (Fig. 2A, lanes 4 and
5). Quantitation of DnakK levels in samples from the starving
PBL500 culture obtained throughout this time period indi-
cated that DnaK levels, when adjusted for the quantity of
protein in each sample, rapidly increased after entry into sta-
tionary phase (Fig. 2B). Levels in exponentially growing cells
were 6.72 ng/ng and increased to a maximum level of 14.93
ng/pg after 4 h of glucose starvation. The elevation in DnaK
levels was maintained at 89% of maximum amounts for the
duration of the starvation period. However, immediately fol-
lowing glucose resupplementation, elevated DnaK levels rap-
idly decreased to prestarvation levels (Fig. 2B, arrow). During
the first hour following glucose resupplementation, the absor-
bance of the culture increased slightly from an initial value of
0.16 to a final value of 0.21, although there was no detectable
change in viable counts. The rapid decrease in DnaK levels
closely parallels the observed changes in thermotolerance and
H,O, resistance resulting from glucose resupplementation of
starving cells (Fig. 1). Levels of DnaK in glucose-resupple-
mented cells remained at this lower level following an addi-
tional 10 generations of division.

De novo DnakK synthesis during prolonged carbon starva-
tion. To determine if continued DnaK synthesis was at least in
part responsible for the starvation-induced increase in total
DnaK levels, starving cells were subjected to in vivo protein
labeling with [**S]methionine. To compensate for reduced
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FIG. 2. Total levels of DnaK in glucose-starved and glucose-resupplemented
E. coli. (A) Western blot of starvation samples. Lanes: 1, PBL500 (wild type),
mid-log phase; 2, PBL500, 3 days after the onset of starvation; 3, PBL500, 36 min
following glucose resupplementation; 4, PBL501 (AdnaK52), mid-log phase; 5,
PBL501, 3 days of starvation; 6, 0.75 ng of DnaK; 7, 1.5 ng of Dnak; 8, 3 ng of
DnakK; 9, 6 ng of DnaK. The blot was probed with the anti-DnaK monoclonal
antibody 2G5. (B) DnaK per total cell protein. DnaK values shown are normal-
ized to the total cell protein content of each sample examined. The onset of
glucose starvation is indicated as time zero, and the addition of glucose is
indicated by the arrow. The values shown are the averages of duplicate samples,
and variation between duplicate samples was less than 5%.

rates of bulk protein synthesis, culture samples were labeled
for increasing times and in increasing amounts as starvation
proceeded (2). Starving cell extracts were then analyzed by
SDS-PAGE and examined by autoradiography (Fig. 3A). A
large number of changes in newly synthesized proteins were
seen which ranged widely in size. Variation in the apparent
levels of labeled protein observed between samples is most
likely a reflection of differences in sample specific activities.

20.7 —

FIG. 3. Prolonged DnaK synthesis during glucose starvation. (A) Total de
novo protein synthesis. Strain PBL500 was labeled with [3°S]methionine during
growth or at various times after the onset of starvation. Lanes: 1, exponential-
phase cells; 2, onset of starvation; 3, 4 h of starvation; 4, 24 h of starvation; 5, 72
h of starvation. Equal volumes of labeled cell extracts were loaded in all lanes.
(B) Autoradiogram of DnaK immunoprecipitates. [*>S]methionine-labeled
PBLS500 cell extracts were treated with the anti-DnaK monoclonal antibody 2G5
and immunoprecipitated with protein A-agarose beads. Equal volumes of resus-
pended immunoprecipitates were loaded per lane. The samples shown were
prepared at the same time intervals as those in panel A.
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FIG. 4. Stress resistance of wild-type and dnaK mutant strains. (A) Thermo-
tolerance of wild-type and dnaK mutant strains. Cells were examined following 3
days of carbon starvation, or during growth and with or without heat adaptation,
for resistance to killing at 57°C for the times indicated. The strains were PBL500
(wild type) and PBL501 (AdnaK52). The growth conditions prior to heat chal-
lenge were as follows: PBL500, glucose starved (diamonds); PBL500, heat
adapted (circles); PBL500, growing (squares); PBL501, glucose starved (hexa-
gons); PBL501, heat adapted (triangles); and PBL501, growing (inverted trian-
gles). (B) H,O, resistance of wild-type and dnaK mutant strains. Cultures were
exposed to 15 mM H,O, for the times indicated and then plated for survivors.
The strains and culture conditions are as indicated for panel A.

This is a consequence of the exponential decrease in rates of
bulk protein synthesis which occurs during the starvation reg-
imen. A protein with an apparent mass of 70 kDa was contin-
ually produced throughout the course of the experiments (Fig.
3A, arrow). To determine if this was the DnaK protein, auto-
radiographic analysis was performed on [>’S]methionine-la-
beled DnaK immunoprecipitates prepared with the anti-DnaK
monoclonal antibody 2G5 (29). This antibody recognizes a
DnaK epitope accessible in both native and denatured DnaK
protein states; consequently, mildly denaturing conditions
were used during the immunoprecipitation (51). Using this
approach, we recovered newly synthesized DnaK by immuno-
precipitation throughout the 3-day period (Fig. 3B). Some
DnaK degradation products were evident, particularly in later
samples, reflecting the extended labeling period and the in-
crease in proteolytic activity of the starving cell extracts.
Starvation-induced stress resistance in wild-type and dnaK
mutant strains. The absolute requirement for DnaK protein in
starvation-induced thermotolerance and H,O, resistance was
examined by testing the abilities of freshly constructed and
otherwise isogenic wild-type and loss-of-function AdnaK52
mutant strains to resist heat killing by treatment for various
times at 57°C (Fig. 4A). As reported previously, strains har-
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boring the AdnaK52 mutation can accumulate second-site sup-
pressors, most of which result in loss of the heat-sensitive dnaK
mutant phenotype due to mutations in rpoH (7, 47). Conse-
quently, efforts were made in the experiments described here
to avoid dnaK mutant storage and unnecessary cultivation. The
percentage of the mutant population that lost the heat-sensi-
tive growth phenotype was monitored throughout these exper-
iments by direct plating at 30 and 42°C and by the screening of
colonies grown at 30°C for the ability to form colonies at 42°C.
The frequency of heat-resistant derivatives never exceeded 1%
of the population. In addition, no reduction in dnaK mutant
viability was observed during the course of these experiments.
Viability counts at the onset of glucose starvation were 2.73 X
107 and 2.53 X 107 CFU/ml for strains PBL500 and PBL501,
respectively. After 3 days of glucose starvation, the viabilities
of strains PBL500 and PBL501 were 3.85 X 107 and 3.30 X 107
CFU/ml, respectively.

Strains PBL500 (wild type) and PBL501 (AdnaK52) were
subjected to glucose starvation for 3 days. Following this star-
vation period, the degree of thermotolerance was determined
by heating cells at 57°C and plating to determine viable counts.
In addition, the ability of each of these strains to adapt to heat
stress during growth was examined. This was performed by
shifting cells growing at 30°C to 42°C, waiting for 30 min, and
then again shifting the cells to 57°C. The wild-type strain was
most resistant to heating following starvation, and there was
also a small increase in thermotolerance in heat-adapted wild-
type cells (Fig. 4A). The magnitude of adaptive heat resistance
of the wild-type strain during growth was significantly less than
exhibited during starvation, as reported previously (25). How-
ever, the dnaK mutant was unable to develop either starvation-
induced thermotolerance or adaptive thermotolerance during
growth (Fig. 4A).

Resistance to H,O, is another distinguishing phenotype of
starving E. coli. The role of DnaK in starvation-induced oxi-
dant tolerance was therefore examined by determining the
sensitivity of strains PBL500 and PBL501 to H,O, killing fol-
lowing 3 days of glucose starvation. Cells were exposed to 15
mM H,O, for 60 min and periodically sampled for viable
counts by plating on LB plates. Again, 3-day-starved wild-type
cells were the most resistant to H,O,; the AdnaK52 mutant,
however, was incapable of developing starvation-induced
H,O0, resistance (Fig. 4B). Since treatment with sublethal lev-
els of H,O, can also elicit increased or adaptive resistance in
growing cells (44), it was of interest as well to examine if DnaK
played a role in this process. Wild-type and dnaK mutant cells
from mid-exponential-phase cultures were pretreated with 60
pM H,0, for 1 h and then treated with a lethal concentration
of H,O,. Equivalent extents of adaptive H,O, resistance were
observed in the wild-type and drnaK mutant strains (Fig. 4B),
indicating that dnaK is not required for adaptive H,O, resis-
tance. The dnaK mutant effect was specific for starvation-in-
duced H,0, resistance, since growing cultures of the wild-type
and dnaK mutant strains exhibited equal H,O, sensitivities.
Thus, the lack of DnaK did not increase the sensitivity of
growing cells to H,O,.

Restoration of stress resistance by dnaK complementation.
The AdnaK52 mutation was constructed by the removal of
approximately 1.7 kb of chromosomal DNA from the dnakK
locus (47). The deleted region included all of the dnaK pro-
moters and 933 bp of sequences encompassing approximately
one-third of the 5'-terminal dnaK coding sequence. In addi-
tion, this deletion removed 800 bp of DNA upstream of the
dnaK promoter. This upstream region encodes a locus called
htgA (9, 23) or htpY (43) shown previously to play a role in the
control of the heat shock response. Removal of the dnakK
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FIG. 5. Restoration of starvation-induced stress resistance by dnaK comple-
mentation. (A) Restoration of starvation-induced thermotolerance in strains
PBL501/pBN13 (squares), PBL501/pBN15 (triangles), PBL501/pBN16 (inverted
triangles), PBL501/pBN8 (diamonds), and PBL500/pBN8 (circles). (B) Restora-
tion of H,O, resistance. Cells were examined following 3 days of carbon starva-
tion for resistance to treatment with 15 mM H,O, for the times indicated. The
results shown are for the same strains as indicated for panel A.

promoter(s) may also be responsible for a reduction in Dnal
levels in strains containing the AdnaK52 mutation (40). It was
therefore necessary to determine to what extent DnaK defi-
ciency specifically was responsible for the starvation-related
AdnaK52 mutant phenotypes. A complementation analysis was
performed with a series of expression plasmids to better define
the role of DnaK in the development of starvation-induced
stress resistance. The plasmids employed a P,,. promoter to
express either dnaK" (pBN13), dnaK*J" (pBN15), or dnaJ ™"
(pBN16). In addition, the effect of the expression plasmid
alone (pBN8) on the starvation-induced behavior of both
PBL501 and PBL500 was determined. Presence of the plas-
mid-encoded lacl gene and the chromosomally encoded lacl
mutation lacI ensured that P,_ promoter expression was
largely repressed. Repressed (uninduced) levels of plasmid-
encoded dnaK expression were sufficient to approximate the
levels produced in wild-type cells (3). Presence of the dnaK™
(pBN13) or dnaK*J* plasmid (pBN15) but not the dnaJ*
plasmid (pBN16) restored wild-type levels of starvation-in-
duced thermotolerance (Fig. 5A) and starvation-induced H,O,
resistance (Fig. 5B). No effect of the control plasmid (pBNS)
on the resistance of the wild-type strain or on the sensitivity of
the AdnaK52 mutant strain to either heating or H,O, treat-
ment was observed (Fig. 5).
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Role of DnaK in cell morphology and starvation-induced
reductive division. In addition to the induction of stress resis-
tance, glucose starvation also precipitates a morphological
change in cell shape by a process of reductive division. The role
of DnaK in this morphological change was examined initially
by comparing the shapes of growing and starving wild-type and
dnaK mutant strains. Phase-contrast micrographs of PBL500
(wild type) and PBL501 (AdnaK52) were prepared by using
either cells growing in minimal medium or a rich medium or
cells that had been glucose starved for 3 days. Cell surface
areas and volumes were determined from video scans of pho-
tomicrographs for 20 individual cells for each strain under the
different culture conditions. As reported previously, the wild-
type strain underwent normal reductive division, thus changing
in shape from a rod to a sphere with a final cell volume 30% of
that of cells growing in a minimal medium (Fig. 6A and C).
The filamentous phenotype of the AdnaK52 mutant (6) was
also readily apparent during growth in a rich medium. Surpris-
ingly, however, the AdnaK52-dependent filamentous pheno-
type was largely absent in cells of this strain, PBL501, growing
in a minimal glucose medium (Fig. 6D). Such dnaK mutant
cells were only slightly larger (43%) than the wild-type cells.
The filamentous phenotype was readily apparent, however,
when PBL501 was subcultured from minimal glucose medium,
during exponential growth or following 3 days of glucose star-
vation, back into a rich medium (Fig. 6E). This finding ex-
cluded the possibility that PBL501 had sustained a mutation
which resulted in loss of the AdnaK52 mutant filamentous
phenotype. In contrast to the spherical morphology assumed
by starving wild-type cells, the dnaK mutant failed to complete
reductive division and convert from its rod form into the small
and rounded starvation form (Fig. 6F). However, a decrease of
45% in cell volume was observed in the dnaK mutant, resulting
in slightly smaller rods. This finding indicates that the dnakK
mutant could respond at least in part to starvation but was
unable to complete the morphologic transition into the spher-
ical cell form.

To better understand if the inability of the dnaK mutant to
complete reductive division was due to the specific loss of
dnaK, a complementation analysis using the dnaK™, dnaK*J",
and dnaJ* expression plasmids was performed. Strains con-
taining these plasmids were examined microscopically during
exponential growth in minimal medium and in rich medium
and following 3 days of glucose starvation (Fig. 7). Presence of
the dnaK™* (pBN13) or dnaK*J* (pBN15) plasmid (Fig. 7F
and TI) but not the dnaJ* (pBN16) or control (pBN8) plasmid
(Fig. 7L and O) restored the ability of the dnaK mutant to
undergo reductive division during glucose starvation. A small
percentage (27%) of the cells of strains containing either
pBN13 or pBN15 failed to complete reductive division and
instead remained rod shaped (Fig. 7F and I). Such cells are
likely to have lost their complementing plasmids. This possi-
bility was supported by the observation that 28% of the starv-
ing cells were ampicillin sensitive and thus were plasmid seg-
regants. Complementation of the AdnaK52 mutant filamentous
phenotype was also observed as expected with the dnaK plas-
mid-bearing strains during growth in rich medium (Fig. 7E and
H). We observed no effect on cell morphology by the presence
of the control plasmid, pBNS, in either the wild-type strain
(Fig. 7A to C) or the dnaK mutant (Fig. 7M to O). Cell surface
areas, volumes, and surface area-to-volume ratios were deter-
mined to more accurately assess the consequences of the dnakK
mutation and its complementation on cell morphology. Twenty
cells from cultures of each of the plasmid-bearing strains, ei-
ther growing in minimal medium or after 3 days of glucose
starvation, were analyzed by computer-assisted microscopic
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FIG. 6. Cell morphology of growing and starving wild-type and dnaK mutant strains. Phase-contrast photomicrographs are shown. Magnification was X 1,880 for all
panels. A bar representing 5 pm is indicated in panel C. The cells shown were either growing in minimal glucose medium (A and D) or rich medium (B and E) or starved
for glucose for 3 days (C and F). (A to C) PBL500 (wild type); (D to F) PBL501 (AdnaK52).

examination. The averages of these values and their standard
deviations are shown in Table 1. The most striking difference
noted in cell morphology was observed with starving cells. Cell
volume and surface area-to-volume ratios were most distinct
between glucose-starved drnaK mutant strains containing
dnaK™" plasmids and those lacking it. The wild-type strain con-
taining the control plasmid, pBN8, and the dnaK mutant strain
containing either the dnaK™ or the dnaK*J* plasmid (Table 1)
had significantly smaller volumes and larger surface area-to-
volume ratios during starvation than did the dnaK mutant
derivatives containing either the dnaJ™ plasmid or the control
plasmid (Table 1). A small but significant reduction in cell
volume was also noted with the dnaJ™ plasmid-bearing dnak
mutant strain. These results indicate that dnaK deficiency re-
sults in larger starving cells with greater volumes and that
DnaK is therefore required to complete the starvation-induced
morphologic transition into spherical cells.

DISCUSSION

The induction of stress resistance in carbon-starved E. coli
requires protein synthesis (25). The events necessary to create
the resistant state are completed within the first several hours
following the onset of starvation and coincide with a drop in
the remaining protein synthetic capacity to 1% of growing cell
levels. Over a more prolonged period of several days, there is
an accompanying morphological change from a rod to a small
and rounded cell shape. During the 3-day period examined in
this study, wild-type cells underwent a 3.3-fold reduction in cell
volume and a 2.2-fold increase in DnaK bulk levels, adjusting
either for total cell protein or on a per-cell basis. Elevated
DnaK levels, thermotolerance, and H,O, resistance rapidly
readjusted to prestarvation levels following glucose resupple-
mentation, while conversion into the rod cell form was more
gradual. It is likely that the maintenance or removal of cell
protein is critical for starvation-induced stress resistance and
changes in cell morphology. If the role of DnaK in the starva-

tion-induced stationary phase is to control protein folding,
then starvation may increase the capacity of such cells to tol-
erate or process misfolded protein in a DnaK-dependent man-
ner. Despite the observed correlation between the changes in
the degree of thermotolerance, H,O, resistance, and DnaK
levels accompanying starvation and the resumption of growth,
it has been shown that the mere overproduction of HSPs with-
out cell heating fails to elicit thermotolerance (53). However,
the analysis in this case was of growing cells. It is possible that
in nongrowing cells, in which protein synthesis is curtailed and
protein dilution by ongoing cell division has ceased, DnaK can
function more effectively to modify existing substrates.

A specific role for DnaK was observed in three of the dis-
tinguishing features of starving E. coli: thermotolerance, H,O,
resistance, and reductive division. Interestingly, all three of the
dnaK mutant starvation phenotypes are shared by rpoS mu-
tants (32, 33, 39); however, the interrelations between DnaK
and RpoS are unclear. The apparent requirement for a func-
tional dnaK gene for the development of starvation-induced
stress resistance and reductive division indicates that other
genes such as 7poS are necessary but not sufficient for these
stationary-phase processes. Defects in starvation survival on a
solid medium (52) and reduced viability of dnaK mutant trans-
ductant colonies on LB (rich) plates (6) indicate that dnaK
plays a role in stationary-phase survival. However, no reduc-
tion in culture viability was observed in the studies reported
here for the dnaK mutant strain after 3 days of starvation in a
liquid minimal glucose medium. Previous reports have also
indicated that the AdnaK52 mutation resulted in an increase in
sensitivity to heat and H,O, (10). However, the comparisons
were between nonisogenic strains and used chilled cell suspen-
sions. In addition, the antecedent growth state of the cells used
was not described; therefore, it is difficult to compare these
results with those presented here. It was observed in the stud-
ies reported here, however, that the filamentous dnaK mutant
phenotype (6) could be suppressed by cultivation in a defined
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FIG. 7. Cell morphology of growing and starving plasmid-bearing strains. Phase-contrast micrographs were prepared by using cells either growing in minimal glucose
medium (A, D, G, J, and M) or rich medium (B, E, H, K, and N) or starved for glucose for 3 days (C, F, I, L, and O). (A to C) PBL500/pBNS; (D to F) PBL501/pBN13;
(G to I) PBL501/pBN15; (J to L) PBL501/pBN16; (M to O) PBL501/pBN8. A bar representing 5 um is included in panel C. Magnification was X2,000 for all panels.
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TABLE 1. Surface areas and volumes of growing and starving plasmid-bearing wild-type and dnaK mutant strains”

Avg of 20 cells + SD

Strain Exponential phase Starvation phase
SA (pm?) V (pm®) SA/V SA (wm?) V (pm?®) SA/V
PBL500/pBN8 3.04 = 0.74 0.42 £0.16 7.29 1.11 £ 0.05 0.11 £ 0.01 10.31
PBL501/pBN13 3.49 = 0.47 0.51 = 0.09 6.87 1.07 £ 0.12 0.10 = 0.02 10.41
PBL501/pBN15 3.60 = 0.69 0.53 £0.12 6.73 1.22 +0.21 0.13 £ 0.04 9.52
PBL501/pBN16 431 +1.27 0.63 = 0.29 6.88 235 £0.57 0.30 = 0.12 7.77
PBL501/pBNS8 4.60 = 1.00 0.75 = 0.23 6.15 3.03 = 0.61 0.46 = 0.14 6.64

¢ Surface area (SA) was calculated by using the formula (4/3wb)(2a+b) for the rod-shaped cells and the formula 4mab for the spherical cells. Volume (V) was
calculated by the formula (mab)(4/3b) for the rod-shaped cells and the formula (4/3w)(ab)*? for the spherical cells. Value a is equal to cell length in micrometers on
the major semiaxis, and value b is equal to the cell length in micrometers on the minor semiaxis.

medium. Since both filamentation and reduced viability were
not apparent during carbon starvation, it is possible that re-
duced dnaK mutant viability and the filamentous phenotype
are related. Alternatively, the differences in viability may be
related to the mode of cultivation, e.g., solid and liquid media.
As the mutation frequency of PBL501 (AdnaK52) to growth at
42°C was below 1% of the population throughout these exper-
iments, it seems unlikely that compensatory mutations such as
sid mutants (7) contribute significantly to the results shown.
The occurrence of suppressors or revertants in these studies is
further excluded by the ability of the dnaK mutant strain fol-
lowing 3 days of carbon starvation to morphologically change
from small rods to filaments upon subculture from a minimal
medium to a rich medium. However, the starvation-induced
transition between short rod and round cell morphology was
blocked by DnaK deficiency. The defect in reductive division
observed in the dnaK mutant identifies another morphological
mutant phenotype for this gene and further supports a role for
DnaK in the process of cell septation (6).

Previous estimates of the abundance of this protein in E. coli
B/r during exponential-phase growth in a minimal glucose me-
dium were 9.33 ng/ug of total protein (48, 54). Levels were
determined by steady-state in vivo labeling using a double-
labeling procedure and two-dimensional PAGE to identify and
recover proteins. The levels for DnaK in exponential-phase
cells reported here for E. coli K-12 are in close agreement at
7.0 ng/pg of total protein. The anti-DnaK monospecific anti-
body 2G5 can therefore be used as an alternative and specific
method for the quantitation of DnaK. The increase in bulk
DnaK levels upon carbon starvation was 2.2-fold, which indi-
cates that DnaK varies inversely with growth state, exhibiting
maximum levels in nongrowing cells and minimum levels in
dividing cells. In addition, DnaK synthesis has also been shown
to vary directly with growth rate (48) and to increase following
amino acid limitation (18). The consequences of the increase
in DnaK concentration in starving cells is unknown but might
result in increased protein refolding capacity or play a role in
the increase in thermotolerance and H,O, resistance observed
upon starvation. The increase in absolute DnaK levels seen
here further extends the range of prokaryotes that exhibit this
compositional change in response to starvation (21).

A dnaK gene homolog termed Asc was recently detected in
E. coli (27, 50). It shares DNA sequence and certain antigenic
epitopes with DnaK and may also be expressed during growth
(40). However, monoclonal antibody 2G5 did not detect any
proteins, such as Hsc, in the AdnaK52 mutant during either
growth or starvation. This is consistent with the divergence in
sequence at the 2G5 DnaK epitope located at amino acids 288
to 310 (29) with the corresponding positions in Hsc. The con-
tribution of this DnaK homolog to the processes examined

here are unknown, but the locus can be activated by mutation
(27). Complementation analysis of the AdnaK52 mutant with a
dnaJ™ plasmid did not indicate a role for DnaJ in the starva-
tion-induced dnaK mutant phenotypes other than a modest
effect on reductive division. However, the effect of Dnal defi-
ciency on the starvation-induced phenotypes studied here may
not be as readily apparent at the reduced levels reported to be
present in AdnaK52 mutant strains (40). A requirement for
DnaK during carbon starvation is also consistent with previous
reports on the inability of an AR mutant to develop starva-
tion-induced thermotolerance or H,O, resistance (24). The
specific role for DnaK in the starvation response as shown here
may in part be responsible for this 4pR starvation-induced
mutant phenotype. Thus, in addition to its important functions
in growing cells, the data presented here identify a major and
specific role for DnaK in the physiology of the starvation-
induced stationary phase of E. coli.
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