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The heat shock response of Escherichia coli is under the positive control of the ¢>2 protein (the product of
the rpoH gene). We found that overproduction of the o> protein led to concomitant overproduction of the heat
shock proteins, suggesting that the intracellular 2 levels limit heat shock gene expression. In support of this
idea, the intracellular half-life of the o> protein synthesized from a multicopy plasmid was found to be
extremely short, e.g., less than 1 min at 37 and 42°C. The half-life increased progressively with a decrease in
temperature, reaching 15 min at 22°C. Finally, conditions known previously to increase the rate of synthesis
of the heat shock proteins, i.e., a mutation in the dnaK gene or expression of phage A early proteins, were shown
to simultaneously result in a three- to fivefold increase in the half-life of o2

All organisms so far tested respond to a sudden upshift in
growth temperature by increasing the synthesis of a set of
proteins, a phenomenon called the heat shock response. In
Escherichia coli, there is a set of about 20 proteins (called
the heat shock proteins) whose synthesis is thereby in-
creased (see reference 27 for a review). The amino acid
sequences of at least some heat shock proteins in distantly
related organisms, including Drosophila melanogaster and
Homo sapiens, are remarkably similar to those in E. coli (4,
S, 21), suggesting that the heat shock response is of ancient
origin and fundamental importance to cellular physiology.
The function of the heat shock proteins, however, is unclear,
although it has been shown that they play roles in the
assembly and disassembly of macromolecular complexes
(GroE [15, 16, 21, 31]), intracellular transport (yeast Hsp70
[7, 9]), transcription (¢7° [33]; GroE [38)), proteolysis (Lon
[18]), and translation (lysyl tRNA synthetase [37]).

In E. coli, heat shock protein synthesis rates peak at about
S min after a temperature upshift (e.g., from 30 to 42°C) and
then decline rapidly to new steady-state levels that are
characteristic of the new ambient temperature. Initiation of
the heat shock response is regulated transcriptionally. It has
been shown that the RNA polymerase core (E) binds to a
new initiation subunit, ¢3? (30), and the resulting holoen-
zyme, E-032, transcribes only heat shock genes (19), which
have promoter sequences that differ from those transcribed
by E plus ¢7°, the normal vegetative initiation factor (8). The
transcription factor 7 is itself a heat shock protein, so the
increase in its concentration after heat shock may contribute
to the decline in heat shock protein synthesis. Furthermore,
other heat shock proteins, in particular the dnaK gene
product, contribute to the shutoff, since mutations in their
genes prolong the high-level synthesis of heat shock proteins
(34). The heat shock response must be tightly regulated in
order to allow rapid changes in heat shock protein synthesis
rates. Although the level of mRNA from the rpoH gene
(which encodes o3?) increases after heat shock (11, 12, 36),
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this increase is insufficient and too slow to be the sole
explanation of the rapid effect of heat shock. In this paper,
we show that the concentration of active ¢>? limits the
expression of heat shock genes and that the stability of o*2
varies in conditions in which heat shock gene expression is
modulated. Results similar to some of ours have been
reported (3, 20, 32).

MATERIALS AND METHODS

Bacterial strains, phage, and plasmids. The bacterial
strains, phage, and plasmids used in the course of this work
are shown in Table 1. The dnaK756 mutation was transduced
from strain CG410 into RB791 by P1 cotransduction (25),
first selecting for the nearby Tn/0 Tet" marker and subse-
quently screening for inability to propagate \ cI857 or form
colonies at 43°C but ability to propagate \ cI857 dnaK™*
transducing phage.

Construction of the ptac-rpoH plasmid. The vector ptac12H
(ptacl2 [1] with a HindIII linker inserted in the Pvull site;
obtained from Nina Erwin) was digested with HindIII and
Pvul, and the prac-containing fragment was isolated from a
minigel with an NA45 membrane (Schleicher and Schuell).
This fragment was ligated with the similarly isolated HindIII-
Pvul fragment of pFN97 (26) that contains the rpoH coding
sequence with 130 base pairs (bp) of upstream DNA. Two of
the rpoH promoters are within this fragment (11). Cloning
procedures were as published (24) or as recommended by
suppliers. Enzymes were purchased from New England
BioLabs.

Transformations. Transformations were done as described
in reference 24.

Labeling experiments. The procedures used in growing
bacteria, in labeling with [>*S]methionine (Amersham), in
chase experiments, and in terminating incorporation were as
described previously (17, 34). In control experiments, termi-
nation of label incorporation by the addition of 10 volumes of
either ice-cold acetone or ice-cold trichloroacetic acid to
20% (wt/vol) final concentration gave identical results. The
experimental results shown were obtained by terminating
incorporation with acetone.

Electrophoresis. The procedures for protein gel electro-
phoresis were as described before (17, 34). Gels were dried
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TABLE 1. Bacterial strains, plasmids, and phages

Strain, plasmid, Relevant genotype Source or
or phage or phenotype reference
E. coli
CG410 C600 thr::Tnl0 dnaK756 This work
RB791 ' W3110 lacl® Roger Brent
Plasmids
pFN97 pBR322 rpoH™*, multicopy 26
pCG178 ptac12H, multicopy
pCG179 ptac12H rpoH*, multicopy This work
Phages
P1L4 Clear-plaque former Lucien Caro
\ cI857 cro27 Overproduces \ early pro- 13
Sam7 teins at 42°C
A cI857 Clear-plaque former at tem-  Our collection
peratures above 35°C
\ cI857 dnaK*  Propagates on dnaK756 bac- 14

teria

on filter paper and autoradiographed with Kodak XAR-5
film.

Quantitation of protein after gel electrophoresis. Autorad-
iograms of various time exposures of sodium dodecyl sul-
fate-polyacrylamide gels were scanned in a 3CS Joyce-Loebl
microdensitometer. The response of the machine was linear,
and the film darkening was proportional to the amount of
sample applied to the gel. A base line was drawn to quanti-
tate the o>? peak by comparison with the GroEL and DnaK
proteins, common to all samples. The peaks were then cut
out and weighed to measure the relative amounts of protein
in the various bands. The values were then plotted against
the chase time, and the half-life was estimated from the slope
of the decay line.

Results

Overproduction of o2 protein. We constructed a vector
with which we could produce additional o2 protein from
a regulatable promoter so that the chemical half-life of
the protein could be measured directly and the effect of
overproducing 32 could be observed. Plasmid pCG179 has
the isopropylthiogalactoside (IPTG)-inducible tac promoter
fused to the HindIII site upstream of the rpoH coding
sequences (see Materials and Methods for details of plasmid
construction). The rpoH promoters P3 and P4 lie within the
cloned fragment (11), so some expression of the rpoH gene
was observed without IPTG induction (Fig. 1, lane f), even
in a strain carrying the lacl® gene. When IPTG was added to
the culture, however, 2 synthesis increased rapidly and
massively, with a concomitant increase in heat shock protein
synthesis (Fig. 1). (The identity of the ¢*2 and heat shock
proteins was verified by two-dimensional gel electrophoresis
[data not shown].) Heat shock protein synthesis remained
elevated for 60 min after IPTG addition but may have
declined relative to o2 synthesis by 120 min after induction.
These results support the idea that the o2 concentration is
the limiting factor for heat shock gene transcription. Similar
results were obtained by Grossman et al. (20), although they
observed different kinetics of heat shock protein synthesis in
their system.

Half-life of 02 protein. The heat shock response involves
rapid changes in the expression of the heat shock genes.
Since the o2 concentration appears to be the limiting factor
for heat shock gene transcription, it seemed likely that its
levels increase and decrease rapidly in response to a tem-
perature upshift.
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FIG. 1. Overproduction of the o> polypeptide leads to overpro-
duction of heat shock proteins. Isogenic RB791(pCG178) (vector;
lanes a—e) and RB791(pCG179) (rpoH*; lanes f-j) bacteria were
grown at 30°C to 3 x 108 cells per ml. IPTG was added to a final
concentration of 1 mM, and the cultures were pulse-labeled with 20
rCi of [**S]methionine per ml from 0 to 1 min (lanes a and f), 15 to
16 min (lanes b and g), 30 to 31 min (lanes ¢ and h), 60 to 61 min
(lanes d and i), or 120 to 121 min (lanes e and j). Lane k represents
cells grown at 30°C to 3 x 108 cells per ml, treated with IPTG for 15
min, shifted to 42°C, and labeled with [>*S]methionine from 5 to 6
min after the shift. The lowest arrow marks the position of the o2
protein, and the upper arrows mark the positions of the heat shock
proteins DnaK (upper) and GroEL (lower). The numbers above the
lanes indicate the times of labeling (in minutes).

Although we showed previously that the level of rpoH
mRNA rapidly increases about 5-fold after a shift from 30 to
43.5°C, the increase in transcription of some heat shock
genes is 20-fold and of similar rapidity, so it seemed likely
that other factors contribute to the initiation of the heat
shock response. One mechanism by which a protein’s con-
centration can be rapidly adjusted is modulation of its
stability. Accordingly, we measured the half-life of o2
produced from the ptac-rpoH plasmid during steady-state
growth at various temperatures by pulsing cultures for 1 min
with **S-labeled methionine and then chasing with nonradio-
active methionine for various times to allow the labeled
proteins to decay. We found that o2 was always unstable
but was progressively more stable as the growth temperature
was reduced (Fig. 2). From the experiment shown in Fig. 2,
we measured the half-life of o2 as approximately 0.7 min at
42°C, 1.3 min at 37°C, 1.7 min at 30°C, and 15 min at 22°C.
The measured half-lives of o2 at various temperatures
varied somewhat from experiment to experiment. However,
these values are smaller than those measured by Bahl et al.
(3), who found the ¢,,, to be 8 min at 30°C, and Grossman et



VoL. 171, 1989

22 30 37 42
012510 012510

0.1 2 51020 01265 10

a b c d e I ghi]lk Imnop qrstu

FIG. 2. In vivo half-life of a*? polypeptide is short and varies
with temperature. RB791(pCG179) (rpoH™) bacteria were grown at
22°C (lanes a—f), 30°C (lanes g-k), 37°C (lanes l-p), and 42°C (lanes
g-u) to 3 x 10°® cells per ml. IPTG was added, and 15 min later the
cells were pulsed for 1 min with 20 p.Ci of [**S]methionine per ml
(lanes a, g, 1, and q). The label was chased with excess cold
methionine for 1 min (lanes b, h, m, and r), 2 min (lanes c, i, n, and
s), 5 min (lanes d, j, 0, and t), 10 min (lanes e, k, p, and u), and 20
min (lane f). The samples were collected by acetone precipitation,
dried, dissolved in sodium dodecyl sulfate sample buffer, and
separated by electrophoresis as described in reference 17. Arrows
indicate the position of the o>? protein. Numbers above the lanes
indicate the growth temperature and duration (in minutes) of the
chase.

al. (20), who found the ¢,,, to be 4 min at 42°C, but similar to
the half-life found by Straus et al. (32), who used immuno-
precipitations to measure the stability of ¢>2 produced from
its normal promoters. We do not understand the cause of
variability in the 2 half-life measurements.

Effect of the draK756 mutation. The dnaK gene encodes a
70,000-M, heat shock protein that is required for A\ DNA
replication and bacterial growth at high temperatures (14, 28,
29). The dnaK756 mutant was previously shown to be
defective in the adaptation phase of the heat shock response,
wherein the initial rapid rate of heat shock protein synthesis
declines to a new rate characteristic of steady-state growth
at that temperature (34). In order to test the effect of the
dnaK756 mutation on the intracellular half-life of o2, the
allele was moved into a lacl® background by P1 cotransduc-
tion with the nearby thr::Tnl0 marker. We found (Fig. 3)
that the half-life of overproduced ¢>2 (at 42°C) was increased
from 45 s in the dnaK™ strain to 4.6 min in the dnaK756
mutant. We confirmed the identity of the stabilized protein
by two-dimensional gel analysis. The increased level of >2
protein that should result from this stabilization may be
sufficient to allow prolonged high-level transcription of heat
shock genes and concomitant overproduction of their prod-
ucts.

It was found that prolonged growth of bacterial cultures of
strains carrying both the dnaK756 mutation and the rpoH*
gene on a multicopy plasmid (such as pCG179) resulted in
the rapid accumulation of plasmid variants deleted for the
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FIG. 3. Effect of dnaK756 mutation on the half-life of the o
polypeptide. o*? synthesis was induced in strain RB791(pCG179) as
described in the legend to Fig. 1. At 15 min after IPTG addition, the
dnaK* (lanes a—e) and dnaK756 (lanes f-j) isogenic strains were
pulse-labeled for 1 min with 20 p.Ci of [**S]methionine per ml (lanes
a and f) and chased for 1 min (lanes b and g), 2 min (lanes ¢ and h),
5 min (lanes d and i), or 10 min (lanes e and j). The samples were
prepared and separated by electrophoresis as described in the
legend to Fig. 2 and in Materials and Methods. Arrows indicate the
position of the 32 protein.

rpoH™ gene (unpublished results). In the absence of the lacl?
allele, it was impossible to maintain the pCG179 plasmid in
the dnaK756 background. These results are consistent with
the previously demonstrated antagonist roles of the dnak
and rpoH gene products (34).

Effect of A early proteins. It was shown previously that
production of bacteriophage \ early proteins leads to a mild
increase in E. coli heat shock protein synthesis (10, 23, 35).
We showed that this effect was mediated by the normal
mechanism for induction of the heat shock regulon, since the
rpoH165 mutant did not respond to overproduction of A
early proteins made after shifting a A cI857 cro27 lysogen to
42°C (35). We measured the half-life of ¢ protein in these
conditions and found that it increased from 50 s to 4.3 min in
the presence of A early proteins (Fig. 4). Bahl et al. (3)
showed that the \ early protein cIII was responsible for
stabilization of o2 in their system, although the half-lives
that they measured were much longer (8 min without cIII
and 32 min with cIII) than ours or that for o> made from its
own promoters in single copy (32).

DISCUSSION

The heat shock response consists of the rapid induction of
a set of genes in response to an external stress. Since the
level of active o>2 limits the transcription of heat shock
genes, that level must fluctuate in response to stress. We and
others have shown that several mechanisms modulate the
o2 concentration in the cell. The levels of the o2 transcripts
increase after heat shock as a consequence of mRNA
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FIG. 4. Effect of the A Tro phenotype on the half-life of the o2
polypeptide. Isogenic RB791(pCG179) (rpoH*; lanes a-e) and
RB791(pCG179) (A cI857 cro27 Sam7) (lanes f-j) bacteria were
grown at 30°C to 3 X 10° célls per ml. At this time, the cultures were
shifted to 42°C (time zero). At 15 min, IPTG was added, and at 30
min the cultures were labeled for 1 min with 20 pCi of
[>*S]methionine (lanes a and f). Following this, the cultures were
chased with excess cold methionine for 1 min (lanes b and g), 2 min
(lanes ¢ and h), 5 min (lanes d and i), and 10 min (lanes € and j). The
samples were prepared and separated as described in the legend to
Fig. 2 and in Materials and Methods. Arrows mark the position of
o°2 protein. Numbers above the lanes indicate the duration of the
chase (in minutes).

stabilization (11, 12, 36). In addition, the stability of the
protein varies in conditions known to affect heat shock gene
expression. Straus et al. (32) also found a transient increase
in the t,,, of o2 after heat shock, which is consistent with the
transience of the induction of heat shock genes. The ob-
served changes in o> stability may cause large changes in
heat shock gene transcription.

What is the reason for multilevel control of o2 concentra-
tion? First, control at several stages allows delicate modu-
lation of a protein’s level in the cell. Second, this kind of
control can be sensitive to more types of stimuli than a
simple regulatory circuit. Third, it is likely that tight regula-
tion is important for cellular viability. There are several lines
of evidence supporting the third contention. First, construc-
tion of strains containing multicopy plasmids bearing some
of the heat shock genes is difficult, and the resultant strains
are often unhealthy (unpublished results). Furthermore, the
plasmid genes often accumulate mutations, indicating that
gross overproduction of heat shock proteins is deleterious to
growth. Second, mutations in many heat shock genes are
temperature-sensitive lethal or lethal, depending on the
nature of the mutation, indicating that their products are
required for growth in those conditions (2, 28; unpublished
results). These two results suggest that the levels of partic-
ular heat shock proteins must be controlled for optimal
growth. More direct evidence suggests that skewing the o2
concentration in either the high or low direction should be
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unfavorable. Our ptac-rpoH plasmid accumulated mutations
when cells containing it were propagated for more than 40
generations, even in the absence of IPTG, so an excess of
o> is unhealthy for E. coli (3; unpublished results). Lack of
o>2 prevents growth of bacteria at temperatures above 18°C,
50 ¢>2 plays an essential role at those temperatures (40).

Clearly, the concentrations of o°? and the heat shock
proteins must be maintained within defined levels in order to
allow normal cellular growth. Further support for this idea is
the modulation of heat shock protein levels with temperature
(22). It seems clear that at high temperatures, the intracel-
lular levels of o3 protein correlate with heat shock gene
expression (32). However, it is possible that at lower tem-
peratures, the o2 levels are not the sole determining factor.
Mild overproduction of 2 does not necessarily result in a
proportionate increase in heat shock gene expression at
lower temperatures (26; this work). It could be that addi-
tional factors, i.e., 0”2 or ¢’° conformational changes as a
function of temperature or ability to compete for binding to
RNA polymerase core, also contribute to increased expres-
sion at low temperatures.

The rationale, if any, for the turn-on of heat shock protein
synthesis after A infection remains the subject of specula-
tion. The induction could be fortuitous, resulting from the
phage’s attempt to protect its own unstable proteins (espe-
cially cIl) from protease attack. Many heat shock proteins
are required for A growth, however, so A may have tapped
into a preexisting regulatory circuit in order to increase their
intracellular level. Since cIII mutant phage are viable on
rpoH™ bacteria, the increase in heat shock protein concen-
tration is nonessential but may provide a limited growth
advantage for wild-type phage in nature. However, phage A
does not propagate on rpoH temperature-sensitive mutants
under nonpermissive conditions (39), indicating that the
intracellular concentration of at least a subset of the heat
shock proteins is critical for phage growth.

The o2 half-lives that we measured were significantly
shorter than those measured by several previous groups (3,
20). Since Straus et al. (32), who studied o>? synthesized
from the rpoH gene in its normal chromosomal context,
found a ¢,, similar to ours when the conditions were similar,
we presume that our measurements are a better reflection of
the in vivo half-life than the longer ones.

The multilevel regulation of the rpoH gene and o2 con-
centration provides a mechanism by which the cell can
achieve the correct balance of heat shock proteins.

ACKNOWLEDGMENTS

This work was supported by a grant to C.G., a postdoctoral
fellowship to K.T., and a training grant to J.S., all from the National
Institutes of Health.

LITERATURE CITED

1. Amann, E., J. Brosius, and M. Ptashne. 1983. Vectors bearing a
hybrid trp-lac promoter useful for regulated expression of
cloned genes in Escherichia coli. Gene 25:167-178.

2. Ang, D., G. N. Chandrasekhar, M. Zylicz, and C. Georgopoulos.
1986. Escherichia coli grpE gene codes for heat shock protein
B25.3, essential for both A DNA replication at all temperatures
and host growth at high temperature. J. Bacteriol. 167:25-29.

3. Bahl, H., H. Echols, D. B. Straus, D. Court, R. Crowl, and C. P.
Georgopoulos. 1987. Induction of the heat shock response of E.
coli through stabilization of 032 by the phage \ cIII protein.
Genes Dev. 1:57-64.

4. Bardwell, J. C. A., and E. A. Craig. 1984. Major heat shock gene
of Drosophila and the Escherichia coli heat-inducible dnak
gene are homologous. Proc. Natl. Acad. Sci. USA 81:848-852.




VoL. 171, 1989

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bardwell, J. C. A., and E. A. Craig. 1987. Eukaryotic Mr 83,000
heat shock protein has a homologue in Escherichia coli. Proc.
Natl. Acad. Sci. USA 84:5177-5181.

. Bloom, M., S. Skelly, R. VanBogelen, F. Neidhardt, N. Brot, and

H. Weissbach. 1986. In vitro effect of the Escherichia coli heat
shock regulatory protein on expression of heat shock genes. J.
Bacteriol. 166:380-384.

. Chirico, W. J., M. G. Waters, and G. Blobel. 1988. 70K heat

shock related proteins stimulate protein translocation into mi-
crosomes. Nature (London) 332:805-810.

. Cowing, D. W., J. C. A. Bardwell, E. A. Craig, C. Woolford,

R. W. Hendrix, and C. A. Gross. 1985. Consensus sequence for
Escherichia coli heat shock gene promoters. Proc. Natl. Acad.
Sci. USA 82:2679-2683.

. Deshaies, R. J., B. D. Koch, M. Werner-Washburne, E. A.

Craig, and R. Schekman. 1988. A subfamily of stress proteins
facilitates translocation. of secretory and mitochondrial precur-
sor polypeptides. Nature (London) 332:800-805.

Drahos, D. J., and R. W. Hendrix. 1982. Effect of bacteriophage
lambda infection on synthesis of groE protein and other Esch-
erichia coli proteins. J. Bacteriol. 149:1050-1063.

Erickson, J. W., V. Vaughn, W. A. Walter, F. C. Neidhardt, and
C. A. Gross. 1987. Regulation of the promoters and transcripts
of rpoH, the Escherichia coli heat shock regulatory gene. Genes
Dev. 1:419-432.

Fujita, N., and A. Ishihama. 1987. Heat-shock induction of RNA
polymerase sigma-32 synthesis in Escherichia coli: transcrip-
tional control and a multiple promoter system. Mol. Gen.
Genet. 210:10-15.

Georgiou, M., C. P. Georgopoulos, and H. Eisen. 1979. An
analysis of the Tro phenotype of bacteriophage \. Virology
94:38-54.

Georgopoulos, C. P. 1977. A new bacterial gene (groPC) which
affects A DNA replication. Mol. Gen. Genet. 151:35-39.
Georgopoulos, C. P., R. W. Hendrix, S. R. Casjens, and A. D.
Kaiser. 1973. Host participation in bacteriophage lambda head
assembly. J. Mol. Biol. 76:45-60.

Georgopoulos, C. P., R. W. Hendrix, A. D. Kaiser, and W. B.
Wood. 1972. Role of the host cell in bacteriophage morphogen-
esis: effects of a bacterial mutation on T4 head assembly. Nat.
New Biol. 239:38-42.

Georgopoulos, C. P., and B. Hohn. 1978. Identification of a host
protein necessary for bacteriophage morphogenesis (the groE
gene product). Proc. Natl. Acad. Sci. USA 75:131-135.

Goff, S. A., L. P. Casson, and A. L. Goldberg. 1984. Heat shock
regulatory gene htpR influences rates of protein degradation and
expression of the lon gene in Escherichia coli. Proc. Natl. Acad.
Sci. USA 81:6647-6651.

Grossman, A. D., J. W. Erickson, and C. A. Gross. 1984. The
htpR gene product of E. coli is a sigma factor for heat-shock
promoters. Cell 38:383-390.

Grossman, A. D., D. B. Straus, W. A. Walter, and C. A. Gross.
1987. o032 synthesis can regulate the synthesis of heat shock
proteins in Escherichia coli. Genes Dev. 1:179-184.
Hemmingsen, S. M., C. Woolford, S. M. van der Vies, K. Tilly,
D. T. Dennis, C. P. Georgopoulos, R. W. Hendrix, and R. J.
Ellis. 1988. Homologous plant and bacterial proteins chaperone
oligomeric protein assembly. Nature (London) 333:330-334.
Herendeen, S. L., R. A. VanBogelen, and F. C. Neidhardt. 1979.
Levels of major proteins of Escherichia coli during growth at
different temperatures. J. Bacteriol. 139:185-194.

MODULATION OF E. COLI ¢** FACTOR STABILITY

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

1589

Kochan, J., and H. Murialdo. 1982. Stimulation of groE synthe-
sis in Escherichia coli by bacteriophage lambda infection. J.
Bacteriol. 149:1166-1170.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Miller, J. 1972. Experiments in molecular genetics. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

Neidhardt, F. C., R. A. VanBogelen, and E. T. Lau. 1983.
Molecular cloning and expression of a gene that controls the
high-temperature regulon of Escherichia coli. J. Bacteriol. 153:
597-603.

Neidhardt, F. C., and R. A. VanBogelen. 1987. Heat shock
response, p. 1334-1345. In F. C. Neidhardt, J. L. Ingraham,
K. B. Low, B. Magasanik, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella typhimurium: cellular
and molecular biology. American Society for Microbiology,
Washington, D.C.

Paek, K., and G. C. Walker. 1987. Escherichia coli dnaK null
mutants are inviable at high temperature. J. Bacteriol. 169:
283-290.

Saito, H., and H. Uchida. 1978. Organization and expression of
the dnaJ and dnaK genes of Escherichia coli K12. Mol. Gen.
Genet. 164:1-8.

Skelly, S., T. Coleman, C. Fu, N. Brot, and H. Weissbach. 1987.
Correlation between the 32-kDa o factor levels and in vitro
expression of Escherichia coli heat shock genes. Proc. Natl.
Acad. Sci. USA 84:8365-8369.

Sternberg, N. 1973. Properties of a mutant of Escherichia coli
defective in bacteriophage \ head formation (groE). II. The
propagation of phage \. J. Mol. Biol. 76:25-44.

Straus, D. B., W. A. Walter, and C. A. Gross. 1987. The heat
shock response of E. coli is regulated by changes in the
concentration of o>2. Nature (London) 329:348-351.

Taylor, W. E., D. B. Straus, A. D. Grossman, Z. F. Burton,
C. A. Gross, and R. Burgess. 1984. Transcription from a heat-
inducible promoter causes heat shock regulation of the sigma
subunit of E. coli RNA polymerase. Cell 38:371-381.

Tilly, K., N. McKittrick, M. Zylicz, and C. Georgopoulos. 1983.
The dnaK protein modulates the heat-shock response of Esch-
erichia coli. Cell 34:641-646.

Tilly, K., G. N. Chandrasekhar, M. Zylicz, and C. Georgopoulos.
1985. Relationships between the bacterial heat shock response
and bacteriophage lambda growth, p. 322-326. In L. Leive
(ed.), Microbiology—1985. American Society for Microbiology,
Washington, D.C.

Tilly, K., J. Erickson, S. Sharma, and C. Georgopoulos. 1986.
Heat shock regulatory gene rpoH mRNA level increases after
heat shock in Escherichia coli. J. Bacteriol. 168:1155-1158.
VanBogelen, R. A., V. Vaughn, and F. C. Neidhardt. 1983. Gene
for heat-inducible lysyl-tRNA synthetase (lysU) maps near
cadA in Escherichia coli. J. Bacteriol. 153:1066-1068.

Wada, M., and H. Itikawa. 1984. Participation of Escherichia
coli K-12 groE gene products in the synthesis of cellular DNA
and RNA. J. Bacteriol. 157:694-696.

Waghorne, C., and C. R. Fuerst. 1985. Involvement of the hzpR
gene product of Escherichia coli in phage lambda development.
Virology 141:51-64.

Zhou, Y., N. Kusukawa, J. W. Erickson, C. A. Gross, and T.
Yura. 1988. Isolation and characterization of Escherichia coli
mutants that lack the heat shock sigma factor (¢32). J. Bacteriol.
170:3640-3649.



