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Abstract

Protein D48.5 was recognized as a heat-inducible protein of Escherichia coli during the screening of a group of random,
temperature-inducible Mud-Lac fusion mutants. Physiological and genetic analysis demonstrated that (i) the structural gene for this
protein, designated htpl, is a member of the o 32-dependent heat shock regulon, (ii) at 37°C the synthesis of protein D48.5 is nearly
constitutive, increasing slightly with growth rate in media of different composition, and (iii) this protein is essential for growth at high

temperature.
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1. Introduction

Escherichia coli undergoes a rapid and dramatic change
in its pattern of protein synthesis in response to a shift to
high temperature [1]. This change involves the induction of
many proteins, some of which are the members of the
o *-dependent heat shock response regulon [2]. More re-
cently a second heat shock regulon has been discovered,
with the transcription of its members under the positive
control of a newly identified alternative sigma factor, o **
[3,4]. Currently only two genes are known to be regulated
by o?: rpoH, which encodes o?, and htrA which
encodes an endopeptidase [3-6]. In contrast, the o **-de-
pendent heat shock response involves about 20 poly-
peptides that are coordinately and transiently induced upon
a shift up in temperature. A peak rate of synthesis of these
proteins is reached between three and eight minutes post-
shift, with the rate of synthesis declining to a new steady-
state rate greater than the pre-shift temperature. The induc-
tion upon a shift to 42°C differs in magnitude among the
proteins, ranging from 5- to 20-fold greater than the pre-
shift rate [2,7,8]. Studies from several laboratories have
shown that the heat shock genes of E. coli comprise a
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regulon, sharing a common positive regulatory protein,
o3, (the rpoH gene product or HtpR), an alternative
sigma factor for core RNA polymerase [4,9,10]. Evidence
both in vivo and in vitro indicates that the level of o *
present in the cell can determine the activity of heat-shock
genes, and that at least one component of the induction
process is an elevated level of o*2. This elevation in the
level of o2 can be brought about in several ways. In the
case of a temperature shift the o* level can be elevated
by the increased transcription of rpoH or increased transla-
tion of existing rpoH mRNA. In the case of infection by
lambda virus, the level is increased by a reduction in the
proteolytic degradation of o * [4,9,11-14].

In contrast to good understanding of the role of o in
mediating the heat shock response, it is still unclear what
the induction of these heat-shock proteins accomplishes
and why no cell has succeeded in eliminating this response
from its regulatory network. The heat shock response has
been implicated in several apparent cellular roles: removal
of denatured proteins, protection or repair of DNA, main-
tenance of membrane function, and the coordination of cell
cycle processes [2,11,15,16]. However, until more of the
heat shock proteins can be assigned precise activities and
related to cellular processes, the complete understanding of
the role of the response in cellular physiology will remain
a mystery. Less than half of the o **-controlled heat shock
proteins have been characterized biochemically and geneti-
cally [2]. Here we report the discovery and the preliminary
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analysis of a new heat shock protein, protein D48.5, the
product of the h#pl gene. This gene is under the transcrip-
tional control of ¢ *, and can be activated by increasing
the cellular level of this factor. At 37°C protein D48.5 is
made constitutively at a rate that increases slightly with
growth rate. Curiously, protein D48.5 is essential for
growth, but only at elevated temperature.

2. Materials and methods
2.1. Bacterial strains, transposons, and plasmids

Various E. coli K-12 strains, plasmids, and transpos-
able elements were used for the physiological and genetic
studies. These strains and vectors are described in Table 1.

2.2. Media and growth conditions

Cells were grown aerobically at selected temperatures
in rotary-action water baths with growth monitored spec-
trophotometrically at an optical density of 420 nm. Tem-
perature shifts were done by transferring small volumes of
cultures between adjacent, prewarmed water baths. Several
types of media were used during the course of this study.
The defined minimal and rich media have been previously
described [17). Complex, natural product media used in-
cluded Luria broth, trypticase soy broth (Difco), and Mac-
Conkey’s agar (Difco). Luria Broth was made as described
by Maniatis et al. [18]; the remainder were prepared ac-
cording to the manufacturer’s directions. Where necessary,
agar (Difco) was added to a concentration of 1.5% (w /v)
to make solid media. The B-galactosidase indicator, 5-
bromo-4-chloro-indolyl B-D-galactoside (X-gal), was used
at 15 pg/ml in some of the plate media. Lactose pheno-
types were tested on X-gal and MacConkey plates.

Table 1
Bacterial strains and plasmids

2.3. Radioactive labeling and (-galactosidase assays

Induction ratios, cellular levels, and rates of synthesis
were determined as previously described [1,7,19]. For vi-
sual inspection of proteins, cultures (1.0 ml) were labeled
with [¥S]methionine (1.25 mCi /mmol; 50 mCi/ml) for a
15-minute period prior to temperature shifts, and chased
with 0.167 ml of 0.2 M methionine for 5 min. A portion (1
ml) of the shifted cultures was labeled in a similar fashion
from three to eight minutes after the temperature shift and
then chased for three minutes. These samples were re-
solved by two-dimensional gel electrophoresis, and auto-
radiograms made. The level of B-galactosidase was as-
sayed as described by Miller [20]. The relative rates of
synthesis of B-galactosidase were calculated by the method
of Yano et. al [14].

2.4. Two-dimensional gel electrophoresis and genetics

Whole cell extracts were made by sonication and their
proteins resolved by two-dimensional gel electrophoresis
[22-24]. Finished gels were dried and exposed to film
either by autoradiography or fluorography, depending on
the isotope label. Tetracycline sensitive strains were made
using the protocol of Maloy and Nunn [21]. Matings were
performed as described in Miller [20]. Transformations
were done as described in Maniatis et al. [18].

3. Results

3.1. Discovery of a heat-shock protein and its lacZ fusion

Fourteen independent Mud-Lac fusion strains that dis-
played a temperature-inducible Lac phenotype were exam-
ined by two-dimensional gel electrophoresis of [*°S]
methionine labeled extracts made before and after a shift

A. Bacterial strains and genotypes

CAG5051 (HfrH 96' « 17') nadA::Tn10 thi-1 relA spoT supQ80G CAG
K165 lac,,, trp,, pho,,, supC,; strA mal,, rpoH,, SC
K166(pFN97) Isogenic with K165, except recA. pFN97 is rpoH*, Amp®

K2357 AlacU169 proC* ::Tn10(tet®) his ilv galE490 chID-blu A8 Abam nutl44 cI857 AHI DIF
K2357-9 Isogenic with K2357, except htpl::lacZ, Amp®, Cam®. Created by mu dX insertion DIF
K2357-91 Same as K2357-9, except TetS

K2357-92 K2357-91 X CAG5051

SC122 Parent of K165. Isogenic with K165, except rpoH™* SC
W3110 F~A™ Wild type

B. Plasmids and transposons

mu dX Bacteriophage mud-lac transposon, AmpR, CamR, lacZ CAG
pDS2 EcoRV clone of a ptac::rpoH fusion. Amp® DS

Sources of strains, transposons, and plasmids are as follows: BW = Barry Wanner, Purdue University; CAG = Carol A, Gross, University of Wisconsin at
Madison; DIF = David I. Friedman, University of Michigan; DS = David Strauss, University of Wisconsin at Madison; SC = Stephen Cooper, University

of Michigan.
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up in temperature from 28 to 42°C. Ten of the isolates
showed no detectable changes in the pattern of protein
synthesis. Four of the isolates were shown to be missing a
common polypeptide spot, designated protein D48.5 Pro-
tein D48.5 has an apparent molecular weight of 48 500 and
a pl of 5.1. Fig. 1 shows the Lac phenotype of the parental
strain, K2357 and one of its Lac fusion derivatives,
K2357-9 (htpl::lacZ), on MacConkey plates after overnight
incubation at 28 and 42°C (panels A and B). In panels C
and D comparable sections of autoradiograms of the
parental strain, K2357, and one of its fusion derivatives,
K2357-9 (htpl::lacZ), labeled following a shift from 28 to
42°C. Protein D48.5 is induced upon a heat shock in the
parent, K2357, while in K2357-9, the polypeptide spot is
missing, presumably as a result of the mu dX [25] insertion
into Atpl.

3.2. Heat shock synthesis of protein D48.5 and its gene
fusion requires o *

To determine whether protein D48.5 was a heat-shock
protein, it had to be shown that it was heat inducible and
under the control of o*. As a first step in this proof, E.
coli K12 strains SC122 (rpoH ™), K165 (rpoH165), and
K166, a recA derivative of strain K165 containing a
plasmid, pFN97 (rpoH *), were grown at 28°C in rich
Mops medium and shifted to 42°C. Portions of the cultures

A. MacConkey, 28°C
K2357 (htpi+)

K2357-9 (htpl::lac2)

C. K2357 (htpl+)

were labeled with [**S]methionine for 5 min at 28°C and
from 3-to-8 min after the shift to 42°C. Samples were
analyzed by two-dimensional gel electrophoresis and are
shown in Fig. 2. Panel A shows the basal level of protein
D48.5 in strain SC122 grown under steady-state conditions
at 28°C. As shown in panels B and D, only in strains
SC122 and K166 is the synthesis of protein D48.5 induced
upon a temperature shift from 28 to 42°C. In strain K165
there is no detectable induction of protein D48.5 after the
same temperature shift (panel C). While these autoradio-
grams suggest that protein D48.5 is under the control of
o3, further analysis of the effect of o3 on the expres-
sion of Apl and its fusion were done as described below.

The data in Fig. 3 shows the induction ratio for strains
SC122 and K165 grown under the same conditions as
described above. Protein D48.5 exhibits an induction ratio
of 5.7 in strain SC122 and little or no induction in strain
K165 (rpoH165). The time-course of the induction of
protein D48.5 shown in Fig. 3 is typical of most E. coli
heat shock proteins [16].

Hyperproduction of o? results in the induction of
most of the proteins of the heat shock response, including
protein D48.5 [25]. To verify that the heat shock expres-
sion of the htpl::lacZ fusion was under the control of o ¥,
a plasmid, designated pDS2, carrying rpoH linked to the
IPTG inducible promoter, tac, was transformed into the
htpl fusion strain, K2357-9. An F' containing the lacl,

2

B. MacConkey, 42°C
K2357 (htpl+)

K2357-9 (hipl::lac2)

D. K2357-9 (hipl::lacZ)

Fig. 1. Discovery of protein D48.5 and a LacZ fusion in its gene. Using the bacteriophage transposon, Mu dX, a transcriptional fusion of the protein D48.5
gene to lacZ was created. E. coli strain K2357 was infected with Mu dX (lac * AmpR CamR®) and screened for LacZ phenotype at 28 and 42°C (A, B).
Several isolates that displayed a temperature inducible Lac* phenotype were examined by two-dimensional gel electrophoresis (C, D). The position of
protein D48.5 is indicated on the autoradiograms. (The fusion strain, K2357-9, was constructed by Linda Eades and Alan Schauer of this department.)
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A. SC122 (htpR+), 28°C

C. K165(htpR165), 42°C

B. SC122 (htpR+), 42°C

D. K166, 42°C

Fig. 2. Heat shock induction of protein D48.5. Strains were grown at 28°C in rich Mops media and shifted to 42°C. Portions of the cultures were labeled
with [33S]methionine for 5 min at 28°C and from 3-to-8 min after the shift to 42°C. Extracts were made by sonication and resolved by two-dimensional gel
electrophoresis, followed by autoradiography. The location of protein D48.5 is marked on the films. (A) SC122 (rpoH™) 28°C, (B) SC122 (rpoH™) 42°C,

(C) K165 (rpoHI65) 42°C, and (D) K166[pFN97 (rpoH™)] 42°C.

repressor was also placed in K2357-9, using standard
mating procedures [20].

As in the case of protein D48.5, the synthesis of
B-galactosidase increased when the level of o* was
increased by the addition of IPTG. In the fusion strain
K2357-9 the level of B-galactosidase activity was 72 units
without [PTG while in strain K2357-9(pDS2) the level was
75 units. When assayed for 8-galactosidase activity 15 min
after the addition of IPTG to a final concentration of 5
mM, the levels of activity were 70 and 268 units, respec-
tively. The level of B-galactosidase made as a result of the
hyperproduction of o *? is similar to the level of protein
D48.5 made under the same conditions [16].

3.3. Physiological analysis of htpl and the hipl::lacZ
fusion

Having established that protein D48.5 was a product of
the heat shock regulon, we examined how the cell regu-

lates the synthesis of protein D48.5 and its fusion under
steady-state conditions, during the adaptation of the cell to
a temperature upshift, and under different metabolic and
growth conditions. This was accomplished both by direct
measurements on protein D48.5 resolved on two-dimen-
sional gels and by measuring the expression of the reporter
gene, lacZ, in the fusion.

A plot of both the relative level of protein D48.5 and
the fusion-expressed B-galactosidase is shown in Fig. 4.
Under steady-state conditions, the relative levels of protein
D48.5 and B-galactosidase are in close agreement, show-
ing a steady increase across the temperature range from 28
to 46°C. For comparison, the relative levels of Ef-Tu, a
non-heat shock protein, and the major heat shock protein,
DnaK are also shown. Ef-Tu has a fairly steady level
across the temperature range examined, while proteins of
the heat shock regulon display a profile similar to that of
DnaK and protein D48.5, with levels that increase rapidly
with temperature.
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The manner in which the steady state level of a protein
varies as a function of growth rate can in some instances
provide a clue to its metabolic function [24]. The effect of
different metabolic conditions on the steady-state synthesis
of protein D48.5 was tested by examining autoradiograms
of strain W3110 that had been grown under steady-state
conditions at 37°C on four Mops-based media designed to
give a range of growth rates [24]. The results of this survey
are summarized in Fig. 5. Protein D48.5 behaves as a Ic
protein {24], having a steady-state level that increases as
the growth rate increases.

Many polypeptides undergo dramatic changes in their
relative differential rates of synthesis following tempera-
ture shifts. The relative differential rates of synthesis for
both protein D48.5 and fusion expressed [(-galactosidase
are shown in Fig. 6. Both protein D48.5 and fusion
expressed B-galactosidase display a dramatic change in
relative rates of synthesis following a shift up in tempera-
ture. The differential rate of synthesis increases nearly
4-fold after a shift to 42°C and nearly 5-fold after a shift to

401~ -

30 - —

RATE OF SYNTHESIS

| ] l
0 5 10
MINUTES POST SHIFT

Fig. 3. 0* dependence of protein D48.5 synthesis. Strains SC122 (@)
and K165 (O) were grown at 28°C in defined rich medium. At an A4,
of 0.3, portions of the cultures were labeled with [**S)methionine for 5
min at 28°C and for 1 min at three time points after a shift to 42°C: 0
min, 5 min post-shift, and 10 min post-shift. After the labeling period, the
cells were chased with thousand-fold excess of cold methionine for 3
min. Extracts were made by sonication and resolved by two-dimensional
gel electrophoresis. The spot identified on these gels as being protein
D48.5 was removed, processed by using a Packard Sample Oxidizer, and
the fractions counted in a Beckman series liquid scintillation counter. The
rate of synthesis is expressed relative to the value at 28°C.
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Fig. 4. Relative levels of protein D48.5 and fusion-expressed B-galacto-
sidase during balanced growth on rich media at different temperatures. To
determine the relative level of protein D48.5, cultures of [**SImethionine
labeled strain W3110 were grown at 28, 37, 42, and 46°C to an
absorbance (A,,) of 1.0. Extracts were made by sonication and resolved
by two-dimensional gel electrophoresis. The spot identified on these gels
as being protein D48.5 was removed, processed by using a Packard
Sample Oxidizer, and the fractions counted in a Beckman series liquid
scintillation counter. The level of protein D48.5 (@) at each temperature
was normalized to the level at 28°C. To determine the relative level of
B-galactosidase (O), a reference culture of strain K2357-9 was grown at
28°C to an A, of 1.0. Test cultures were grown at 28, 37, 42, and 45°C.
Samples of all cultures were assayed as described in Section 2. The
B-galactosidase units at the test temperature, divided by the B-galacto-
sidase units at the reference temperature, is the steady-state level of the
enzyme. For reference, the relative levels of the heat shock protein, DnaK
(O) and the non-heat shock protein, Ef-Tu (A ), were determined using
the same methodology as that for protein D48.5.

46°C; and this change is similar to that of heat shock
proteins DnaK, GroEL, and GrpE [1,26].

3.4. Protein D48.5 is essential for growth at high tempera-
tures

The fusion strain grew at the same rate as the parent at
37°C in rich media, but grew slightly slower than the
parent at 42°C (data not shown). This suggested that
protein D48.5 might be required for normal cellular growth
at higher temperatures. To test this hypothesis the parent
and fusion strains, K2357 (htp/*) and K2357-9
(htpl::lacZ), were grown in rich glucose MOPS media at
28°C and portions of the cultures were shifted to 42 and
46°C. Growth was monitored by a Zeiss spectrophotometer
at 420 nm. The resulting growth curves are shown in Fig.
7.

Upon a shift to 46°C, the parental strain continued to
grow, while the fusion strain ceased to grow shortly after
the shift. When the tetracycline sensitive fusion strain
derivative K2357-91 was mated with CAG5051 [27], an
Hfr strain that complements the map area of htpl (Peruski
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Fig. 5. Effect of medium composition and growth rate on the level of
protein D48.5. To determine the regulatory class of protein D48.5,
cultures of [3*S]methionine labeled strain W3110 were grown at 37°C in
acetate minimal (O), glycerol minimal (M), glucose minimal (a), or
glucose rich (@) Mops media to an A, of 1.0. Extracts were made by
sonication and resolved by two-dimensional gel electrophoresis. The spot
identified on these gels as being protein D48.5 was removed, processed
by using a Packard Sample Oxidizer, and the fractions counted in a
Beckman series liquid scintillation counter. The level of protein D48.5
present in cells grown in each media was normalized to the level in
glucose minimal media.
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Fig. 6. Relative rates of synthesis of protein D48.5 and fusion-expressed
B-galactosidase after temperature shifts. A steady-state reference culture
of strain W3110 labeled with [*H]leucine was prepared as described in
Section 2. Aliquots of test culture were labeled before temperature shifts
and at intervals after shifts with [>°S]methionine. Portions of the refer-
ence and test cultures were mixed, protein D48.5 resolved by two-dimen-
sional gels and the »s /°H ratio determined. The relative rate of
synthesis of protein D48.5 is its g / H ratio, divided by the ratio in the
total extract, and normalized to the same ratio of the pre-shift pulse.
B-galactosidase levels of strain K2357-9 were determined before and
after temperature shifts as described in Fig. 4 and relative rates of
synthesis calculated as described in Section 2. Protein D48.5: 28 —
42°C (@), and 28 — 46°C (O). Fusion expressed B-galactosidase: 28
— 42°C (@), and 28 — 46°C (0O).

and Neidhardt, unpublished results), a recombinant strain,
designated K2357-92, was formed. This strain is Azpl * as
shown by two-dimensional gel analysis (data not shown).
In this recombinant, the temperature sensitive growth phe-
notype is relieved, strongly suggesting that the protein
D48.5 gene product is essential for cell growth in rich
media at 46°C or higher.

4. Discussion

This study was made possible by the chance discovery
of a previously overlooked heat-inducible protein. Four
Mud-Lac fusion strains, constructed in the laboratory of
David Friedman at the University of Michigan, proved to
be missing the same polypeptide spot out of over 1000
resolved proteins. Our analysis, beginning with one of
these fusion strains, has led to the below given five major
points about protein D48.5 and a Mud-Lac fusion in its
gene.

4.1. A new heat shock protein, designated protein D48.5,
and a lacZ fusion in its gene, hipl have been identified

Induction of protein D48.5 and fusion-expressed LacZ
are dependent on o 2. One polypeptide, protein D48.5,
was affected by the Mud-Lac insertions. Interestingly, no
fusions were found in any of the other heat shock genes
and this requires some discussion. Other lac fusions have
been made in some of the genes encoding heat shock
proteins, for example those of C62.5 and DnaK [11,14].
Failure to find fusions in other heat shock genes could be
the result of two factors in the construction of the fusions.
First, the fusion population was screened on MacConkey
plates at 42°C, and only moderate sized colonies were
selected for further testing. This would eliminate any slow
growing fusion strains, such as those that result from
insertions into the DnaK gene or the gene for C62.5.
Second, colonies that produced moderate amounts of -
galactosidase as determined by qualitative examination of
MacConkey plates incubated overnight were picked from
the screened population. As can be seen from the induction
ratio of the heat shock proteins, hyperexpression of the
genes is transient after a temperature shift. Based on this,
if a fusion occurred in a heat shock gene such as grpE, the
product of which is almost non-existent under steady-state
conditions, the resulting colony phenotype would be at
most faint pink and be missed by this screen. Perhaps the
only gene fusion that could be detected by this screen is
htpl. Its gene product, protein D48.5, is synthesized in
moderate amounts under steady-state conditions and loss
of the gene is not lethal for the cell at 42°C; moderate size
colonies result from growth on rich plates.
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4.2. The relative level of protein D48.5 in rich media
increases across the temperature range from 28 to 46°C,
having a peak level of 3.5-fold at 46°C relative to that at
28°C

Relative levels of the major heat shock proteins, such as
DnaK or GroEL, also increase with temperature [10].
Further evidence that the level of protein D48.5 increases
as the growth temperature increases is found in the plot of
its differential rate of synthesis following temperature shifts
from 28°C to either 42 or 46°C. The differential rate of
synthesis of protein D48.5 and its gene fusion increases at
least 3-fold upon shifts from 28 to either 42 or 46°C. By
20 min after a shift to 42°C, the differential rate declines
slowly and remains above one. Over the same time-course
after a shift to 46°C, the rate of synthesis rapidly falls
below one. The change in the relative rate of synthesis is
indicative of the cell undergoing a burst of synthesis that
quickly adjusts the level of the protein to that characteristic
of the new steady-state temperature.

4.3. Feedback control of gene expression is operative in
the fusion strain

As for most of the heat shock proteins, the level of
protein D48.5 is rapidly increased by a transient burst of
syfithesis upon a temperature shift. The very same pattern
of synthesis is observed for B-galactosidase in the fusion
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strain, indicating that the feed back control for the expres-
sion of this gene is operative in the fusion mutant. This
finding could mean either that protein D48.5 is not the
feedback signal or that an undetected active fragment of
protein D48.5 is performing this function in the fusion
strain.

4.4. Synthesis of protein D48.5 is nearly constitutive at
37°C, increasing slightly as the growth rate increases,
indicating that it is a class Ic protein

The steady-state level of protein D48.5 in the E. coli
K12 strain W3110 increases as a function of increasing
growth rate, placing it in the Ic group. Protein D48.5
belongs to the same metabolic regulation group in the E.
coli B/r strain, NC3 (S. Herendeen, R. VanBogelen, and
F.C. Neidhardt, unpublished results). Proteins of this group
are believed to be involved in transcription, translation,
and replication [24]. Those proteins of this group that have
been identified include both ribosomal and RNA poly-
merase subunits, elongation factors, and aminoacyl tRNA
synthetases [24].

4.5. Protein D48.5 is essential for growth in rich media
following a shift from 28 to 46°C

The parent strain and a Hfr recombinant of the fusion
strain survive the shift to the higher temperature, while the
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Fig. 7. Protein D48.5 for is essential for growth at high temperatures. Strains were grown in a glucose Mops medium at 28°C. Portions of the cultures were
shifted to 46°C at an A, of ~ 0.3. Growth was monitored by a Zeiss spectrophometer. Key to panels: (A) K2357 (htpl*), bacterial growth at 28°C (@);
bacterial growth after a temperature shift from 28 — 46°C (O); (B) K2357-9 (hupl::lacZ), bacterial growth at 28°C (@) bacterial growth after a
temperature shift from 28 — 46°C (O); (C) K2357-9 X CAGS5051(htpI*), bacterial growth at 28°C (W); bacterial growth after a temperature shift from
28 — 46°C (O); (C) K2357-9 X CAG5051 (htpl ™), bacterial growth at 28°C (a); bacterial growth after a temperature shift from 28 — 46°C (a).
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growth of the fusion strain quickly ceases. Interestingly,
the analysis of heat shock protein C62.5 (GrpE) demon-
strated that it, too, is conditionally essential for normal
cellular growth at temperatures of 46°C or higher [28].
Current evidence indicates that the heat shock response of
E. coli does not by itself confer thermotolerance [16], so
the requirement of these two proteins for normal cellular
growth at elevated temperatures remains unknown.
Presently, studies are in progress to clone both the
htpl::lacZ fusion and the complete structural gene in order
to learn more about its regulation and the possible role for
protein D48.5 in the cell.
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