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ABSTRACT Upon a shift to high temperature, Escheri-
chia coli increase their rate of protein degradation and also the
expression of a set of "heat shock" genes. Nonsense mutants of
htpR (also called hin), suppressed by a temperature-sensitive
suppressor, show lower expression of heat shock genes at 30'C
and fail to respond to a shift to 420C. These mutants were
found to have a lower capacity to degrade abnormal or incom-
plete proteins than that of wild-type cells. This reduction in
proteolysis equals or exceeds that in ion mutants, which en-
code a defective ATP-dependent protease, protease La, and is
particularly large in htpR Ion double mutants. The activity of
protease La was higher in wild-type cells than in htpR mutants
grown at 30'C and increased upon shift to 420C only in the
wild type. To determine whether htpR influences transcription
of the ion gene, a lon-lacZ operon fusion was utilized. Intro-
duction of the htpR mutation reduced transcription from the
Ion promoter at 30'C and 370C. This defect was corrected by a
plasmid (pFN97) carrying the wild-type htpR allele. Induction
of the heat shock response with ethanol had little or no effect in
htpR mutants but stimulated ion transcription 2-3 fold in wild-
type cells and htpR cells carrying pFN97. Thus, ion appears to
be a heat shock gene, and increased synthesis of protease La
under stressful conditions may help to prevent the accumula-
tion of damaged cellular protein.

In Escherichia coli, as in other cells, proteins with abnormal
structures are rapidly degraded (1-3). Such polypeptides
may arise as a result of biosynthetic errors, mutations, or
postsynthetic damage. Upon exposure of cells to high tem-
peratures, a number of proteins may become unfolded or
partially denatured. In E. coli above 40'C, the breakdown of
normally stable proteins rises significantly (4, 5), and many
temperature-sensitive proteins are rapidly degraded (6). Un-
der these conditions, protein breakdown may assume a par-
ticularly important role in preventing the accumulation of de-
natured polypeptides.
A variety of evidence suggests that an initial step in intra-

cellular protein breakdown (6, 7) is catalyzed by the ATP-
stimulated protease, protease La. This enzyme is encoded
by the ion gene (8-10), and the ion mutants studied thus far
contain a partially active protease (8, 11, 12) and have a 50-
80% reduction in their ability to degrade abnormal proteins
(6-8, 13). On the other hand, in strains containing a multi-
copy ion plasmid, the level of protease La is increased 2- to
4-fold, and the degradation of abnormal proteins is 3- to 5-
fold faster (unpublished data). Protease La also may play a
crucial role in the degradation of certain short-lived normal
proteins (14, 15), and stabilization of such proteins in ion
cells may account for the various phenotypes characteristic
of these strains, such as their greater sensitivity to UV irra-
diation (15) and excessive production of capsular mucopoly-
saccharides (16).

Since rates of protein breakdown rise with increased tem-
perature (4, 5), we have tested for a relationship between
intracellular rates of protein breakdown, the levels of prote-
ase La, and the ability of cells to undergo the "heat shock
response." Upon shifts to high temperature, E. coli (17-19),
like eukaryotic cells (19), transiently increase the synthesis
of a limited number of constitutive polypeptides, generally
referred to as "heat shock proteins." Strains that carry the
amber mutation htpR (also called hin) and a temperature-
sensitive suppressor fail to show this response (18, 20, 21)
but will undergo a heat shock response if transformed with a
plasmid carrying the wild-type htpR allele (22). The product
of the htpR locus is postulated to act as a positive regulator
of the heat shock genes (21-24). At 30'C, where the htpR
mutation is partially suppressed, these cells show reduced
basal levels of the heat shock proteins (21, 23). Increased
expression of the heat shock genes occurs not only during a
shift to high temperatures but also in various adverse condi-
tions, such as exposure to ethanol or oxidants (24-27). This
response probably serves an important protective role, since
htpR mutants lose viability during such stresses (20, 23, 26).
The present studies have attempted to define systemati-

cally the influence of the htpR locus on the cells' ability to
degrade abnormal proteins, on their content of protease La,
and on the rates of expression of the ion gene under various
conditions. To examine whether the htpR gene product in-
fluences transcription of the Ion gene, we have utilized an
operon fusion between the Ion and lacZ genes. Independent-
ly, Baker et al. (28) have found in htpR cells a marked de-
crease in the degradation of a nonsense mutant of /3-galacto-
sidase (X-90) and of a missense mutant of the oa subunit of
RNA polymerase (RPO D800). In addition, Phillips et al. (29)
have shown that one of the proteins induced during the heat-
shock response corresponds to the ion gene product. The
present studies demonstrate that the htpR mutation de-
creases the cells' capacity to degrade various abnormal pro-
teins, apparently by reducing transcription of the ion gene.

MATERIALS AND METHODS
E. coli strains GW1000 (30) [recA441, sulAll, A(lac)Ui69,
thr-J, leu-6, his-4, argE3, ilv(ts), galK2, rpsL31] and its htpR
derivative, GW4701 [htpR(am), malPQ::TnS], and SC122
[F- lac(am), trp(am), pho(am), mal(am), rpsL, supC(ts)], and
its derivative, K165-37Rb (21) [htpR(am)], were kindly pro-
vided by Graham Walker (Massachusetts Institute of Tech-
nology). GW4701 was derived from GW1000 by P1 transduc-
tion of htpR(am) from K165-37Rb (21). Our unpublished
studies indicate that strains GW1000 and GW4701 also carry
an unidentified amber suppressor. Plasmid pFN97 carrying
the wild-type htpR allele (22) was kindly provided by Fred-
erick Niedhardt (University of Michigan). Bacteria were
grown at 30'C with shaking in glucose minimal media, either
M9 (31) or potassium 4-morpholinepropane sulfonate (Mops)
(32). Because of frequent reversion from the temperature-
sensitive phenotype, these cultures were routinely moni-
tored for their inability to plate at 420C.
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Measurement of Protein Breakdown. The degradation of
abnormal proteins was assayed as described (8, 33) in cells
growing on M9 medium containing glucose and the essential
amino acids (60 gg/ml). To induce the synthesis of incom-
plete polypeptides, these cells were exposed to puromycin
(300 ug/ml) for 15 min during exponential growth, and
[3H]phenylalanine (1 pCi/ml; 20 Ci/mm, ICN; 1 Ci = 37
GBq) was added for 5 min. To follow the breakdown of com-
plete polypeptides containing amino acid analogs, we centri-
fuged the cells and suspended them in media containing the
arginine analog canavanine (125 gg/ml) for 15 min prior to
the addition of [3H]phenylalanine for 5 min. The cells then
were washed twice and resuspended in a medium containing
a large excess of nonradioactive phenylalanine (500 ,ug/ml).
The degradation of the radioactive canavanine-containing or
puromycin-containing proteins was estimated by following
the appearance of free [3H]phenylalanine. The extent of pro-
tein breakdown is expressed as the percentage of 3H-labeled
protein present at time zero that was converted to a form
soluble in trichloroacetic acid (33).

Construction of tsx::TnlO and Linked Ion Mutants. In order
to transduce wild-type and mutant ion alleles with a drug-
resistant phenotype, TnJO was transposed into the adjacent
tsx locus (34), which determines resistance to infection by
phage T6. This was accomplished by using a defective X bac-
teriophage (XNK55, c1857 b221 029am cil: :TnJO), which re-
quires nonsense suppression to replicate and which harbors
the transposon TnJO in the cIII gene. Tetracycline-resistant
cells were selected after infection with this phage to insure
that transposition of TnJO had taken place, and the colonies
were further selected for resistance to infection with T6
phage (tsx). The resultant isolates were tested for linkage be-
tween ion and TnJO by cotransduction. To construct strains
with Ion mutations (lon100 and CapR9) linked to a selectible
phenotype, we used this tsx: :TnJO for P1-mediated transduc-
tion of the tetracycline resistance and screened for cross-
overs between the various Ion mutants and tsx.

Construction of lon-lac Operon Fusion. An operon fusion
between the ion and lacZ genes was constructed in vitro by
standard recombinant DNA techniques. The ion-contain-
ing plasmid, pJMC40 (35), and an operon fusion vector,
pMLB1022 (36), were isolated and digested with the restric-
tion enzymes EcoRI and BamHI (New England Biolabs).
The activity of these enzymes was then destroyed by heating
to 70°C for 4 min and by chloroform extraction, and the
DNA fragments were precipitated with ethanol. At low con-
centrations, these fragments were ligated by using T4 DNA
ligase (New England Biolabs). Calcium-treated cells with a
lac deletion were transformed with the ligated material, and
the cells were plated on broth plates containing ampicillin (25
,ug/ml) and 5-bromo-4-chloro-3-indolyl-f3-D-galactopyrano-
side (X-Gal) (100 ,ug/ml). Blue (lac+) colonies were chosen
and used for plasmid isolation. Several lon-lac operon fusion
plasmids were isolated from the Lac' transformants, and the
structure of the fusion was verified by restriction enzyme
cleavage followed by 1% agarose gel electrophoresis. This
plasmid was designated pSG1012.
To integrate this fusion into the host chromosome, it was

placed on the bacteriophage XNF1955 (37). Phage X DNA
was isolated and digested with EcoRI. This digest was ligat-
ed to pSG1012 DNA cut with EcoRI, and the ligated mixture
was packaged into X particles by an in vitro packaging sys-
tem (38). Phage X-sensitive cells with lac deletions were in-
fected and plated on rich plates containing 5-bromo-4-
chloro-3-indolyl-,3-D-galactopyranoside. Blue plaques were
isolated, and the presence of the lon-lac operon fusion was
verified by restriction analysis of the purified X DNA. In or-
der to form stable lysogens, the fusion-carrying phage was
crossed with wild-type phage X, and the resulting blue
plaques were screened for turbidity on a lac host that did not

carry an amber suppressor. This fusion-containing phage is
designated XSG101. SC122 and K165 were transduced to
mai+ in order to lysogenize the strains with XSG101.
Enzyme Assays. The amount of the ATP-dependent prote-

ase, protease La, was assayed as described by Waxman and
Goldberg (39). Isogenic htpR and wild-type strains were
grown at 30'C. After sonication, equal amounts of cell pro-
tein were applied to phosphocellulose columns at 40C, and
the bound material was fractionated by a salt gradient. The
enzyme was dialyzed against assay buffer (10 mM Tris, pH
7.5/0.1 mM NaEDTA/1 mM 2-mercaptoethanol/20% glyc-
erol). Protease La was assayed with the specific fluoromet-
ric substrate, glutaryl-L-alanyl-L-alanyl-1-phenylalanine-H-
methoxynapthylamine (Enzyme Systems Products, Liver-
more, CA) in the presence or absence of ATP (1 mM). The
levels of f3-galactosidase in strains carrying ion-lacZ or cps-
lacZ operon fusions were determined by cleavage of o-nitro-
phenyl-p-D-galactopyranoside (Sigma) (31).

RESULTS
Protein Degradation in htpR Cells. Incomplete proteins

containing puromycin are degraded rapidly in the wild-type
cells (1, 2, 33), and this process was found to occur more
slowly by a factor of 3-5 in htpR strains at 30'C (Fig. 1). At
this temperature the nonsense mutation in htpR is partially
suppressed (24). We focused on rates of protein breakdown
and ion expression at 30'C because, at high temperatures
(e.g., at 420C), the viability of the htpR mutants decreases
with time and interpretation of results becomes complicated.
Since a lower rate of proteolysis was observed in htpR mu-
tants at 30'C, where htpR and wild-type strains grow at simi-
lar rates, this defect cannot be a secondary consequence of
their lower viability or failure to undergo the heat shock re-
sponse. Instead, this defect appears to result from the de-
crease in functional htpR gene product.
The htpR mutants also degraded complete proteins con-

taining the arginine analog canavanine more slowly by a fac-
tor of 3-4 than did the parental strains (Fig. 2) at 30'C. Thus,
these bacteria appear to have a general reduction in their
capacity to degrade abnormal proteins. This process re-
quires ATP (2, 3, 33) and is reduced in ion mutants (8, 13).
The defect in degradation of puromycyl fragments (Fig. 1)
and canavanine-containing proteins (Fig. 2) in the htpR bac-
teria was roughly equivalent to or greater than that observed
in strains carrying ion alleles R9 or 100, both of which pro-
duce a defective ATP-dependent protease (8, 11, 12). There-
fore, we constructed strains carrying both htpR and these
ion mutations to determine if these defects in proteolysis
were additive. As shown in Fig. 2, the double mutants de-
graded analog-containing proteins much more slowly than
did the wild-type strain and more slowly by a factor of 2-3
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FIG. 1. The effect of htpR and Ion mutations on the degradation
of puromycyl polypeptides in E. coli SC122 (htpR+) (-) and K165
(htpR) (---). During exponential growth, the cells were exposed at
OD6w = 0.4 to puromycin to induce the production of incomplete
polypeptides, and protein degradation was measured as described.
Similar data were obtained in three different experiments.
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FIG. 2. The effects of htpR and Ion mutations on the degradation
of canavanine-containing proteins at 30'C in E. coli GW1000
(htpR+) (-) and GW4701 (htpR-) (---). During exponential growth,
these arginine auxotrophs were resuspended in medium containing
canavanine for 20 min to cause the production of abnormal canavan-
ine-containing polypeptides. In parallel studies, no clear difference
was observed in the ability of these strains to degrade normal cell
proteins (containing arginine), which were hydrolyzed at -1-2% per
hr. Similar data were obtained in three different experiments.

than the bacteria carrying either mutation alone. Similar ef-
fects were obtained when htpR was combined with the Ion
allele R9 or 100. The magnitude of these effects varied with
the protein substrate and the genetic background. For exam-
ple, in strain SC122, the degradation of puromycyl fragments
is reduced by 80-90% by the htpR mutation, and introduc-
tion of the Ion mutation did not significantly decrease rates
of proteolysis further, unlike the findings with analog-con-
taining proteins.

Influence of htpR on Levels of Protease La. This ATP-de-
pendent protease, the Ion gene product, can be rapidly iso-
lated by using phosphocellulose chromatography, and Wax-
man and Goldberg (39) have recently described a specific
assay using the fluorogenic substrate glutaryl-L-alanyl-L-ala-
nyl-L-phenylalanine-4-methylnaphthylamine in the presence
of ATP. As shown in Table 1, protease La was present in
extracts of htpR but at levels that were 40-50% lower than in
wild-type cells grown in parallel at 30TC. A similar reduction
in protease content was observed repeatedly in these strains,
with no apparent alteration in the ATP stimulation or tem-
perature stability of the enzyme. By contrast, the protease

Table 1. Influence of htpR mutation on intracellular levels of
protease La during growth (30'C) and after a shift to 420C
or exposure to ethanol

Protease La, units

Strains 300C 420C % increase

K165 (htpR-) 1.2 1.4
SC122 (htpR+) 2.1 3.9 87

SC122 (htpR+) 1.9 4.1 122
+ Ethanol (4%) at 300C 3.3 73

Wild type and htpR strains were grown on Luria broth at 30'C to
an OD6w of 0.5. One-half was incubated at 300C, and the other at
420C for 1 hr (before cell lysis was evident). Protease La was
partially purified from equal amounts of cell protein by phosphocel-
lulose chromatography (36). The amount of protease La was deter-
mined by its ability to cleave a fluorometric substrate as discribed in
the presence of 1 mM ATP. In the absence of added ATP, hydrolysis
of the fluorometric substrate was 10-15% of the values shown. Each
unit of protease La corresponds to the hydrolysis of 30 nM of the
substrate at 370C in 1 hr. These data are averages of results obtained
in three different experiments, each of which gave similar results.
The response to ethanol was determined after a 1-hr exposure of the
cells to 4% EtOH. These data are the averages of two independent
experiments, each of which gave similar results.

La in Ion strains carrying the lonR9 or ion100 alleles is com-
pletely inactivated by this isolation method (8, 9, 11).
Upon shift to 420C, wild-type cells express the heat shock

proteins at high rates for a short period and then continue to
express them at an intermediate rate (17). Upon incubation
of wild-type cells for 1 hr at 420C, there was a 60-125% in-
crease in the total content of protease La in the wild type.
This increase in protease content was prevented by the addi-
tion of chloramphenicol to block protein synthesis (data not
shown). In the htpR mutants, protease levels did not in-
crease significantly after a shift to 420C. Thus, the htpR mu-
tation seemed to decrease the level of protease La at 30'C
and to prevent its increase in response to heat shock.

Influence of htpR on Transcription of the Ion Gene. Addi-
tional experiments used strains carrying a lon-lacZ operon
fusion to test whether this reduction in protease La content
(Table 2) is a consequence of decreased transcription of the
ion gene. As shown in Table 3, the htpR cells expressed this
gene less (i.e., showed less p3-galactosidase activity) than did
the parent during growth at 30TC. Similar effects of htpR
were observed in wild type and Ion backgrounds. When plas-
mid pFN97, which contains a wild-type htpR allele, was in-
troduced into the htpR strain K165, the transcription of the
lon-lacZ operon fusion was restored to wild-type levels (data
not shown). At 30'C the htpR amber mutation is partially
suppressed in strain K165; at 370C, this suppressor,
supC(ts), is less effective (24). Accordingly, in htpR mu-
tants, unlike in the wild type, expression of the Ion-lacZ fu-
sion was less at 370C than at 30'C.
We also attempted to show by this approach that the Ion

gene is induced by shifts to 420C, but the enzyme encoded by
the lon-lacZ operon fusion is unstable at this temperature
(data not shown); therefore, the experimental data are unin-
terpretable. In E. coli, as in eukaryotes, the heat shock re-
sponse can be induced by other noxious stimuli, such as ex-
posure to ethanol (4%). When cells containing the lon-lacZ
operon fusion were exposed to ethanol during growth at 30'C
(Fig. 3), the amount of f3-galactosidase activity increased 2-
fold in the wild-type cells, but little or no increase was ob-
served in the htpR strain. In htpR mutants carrying the wild-
type allele on the plasmid pFN97, exposure to ethanol stimu-
lated transcription of Ion as in the wild-type cells (data not
shown). Furthermore, exposure of cells to ethanol for 1 hr
increased the total cellular content of protease La in a similar
fashion as did exposure to a temperature shift (Table 1). To-
gether, these various observations provide further evidence

Table 2. Transcription from the ion promoter evaluated with a
lon::lacZ operon fusion during growth at 30'C or 370C

P3-Galactosidase units
Strain Genotype 300C 370C

GW1000 Wild type 845 (n = 3)
GW4701 htpR 498 (n = 3)

SC122 Wild type 540 (n = 13) 602 (n = 4)
K165 htpR 276 (n = 13) 172 (n = 4)

Isogenic wild-type and htpR strains were lysogenized with bacte-
rial phage A containing a lon-lac operon fusion, constructed as
described. These strains were grown to an OD6w of -0.3 in Mops
minimal medium at 30'C or 370C. The level of /-galactosidase
produced by the operon fusion was assayed by the method of Miller
(31). At 370C, suppression of the htpR mutation is less effective than
at 30'C (23). Each value is the average of n determinations on
individual cultures grown from a single colony. The difference in
htpR and wild type at 30'C is highly significant (P < 0.01) as is the
decrease seen in strain K165 between 30'C and 370C (P < 0.01), as
evaluated by the paired Student t test. When plasmid pFN97, which
contains a wild-type htpR allele, was introduced into K165, the level
of /3-galactosidase was similar to that in SC122 (data not shown).
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Table 3. Comparison of the phenotypic effects of hptR and
ion mutations

Phenotypic effects

Mutations Wild type htpR(am)

Mucoidy
Wild type - +
IonR9 + + + + +
IonJOO + + + + +

UV sensitivity, % survival
Wild type 62 88
IonlOO 22 18

Wild type, Ion, htpR, and double mutants were plated on minimal
and rich agar medium at 30'C and scored visually for the presence of
a mucoid phenotype. Nonmucoid control cells were scored -, while
highly mucoid Ion cells were scored + + + +. Sensitivity to ultra-
violet irradiation was measured after aerobic growth of the cells to
an OD6w of 0.3 in Mops minimal medium at 30'C. Cells were
exposed to UV for 30 sec at a distance of 45 cm and plated after
serial dilution. The ability to form colonies relative to unexposed
cells was used as a measure of cell survival. In two experiments,
htpR mutants did not exhibit greater sensitivity to UV than did the
wild type, unlike Ion or htpR ion cells.

that Ion is one of the heat shock genes (29), whose transcrip-
tion is under positive control by the htpR gene product (21,
23, 24).
Comparison of Phenotypes of htpR and ion Mutants. Al-

though htpR mutants resemble ion strains in their decreased
capacity for protein breakdown (Figs. 1 and 2), they do not
exhibit the mucoid phenotype (16) that is obvious upon visu-
al inspection of ion colonies (Table 1). The htpR colonies by
contrast resemble those of wild type. Surprisingly the htpR
ion double mutants showed less mucOidy than does the ion
parent. In ion strains (40), transcription of cps (capsular
polysaccharide synthesis) genes rises many fold, and this ef-
fect appears responsible for the enhanced capsular polysac-
charide production (16). To explore this unexpected ability
of the htpR mutation to reduce mucoidy, we have utilized
Ion strains that contain a cps-lacZ operon fusion, kindly pro-
vided by Stephen Garrett (Frederick Cancer Research Labo-
ratories). In the ion strains, expression of the cps-lacZ fusion
is markedly increased,* but introduction of the htpR muta-
tion reversed this effect of ion. Although the mechanism of
this unexpected htpR effect is unclear, this decrease in cps
expression can account for the ability of htpR to prevent mu-
coidy in ion strains.
Another characteristic of Ion bacteria is their greater sen-

sitivity to UV irradiation and DNA damaging agents (15, 26,
40). This effect has been explained by the reduced capacity
of Ion strains to degrade an inhibitor of septation (15), the
sulA gene product, which is induced in the SOS response
(40). Unlike ion strains, the htpR strain did not appear more
sensitive to UV irradiation than did the wild type (Table 3).
The UV sensitivity of double mutants resembles that of Ion
strains. Thus, the htpR and ion phenotypes are quite dis-
tinct, although both show reduced capacity for proteolysis
(Figs. 1 and 2).

DISCUSSION
The present findings (Figs. 1 and 2) and the observations of
Baker et al. (28) demonstrate a marked defect in the ability
of htpR cells to degrade incomplete or unfolded polypep-
tides. This reduced capacity to eliminate abnormal proteins
is evident even at the permissive temperature of 30'C and,
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FIG. 3. Induction of the ion-lacZ operon fusion by ethanol.
Wild-type (SC122) (Left) and htpR (K165) (Right) cells containing
the operon fusion were grown at 30'C in Mops minimal medium to
an ODwo of 0.3. Ethanol (4%) was added to one half of the culture
(e), while the othier served as a control (o). Similar data were ob-
tained in four different experiments. When plasmid pIPN97, which
contains a wild-type htpR allele was introduced into strain K165,
these cells responded to ethanol treatment in a similar fashion to the
wild-type SC122 (data not shown).

therefore, is not simply a secondary consequence of a failure
of htpR mutants to undergo a heat shock response. The most
likely explanation of this defect is the lower content of prote-
ase La in the htpR strains (Table 1), although it is possible
that, in addition, the content of other proteases also may be
reduced.

In vivo protease La appears to catalyze an initial ATP-
requiring step in the degradation of abnormal proteins (7, 9,
11), and a variety of recent evidence indicates that small
changes in its content can have a marked effect on the ability
of the cells to degrade abnormal proteins. For example, in
IonR9 and ion,100, this activity is present in approximately
half the normal level (8), and the degradation of abnormal
polypeptides is reduced by a factor of 2-4 (refs. 6, 8, and 13
and Figs. 1 and 2). Similarly, at 30'C the htpR mutation low-
ered the cells' content of protease La (Table 1) and the tran-
scription of the ion gene (Table 2) by about half, and caused
a 60-80% reduction in the capacity of the cell to hydrolyze
abnormal proteins. On the other hand, in ion plasnmid-con-
taining strains in which protease La activity is 2-4 times nor-
mal levels, the breakdown of such proteins is increased 3- to
5-fold (unpublished data).

Since the htpR gene product appears necessary for both
basal and increased transcription of the heat shock genes
(18, 21), the simplest explanation of the present findings is
that this protein serves as a positive regulator of the tran-
scription of the ion gene and that protease La is therefore
one of the heat shock proteins (7, 18, 29). The molecular
weight of its subunit, 94,000 (8-10), in fact corresponds to
one of the htpR-dependent polypeptides, and, using two-di-
mensional gel electrophoresis, Phillips et al. (29) have ob-
served induction of this polypeptide after a temperature shift
from 280C to 420C. In accord with this conclusion, the cellu-
lar content of protease La rises with increased temperatures
but not in htpR strains (Table 1). Furthermore, induction of
the heat shock response at 30'C by exposure to ethanol pro-
moted transcription from the ion promoter in wild-type or
htpR cells with pFN97, but not in htpR strains (Fig. 3). Thus,
by all criteria examined, this protease is a heat shock pro-
tein.
The htpR mutants show a defect in degradation of abnor-

mal polypeptides that is similar to or greater than that seen in
Ion mutants. The protease La isolated from all ion strains
examined thus far shows reduced activity and is quite labile.
For example, the enzymes from IonR9 (8, 9, 11) and lon100
(unpublished results) are completely inactivated by chroma-
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*Torres-Cabassa, A. S. & Gottesman, S., Annual Meeting of the
American Society for Microbiology, March 8, 1984, St. Louis, MO,
H91, p. 106 (abstr.).
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tography on phosphocellulose. By contrast, the ATP-depen-
dent protease in the htpR strains remains active after this
treatment (Table 1), as would be expected for a regulatory
mutation that affects protease content and not protease
structure. Presumably, the additive effect of Ion and htpR
seen with analog-containing proteins results from the pres-
ence of a labile enzyme synthesized in low amounts.

Despite their marked defect in proteolysis, the htpR mu-
tants are neither mucoid nor UV sensitive, unlike ion strains.
The greater sensitivity of the Ion mutants to DNA damage
seems to result from their inability to degrade rapidly an in-
hibitor of septation induced during the SOS response (14,
15). Therefore, the lack of UV sensitivity of htpR strains
would appear surprising. (Possibly the low amount of prote-
ase remaining in htpR strains can degrade the inhibitor of
septation more effectively than can the labile protease in ion
strains.) It is also noteworthy that htpR mutants, unlike ion
strains, do not show excessive production of capsular poly-
saccharides or increased transcription of the cps genes. On
the contrary, htpR blocks the appearance of mucoidy in ion
strains (Table 3). It is difficult to explain such observations
by simple models involving regulation of the cps genes by
proteolysis. Finally, the Ion htpR mutants grow almost as
well as wild-type strains, despite their very low capacity for
breakdown of abnormal proteins. Therefore, the htpR
strains and htpR ion double mutants clearly should prove of
appreciable value for the cloning of various rapidly degraded
polypeptides.

Induction of protease La as part of the heat shock re-
sponse would appear to be highly advantageous to the orga-
nism by helping to prevent a potentially dangerous accumu-
lation of aberrant polypeptides. Rates of protein degradation
rise in bacteria at high temperatures (4, 5), and under such
conditions, a number of cellular proteins may be partially
unfolded or even denatured. In eukaryotes (19, 41) and in E.
coli (24-26), the heat shock response also can be elicited by
various treatments that either cause the synthesis of abnor-
mal proteins such as exposure to amino acid analogs, high
temperature, and ethanol (25) or cause protein denaturation,
such as increased temperature, oxidants (27), or ethanol.
Under such adverse environmental conditions, increasing
the cell content of protease La and thereby enhancing its
capacity to eliminate abnormal polypeptides could serve an
important protective function for the organism.
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