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Induction of Stress Proteins in the SCK Tumor Cells

Man-Sik Kang and Kyung-Hee Kim

Dept. of Zoology, Seoul National University, Seoul 151-742, Korea

SCK tumor cells were exposed to heat shock or several sulfhydryl-reacting agents such as
iodoacetamide(IAA), zinc chloride(Zn), and 2-mercaptoethanol(ME). Stress proteins induced by
these agents were examined and the relationship between the induction of stress proteins and
the production of abnormal proteins was discussed.

Based on the present experiments, two classes of intracellular pathways for the induction of
stress proteins were defined; one dependent on and the other independent of protein synthesis.
The presence of cycloheximide during the induction period blocked the formation of stress
proteins in the cells exposed to Zn or ME, but not in those exposed to heat shock or IAA.
Therefore, stress protein seems to be induced either by denaturation of pre-existing mature
proteins (e.g., heat shock or IAA)or by newly synthesized abnormal proteins(e.g., Zn or ME).

In conclusion, it is likely that the production of abnormal proteins by stresses triggers stress
protein induction. In addition, it was found that the cells exposed to HSP and GRP inducers

simultaneously responded to more strong stress among several stresses encountered.
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Cells respond to a variety of adverse conditions
by increasing the synthesis of a relatively small
group of proteins (Nover et al., 1984; Schlesinger
et al., 1982). These are frequently termed as stress
protein and are grouped into two distinct classes,
heat shock proteins(HSPs) and glucose-regulated
proteins(GRPs).

In the chicken embryo cells, the list of inducers
of the heat shock proteins include heat (Kelley
and Schlesinger, 1987), amino acid analogs (Kel-
ley and Schiesinger, 1987; Hightower, 1980), sul-
fhydryl-reactive chemicals, and certain metal ions
(Johnston et al., 1980; Levinson et al., 1980a, b).
The major HSPs fall into several size classes with
molecular weight of 20~30K, 65~ 70K and 80~
110K.

The treatment that elicits the synthesis of the
GRPs in cultured cells includes glucose starvation,
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glucosamine, 2-deoxyglucose (Pouyssegur et al.,
1977), tunicamycin (Olden et al., 1979), and cal-
cium ionophore (Wu et al, 1981; Welch et dl,
1983). Paramixovirus infection also induces both
HSPs and GRPs in chick embryo cells {Collins
and Hightower, 1982; Peluso et al., 1978). The
major GRPs fall into two classes with molecular
weight of 75~83K and 95~ 100K.

In mammalian systems, HSPs and GRPs can be
induced simultaneously (Hightower and White,
1982; Welch et al.,, 1983), separately, or recipro-
cally. Sciandra and Subjeck (1983} reported that
the addition of glucose to glucose-deprived cells,
which induced GRPs (97 and 76K), resulted in the
induction of HSPs. In addition, they (1984) sug-
gested that the transition of cells from atmospheric
environment to an anaerobic state transiently in-
duce the major HSPs (68 and 89K). As the period
of anaerobiosis increased, these HSPs dis-
appeared and GRPs (76 and 97K) were induced.
From these results, they suggested that the
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GRP-induced state represents a sustained re-
sponse to a glucose-deprived environment or an
anoxia, while the HSP-induced state represents a
temporary response to a release from such an en-
vironment.

Whelan and Hightower (1985) reported that low
extracellular pH and 2-mercaptoethanol stimulate
chicken embryo cells to synthesize GRPs, whereas
high extracellular pH stimulates to synthesize
HSPs. They also proposed that an oxidizing en-
vironment within the cell might lead to HSP
synthesis, whereas a reducing environment might
lead to the induction of GRPs. Thus, regardless of
the nature of effective stimulus, the same proteins
are being synthesized. It suggests a common final
molecular pathway functions for the response to
stresses (Hammond et al., 1982).

Sulfhydryl-group has been recognized as a
potential target for oxidation by several inducers
of HSPs including diamide, sodium arsenite,
iodoacetamide, and ions of Cu, Zn, and Cd (Levi-
nson et al.,1980b). Abnormal proteins serve as sig-
nals and trigger activation of the heat shock genes
in eukaryotic cells (Ananthan et al., 1986). This
result supports the finding that cycloheximide in-
hibits the HSP synthesis in amino acid analog-tre-
ated cells (Kelley and Schlesinger, 1978).

Recently, Munro and Pelham (1986) reported
that GRP,g is about 60% homologous to HSPy,.
It shows the possibility that GRPs perform the
same function as HSPs.

In the present study, SCK cells were exposed to
heat or several sulthydryl-reacting agents and
the pattern of stress protein synthesis was then
analyzed. On the basis of these data, the possibility
whether the production of abnormal proteins is
involved in the induction of stress protein was dis-
cussed.

Materials and Methods

Cell Culture
SCK tumor cells and their culture method were

the same as described previously (Kang et al.,
1980).

Exposure to Heat Shock
SCK tumor cells were seeded at a density of 2 x
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10° cells per 35 mm tissue culture dish containing
1.5 ml of RPMI 1640 medium supplemented with
10% calf serum at pH 7.4. After 2-day culture,
culture dishes inserted in the plastic shelves were
immersed horizontally in a constant temper-
ature-circulating waterbath.

Chemical Treatment

SCK cells in monolayer culture were treated
with 5 x 107°M ZnCl,(Zn), 5 x 10™°M iodoaceta-
mide(IAA) or 0.1% 2-mercaptoethanol (ME) in
RPMI 1640 medium supplemented with 10% calf
serum at 37°C for 3 hr, rinsed and labelled with
35S-methionine for 2 hr at appropriate times.

Cell Survival Studies

SCK cells were seeded onto 60 mm tissue cul-
ture dish at a density of 1 x 10% or 5 x 10* cells
and incubated at 37°C for 11-12 hr prior to che-
mical treatment. After the chemical treatment, cells
were rinsed and incubated for 2 hr, and exposed
to 45°C for 30 min. After incubation for 7-10
days, colonies were stained with crystal violet and
counted.

Incorporation of 35S-methionine into Proteins

Cells were labelled with 5 ,Ci/ml of 3°S-
methionine in methionine-free RPMI 1640 for 2
hr at 37°C. At the end of this period, the medium
was removed and the cells were washed three
times with cold phosphate buffered saline (PBS)
and harvested by adding 200 1 of lysis buffer
(62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10%
glycerol) and were scrapped off with a rubber
pliceman. Samples were stored at —20°C until
analyzed.

Gel Electrophoresis

Labelled samples were dissociated by heating in
boiling water for 5-6 min. The amount of protein
was determined by the method of Lowry et al
(1951). Equal amount or cpm of protein was
directly loaded on 7.5% SDS-polyacrylamide slab
gel by employing the method of Laemmli (1970).

Autoradiography and Fluorography
After electrophoresis the gels were either auto-
radiographed or fluorographed routinely.
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Fig. 1. Stress protein induction in the cells exposedto
hyperthermia at 42°C for 1 hr alone{A) or with ME(B).
Labelling was performed immediately, 2 hr or 4 hr
following the treatment.

Rate of Protein Degradation

Rate of protein degradation was determined by
measuring the ratio of radioactivity of TCA-solu-
ble products to that of TCA-insoluble materials
(S/I ratio). The cells were incubated with
35S-methionine at a final concentration of 1 4
Ci/ml for 15 hr. After removing the medium, the
cells were washed three times with RPMI 1640
and were then exposed to heat shock or chemic-
als for 1 or 3 hr, washed three times, and incu-
bated at 37°C. Release of radioactive material was
monitored for 20 hr. At various times during in-
cubation, the medium was withdrawn and 10%
TCA was added to dish and then cells were har-
vested. TCA-harvested cell extracts were centri-
fuged at 12,000 rpm for 5 min, the supernatant
was collected and mixed with withdrawn medium
and the radioactivity of this mixutre was measured
(acid-soluble products). The remaining TCA-in-
soluble materials were dissolved in 100% TCA
and their radioactivity was measured (acid-inso-
luble materials).
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Fig. 2. Stress protein induction by Zn and ME. Celis
were exposed to inducer for 3 hr, rinsed and labelled for
2 hr. A, control; B, Zn; C, Zn plus ME; D, ME.

Results

Stress Protein Induction

When the cells were exposed to stress protein
inducers, Zn and IAA induced de novo synthesis
of HSPgg, whereas ME induced high level of
GRP7;.

Figs. 1-3 illustrate the stress protein induction
pattern when the cells were exposed to HSP and
GRP inducers simultaneously. Simultaneous treat-
ment of heat shock and ME, Zn and ME, and IAA
and ME were adopted. Although the cells exposed
to heat and ME induced preferentially HSPgg,
those exposed to Zn and ME or IAA and ME
favorably induced GRP;;. These results suggest
that there exists a certain priority in the action of
inducers. Thus, it is likely that cells respond to the
strongest stress among the stresses encountered. In
certain chemical treatment, it is possible that cells
respond to a chemical of highest concentration.

In Fig. 4 are shown the stress protein induction
patterns in the cells exposed initially to IAA for 3
hr, rinsed and then exposed to ME for 3 hr. For
comparison, those in the cells exposed to IAA or
ME alone are also shown. As is evident from Fig.
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Fig. 3. Stress protein induction by IAA and ME. Cells
were exposed to inducer for 3 hr, rinsed and labelled
for 2 hr. A, control; B, IAA; C, IAA plus ME: D, ME.

4, the last-treated ME exerted no effect on the
HSP induced by first-treated IAA and GRPs were
not induced by the last-treated ME. In Fig. 6 is
shown a parallel experiment, in which the last-
treated IAA was found to give no effect on GRPs
induced by first-treated ME. Interestingly, howev-
er, HSPs were induced by the last-treatment of
[AA, and the HSPs induced by the last-treated
IAA were not suppressed by first-treated ME.

In a parallel experiment, Zn and ME were
adopted for further investigation (Fig. 6). The
change in the induction of HSP or GRP was not
noticeable at the combined treatment of first Zn/
the last ME.

Effect of Cycloheximide on the Stress Protein In-
duction

Fig. 7 shows the effect of cycloheximide on the
stress protein induction by various agents. The
cells were exposed to cycloheximide (20 . g/ml)
for 0.5, 1, 1.5 or 2 hr before inducer treatment,
then to the inducer together with cycloheximide.
In the cells exposed to Zn or ME, stress protein
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Fig. 4. Cells were exposed first to LAA for 3 hr, rinsed
and the last exposed to ME for 3 hr, rinsed and incu-
bated for varying times, then labelled for 2 hr. Compari-
son was made for IAA or ME alone. A, control; B, ex-
perimental, C, IAA; D, ME.

was not induced, whereas those exposed to 1AA
induced stress protein.

Effect of Glycerol on the Stress Protein Induction

The effect of macromolecular stabilizer, glycerol
at a concentration of 1 M, on the HSP induction
by heat shock or Zn is shown in Fig. 8. Glycerol
blocked HSP synthesis in the cells exposed to
heat shock but not in those exposed to Zn. This
result suggests an idea that the pathway which
leads to HSP synthesis might be different in the
cells exposed to heat or Zn.

Determination of Protein Degradation

The rate of degradation for the prelabelled pro-
tein by various stress protein inducers is shown in
Fig. 9. In the heat-shocked cells protein was de-
graded to TCA-soluble peptides and amino acids
more rapidly than the control, as well as Zn or
ME-treated cells. Thus, the protein degradation
was not a common phenomenon following expo-
sure to stress or in stress protein induction. In this
experiment, IAA was excluded because of its
strong cytocidal effect.

Discussion

Prokaryotic and eukaryotic cells respond to heat
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A B c D
Fig. 5. Cells were first exposed to ME for 3 hr, rinsed
and the last exposed to IAA for 3 hr, rinsed and incu-
bated for varying times, then labelled for 2 hr. Compari-

son was made for ME or IAA alone. A, control; B, ex-
perimental; C, ME; D, IAA.

Fig. 7. Effect of cycloheximide on the stress protein in-
duction. Cells were exposed to cycloheximide (20
pg/ml) for 0.5 to 2 hr before inducer treatment, then
exposed to indicated inducer together with cyclohex-
imide, rinsed and labelled. A, control; B, Zn; C, IAA; D,
ME.

o~
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Fig. 6. Cells were exposed first to Zn for 3 hr, rinsed
and the last exposed to ME for 3 hr, rinsed and incu-
bated for varying times, then labelled for 2 hr. Compari-
son was made for Zn or ME alone. A, control; B, ex-
perimental; C, ME; D, Zn.

A B C D E F

Fig. 8. Differential induction of stress proteins by
glycerol. Cells were exposed to inducer and labelled for
2 hr. A, control; B, Zn; C, Zn plus glycerol; D, heat; E,
heat plus glycerol; F, heat plus glycerol and Zn.
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Fig. 9. Rate of degradation of prelabelled proteins by
several stress protein inducers. Rate of degradation is
expressed as the ratio of TCA-soluble to that of TCA-in-
soluble and soluble fractions.

shock and certain other environmental abuses by
synthesizing a small set of stress proteins, such as
HSPs and GRPs. To examine the mechanism for
the induction of stress proteins by various induc-
ers, iodoacetamide and ZnCl, as HSP inducer and
2-mercaptoethanol as GRP inducer were treated
to SCK cells in the present experiment.

In the SCK cells HSPgs, HSP7¢ and HSPy;4 as
HPSs and GRP;; GRP,qy as GRPs were preferen-
tially induced. Among these, HPS¢g was found to
be synthesized de novo and GRP; was produced
in greater amount, so these two stress proteins
were extensively concerned with. The presence of
actinomycin D during the induction period block-
ed the increased synthesis of stress proteins in all
cases, while that of cycloheximide during the
same period blocked the formation of these pro-
teins in the cells exposed to Zn or ME, but not in
those exposed to heat shock or IAA.

This result is not consistent with the finding
(Whelan and Hightower, 1985) that even if cyc-
loheximide was treated during the induction
period, high concentration of ME (e.g., 0.25%)
induced GRP synthesis. These disagreement might
be explained as follows: Since high concentration
of ME might disrupt disulfide bonds in mature
proteins, it is predicted that there are at least two
cellular targets, for which stress protein inducers
might act on. The more sensitive one, perturbed
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at low concentration of ME (e.g., 0.1% as used in
the present study), involves protein synthesis,
whereas the other affected at high concentration
of ME is not dependent on protein synthesis to
generate an induction signal. The present study
suggests that Zn and ME trigger their signals
through a sensitive target that involves protein
synthesis.

As Ananthan et al. {1986) suggested, Zn and
ME may affect nascent proteins by reacting to sul-
thydryl groups and producing conformational
changes in proteins. However, heat and IAA may
disrupt normal structure or normal function of ma-
ture proteins by irreversibly binding to sulthydryl
groups (IAA) or by increasing the unfolding of
proteins (heat).

Glycerol was found to block HSP synthesis in
heat-shocked cells but not in Zn-treated cells.
Glycerol is generally recognized to stabilize pro-
teins from heat shock (Henle et al., 1982). Thus,
glycerol is likely to block HSP synthesis in heat--
shocked cells by protecting the heat sensitive pro-
teins. In contrast, in the cells exposed to Zn,
glycerol did not block HSP synthesis. Since Zn is
thought to induce HSP synthesis by reacting to
sulthydryl groups, glycerol is not likely to give any
effect on the reaction.

It seems to be that several stresses that induce
stress proteins produce abnormal proteins via
different pathways and the production of abnor-
mal proteins as a common signal results in the
stress protein induction. Protein degradation,
however, was not observed as a common phe-
nomenon following exposure to stress. Ananthan
et al. (1986) have reported that abnormal proteins
serve as eukaryotic stress signals and trigger the
activation of heat shock genes. In addition, they
proposed a model that transcriptional regulation
of the heat shock gene is based on competition
for degradation between abnormal intracellular
proteins and a labile regulatory factor.

Examination of the relationship between HSP
and GRP inductions revealed that the HSP and
GRP inductions were correlated with each other in
the cells exposed to Zn and ME. Thus, HSP in-
duction by first Zn treatment was affected by the
last ME treatment, and GRP induction by first ME
treatment was affected by the last Zn treatment.
Similarly, HSPs or GRPs induced by the last Zn or
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ME treatment was affected by first ME or Zn treat-
ment. It is thought that there are competition be-
tween HSP and GRP signals, because Zn and ME
may affect nascent proteins and produce different
signals for HSP or GRP induction. However, in
the cells exposed to IAA and ME, HSP induction
by first [AA treatment was not affected by the last
ME treatment, and likewise GRP induction by first
ME treatment was not affected by the last IAA
treatment. In other words, HSP induction by 1AA
treatment was not affected by first or the last ME
treatment. As 1AA is an irreversible binding agent
to sulthydryl groups, its attack to nascent proteins
or mature proteins might produce irreversibly den-
atured proteins. On this account, the last ME treat-
ment following first IAA treatment is likely to be
not effective. It is also possible that the remnant
IAA serves as a powerful oxidizing agent, inhibit-
ing the signal triggered by ME. In contrast, the
GRP induction by first ME treatment was not
blocked by the last IAA treatment. The triggered
signal by the first ME treatment was efficient
enough to generate GRP induction. Thus, the last
IAA treatment did not affect the initially triggered
signal.
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