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A Possible Target for the Heat Inactivation of SCK Tumor Cells
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Seoul 151-742, Korea

The present investigation aims at inquiring into a possible target for the heat inactivation of
SCK tumor cells by comparing the kinetics of cell survival, rate of protein synthesis, and DNA
polymerase activity in the presence of heat protector or heat sensitizer.

A possible conclusion to be drawn from the present experiment is that there is no direct
correlation between cell death and decrease in the rate of protein synthesis, but that the loss of
DNA polymerase 3 activity correlates quite well with cell inactivation. Thus, protein degrada-
tion and/or abnormal protein synthesis causes cell inactivation indirectly, possibly by altering
the cellular environment which in turn affects the DNA polymerase {2 activity. Accordingly,
further studies, dealing with the correlation between changes in the cellular environment and
DNA polymerase 3 activity, are needed to get insight into a possible target for the heat

inactivation of cells.
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Despite a lot of information is known of the
cellular and molecular responses of cells to heat,
the primary target(s) responsible for cell death are
unknown. Many studies support the hypothesis
that the plasma membrane is a critical target for
heat cell inactivation. Heat has been reported to
induce structural changes in the cell membrane
(Bass et al, 1978; Lin et al., 1973; Coss et al.,
1978). Cell survival studies combining heat with
membrane-active agents such as alcohols (Li et
al., 1977) and polyamines (Ben-Hur et al., 1978;
Germner et al., 1980) further indicate that damage
to membranes may be a primary target.

In contrast, critical targets other than the plasma
membrane have also been suggested for heat in-
activation of cells. For example, heat may induce
nucleolar changes (Simard and Bernard, 1967;
Love et al, 1970), induce chromosomal aberra-
tions (Dewey et al., 1978), and cause alterations in
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DNA synthesis (Dewey et al., 1980; Henle and
Leeper, 1979; Mondovi et al., 1969). In addition,
heat inhibits protein synthesis (Dewey et al., 1980,
Henle and Leeper, 1979; Mondovi et al., 1969),
presumably by blocking the initiation step
{Oleinick, 1979), and causes protein denaturation
(Rosenberg et al., 1971). Heat also causes an in-
creased association of nonhistone chromosomal
proteins with DNA (Tomasovic et al., 1978; Roti
Roti and Winward, 1978). The kinetics of this in-
crease has been correlated with the thermodyna-
mics of heat-induced cell inactivation (Roti Roti et
al., 1979).

Since our previous study (Kang and Chung,
1989) indicated that the protein degradation was
not directly concerned with cell inactivation, a
target other than protein degradation has to be
predicted. In this connection, it is interesting that
polymerase 8 activity is particularly heat sensitive
(Kunkel et al., 1978; Dube et al., 1977), while the
activity of the presumed replicative enzyme DNA
polymerase « is relatively heat stable (Dube et
al, 1977). The polymerase S activity is inhibited
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to a greater extent by tempertures above 37°C
than the polymerase « activity (Wawra and
Dolejs, 1979; Weniger et al., 1979). In addition, a
positive correlation has been reported between
cell death and loss of cellular polymerase 3 activ-
ity for cells developing and then losing thermal
tolerance during chronic heating (Dewey and
Esch, 1982). Furthermore, the level of thermal
damage measured by cell lethality correlates well
with the level of thermal damage measured by
loss of soluble cellular polymerase [ activity in
Chinese hasmter ovary cells after hyperthermic
treatment of 42.5-455°C (Mivechi and Dewey,
1984).

Accordingly, in the present investigation we
have examined the effect of heat on the cell sur-
vival, rate of protein synthesis and DNA
polymerase a and (3 activities in the presence of
heat protector or heat sensitizer, aiming at eluci-
dating a possible target for the heat inactivation of
cells.

Materials and Methods

Cell Culture

SCK tumor cells, mammary carcinoma origin of
A/J mouse, were cultured as described previously
(Kang et al., 1980).

Maintenance of Acidic pH

pH of the culture media was adjusted and main-
tained as described by Hahn and Shiu (1983).
Norma! (pH 7.4) and acidic (pH 6.7) pHs were
obtained by adjusting the amount of sodium bicar-
bonate in the media. The adjusted pH was main-
tained by continuous gassing of 5 % COQOg-air. The
pH levels were reproducible from experiment to
experiment.

Glycerol Medium

1 M glycerol medium in RPMI 1640 medium
supplemented with 10 % calf serum was filtered
just prior to use.

Heat Treatment

SCK tumor cells appropriately seeded in 60 mm
dishes were cultured for 2 days. Prior to heat
treatment, the cells were equilibrated with normal,
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acidic or glycerol medium for 2 hr. Culture dishes
thus treated were tightly capped, sealed with para-
film, and inserted in plastic shelves, were im-
mersed horizontally in a constant temperature-cir-
culating waterbath for desired durations.

Cell Survival Studies

Following heating, the cells were incubated for
7-10 days. On termination of the incubation, the
cells were fixed and stained with crystal violet and
the colonies were counted for surviving fraction.

SDS-PAGE

Celis in a culture dish were labelled with 10 ,
Ci/ml 3°S-methionine in methionine-free RPMI
1640 medium for 1-2 hr at 37°C. At the end of
this period, the medium was removed and the
cells were washed three times with cold phos-
phate buffered saline and were harvested in lysis
buffer which contained 2 % SDS. Labelled sam-
ples were dissociated by heating in boiling water
for 3-5 min. The amount of protein was deter-
mined by the method of Lowry et al. (1951).
Equal amount or equal radioactivity of protein was
directly loaded onto 7.5-10 % SDS-polyacryla-
mide slab gels by employing the method of Laem-
mli (1970).

Autoradiography and Fluorography

After the SDS-PAGE, the gels were either auto-
radiographed or fluorographed routinely as re-
quired. The autoradiograms or fluorograms were
scanned in a densitometer.

Rate of Protein Synthesis

To examine whether the cell death by heat is
correlated with the change in the protein synth-
esis, the change in the rate of protein synthesis
was determined. The cells were cultured in RPMI
1640 medium supplemented with 10 % calf
serum for 2 days before heat treatment. Prior to
heat treatment, the medium was replaced with
either normal, acidic or glycerol medium. After
hyperthermia, at varying time intervals the cells in
a dish were labelled with 10 , Ci of
35S _methionine for 2 hr. The change in the kine-
tics of the rate of protein synthesis by heat was
evaluated by densitometric scan of autoradiogram
of SDS-PAGE.
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Evaluation of DNA polymerase « and [ activi-
ties

Determination of DNA polymerase « and /3
activities was performed as described by Spiro et
al. (1982) with minor modifications. Following
hyperthermic treatment, the cell monolayer from
each dish was trypsinized and approximately 2 X
10° cells were used to determine the activities.
The cell suspension in an eppendorf tube was
permeabilized with 0.1 ml Tris buffer, pH 7.8
containing 0.2 % Triton X-100, 5 mM mercap-
toethanol, 20 % glycerol, and 1 mM EDTA for 30
min at 0°C. The cells were then treated with 10
mM N-ethylmaleimide (NEM) for DNA polymerase
/3 activity and distilled water for total DNA
polymerase activity. After incubation for 60 min at
0°C, 0.1 ml of solution containing 100 mM Tris
buffer (pH 7.8 for total DNA polymerase activity
or pH 8.3 for DNA polymerase 3 activity), 1 mM
EDTA, 20 % glycerol, 0.2 % Triton X-100, 1
mM dATP, dCTP, dGTP and *H-TTP (5 ,.Ci/ml,
ICN), 10 mg activated thymus DNA and 200 mM
KCI were added. For total DNA polymerase activ-
ity KCI was not added. Following 20 min incuba-
tion at 37°C, the reaction was stopped by adding
10 ml of 10 % TCA. After washing twice with 10
% TCA, TCA-insoluble fraction was counted to
determine the radioactivity per sample. The tubes
which received 10 mM NEM and 200 mM KCI
represented the activity of DNA polymerase 3.
The total DNA polymerase activity was deter-
mined in parallel with this experiment. The DNA
polymerase 3 activity was then subtracted from
the total DNA polymerase activity to obtain the
activity of DNA polymerase «a .

The change in DNA polymerase activities with
increase in heating time at temperatures ranging
42-44°C and under normal, acidic or glycerol
condition, and the correlation between cell surviv-
al and DNA polymerase activities were processed
and plotted with Symphony program (Lotus De-
velopment Co.).

Results
Effect of Acidic pH and Glycerol on the Hyper-

thermic Cell Survival
Survival curves were obtained for the cells ex-
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Fig. 1. Effects of hyperthermia at 41-45'C for desig-
nated durations on the SCK tumor cell survival at pH
7.4.

posed to hyperthermia at 41-45°C for the desired
durations in normal, acidic or glycerol medium as
shown in Figs. 1-3. Comparison of survival curves
for glycerol or acidic medium to that for normal
medium revealed that glycerol served as a good
heat-protector, whereas acidic pH served as a
heat-sensitizer. The protective effect of glycerol
was found to be more pronounced over the sensi-
tizing effect of acidic pH, and the former effect
appeared at all temperature range of 41-45°C but
the latter effect except 41 and 45°C.

Change in the HSP;, and 80 kDa Protein Synth-
esis

Following hyperthermic treatment at varying
temperatures for desired durations in normal, aci-
dic or glycerol medium, the cells were labelled
with ?*S-methionine for 2 hr, followed by
SDS-PAGE and autoradiography. The autoradio-
grams were scanned in a Toyo digital densito-
meter (DMU-33C). A representative scanning pat-
tern is shown in Fig. 4 to indicate the peaks (a-1)
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Fig. 2. Effects of hyperthermia at 41-45°C for desig-
nated durations on the SCK tumor cell survival at pH
6.7.
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Fig. 3. Effects of hyperthermia at 41-45°C for desig-
nated durations on the SCK tumor cell survival in
glycerol-treated medium.
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Fig. 4. Rates of synthesis of some proteins as revealed
by densitometric scan. A, unheated control; B, heated at
43°C for 30 min.

actually analyzed. Among the peaks examined,
only 2 peaks (c and e) were found to be of in-
terest in that they decreased in the order of
glycerol, normal and acidic medium and the de-
creasing pattemns of synthesis of HSPy, and 80
kDa protein are shown in Figs. 5 and 6, respec-

tively.

Loss of DNA Polymerase a and 3 Activities by
Hyperthermia

The effects of hyperthermic treatment at
42-44°C and in either normal, acidic or glycerol
medium on the DNA polymerase ¢ and £ activi-
ties, as determined by incorporation of *H-TTP
into activated calf thymus DNA, were investigated.
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Fig. 5. Decrease of the rate of HSPyo synthesis with
increase in heating time at 43°C. (J-[3, pH 7.4; (O-O),
pH; A-A, glycerol.
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Fig. 6. Decrease of the rate of proteine synthesis with
increase in heating time at 43°C. []-1, pH 7.4; (O-(,
pH 6.7, &-A, glycerol.

Of these, decrease of DNA polymerase a and f3
activities with increase in heating duration at 43°C
are shown in Figs. 7 and 8, respectively. As is
evident in these figures, DNA polymerase a and
/3 activities appeared to be protected or sensitized
by glycerol or acidic pH, as are exemplified in the
cell survival. The degree of either protection or
sensitization was pronounced in DNA polymerase
a than in polymerase (. A similar tendency was
apparent in the cells exposed to hyperthermia at
42-44°C (dat not shown). In general, the levels of
soluble cellular DNA polymerase a and j3 activi-
ties were reduced by heating the cells, but for a
given amount of heat, the loss of polymerase f
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Fig. 7. Effect of heating at 43°C on DNA polymerase «
activity as expressed in terms of fraction of the control.
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Fig. 8. Effect of heating at 43°C on DNA polymerase £
activity as expressed in terms of fraction of the control.
-3, pH 7.4; O-O, pH 6.7, A-A, glycerol.

activity was greater than that of polymerase «a
activity.

Correlation between Cell Survival and DNA
Polymerase ¢ and [ Activities

To examine whether the loss of polymerase
activities are correlated with the cell killing, surviv-
al is plotted versus polymerase a or S activities
for the temperature range of 42-44°C. Of these,
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Fig. 9. Correlation between survival and DNA
polymerase 3 activity for cells exposed to 43°C. [J-[],
pH 7.4, O-0), pH 6.7; A-A, glycerol.
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Fig. 10. Correlation between survival and DNA
polymerase 3 activity for cells exposed to 43°C. [(]-[],
pH 7.4; O-0, pH 6.7, &a-A, glycerol.

the correlation between surviving fraction versus
DNA polymerase a@ and B3 activities at 43°C is
shown in Figs. 9 and 10, respectively. Comparison
of these figures indicates that cell survival is posi-
tively correlated with the loss of DNA polymerase
B activity but not with that of polymerase «
activity. This is illustrated by the close distribution
of points for polymerase 3 after heating at acidic
or glycerol medium, whereas for a given survival

POLYMERASE <« ACTIVITY

Fig. 11. Overall correlation between survival and DNA
polymerase « activity for cells exposed to 42-44°C in
either normal, acidic or glycerol-treated medium.
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Fig. 12. Overall correlation between survival and DNA
polymerase 8 activity for cells exposed to 42-44°C in
either normal, acidic or glycerol-treated medium.

level, the points for polymerase a spread widely.
Collective data for survival versus DNA
polymerase a and f activities for the cells he-
ated at normal, acidic or glycerol medium and at
temperatures ranging 42-44°C are shown in Figs.
11 and 12. These results strongly suggest that
there exists a positive correlation between cell sur-
vival and loss of DNA polymerase 8 activity.
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Discussion

Cell survival data revealed that the effect of
both heat protector and sensitizer was apparent,
the magnitude of the effect being pronounced for
protector than for sensitizer. Initially, it was pre-
dicted that cell survival following hyperthermia
would correspond with the decrease of protein
synthesis, at least some of the proteins. However,
the rate of synthesis of HSP,q or 80 kDa protein
was found not to correlate with cell survival fol-
lowing hyperthermia. Therefore, the possibility
that cell killing is somehow ascribed to the de-
crease in the rate of protein synthesis is not likely
and the cell inactivation is not affected directly by
the decrease in the protein synthesis.

To examine whether cell inactivation is corre-
lated with the loss of soluble cellular DNA
polymerase activities, soluble cellular DNA
polymerase a and f activities were determined
for the cells exposed to hyperthermic treatment at
42-44°C for desired durations and at normal, aci-
dic or glycerol medium. The levels of both
polymerase @ and 3 activities were reduced by
heating the cells, but for a given amount of heat,
the loss of a activity was less than that of (3
activity (Figs. 7 and 8). For example, in the cells
exposed to hyperthermic treatment at 43°C for 60
min, polymerase a activity decreased to a level of
47 % of the control, whereas polymerase 3 activ-
ity decreased to a level of 28 %. Thus,
polymerase 3 activity appeared particularly heat
sensitive, while the activity of the presumed re-
plicative enzyme DNA polymerase a appeared
relatively heat stable as shown previously (Kunkel
et al., 1978; Dube et al., 1977).

The present study indicated that the level of
thermal damage measured by cell death correlates
well with the level of thermal damage measured
by loss of soluble cellular polymerase S activity.
specifically, both enhancement of thermal damage
by heating at acidic pH and reduction of thermal
damage by heating in the presence of glycerol
were almost the same for the polymerase 3 acti-
vities but not for polymerase o activities. These
results, together with others (Mivechi and Dewey,
1984), suggest that the level of soluble
polymerase {8 activity in the cell serves as an in-
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dex of thermal damage. Obviously, cell death is
not associated with the complete loss of
polymerase j activity, because at cell survival
levels of about 63 %, polymerase [ activities
were about 40 % of the controls, and at cell sur-
vival of about 10 %, polymerase 8 activities were
about 13 %.

The levels of polymerase a activity also were
reduced by heating the cells, but did not correlate
with cell lethality when the cells were heat sensi-
tized by acidic pH or were heat protected by
glycerol (Figs. 9 and 10). Heat sensitization at aci-
dic pH was greater for reduction of polymerase «
activity than for reduction of polymerase 3 activ-
ity, wherase protection from heat damage with
glycerol was the least for reduction of polymerase
a activity.

When the cells were treated with a membrane
active agent, procaine-HCI, they were heat sensi-
tized in terms of loss of £ activity in a manner
similar to that observed for cell killing, while when
the isolated enzyme was treated with procaine, no
sensitization to heat was observed (Spiro et al,
1982; 1983). Based on these facts, the results of
the present investigation are likely to be explained
as following. Heat-induced loss of polymerase
activity results both from heat-induced membrane
damage, leading to secondary effects on
polymerases and from heat denaturation of the
polymerases. Thus heat effects of membranes,
which could be any of the cellular membranes,
can apparently result in changes in environmental
conditions within the cell, which can in tum alter
the emzyme and/or the direct or secondary effect
of heat on the enzyme (Mivechi and Dewey,
1984). The present finding that inactivations of
polymerase a and 3 activities respond differently
to the heat modifying effects of low pH and
glycerol treatment implies that direct and/or
secondary effects of heat on the enzymes also are
modified by low pH and glycerol. Thus the differ-
ences between the two enzymes in modifications
in heat-induced loss of activities, including the
good correlation between the two enzyme activi-
ties and survival when the cells are heated at aci-
dic pH, or with glycerol, could result from acidic
pH and glycerol treatment altering polar and
nonpolar interactions, respectively, to different de-
grees in the two enzyme molecules. Such differ-



312

ences might be expected because of differences in
the molecular structures; i.e., polymerase « has
4-8 subunits (180-450 kDa) and an isoelectric
point of pH 7.2 and polymerase £ has 1 subunit
(40 kDa) and an isoelectric point of pH 8.5 (Hubs-
cher, 1983).

The main conclusions to be drawn from the
present study are (1) loss of polymerase 3 activity
correlates well with loss of cell viability for asyn-
chronous SCK tumor cells and (2) loss of
polymerase « and 3 responds differently to heat
sensitization and protection. Thus, further studies,
dealing with the correlation between changes in
the cellular environment and DNA polymerase 3
activity, are needed to get insight into a possible
target for the heat inactivation of cells.
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