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ABSTRACT

We describe a novel approach to evaluate quantitatively the amounts of denatured proteins in cells
upon heat exposure. A thiol compound, diamide [azodicarboxylic acid bis (dimethylamide)] causes
protein cross-linkang with exposed sulfyhydryl residues of denatured proteins. Since denatured pro-
teins expose normally well-hidden sulfhydryl groups, these will be preferentially cross-linked by
diamide. Thus diamide acts to “trap” denatured proteins. We observed that protein aggregates (high
molecular weight protein aggregates, HMA) appeared on SDS-polyacrylamide gels run under non-re-
ducing conditions and that the amount of HMA can be quantified by scanning the gels using a gas flow
counter. Heating cells followed by a fixed dose of diamide exposure resulted in HMA increases in a
heat-dose dependent manner, demonstrating that the quantitation of HMA could serve as a measure
of heat-denatured proteins. We compared thermotolerant and nontolerant cells and found decreased
HMA in tolerant cells upon heat treatment. As an attempt to examine the kinetics of protein
renaturation (or “repair”), we measured the amounts of aggregates formed by the addition of diamide
at various times after heat shock. Such experiments demonstrate an equally rapid disappearance of
HMA in previously unheated and in thermotolerant cells. Levels of HMA in tolerant cells increased
significantly after electroporation of HSP70 specific mAbs, suggesting an involvement of HSP70 in re-
ducing HMA levels in thermotolerant cells upon heat exposure. Inmunoprecipitation studies using
anti-HSP70 antibody indicated an association of HSP70 with heat-denatured proteins. Our results sug-
gest that heat induces protein denaturation, and that elevated level of HSP70 present in
thermotolerant cells protects them by reducing the level of protein denaturation rather than by facili-
tating the “repair” (or degradation) process.
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INTRODUCTION

Exposure of cells to sublethal heat treatments
induces both the heat shock response and
thermotolerance. The former is characterized pri-
marily by the preferential synthesis of a series of
proteins termed heat shock proteins (HSPs), while
the latter is the name given to the transient heat
resistance induced by a prior, nonlethal heat (or
other stress) exposure. There is good temporal

correlation between the appearance and turnover
of HSPs and the development and decay of
thermotolerance (Landry et al., 1982; Li & Werb,
1982; Subjeck et al., 1982). The HSPs, particularly
HSP70, are thought to provide protection against
damage caused by heat or other stress-inducing a-
gents. Recent evidence has shown that overex-
pression of HSP70 in stably transfected rat fibro-
blasts was sufficient to provide an enhanced sur-
vival against heat challenge and the level of
HSP70 protein expression correlated with the de-
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gree of heat resistance (Li et al., 1991).

On the other hand, several experiments have
shown that heat shock can induce thermoto-
lerance in mammalian cells and in yeast under
conditions where no evidence for induction of
any of the HSPs could be demonstrated (Carper et
al., 1988; Fisher et al., 1992; Hallberg 1986; Ramsay
1988). These results have led Smith and Yaffe
(Smith & Yaffe, 1991) to suggest that thermotole-
rance and HSP induction are uncoupled. Whether
the HSPs, particularly HSP70, are responsible for
thermotolerance, therefore, is a subject of sub-
stantial current controversy (Hightower 1991). Va-

rieties of cellular properties have been shown to
be less heat-sensitive in thermotolerant cells than
in their control counterparts (Sciandra & Subjeck,
1984; Welch & Mizzen, 1988; Yost & Linquist,
1986). However, little is known about the mecha-
nism of this protection exhibited in such cells. For
these reasons, any data on possible mechanisms of
how HSPs may protect cells or cellular com-
ponents may be of considerable importance.
HSP70 has been shown to bind and hydrolyze
ATP, and the released energy has been proposed
to be used for its function(s) (Chappell e al., 1987;
Petham 1986). A possible roie for HSP70 in
lysosomal degradation of intracellular proteins in
the presence of ATP and MgCl: has been pro-
posed (Chiang et al., 1989). Interaction of HSP70
with unfolded proteins and the influence of nucle-
otides and temperature on such interactions has
been determined in cell-free systems (Palleros ef
al., 1991). Recently, Flynn et al. (Flynn et al., 1991)
demonstrated that HSP70 can distinguish folded
from unfolded proteins and those studies provid-
ed a biophysical basis for the specificity of the
recognition.

Considerable evidence suggests that protein
“denaturation” is responsible for heat-induced
cell death (Hahn & Li, 1990; Lepock e al., 1990;
Minton ef al., 1982; Nguyen et al., 1989). In view of
the known properties of HSP70, we hypothesized
that thermotolerant cells should be resistant to
thermal denaturation of cellular proteins and that
elevated levels of HSP70 should increase protein
denaturation. An additional question we exam-
ined relates to the mechanism of how HSP70 may
provide this resistance; Does HSP70 prevent ther-
mal-denaturation of cellular proteins, or alterna-
tively does it facilitate the repair of thermally-de-

natured proteins?

MATERIALS AND METHODS

Cells and growth conditions

The RIF-1 cells, derived from a radiation-in-
duced fibrosarcoma as previously described
(Hahn & van Kersen, 1988; Twentyman ef al,
1980), were cultured in RPMI 1640 (GIBCO-BRL),
supplemented with 10% (vol/vol) fetal calf serum
(GIBCO-BRL), 200 mg of streptomycin sulfate per
liter, and 190,000 U of penicillin G potassium per
liter. The cells were maintained in an humidified
37°C incubator in a 5% CO-95% air atmosphere.
Exponentially growing cultures containing 1-2 X
10° cells in 60 mm tissue culture dishes were used
for all experiments. Each experiment was repeat-
ed at least three times. Part of the experiments
were also repeated other cell systems which in-
cludes the mouse fibroblastoid L929 and the chi-
nese hamster ovary subline, HA-1.

Metabolic labeling of the cellular proteins and
treatment with heat and diamide

All cellular proteins were metabolically
prelabeled for 48 hours with 4 #Ci of L-[*S]-me-
thionine (Amersham Corp., Arlington Heights, IL..
specific activity > 1,000 Ci/mmole) per ml A de-
tailed protocol for thermotolerance induction, in-
cluding optimum heat doses, has previously been
described (Anderson et al., 1989). Briefly, to allow
development of thermotolerance, monolayers of
cells were heated in a temperature-controlled, cir-
culating waterbath for 15 min at 45°C and re-
turned to and remained in a 37°C incubator in an
atmosphere of 5% CO»95% air for 12~14 hrs.
Control cells were treated identically, except for
the priming heat shock. For the measurement of
diamide-induced HMA, cells were exposed to var-
ious concentrations of diamide at 37°C. Azodicar-
boxylic acid bis (dimethylamide), diamide (Sigma
Chemical Co., St. Louis, MO.) was stored in a re-
frigerated desiccator and solutions were made in
Dulbecco’s PBS (GIBCO-BRL) immediately prior
to use. For the measurement of heat-induced
HMA, cell were exposed to elevated temperatures
for increasing time intervals immediately fol-
lowed by addition of a fixed dose of diamide.
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One dimensional polyacrylamide gel electrophore-
sis

Cellular proteins were solubilized in SDS-sam-
ple buffer and were subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE), with 8%
acrylamide for separating gels. The procedure
was essentially identical as described by Laemmli
(Laemmli 1970). Protein concentration was mea-
sured by the method of Lowry ef al. (Lowry ef al.,
1951). For the quantitation of HMA, SDS-PAGE
was carried out under nonreducing conditions.
The gels were then stained, dried, and scanned on
a proportional gas flow counter (AMBIS Scanner,
Automated Microbiology Systems, San Diego,
CA). The amount of protein denaturation was
measured by determining % CPM contained in
HMA relative to the total CPM in each lane.
Autoradiograms were prepared using Kodak
XAR-2 film.

Western blot analysis

Immediately after electrophoresis, the proteins
were transferred from the polyacrylamide gel to a
nitrocellulose membrane (Bio-Rad) by electro-
blotting (E. C. Apparatus, St. Petersburg, Fla.).
Proteins transferred to the membrane were
probed with a mouse monoclonal antibody

(mAb), N6 F3-5, which recognizes both the consti-
tutive and inducible forms of HSP70. Binding of
the mAb to HSP70 was detected by incubation of
the blot with an alkaline phosphatase (AP)-conju-
gated goat anti-mouse IgG (Bio-Rad). 3-hydroxy-
2-naphthoic acid 2,4-dimethyanizide (Sigma)/Fast
Red TK dye (Bio-Rad) were used as substrates for
AP reaction.

Immunoprecipitation

Prelabeled cells were heated at 45°C for increas-
ing time intervals, and processed for immunopre-
cipitation. Briefly, protein A-mAb complex was
prepared by incubating protein A-Sepharose
beads (Pharmacia) with mAb against HSP70
under high salt conditions (140 mM Na,HPO,, pH
9.0, 2.5 M NaCl). The incubation was carried out
at 4°C in a vertical rotator. The complex was pel-
leted and washed twice with the incubation buffer
and then twice with NP40-lysis buffer (50 mM
Tris-Cl, pH 8.0, 150 mM NaCl, | mM MgCl, 0.5%

NP40). Monolayers of cells were washed twice
with room temperature PBS, lysed with NP40-
lysis buffer supplemented with protease inhibitors
and centrifuged for 10 min at 10,000 xg. The cell
extracts were transferred to a clean tube. Aliquots
of cell extracts and prepared protein A-mAb were
incubated at 4°C in a vertical rotator. The im-
mune-complexes were collected by centrifugation
at 10,000 X g for 15 sec at 4°C, resuspended in lysis
buffer, and washed three times with lysis buffer.
The final wash was completely removed by insert-
ing a bent 23 gauge needle directly into the beads.
The radioactivity in aliquots of each sample was
measured, and the samples were further processed
for SDS-PAGE by solubilizing an equal amount of
radioactivity for each immune complex with
SDS-sample buffer.

Electroporation of mAb against HSP70

The Cell-Porator Electroporation System (BRL,
Bethesda, MD) was used to introduce mAb into
cells. Exponentially growing cells were trypsinized
and washed with HEPES-buffered saline (21 mM
HEPES, pH 7.05, 137 mM NaCl, 5 mM KCl, 0.7
mM NaHPO,, 6 mM glucose). Cells were
resuspended at a density of 2 X 10° cells/ml. Two
hundred fifty microliters of cells were transferred
to an electroporation chamber containing mAb at
a final concentration of 3 mg/ml and exposed to a
single electric pulse of 750 V/cm for duration of
0.7~0.9 msec at 4°C. Cells were left in the cham-
ber for 5 min, washed with growth media, and re-
turned to a 37°C incubator. To confirm the suc-
cessful introduction of mAb, N6, electroporated
cells were harvested, washed in PBS, and lysed in
SDS-sample buffer. Cell lysates were separated by
SDS-PAGE and transferred to a nitrocellulose
membrane. The heavy and light chains of the in-
troduced mAb were identified using AP-conjugat-
ed goat anti-mouse antibody. The successful intro-
duction of the mAb was further confirmed by
electroporating fluorescein isothiocyanate
(FITC)-labelled mAb into cells. Following wash-
ing in PBS, the cells were plated into 35 mm tissue
culture dishes and put back for 37°C incubator
for 4~6 hrs. Then the dishes were washed again
in PBS, fixed with —20°C absolute methanol, and
kept at —20°C for 16 hrs. ACAS (Adherent Cell
Analysis and Sorting, Meridian Instrument,
Okimos, MI) was used to determine FITC-labelled
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Né6-uptake by electroporated cells. Values for the
integrated fluorescence per cell (IF/cell) were ob-
tained by scanning mAb electroporated cells (ex-
citation beam 488 nm, argon laser; emission filters
530 £ 15 nm band pass).

RESULTS

Measurement of protein denaturation induced by
heat

In order to evaluate quantitatively the amounts
of denatured proteins in cells after heating, we
have developed a method using diamide
[azodicarboxylic acid bis (dimethylamide)], a
sulfhydryl oxidizing agent. Diamide interacts with
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Fig. 1. Increase in HMA formation correlates with the
concentration of diamide added to RIF-1 cells.
All the cellular proteins were prelabeled with
L-[®*S)-methionine before treatment as de-
scribed in Materials and Methods. The insert
shows total protein samples of RIF-1 cells treat-
ed with diamide run under reducing condition
(A) and non-reducing condition (B). Error bars
represent mean = SD.

sulfhydryl residues, randomly cross-links them,
and therefore produces high molecular weight
protein aggregates (Lee & Hahn, 1988). We de-
fined high molecular weight protein aggregates
(HMA) operationally as either those proteins that
did not enter the gel or those that appeared be-
tween the stacking and the resolving gel on a SDS-
polyacrylamide gel run under non-reducing con-
ditions. These could readily be quantified as de-
scribed in Materials and Methods. We found that
the amounts of HMA increased as the concentra-
tion of diamide increased and reached a plateau
at 5~10 mM, suggesting that diamide is trapping
denatured proteins present in cells at the time of
exposure (Fig. 1). When the cell extracts obtained
from those that were exposed to diamide were
subjected to a gel eletrophoresis under reducing
condition, HMA completely disappeared and var-
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Fig. 2. Appearance of HMA after diamide exposure
following heating. Prelabeled RIF-1 cells with
L-[®*S]-methionine were heated with (A) or
without (B) diamide addition (0.2 mM/30 min)
and cell extracts were subjected to SDS-poly-
acrylamide gel electrophoresis under non-re-
ducing condition.
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Fig. 3. Increase in HMA production in RIF-1 cells is
heat dose dependent. RIF-1 cells were heated at
45°C for 0 to 45 min and exposed to diamide
(0.2 mM/30 min). Quantitation of HMA was
performed by scanning gas flow counter as de-
scribed in Materials and Methods (dark bars).
Data obtained from samples not exposed to
diamide but to PBS following heating are shown

for comparison (light bars). Error bars represent
mean + SD.

ious protein bands of different molecular weight
appeared instead in the resolving portion of the
gel (Fig. 1, panel A of insert), suggesting that
diamide is trapping denatured proteins randomly.
We reasoned that heat-induced denatured pro-
teins would expose normally sequestered hydro-
phobic regions of proteins including sulfhydryl
groups, and thus could be more readily cross-link-
ed by diamide. In the absence of diamide expo-
sure, we observed little differences in the amounts
of HMA in cells heated for various lengths of time
(Fig. 2, panel A). When the cells were exposed to a
fixed dose of diamide (0.2 mM/30 min) immedi-
ately following increasing time of heating, howev-
er, the appearance of increasing quantities of
HMA was found (Fig. 2, panel B). As shown in
Fig. 3, there was a correlation between the heat
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Time (h) at Recovery at 37°C

Fig. 4. A time course of HMA disappearance at 37°C
in thermotolerant cells (white circles) and in
nontolerant cells (black circles). Cells were
heated for 15 min at 45°C and put back to 37°C
incubator for 0 to 6 hrs. Diamide (0.2 mM/30
min) was exposed either immediately after
heating or at the end of the incubation period.
Quantitation of HMA was done as described in
Materials and Methods. Error bars represent
mean £ SD.

dose given and the amounts of HMA, which lead
us to conclude that the amount of heat-denatured
proteins can be mirrored by the level of HMA
trapped by diamide following heating.

Thermotolerant cells are protected against HMA
formation induced by heating

Since thermotolerant cells display enhanced
survival upon otherwise lethal heat shock, we ex-
amined whether there is a difference in the level
of HMA formation between thermotolerant and
nontolerant counterparts. We compared two fea-
tures: the initial levels of heat induced-HMA and
the rate of HMA disappearance. The latter would
presumably reflect the sum of “repair” and degra-
dation of denatured proteins. In these experi-

— 437 —



Mock
aHSP70 Ab

Mock

oHSP70 Ab
a6 «

-

Fig. 5. Incorporation of HSP70 specific mAb in RIF-1
cells. Left panel: Introduction of FITC-conjugat-
ed HSP70 specific mAb was visualized by
ACAS (aHSP70 Ab). Right panel: Western blot
analysis of the HSP70 specific mAb in RIF-1
cells after electroporation.

ments, both tolerant and nontolerant cells were
heated at 45°C for 20 min. Immediately after
heating, the cells were exposed to a fixed dose of
diamide and processed in order to compare initial
HMA induction by heat, or returned to a 37°C for
increasing time intervals in order to examine the
rate of HMA disappearance. As shown in Fig. 4,
the initial quantity of HMA formation was signifi-
cantly lower in thermotolerant cells than in
nontolerant cells. Further, during the recovery at
37°C, the amount of HMA decreased at an expo-
nential rate in both thermotolerant and
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Fig. 6. The effect of electroporation of HSP70 specific
mAb, isotype control IgG1, or BSA on the accu-
mulation of HMA in RIF-1 cells heated at 45°C
for 15 min and exposed to diamide (0.2 mM/30
min). Light bars are nontolerant RIF-1 cells and
dark bars are theromotolerant RIF-1 cells.
Error bars represent mean + SD.

nontolerant cells. In both cells, the amount of time
fequired for the amount of initial damage to be
reduced to 1/e of the original value (the relaxa-
tion time) was 3. 5 + 1.2 hr. These data demon-
strate an equally rapid disappearance of HMA
molecules in previously unheated and in
thermotolerant cells. While ‘the tolerant state re-
duces the amount of initial protein damage
caused by heat shock, renaturation (or “repair”)
process does not appear to be more rapid in
thermotolerant cells.

We questioned whether the observed difference
in the quantity of HMA between thermotolerant
and nontolerant cells was due to the difference in
the uptake of diamide. To do so, we have com-
pared the rate of depletion of a major intracellu-
lar free thiol, glutathione after diamide exposure
by Fluorescence Activated Cell Sorter (FACS)
(Rice et al., 1986). This assay is based on the intra-
cellular reaction of monocholorobimane with glu-
tathione to form a highly fluorescent adduct
which is trapped within cells. The rate of reduc-
tion in fluorescence was similar between the
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Fig. 7. Panel A: Increased amounts of HSP70 coprecipitates in metabolically labelled cells heated at 45°C for O to 45
min. Error bars represent mean = SD. Pancel B: Western blot analysis of HSP70 coprecipitates from A under
reducing condition. The blot was probed mAb against HSP70.

thermotolerant and control cells, showing that the
differences in the amounts of HMA did not sim-
ply reflect the differences in the uptake of
diamide (data not shown).

The effect of electroporation of HSP70 specific
mAb in HMA production

To examine whether the level of heat induced
HMA production were modulated by the level of
HSP70 present in cells during heating, we attempt-
ed to inactivate “functional” HSP70 by elec-
troporating HSP70-specific mAb into cells. To
confirm the successful introduction of mAb after
electroporation, the fluorescein isothiocyanate
(FITC)-conjugated HSP70-specific mAb was in-
troduced into cells and examined by ACAS as de-
scribed in Materials and Methods (Fig. 5, left
panel): back ground fluorescence from cells fixed

before the electroporation (Mock) is shown in
comparison with the accumulated fluorescence of
the cells after the electroporation of FITC-conju-
gated mAb (anti HSP70 Ab). We have also
checked the integrity of the mAb after the
electroporation. To do so, aliquots of samples of
RIF-1 cells were subjected to Western blot analy-
sis after the HSP70-specific mAb electroporation.
As shown in right panel of Fig. 5, neither the
heavy nor the light chain of the incorporated
mAb showed detectable degradation, indicating
that the electroporation procedure itself did not
cause mAb destruction. Both the heavy and the
light chains can be visualized. We then examined
the effect of electroporation of HSP70 specific
mAb in HMA production upon heat exposure. As
shown in Fig. 6, in the presence of electroporated
monoclonal anti HSP70 Ab, the quantity of HMA
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