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MAP kinase activation during heat shock in quiescent and exponentially
growing mammalian cells
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In numerous cases of signal transduction, the mitogen-activated protein kinases (MAP kinases) or extracellular regulated kinases (ERKs) are found

to be activated by phosphorylations which result in electrophoretic mobility changes. Activities of MAP kinases 1n cytosolic extracts can also be

monitored by the capacity of such extracts to phosphorylate myelin basic protein. These two assays were used to demonstrate that MAP kinases

were rapidly activated during heat shock of both quiescent and exponentially growing mammalian (hamster, rat, mouse and human) cells. Thus,

the MAP kinase cascade 1s likely to also ensure heat-shock signal transduction and contribute to the regulation of the complex array of metabolic
changes designated as the heat-shock response.

MAP kinase; Heat shock

1. INTRODUCTION

The metabolism of cells is markedly altered by heat-
shock stress. Numerous cellular functions related to
gene expression are impaired, such as protein transla-
tion, RNA splicing, 'normal’ gene transcription {1,2].
Meanwhile, the transcription of heat-shock genes is ac-
tivated or enhanced.

The rapid changes in the translational efficiency are
likely to be controlled, in part, by phosphorylation or
dephosphorylation of regulatory proteins [3]. Indeed.
the heat-shock enhanced phosphorylation of the eukar-
yotic translation initiation factor 2 (elF-2) [4] and
dephosphorylation of initiation factor 4F (elF-4F) [5].
as well as that of ribosomal protein S6 [6-9] may con-
tribute to the general shut-off of protein synthesis and
to the selective translation of heat-shock mRNAs. Heat-
shock induced phosphorylation of the largest subunit of
RNA polymerase II [10] and of heat-shock factors may
contribute to the transcriptional activation of heat-
shock genes [11-13].

These changes are likely to result from the activation
of specific protein kinases and protein phosphatases.
For example, an elF2-kinase, related to the heme-regu-
lated protein kinase (HRI), is activated by heat-shock
in rabbit reticulocyte lysates [14] and Hela cells [15].
Activity of this kinase may be regulated by changes in
the phosphorylation state and binding of heat-shock
proteins to the catalytic subunit [16.17].

A possible involvement of MAP kinases, the mitogen-
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activated protein kinases, in the heat-shock response of
quiescent cells has been suggested recently by the obser-
vation that the MAP kinase-activated protein kinase 2
(MAPKAP kinase 2) was a major heat-shock-activated
enzyme responsible for the phosphorylation of the small
25-28 kDa mammalian heat-shock protein (HSP 27) in
quiescent cells [18]. MAP kinases are also designated as
extracellular signal-regulated kinases (ERKs) and be-
long to a family of Ser/Thr protein kinases that can be
rapidly activated by a wide variety of stimuli, such as
the addition of serum to quiescent cells [19-21]. It had
recently been mentioned that MAP kinases were acti-
vated during heat-shock in quiescent mouse fibroblasts
[22]. The pp90™* S6 kinase is known to be activated in
various cases of extracellular-signalled cell stimulation
through phosphorylation by MAP kinases and is often
designated as MAP kinase activated protein kinase 1
(MAPKAP kinase 1) [23]. In contrast with extensive
observations reported for growing plant and animal
cells [6-9], the ribosomal protein S6 was found to be
increasingly phosphorylated in heat-shocked quiescent
mammalian cells by both the pp90™* and pp70%* pro-
tein kinases [24]. Since the heat-shock response is not
dependent on cell growth, we have been examining the
activation of MAP kinases in exponentially growing
cells submitted to a heat-shock stress. Heat-shock treat-
ment was found to activate MAP kinases in several
species of mammalian cells independently of cell
growth.

2. MATERIALS AND METHODS

Chinese hamster lung fibroblast line CCL39, mouse Swiss 3T3 fi-
broblasts and human Hel a cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Grand Island, NY) supplemented
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with 10% fetal calf serum. Rat hepatoma cells. cell line H56 [25] were
kindly provided by Dr Aniko Venetianer and cultured in F12 medium
(Gibco) supplemented with 10% fetal calf serum. Cells were made
quiescent by incubating confluent cultures for 24 h mn serum-free
medium. Heat shocks were performed by immersion of the culture
tubes mn a water-bath.

2.1. Protewn kmase assay

After serum or heat-shock treatment, cells (3 x 10° per tube) were
washed in 1ce-cold buffer A (sodium glycerophosphate (pH 7.3) 20
mM, magnesium chloride 5 mM, ethylene glycol tetraacetic acid 1
mM, sodium vanadate | mM. phenylmethyl sulfonyl fluoride 0.2 mM.,
glycerol 10% and B-mercaptoethanol 1 mM) and lysed on ice with 100
ml buffer A containing 1% Nonidet P40. Cytosolic extracts were
cleared by centrifugation for 5 min at 10,000 x g and stored at —80°C.
Phosphorylation of myelin basic protein (MBP) was performed by
mcubating 2 ml of cytosolic extracts at 30°C with 20 ml of buffer A
containing [**P}-y-ATP (0.05 mCv/ml, 0.1 mM) and MBP (0.4 mg/ml)
for 10 min. The reaction was stopped by the addition of 20 ml of
2 x Laemmli buffer (Tris-HCl (pH 6.8) 120 mM., sodium dodecyl sul-
fate 4%, glycerol 20%, ff-mercaptoethanol 2%, and Bromophenol blue
0.002%). After electrophoresis in 15% polyacrylamide gels. the gels
were autoradiographed MBP was the major phosphorylated band
and migrated with an apparent molecular weight of 22 kDa

2.2, Immunoprecipitation

Cytosolic extracts were prepared from 5 x 10° NIH 37T3 cells lysed
in 300 ml of buffer A. These extracts were preincubated first with
protem A-Sepharose-CL4B, then 5 ml anu-ERK1 polyclonal anti-
body (Santa Cruz Biotechnology) was added to 50 m! of supernatant.
After 1 h at 4°C. the antibody was adsorbed on 20 ml of protein
A-Sepharose beads. After 2 h of incubation at 4°C. the beads were
washed in buffer A and the protemn kinase assay was performed as
described above using 5 ml of beads.

2.3. Restern blot analysts

Immediately after heat shock, cells were washed once with cold
phosphate-buffered saline and lysed in Laemmli buffer. The lysates
were heated for 10 min at 90°C and electrophoresed in 10% poly-
acrylamide gels. Proteins in the gel were then electrotransferred to a
sheet of nitrocellulose (0.2 mm; Schleicher and Schuell, Dassel, Ger-
many). The blots were blocked in TBS (Tris-HCl (pH 7.6) 20 mM,
NaCl 137 mM. and Tween-20 0.2%) contaming 5% non-fat dry mitk,
and then incubated with a rabbit anti-MAP kinase antiserum (1:2,000)
kindly provided by Dr Jacques Pouysségur. This antiserum recog-
nized both p427* and p44™™* [26] After washing in TBS, the blots
were incubated with horseradish peroxidase-conjugated goat anti-rab-
bit IgG (1.7,500. Promega) in TBS for 1 h Immunoreactivity was
determined using the ECL chemiluminescence reaction (Amersham,
UK).

3. RESULTS

3.1. Transient MAP kinase activation following addition
of serum to quiescent Chinese hamster lung fibrob-
lasts

The activation of MAP kinases by addition of serum
to quiescent CCL39 Chinese hamster lung fibroblasts is
well described ([27] and references therein). Myelin
basic protein (MBP) is considered to be a typical spe-
cific substrate for in vitro assay of MAP kinase activity.

Indeed. we found a strong increase in MBP kinase activ-

ity in cytosolic extracts within 5 min of serum addition

(Fig. 1A). This activation decreased after 30 min of

serum stimulation. When total lysates from quiescent

CCL39 cells were probed by Western blot with anti-

192

FEBS LETTERS

June 1993

A B

C 5

v -

Fig. 1. MAP kinases activation by serum in quiescent CCL39 cells. (A)
In vitro phosphorylation of MBP by cytosolic extracts from quiescent
cells without stimulation (control, C) or which had been stimulated for
5 min (5) or 30 min (30) with 20% fetal calf serum. (B) Total cell lysates
were analyzed by Western blot using a rabbit anti-MAP kinase antis-
erum. *Refers to the phosphorylated p42”“* and p44™*,

30 C 5 30

P44 - ™ ®

p42—«lb'-"'.""’~

MAP kinases antiserum, two protein bands were de-
tected with molecular weights between 40 and 45 kDa
(Fig. 1B). The upper band (p44) was preferentially rec-
ognized by the anti-ERK1 polyclonal antibody (Santa
Cruz Biotechnology), whereas the lower band (p42) was
detected with an anti-p42™* monoclonal antibody
(Zymed) (data not shown). Within less than 5 min of
serum addition, two new bands of lower electrophoretic
mobilities p42* and p44* were observed; meanwhile the
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Fig. 2. Activation of MAP kinases by heat shock in CCL39 cells.

Quiescent (A.C) and exponentially growing CCL39 (B,D) cells were

submitted to a 45°C heat shock for 5-60 min. or were unstimulated

(lanes C). Total cell lysates were analyzed by Western blot using an

anti-MAP kinase rabbit serum (A,B) and cytosolic extracts were as-
sayed for MBP phosphorylation (C,D).
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Fig. 3. Activation of MAP kinases by heat shock in various cell species. Exponentially growing mouse NIH 3T3 fibroblasts, rat H56 hepatoma

cells and human HeLa cells were submitted to heat shocks at 43°C or 45°C for from 5 to 60 min, or were unstimulated (lanes C). 43°C with mouse

cells was used instead of 45°C because mouse cells are more heat-sensitive than the other cells used in this study — after 1 h at 43°C mouse cells

retained 80% cloning efficiency like HeLa cells after 1 h at 45°C. Cytosolic extracts were assayed for MBP phosphorylation (A), and total cell lysates
were analyzed by Western blot using anti-MAP kinase antiserum (B).

p42 and p44 bands disappeared. These bands should
correspond to the activated p42"“* and p44™* proteins
phosphorylated on a tyrosine and on a threonine by a
MAPK kinase [19,28].

These two assays were used next to analyze MAP
kinase activation during heat-shock stress.

3.2. Transient MAP kinase activation during heat shock
of Chinese hamster lung fibroblasts

First, we analyzed the effect of heat shock on quies-
cent CCL39 cells. A small but reproducible increase in
MBP kinase activity was observed in cytosolic extracts
from quiescent CCL39 cells submitted to a 45°C heat
shock. This increase was transient: it was clear after 5
min of stress and decreased thereafter (Fig. 2C). A tran-
sient increase in the p42* and p44* band intensities was
observed within 10 min of stress on Western blots of the
total lysates (Fig. 2A). This increase correlated in time
with the MBP kinase activity.

Since quiescent cells might be prepared to respond to
external stimuli, exponentially growing cells (kept in the
presence of the serum growth factors) were next ana-
lyzed. Again, a small and transient but reproducible
increase in MBP kinase activity was observed in the

cytosolic extracts from heat-shocked cells (Fig. 2D).
CCL39 total cell lysates were then analyzed by Western
blot and a small amount of p42* and p44* was already
detected in control cell lysates, however, the intensity of
the p42* and p44* bands increased and peaked in total
lysates from cells incubated for 10 min at 45°C (Fig.
2B). Since 45°C is a moderately high heat-shock tem-
perature, these experiments were performed at lower
temperature and a low but reliable MAP kinase activa-
tion was detectable after heat-shock at milder tempera-
tures such as 42°C (data not shown).

Thus, both p42™¥* and p44™P* kinases were tran-
siently activated upon heat-shock in either quiescent or
exponentially growing CCL39 hamster cells.

3.3. Activation by heat shock of M AP kinases in various
mammalian cell lines

The heat-shock response is ubiquitous among all or-
ganisms from bacteria to man. Therefore to determine
whether the activation of MAP kinase by stress was a
general phenomenon, we have analyzed the behaviour
of exponentially growing mouse, rat and human cells
submitted to heat shock. As shown in Fig. 3A, in mouse
NIH 3T3 fibroblasts, rat H56 hepatoma cells, and
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Fig. 4. Activation of MAP kinase in quiescent and exponentially
growing NIH 3T3 fibroblasts. Quiescent cells. control (C), 15 min after
addition of 20% serum (S) or heat shocked for 30 min at 43°C (HS).
Exponentially growing cells: control (C) or heat shocked for 30 min
at 43°C (HS) (A) Cytosolic extracts were analyzed by Western blot
using ant1-ERK1 antibody. (B) Immune complex kinase assays were
performed using myehn basic protemn as substrate

human HelLa cells, strong increases in MBP kinase ac-
tivities were observed after heat shock. In rat H45 cells,
the conversion of the p42 and p44 MAP kinases to the
p42* and p44* forms was almost complete after 30 min
at 45°C (Fig. 3B). In mouse 3T3 cells, most of the MAP
kinases were converted to the p42* and p44* forms after
30 min at 43°C, but after 60 min at 43°C the signals
corresponding to the p42 and p44 forms increased
again. In unstressed exponentially growing human
HelLa cells, the p44 band was surrounded by two minor
bands of approximately 43 and 45 kDa, which were
distinct from p42* and p44*. During stress at 45°C, a
strong increase of the p42* intensity was observed while
the p43 band disappeared, however, no increase of a
putative p44* could be seen. Like in cells from other
species, the magnitude of MAP kinase activation in
human HeLa cells was dependent on the stress temper-
ature, and p42 activation could be clearly detected after
mild stress such as 30 min at 42°C (data not shown).

Thus, heat-shock activation of MAP kinases was
likely to occur in cells from different mammalian spe-
cies.

3.4. Increased MBP kinase activity in immune com-
plexes formed with anti-ERKI antibody in Ilysates
from heat shocked cells

As a control for MAP kinase activation, an immune
complex assay was performed using an anti-ERK 1 anti-
body suitable for immunoprecipitation. In NIH 3T3
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cells, the anti-ERK1 antibody recognized both the p42
and p44 MAP kinases on Western blots (Fig. 4A). A
complete shift-up of the p42 and p44 forms into the
p42* and p44* forms was detected following either ad-
dition of serum or heat shock. The same anti-ERK1
antibody was added to cytosolic extracts, and adsorbed
on protein A-agarose beads. The beads retained some
MBP kinase activity which was strongly enhanced by
addition of serum to quiescent cells and by heat shock
of both quiescent and exponentially growing cells (Fig.
4B).

This immune complex kinase assay confirmed that
the p42 and p44 MAP kinase electrophoretic shift-up
and the increased MBP kinase activity in cytosolic ex-
tracts are reliable indications for MAP kinases activa-
tion during heat shock.

4. DISCUSSION

We report here the activation of p42 kDa and p44
kDa MAP kinases in quiescent as well as in exponen-
tially growing cells during heat-shock stress. The lack
of p44 activation in Hela cells is surprising since both
p42 and p44 were expected to be substrates for MAP
kinase kinase [20.29]. The mechanism of MAP kinase
activation during stress remains, however, to be estab-
lished: a MAP kinase kinase distinct from the growth
factor-activated one might be involved. It should be
noted that heat shock is accompanied by typical second
messenger signalling, such as increased intracellular
Ca’" levels and inositol triphosphate release [30,31]. The
expression of a protein-tyrosine phosphatase has re-
cently been reported to be induced after stress: since
MAP kinases are activated by tyrosine phosphoryla-
tion, this phosphatase might be involved in MAP kinase
deactivation [32].

Among the numerous substrates which have been
proposed for MAP kinases, there are two protein ki-
nases which concern stress. Thus. in serum-deprived
cells, the MAP kinase activated protein kinase 1
(MAPKAP kinase 1) has been shown to be heat acti-
vated and to result in increased S6 protein phosphoryl-
ation [24]. Such an observation contrasted with previ-
ous reports of S6 protein dephosphorylation upon heat
shock in exponentially growing cells [6-8], and further
experiments are required to examine the S6 kinase activ-
ities in growing cells. The second characterized MAP
kinase-activated protein kinase is MAPKAP kinase 2.
The 25-28 kDa small heat-shock protein (HSP 27) has
been shown to be an excellent substrate for MAPKAP
kinase 2 [18]. Thus, activation of MAP kinase may ac-
count for the heat-shock-induced phosphorylation of
HSP 27 observed in exponentially growing cells [33-36].
It is noteworthy that HSP 27 has been found to be
phosphorylated in most cases of signal transduction
where it had been looked for, provided the protein was
present.
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In previous work, we reported that heat shock acti-
vated a protein kinase which phosphorylated the hep-
tapeptide consensus sequence present in the carboxy-
terminal domain of the large subunit of RNA polym-
erase II [37]). This heptapeptide repeat (Tyr-Ser-Pro-
Tyr-Ser-Pro-Ser) had been shown to be a good substrate
for MAP kinases [38]. Since the largest subunit of RNA
polymerase II became highly phosphorylated during
heat shock in HeLa cells ([10] and article in prepara-
tion), experiments are in progress to determine whether
MAP kinases might be involved in this process.

Since MAP kinases are thought to play an essential
and pleiotropic role in cell signal transduction, they are
also likely to contribute significantly to the heat-shock
response.
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