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MAPKAP Kinase 2 Is Activated by Heat Shock

and TNF-a: In Vivo Phosphorylation of Small Heat
Shock Protein Results From Stimulation of the
MAP Kinase Cascade

Katrin Engel, Annette Ahlers, Marion A. Brach, Friedhelm Herrmann, and Matthias Gaestel
Max-Delbriick-Center for Molecular Medicine, 13122 Berlin, Germany

Abstract The activation of MAPKAP kinase 2 was investigated under heat-shock conditions in mouse Ehrlich
ascites tumor cells and after treatment of human MO?7 cells with tumor necrosis factor-a (TNF-c). MAPKAP kinase 2
activity was determined using the small heat-shock proteins (sHsps) Hsp25 and Hsp27 as substrates. In both cell types,
about a threefold increase in MAPKAP kinase 2 activity could be detected in a time interval of about 1015 min after
stimulation either by heat shock or TNF-a. Phosphorylation of MAPKAP kinase 2, but not the level of MAPKAP kinase 2
mRNA, was increased after heat shock in EAT cells. It is further shown that activation of MAPKAP kinase 2 in MO7 cells
is accompanied by increased MAP kinase activity. These data strongly suggest that increased phosphorylation of the
sHsps after heat shock or TNF-a treatment results from phosphorylation by MAPKAP kinase 2, which itself is activated
by phosphorylation through MAP kinases. Hence, we demonstrate that MAPKAP kinase 2 is responsible not only for
phosphorylation of sHsps in vitro but also in vivo. The findings link sHsp phosphorylation to the MAP kinase cascade,
explaining the early phosphorylation of sHsp that is stimulated by a variety of inducers such as mitogens, phorbol esters,

thrombin, calcium ionophores, and heat shock.
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The small heat-shock proteins (sHsps) are
ubiquitous, conserved, and evolutionary related
to the lens a-crystallins [for recent review, see
de Jong et al., 1993]. Their expression can be
induced by heat shock and, in different organ-
isms, they are also regulated during develop-
ment [Arrigo and Pauli, 1988] or by hormones,
i.e., by ecdisone in Drosophila [Rollet and Best-
Belpomme, 1986] and by estradiol in human
[Fuqua et al., 1989]. The sHsps form intracellu-
lar aggregates of about 400-800 kd, which are
localised in the cytoplasm, but can also be de-
tected in the nuclear region after heat shock
[Arrigo et al., 1988]. Until now, the function of
the sHsp is not well understood. Although an
increase in thermoresistance of cells is achieved
by overexpression of human and Drosophila
Hsp27 [Landry et al., 1989; Rollet et al., 1992]
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as well as mouse Hsp25 [Knaufet al., 1992], it is
not clear which mechanisms underlie this effect.
The involvement in processes influencing the
structure of the cytoskeleton has been sup-
posed, since turkey Hsp27 inhibits actin polymer-
ization in vitro [Miron et al., 1991] and a modu-
lation of the stability of stress fibers in hamster
Hsp27 overexpressing cells could be observed
[Lavoie et al., 1993]. Recently, sHsps and the
related aB-crystallins have been also demon-
strated to exhibit chaperone-like properties in
vitro by preventing thermal aggregation and
assisting in refolding of proteins [Horwitz, 1992;
Jakob et al., 1993; Merck et al., 1993]. To make
the picture more complex, in many cases the
sHsps represent a major phosphoprotein of the
cell. Their phosphorylation occurs very rapidly
in a variety of species in response to heat shock,
growth factors, phorbol esters, calcium iono-
phores, interleukin-1 (IL-1) and tumor necrosis
factor-a (TNF-a) [Welch, 1985; Hepburn et al.,
1988; Kaur et al., 1988]. It has been speculated
that the phosphorylation of the sHsp which
proceeds at serine residues in the more hydro-
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phobic domain of the molecule can influence the
high molecular weight aggregate structure of
the sHsps and may regulate sHsp-mediated ther-
moresistance, their chaperone-like properties or
other unknown functions of the sHsps. Surpris-
ingly, at least the thermoresistance-mediating
properties of Hsp25 in NIH 3T3 cells and its in
vitro-chaperone properties seem to be phosphor-
ylation-independent [Knauf et al., 1994]. The
sHsp phosphorylation sites identified so far are
localized within a protein kinase recognition
motif R X X S, which is not recognized by S6
kinase II and only poorly phosphorylated in
vitro by excess of PKC and PKA [Gaestel et al.,
1991; Landry et al., 1992; Benndorfet al., 1992].
Recently, MAPKAP kinase 2, a protein kinase
that could be activated via threonine phosphory-
lation by MAP kinases, has been described as
the first enzyme that phosphorylates Hsp25 and
Hsp27 in vitro, at similar rates to its standard
substrate, a peptide similar to the N-terminus of
glycogen synthase, and at the same phosphoryla-
tion sites that are phosphorylated after heat
shock in vivo [Stokoe et al., 1992b]. Further-
more, the copurification of MAPKAP kinase 2
activity and Hsp25 kinase activity from rabbit
skeletal muscle extracts as well as coexpression
of Hsp25 and MAPKAP kinase 2 within rabbit
muscle have been demonstrated, suggesting that
MAPKAP kinase 2 is the enzyme responsible for
phosphorylation of sHsp in vivo [Stokoe et al.,
1992b], although no activation of MAPKAP kinase
2 (e.g., by heat shock) has been described so far.

This paper investigates the activation of
MAPKAP kinase 2 under two different condi-
tions known to lead to a significant increase in
sHsp phosphorylation. We provide experimental
data that MAPKAP kinase 2 activity is in-
creased as a result of heat shock and TNF-«
treatment, giving evidence for in vivo phosphor-
ylation of the sHsps by MAPKARP kinase 2 under
these conditions. The mechanism of MAPKAP
kinase 2 activation is examined. It is shown that
MAP kinase activity is increased upon exposure
to TNF-a treatment and that the degree of phos-
phorylation of MAPKAP kinase 2 is elevated
upon heat shock. These data indicate that
MAPKAP kinase 2 activation by MAP kinases is
probably a general mechanism for sHsp phos-
phorylation.

METHODS AND MATERIALS
Cell Culture

Ehrlich ascites tumor (EAT) cells were cul-
tured in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal calf serum and 50
M B-mercaptoethanol. Cells were grown to near
confluence and shifted to serum-free medium 16
h prior to exposure to heat shock at 43.5°C for
the indicated periods of time.

Cells from the human megacaryocyte leuke-
mia cell line MO7 (Avanzi et al., 1988) were
cultured in RPMI medium with 10% fetal calf
serum, 2 mM L-glutamine, 5 ng/ml recombinant
human IL-3 (S. Gillis, Immunex, Seattle, WA),
and 5 ng/ml recombinant human GM-CSF (S.
Gillis, Immunex, Seattle, WA). Prior to treat-
ment with TNF-a, IL-3 and recombinant hu-
man GM-CSF were withdrawn for 24 h to obtain
quiescent cells. Cells were stimulated by TNF-«
(G. Adolf, Bender-KG, Vienna, Austria) at a final
concentrations of 100 or 250 U/ml for the times
indicated.

Preparation and Fractionation of Cell Lysates

Cell cultures were scraped in ice-cold PBS
buffer, washed twice, and the cell pellet was
lysed by addition of buffer L. (20 mM Tris-
Acetate pH 7.0, 0.1 mM EDTA, 1 mM EGTA, 1
mM Naz;VO,, 10 mM «-glycerophosphate, 50
mM NaF, 5 mM pyrophosphate, 1% Triton
X-100, 1 mM benzamidine, 2 pg/ml leupeptin,
0.1% B-mercaptoethanol, 0.27 M sucrose, 0.2
mM PMSF; 3.3 ml for 5 x 107 cells), vortexed
for 30 sec, and clarified by centrifugation at
13,000g for 10 min at 4°C. Cell lysates analysed
for MAPKAP kinase 2 activity were diluted 10-
fold in buffer A (20 mM MOPS pH 7.0, 1 mM
EDTA, 5% (v/v) glycerol, 0.01% (w/v) Brij 35,
0.2 mM PMSF, 1 mM benzamidine, 0.1% (v/v)
B-mercaptoethanol) and applied to a Mono S
column (Pharmacia, column dimensions 5 x 0.5
cm) equilibrated in buffer A. After washing with
buffer until the absorbance at 280 nm was
<0.02, the column was developed with a 40-ml
linear salt gradient from 0 to 500 mM NaCl in
buffer A. The flow rate was 0.5 ml/min, and
fractions of 1 ml were collected. For analysis of
MAP kinase activity, cell lysates were diluted
1:1G in buffer B (50 mM Tris-HCl pH 7.3, 1.5
mM EGTA, 0.15 mM NazVO,, 5% (v/v) glycerol,
0.03% (w/v) Brij 35, 0.2 mM PMSF, 1 mM
benzamidine, 0.1% (v/v) B-mercaptoethanol) and
applied to a Mono Q column (Pharmacia, col-
umn dimensions 5 X 0.5 c¢m) equilibrated in
buffer B. After washing with buffer the column
was developed with a 40 ml linear salt gradient
from 0 to 600 mM NaCl in buffer B, a flow rate
of 0.5 ml/min and a fraction size of 1 ml. Size
exclusion liquid chromatography was carried out
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on a Superose 12 HR 30/10 column (Pharmacia)
equilibrated with buffer A supplemented with
50 mM NaCl, 5 mM pyrophosphate and 0.5 mM
Naz;VO, at a flow rate of 0.4 ml/min and a
fraction size of 0.33 ml. Phosphorylase b (94 kd),
bovine serum albumin (67 kd), ovalbumin (44
kd), carbonic anhydrase (30 kd) and cytocrome
C (dimeric, 24 kd) (Pharmacia) were used as
standards for estimation of the molecular mass.

Protein Kinase Assays

The assays for sHsp kinase/ MAPKAP kinase
2 or MAP kinase activity of unfractionated cell
lysates were always performed in a final reaction
volume of 25 ul containing 5 pl of a 1:20 dilution
of the cell lysate in buffer A or B, respectively.
This dilution ensures a linear dependence of
protein kinase activity on protein concentration.
Assay conditions were also tested to guarantee a
linear dependence of kinase activity determined
on the assay time chosen. For protein precipita-
tion assay 5 pl of cell lysate diluted as described
above or undiluted fractions of Mono S chroma-
tography were incubated in a kinase reaction
mixture of a final volume of 25 pl, containing 50
mM a-glycerophosphate, 0.1 mM EDTA, 2.5
uM PKI (the specific peptide inhibitor of
PKA, GIBCO, Gaithersburg, MD), 4 mM
(CH;C00);Mg, 0.1 mM ATP, 1-3 uCi
[y-32P]ATP and protein substrate (10 ng recom-
binant Hsp25 or Hsp27 purified from Esch-
erichia coli [Gaestel et al., 1989; Jakob et al.,
1993]. After 15 min at 30°C, reactions were
stopped by adding 1 ml 5% (w/v) tricloroacetic
acid. The precipitate obtained by centrifugation
at 13,000g was washed three times with 20%
(w/v) trichloroacetic acid (TCA) and analysed by
Cerenkov counting.

In the case of the sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE)
assay, the above phosphorylation reaction was
terminated by adding 8 pl 4 x SDS sample
buffer. Proteins were separated by SDS-PAGE,
32P.labeled proteins were detected using a Bio
Imaging Analyser BAS 2000 (Fuji), and labeling
was quantified by photo-stimulated lumines-
cence (PSL). Where indicated, the inhibitors H7
and HA1077 were added to a final concentration
of 20 pM.

MAP kinase activity was determined by incu-
bation of 5 wl diluted cell lysate or undiluted
fractions of Mono Q chromatography in 25 ul
final volume containing 25 mM Tris—HCI, pH
7.0,0.1 mM EGTA, 0.1 mM NazVO,, 1 pM PKI,
4 mM (CH;CO0),Mg, 20 uM ATP, 2 pCi

[y-**PJATP and 0.33 mg/ml myelin basic pro-
tein (MBP; Sigma, St. Louis, MO). Phosphoryla-
tion of MBP was analysed by combining SDS—
PAGE and phospho-imaging as described above.

Northern Blot Detection of MAPKAP Kinase 2

Degenerate oligonucleotides derived from the
sequence of tryptic peptides of domains VIb and
XI[Hanks et al., 1991; Stokoe et al., 1992a] were
used as primers in a PCR reaction with mouse
cDNA as template. The fragment amplified was
cloned into pUC18 (Sure Clone Ligation Kit,
Pharmacia}. DNA sequencing was carried out in
both directions using double-stranded plasmid
and Sequenase 2.0 (U.S. Biochemical Corp.).
The deduced amino acid sequence of the frag-
ment was verified to be a part of the MAPKAP
kinase 2 sequence [Engel et al., 1993]. A hybrid-
ization probe was generated from the cloned
PCR fragments by random priming and labeling
with [a-32P]JATP (3,000 Ci/mmol) (Megaprime
labeling kit, Amersham). RNA was prepared
from EAT cells [Chomczynski and Sacchi, 1987],
cultured under normal conditions or exposed to
a 15-min heat shock of 43.5°C. 20 pg of RNA
was separated under denaturing conditions in
1% agarose gel, visualized by ethidium bromide
staining to ensure loading of equal amounts and
transferred to nitrocellulose. Hybridization was
carried out in 5 X SSPE, 10x Denhardt’s re-
agent, 2% SDS, 50 pg/ml fragmented salmon
sperm DNA, 50% formamide at 42°C overnight.
Filters were washed three times for 10 min in
2x S8C, 0.05% SDS at room temperature, and
twice for 15 min in 2x SSC, 0.1% SDS at 50°C.
Northern blot was analyzed quantitatively us-
ing the Bio Imaging analyzer BAS 2000 (Fuji).

In Vitro Activation of MAPKAP Kinase 2 by MAP
Kinase (erk 2) and Inactivation by PP2A

Five pl of pooled MAPKAP kinase 2 peak
fractions from Mono S chromatography (equal
amounts of protein were applied to the column)
of control and heat shocked (43.5°C, 15 min)
EAT cells were incubated at 30°C for 30 min
with 7.5 pl activating mix (41.6 mM Tris—HC],
pH 7.4, 0.16 mM EGTA, 4.2 uM PKI, 16.6 mM
(CH;C00);Mg, 0.16 mM ATP, 0.36 U/ml of p42
MAP kinase) and diluted 1:1 with buffer A.
Five-ul aliquots of this dilution were assayed for
MAPKAP kinase 2 activity. Reaction conditions
were tested to provide complete phosphoryla-
tion of MAPKAP kinase 2. Control incubation
without MAP kinase and with fractions that do
not contain MAPKAP kinase 2 were performed.
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In order to inactivate MAPKAP kinase 2, a
5-ul sample of partial purified MAPKAP kinase
2 fractions as described above was incubated
for 30 min at 30°C with 15 pl 10 mU/mi PP2A in
20 mM Tris—HCI pH 7.4, 0.1 mM EGTA, 0.6
mg/ml bovine serum albumin (BSA), 0.1 (v/v)%
B-mercaptoethanol. Five-ul aliquots of a 1:1 di-
lution with buffer A were assayed for MAPKAP
kinase 2 activity. Control incubation were car-
ried out with buffer alone and with 0.5 uM
okadaic acid.

RESULTS

Detection of sHsp Kinase Activity
Indistinguisable From MAPKAP Kinase 2 in
Ehrlich Ascites Tumor Celis Before and After
Heat Shock

EAT cells were subjected to a heat shock of
43.5°C for 5, 10, 15, 20, 30, and 60 min. After
various times of heat shock, sHsp kinase activity
was determined in the EAT cell lysate in the
presence of the protein kinase A inhibitor PKI
[Glass et al., 1989]. As substrate we used recom-
binant mouse Hsp25 purified from E. coli BL21
[Gaestel et al., 1989] containing the MAPKAP
kinase 2 recognition sites at serine 15 ...
SLLRSPS*WEP ... and serine 86 ...
ALNRQLS*SGV . . . [Stokoe et al., 1992b]. The
assay combining SDS-PAGE and phospho-
imaging analysis for monitoring the phosphory-
lation reaction was applied. In this assay, the
protein kinase inhibitors H7 [Kawamoto and
Hidaka, 1984] and HA1077 [Asano et al., 1989],
which do not inhibit MAPKAP kinase 2, were
included at concentrations that inhibit cGMP-
dependent protein kinase, smooth muscle myo-
sin light chain kinase and protein kinase C, as
well as insulin-stimulated protein kinase 1. The
analysis of the time course of sHsp kinase activ-
ity after heat shock is depicted in Figure 1a.
Activity peaks after about 15 min at a level
threefold higher than the value before heat
shock, followed by a decline of sHsp kinase activ-
ity that reaches a level below the pre-heat shock
value after a heat shock of 60 min.

In order to demonstrate the identity of the
heat inducible sHsp kinase activity in EAT cells
with MAPKAP kinase 2, cell lysates were pre-
pared from EAT cells before and after heat
shock and were fractionated by ion-exchange
chromatography on a Mono S column. The ki-
nase activity was determined in the Mono S
fractions using the substrate Hsp25 in the pres-
ence of PKI. Figure 1b shows the sHsp kinase
activity from EAT cells prior to heat shock, as

determined in the different fractions of the Mono
S chromatography, using recombinant Hsp25
and the TCA precipitation assay in the presence
and absence of the inhibitors H7 and HA1077.
sHsp kinase activity is eluting at about 220 mM
NaCl in Mono S buffer. The elution characteris-
tics of the kinase from Ehrlich ascites tumor
cells is very similar to that of the rabbit muscle
MAPKAP kinase 2, which also elutes in the
gradient at 200-250 mM NaCl [Stokoe et al.,
1992a]. As expected for MAPKAP kinase 2, addi-
tion of the inhibitors H7 and HA1077 does not
influence the activity of the kinase from EAT
cells. No sHsp kinase activity was found in the
flowthrough of the Mono S column and no activ-
ity was eluted in the final wash of the column
with 1 M NaCl. Similar results were obtained
using another known substrate for MAPKAP ki-
nase 2, the peptide KKPLNRTLS*VASLPGLamide
derived from the N terminus of glycogen synthase
[Stokoe et al., 1992a; data not shown].

To demonstrate that heat shock induces the
same kinase activity, sHsp kinase activity in
EAT cells after a 15-min heat shock was ana-
lysed by Mono S chromatography. As shown in
Figure 1lc, sHsp kinase activity after 15-min
heat shock assayed as above in the presence of
PKI, H7, and HA1077 elutes as a single peak at
the same position in the Mono S gradient as
before heat shock and is increased about three-
to fourfold, which corresponds to the increase of
activity measured in the EAT lysate (Fig. 1a).

For estimation of the molecular mass of the
sHsp kinase from EAT cells, the Mono S peak
fraction was concentrated and applied to Super-
ose 12 (Pharmacia) size exclusion liquid chroma-
tography. The eluting fractions were assayed for
kinase activity as described above. As shown in
Figure 1d, sHsp kinase activity elutes as a single
peak from the column. Using the marker pro-
teins indicated in Figure 1d and a half-logarith-
mic regression of retention volume versus the
molecular mass of the marker proteins (not
shown}, a molecular mass of 58 kd could calcu-
lated for the kinase. This corresponds to the
elution behavior of rabbit muscle MAPKAP ki-
nase 2 in size exclusion liquid chromatography
and is in agreement with its appearent molecu-
lar mass of 53 kd and 60 kd, as determined in
SDS-PAGE [Stokoe et al., 1992a].

Taken together, the biochemical properties of
the sHsp kinase of EAT and the rabbit skeletal
muscle MAPKAP kinase 2 show broad similari-
ties that strongly suggest the identity of the
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sHsp kinase from EAT cells to mouse MAPKAP
kinase 2.

Mechanism of MAPKAP Kinase 2 Activation
in EAT Celis

It is known that rabbit MAPKAP kinase 2 can
be phosphorylated at a specified threonine resi-
due by p42 and p44 MAP kinases and that this
phosphorylation leads to an activation of the
enzyme [Stokoe et al., 1992a]. This led us to ask,
whether heat shock-induced activation of the
sHsp phosphorylating activity is also the result
of increased phosphorylation of mouse MAP-
KAP kinase 2. As a first attempt to answer this
question the expression level of the MAPKAP
kinase 2 mRNA was investigated by Northern
blot hybridization. If activation of the enzyme
would be achieved via phosphorylation, a con-
stant transcript level of the enzyme before and
after heat shock should be expected. Using a
mouse MAPKAP kinase 2 specific cDNA probe
[Engel et al., 1993], which was derived from a
PCR-fragment spanning the catalytic domain of
the enzyme from subdomains VIb to XI [Hanks
et al., 1991], the amount of mouse MAPKAP
kinase 2 mRNA was determined by Northern
blot hybridization (Fig. 2). Further quantitative
analysis of the photo-stimulated luminescence
of the Northern blot demonstrates that after a
heat shock of 15 min there is no significant
increase in MAPKAP kinase 2 mRNA expres-

Fig. 1. Detection of a heat-inducible sHsp kinase activity in
EAT cells that is biochemically indistinguishable from
MAPKAPK 2. a: Time course of sHsp kinase activation by
heat-shock. sHsp kinase activity of EAT cell lysates from cells
after different times of heat shock was analysed by phosphoryla-
tion of recombinant mouse Hsp25. The data represent the
results of three independent experiments. Relative sHsp kinase
activity is shown as the ratio of units per mg protein after and
before heat shock. b: lon-exchange chromatography of EAT cell
fysates and sHsp kinase assay in the presence and absence of
the inhibitors H7 and HA1077. EAT cell lysates were fraction-
ated by chromatography on Mono S using a linear gradient of
NaCl from 0 to 500 mM (dashed line). sHsp kinase activity in
the different fractions was determined using the recombinant
nonphosphorylated mouse Hsp25 in the presence of the inhibi-
tor PKI (). The kinase activity peak fractions were also tested
after addition of the inhibitors H7 and HA1077 to a final
concentration of 20 wM (O). ¢: lon-exchange chromatography
of EAT cell lysates before (O) and after heat shock (®). sHsp
kinase activity was assayed as in b in the presence of PK1, H7,
and HA1077. d: Size exclusion liquid chromatography of the
Mono $ peak fraction from non-heat-shocked EAT cells (cf. b)
assayed as described in c. Standards for estimation of the
molecular mass were phosphorylase b (94 kd), bovine serum
albumin (67 kd), ovalbumin (44 kd), carbonic anhydrase (30
kd) (Pharmacia), and cytochrome c (dimeric, 24 kd).
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sion (data not shown). This excludes the possibil-
ity that transcriptional regulation accounts for
the two- to threefold increase in mouse MAPKAP
kinase 2 activity.

Further evidence for the notion that heat
shock-induced activation of mouse MAPKAP
kinase 2 is the result of phosphorylation of the
enzyme can be obtained by in vitro phosphoryla-
tion and activation of MAPKAP kinase 2. For
this reason, the MAPKAP kinase 2 activity con-
taining peak fractions from Mono S chromato-
graphy of lysates of control and heat shocked
EAT cells were pooled, subjected to in vitro
phosphorylation by recombinant p42 MAP ki-
nase (erk2), and assayed for MAPKAP kinase 2
activity by analyzing 3?P incorporation into
Hsp25 using SDS-PAGE as described above.
Both nonactivated MAPKAP kinase 2 obtained
from control cells and MAPKAP kinase 2 ob-
tained from cells subjected to a 15-min heat
shock could be stimulated by MAP kinase. Inter-
estingly, both MAPKAP kinase 2 fractions could
be stimulated to the same final activity (Fig. 3).
The increased MAPKAP kinase 2 activity from
heat shocked cells could not be stimulated to a
higher final activity by phosphorylation with
p42 MAP kinase in vitro compared to the activ-
ity of stimulated fractions from non-heat-
shocked cells. Thus it can be concluded that the
increased activity after heat shock is almost
certainly caused by a similar activation process,
i.e., by phosphorylation.

b - +
-56.1kb
-1.9kb

Fig. 2. Northern plot analysis of MAPKAP kinase 2 expression
before and after heat shock. EAT cells were subjected to a heat
shock of 43.5°C for 15 min. RNA of non-heat-shacked (—) and
heat-shocked (+) cells was prepared according to Chomczynski
and Sacchi (1987). Twenty ug of total RNA was separated in a
1% denaturing agarose gel and blotted onto nitracellulose.
MAPKAP kinase 2 mRNA was detected using a specific PCR
fragment of the MAPKAP kinase 2 cDNA that was labeled by
random priming and {32P-aJdATP. a: Ethidium bromide staining
of electrophoretically separated RNA. b: Phospho-image of
hybridization signals.
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Fig. 3. Characterisation of MAPKAP kinase 2 activity from
control and heat-shocked EAT cells by in vitro phosphorylation
and dephosphorylation. MAPKAP kinase 2 containing fractions
from Mono S chromatography of cells lysates prepared before
and after a 15-min heat shock (43.5°C) were pooled and
subjected to in vitro phosphorylation by recombinant p42 MAP
kinase (erk2) and to dephosphorylation by protein phosphatase
2A. MAPKAP kinase 2 activity (in relative units) was determined
before treatment, after phosphorylation, and after dephosphory-
lation with 2.7 mU p42 MAP kinase and 0.15 mU PP2A [Cohen
et al., 1988], respectively, as described under Experimental
procedures. Relative MAPKAP kinase 2 activity was normalized
per amount of protein applied to Mono S chromatography.

Further evidence for activation of mouse
MAPKAP kinase 2 by in vivo phosphorylation
during heat shock comes from dephosphoryla-
tion studies. The pooled peak fractions of mouse
MAPKAP kinase 2 activity were subjected to
dephosphorylation by the catalytic subunit of
protein phosphatase 2A (PP2A), which dephos-
phorylates rabbit MAPKAP kinase 2 leading to
inactivation of the enzyme [Stokoe et al., 1992a].
PP2A treatment greatly diminished the activity
of MAPKAP kinase 2 preparations from heat
shocked and control EAT cells (Fig. 3), indicat-
ing that the only difference between bhoth
MAPKAP kinase 2 preparations is phosphoryla-
tion, probably at the threonine residue phos-
phorylated by p42 and p44 MAP kinases. Inter-
estingly, treatment of EAT cells under control
and heat-shock conditions with the serine/
threonine protein phosphatase inhibitor ocadaic
acid at concentrations up to 500 nM does not
significantly increase neither MAPKAP kinase 2
activity nor Hsp25 phosphorylation (data not
shown), indicating that protein dephosphoryla-
tion is not involved in the rapid activation of
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MAPKAP kinase 2 upon 15-min heat shock.
However, a downregulation of MAPKAP kinase
2 activity by protein phosphatase PP2A in vivo
as proposed by Cairns et al. (1994) could not be
excluded.

TNF-a Induction of MAPKAP Kinase 2 in Human
MO7 Cells

As a second system for the analysis of the
mechanism of rapid sHsp phosphorylation, we
studied the induction of Hsp27-phosphorylation
by TNF-a, which proceeds in a time period com-
parable to the heat shock induced phosphoryla-
tion of the sHsps [Kaur et al., 1988). Human
hematopoietic MO7 cells [Avanzi et al., 1988]
were used for these experiments and the
MAPKAP kinase 2 activity was monitored in the
cell lysate, using the inhibitors PKI, H7 and
HA1077 and the homologous recombinant hu-
man Hsp27, containing three MAPKAP kinase
2 phosphorylation sites at serines 15, 78, and 82
[Stokoe et al., 1992b]. As shown in Figure 4A,
sHsp kinase activity in MO7 cells is induced
about threefold within 15 min following treat-
ment with 100 U/ml of recombinant TNF-« and
returns to starting levels 2 h after induction. A
dose dependence of the induction can be demon-
strated, leading to an about fourfold induction
when the cells were treated with 250 U/ml of
recombinant TNF-a (cf. Fig. 4a). To demon-
strate the identity of the ion-exchange elution
properties and inhibition characteristics of the
TNF-a-induced sHsp kinase from MO7 cells to
that of rabbit and mouse MAPKAP kinase 2, we
fractionated MOY7 cell lysates before and after 15
min of treatment with 100 U/ml TNF-q, using
Mono S chromatography and kinase assay in the
presence of PKI, H7, and HA1077, as described
above. As shown in Figure 4b, the TNF-a-
induced kinase elutes at the same position in the
gradient and is about threefold increased com-
pared to the control indicating that human MAP-
KAP kinase 2 is induced by TNF-a.

In order to understand the mechanism of
activation of human MAPKAP kinase 2 by
TNF-q, we also monitored MAP kinase activity
from MO7 cell lysates before and different times
after TNF-a treatment. It can be seen that induc-
tion of MAP kinase activity occurs with similar
kinetics to MAPKAP kinase 2 (Fig. 4a). To char-
acterize further the TNF-a-induced MAP kinase
activity, cell lysates of untreated MO7 cells and
MOT7 cells stimulated for 10 min with 100 U/ml
recombinant TNF-a were fractionated by Mono

Q chromatography and MAP kinase activity in
the eluted fractions was measured. An about
two- to threefold increased MAP kinase activity
in stimulated cells was detected (Fig. 4c). The
inducible activity elutes in a position of the
gradient, which is characteristic for p42 MAP
kinase [Stokoe et al., 1992a], which was recently
shown to be preferentially phosphorylated and
activated by TNF-a treatment [Raines et al.,
1993]. These findings support the notion that
MAPKAP kinase 2 is activated by MAP kinases

in vivo.

DISCUSSION

We have demonstrated protein kinase activity
in EAT and MO cells, which is indistinguish-
able from MAPKAP kinase 2 and is inducible by
heat shock and TNF-a. This result supports the
notion that MAPKAP kinase 2 is the enzyme
responsible for sHsp phosphorylation also in
vivo. The identity of the kinase activity de-
scribed and MAPKAP kinase 2 is established by
(1) the ability to phosphorylate the sHsps; (2)
the elution characteristics in Mono S chromatog-
raphy; (3) the nonresponsiveness to the inhibi-
tors PKI, H7, and HA1077; (4) the elution char-
acteristics in size-exclusion chromatography:; (5)
activation by p42 MAP kinase phosphorylation;
and (6) inactivation by PP2A dephosphoryla-
tion. The inducibility of MAPKAP kinase 2 activ-
ity by heat shock and TNF-a is shown to be
about threefold and proceeds in a time span of
10-15 min. The data presented strongly suggest
that MAPKAP kinase 2 activation under heat
shock and TNF-a treatment is the result of
phosphorylation by MAP kinases. First, it is
demonstrated that increased MAPKAP kinase 2
activity under heat-shock conditions is not regu-
lated by the amount of mRNA. Furthermore, a
translational up-regulation of MAPKAP kinase
protein level during exposure to a short heat
shock (10-15 min) can be almost excluded, since
it is known that heat shock causes a transient
halt to general protein synthesis connected with
the breakdown of polysomes in the same time
span over which the activation of MAPKAP
kinase 2 proceeds [Nover, 1991]. Second, the
activities of MAPKAP kinase 2 from control and
heat-shocked EAT cells are obviously different,
but can be stimulated by MAP kinase phosphor-
ylation to equal maximal values. This also im-
plies comparable amounts of MAPKAP kinase 2
protein in control and heat shocked cells, which
may be distinguished probably only in the phos-
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phorylation status. Both control and heat-shock-
activated MAPKAP kinase 2 activity could be
inactivated by dephosphorylation with PP2A.
Third, TNF-a treatment induces stimulation of
MAPKAP kinase 2 activity accompanied by in-
creased MAP kinase activity.

Although the function of sHsp and the modu-
lation of their function by phosphorylation is
unclear, the findings that MAPKAP kinase 2 is
responsible for sHsp phosphorylation in vivo
and that MAPKAP kinase 2 could be activated
by MAP kinases in response to heat shock and
TNF-o provides a comprehensive explanation
for the various data concerning sHsp phosphor-
ylation obtained so far. It is known that MAP
kinase activation can be triggered by many differ-
ent kinds of signals, including heat shock [Chung
et al., 1992] as well as the variety of other
inducers known to be responsible for sHsp phos-
phorylation, like growth factors linked to recep-
tor tyrosine kinases [Saklatvala et al., 1991],
agonists for protein kinase C, e.g., phorbol es-
ters such as PMA [Welch, 1985], G protein ago-
nists such as thrombin [Santell et al., 1992],
calcium ionophores [Welch, 1985], TNF-a and
IL-1 (Kaur et al., 1988]. After being activated by
phosphorylation, MAP kinases phosphorylate
protein kinases such as S6 kinase II (pp90rsk)
[Chen et al., 1992], which can also be designated
MAPKAP kinase 1 (MAP kinase-activated pro-
tein kinase 1), and, as suggested in this paper,
MAPKAP kinase 2, which is responsible for
sHsp phosphorylation. Hence, sHsp phosphory-
lation appears to be linked to the MAP Kkinase
cascade. This explains that a variety of different
signals induce sHsp phosphorylation as an early
event of the cellular response.

Fig. 4. TNF-« induction of MAPKAP kinase 2 and MAP kinase
activity in MO7 cells. a: MO7 cells were treated with TNF-o and
MAPKAP kinase 2 activity (@, after treatment with 100 U/ml
TNF-«, l, after treatment with 250 U/mi TNF-a) and MAP
kinase activity (O, after treatment with 100 U/ml TNF-a) were
determined using recombinant Hsp27 and MBP as substrate at
different times after treatment. Relative activity is normalized by
the amount of lysate protein. b: Mono S ion-exchange chroma-
tography of MO7 lysates from cells before (O) and after 15 min
of treatment with 100 U/m| TNF-o (@) (cf. a). The kinase
activity elutes at the gradient position characteristic for MAP-
KAP kinase 2 and is about threefold increased after TNF-a
treatment. ¢: Control MO7 cells (O) and cells stimulated for 10
min with 100 U/ml of TNF-« (@) were lysed and fractionated by
Mono Q ion-exchange chromatography developed with a linear
NaCl gradient (0-600 mM). MAP kinase activity was monitored
by P incorporation into MBP and is given normalized per
amount of protein loaded onto the column.
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Recently, sHsp kinase activities have been
analysed from EAT cells [Benndorf et al., 1992},
MRC-5 fibroblasts [Guesdon et al., 1993] and
Chinese hamster cells {Zhou et al., 1993]. The
sHsp kinase activity in EAT cell lysates was
shown to be independent of calcium ions, phos-
phatidylserine, cAMP and ¢cGMP and not to be
inhibited by trifluoperazine, staurosporine and
PKI1 [Benndorf et al., 1992), consistent with the
properties of MAPKAP kinase 2. The sHsp-
kinase from Chinese hamster cells has been
demonstrated to be activated by heat shock,
serum, FGF and thrombin and to be inactivated
by acid phosphatase treatment [Zhou et al.,
1993]. These data are also congruent with the
mechanism of activation of MAPKAP kinase 2
demonstrated in this paper. In MRC-5 fibro-
blasts an Hsp27 kinase was described that had
similar physicochemical properties as MAPKAP
kinase 2 but lacked the ability to be activated by
the phorbol ester PMA, which increased the
myelin basic protein (MBP) kinase activity of
these cells which is probably MAP kinase [Gues-
don et al., 1993]. Whether this finding means
that another sHsp kinase or another mecha-
nism of MAPKAP kinase 2 activation exists, at
least in MRC-5 cells, or whether the major MBP-
kinases in these cells are distinct from MAP
kinase, remains to be clarified. However, in EAT
no further MAPKAP kinase 2 activity was detect-
able in the flowthrough and wash fractions of
the Mono S column, as monitored by substrate
peptide and recombinant Hsp25 phosphoryla-
tion in an assay using the inhibitor PKI. Since
sHsp kinases are not inhibited by PKI {Benn-
dorf et al., 1992; Guesdon et al., 1993}, this
finding strongly suggests that MAPKAP kinase
2 is the only enzyme that can phosphorylate the
sHsps in these cells.

The data presented provide compelling evi-
dence that small Hsp phosphorylation after heat
shock and mitogenic stimulation by MAPKAP
kinase 2 might be the result of activation of the
MAP kinase cascade. By contrast, a calcium/
calmodulin-dependent dephosphorylation of the
sHsps has been described {Gaestel et al., 1992],
which could be activated by the increased intra-
cellular free calcium concentration after heat
shock [Stevenson et al., 1986], or as a result of
the activation of hormone receptors [Carafoli,
1987]. Hence, both sHsp phosphorylation and
dephosphorylation in response to extracellular
signals takes place in vivo, making the phosphor-

ylation status of the sHsps a sensitive signal
dependent factor within the cell.
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