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MAP kinuse-activated prolein kinase-2 (MAPKAP kinase-2) phosphorylntes the serine residucs in mutine hoat shock protein 25 (hsp 25) and human

hent shock protein 27 (hspi?) which are phoaphorylnted in vivo in rosponse to growth fhctors and heat shock, namely Ser'® and Ser™ (WaplS) and

Ser'®, Sor™ and Ser* (hap27). Ser* of hap2$ and tho equivalent vesidue in hup2? (Ser*?) are phosphorylated preferentially in vitro. The small heat

shock proteln Is present in rabbit sketetal muscle and hsp28 kinase activity in skeletal muscle extracis co-purifies with MAPK AP kinase-2 activity

throughout the purilication of the Tntter cnayme. These results suggest thut MAPKAP kinase-2 is the enzy me responsible for the phosphoryiation
of these small hent shock proteins in mammalian cells.

MAP kinnse: Protein kinase; Hemt shoek: Protein phosphorylation: Growth factor

1. INTRODUCTION

We have recently identified 4 new protein Kinase in
rabbit skeletal musele which is only active afler it has
been phospnorylated on a unique ithreonine residue by
mitogen-activated protein kinase (MAP kinase} [1).
This enzyme, which has been termed MAP kinase acti-
vated protein kinase-2 (MAPKAP kinase-2) can be dis-
tinguished from S6 kinase-11 {or MAPKAP kinase-1)
[2]. the only other protein kinase known to be activated
by MAP kinase, by its response to inhibitors, failure to
phosphorylate peptides related to the Ceterminus of ri-
bosomal protein S6 and by its amino acid sequence [1].
MAPKARP kinasc-2 was originally identified by its abil-
ity to phasphorylate rabbit skeletal muscle glycogen
synthase, which it labels preferentially on a serine lo-
cated seven residues from the N-terminus. [t also phos-
phorylates the first serine in the peptide KKPLNRTLS-
VASLPGLamide, which is related to the N-terminus of
glycogen synthase, and this substrate is used to assay
MAPKAP kinase-2 routinely [1).

Although glycogen synthase was the fitst substrate
for MAPKAP kinase-2 to be identified, it is not clear
whether it is phosphorylated by this protein kinase in
vivo, Furthermore, since MAPK AP kinase-1 may nhos-
phorylate more than one substrate in vivo {e.g. the gly-
cogen-binding subunit of protein phosphatase-1 [3] and
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ribozomal protein S6 (4]), MAPKAP kinase-2 may also
have u number of physiological substrates and

mediate several actions of extracellular signals which
exert their effects through the activation of MAP kinase
and its downstream targets. We were therefore inter-
csted in identifving potential physiological substrates
for MAPKAP kinase-2.

Murine heat shock protein 25 (hsp25) and its human
homologue heat shock protein 27 (hsp27) are small
thermosiable proteins present in almost all mammalian
cells. which become phosphorylated in many cells in
response to signals such as tumour necrosis factor
(TNF) [5.6], interleukin-1 [6,71. platelet derived growth
factor (PDGF) [7] and fibroblast growth factor (FGF)
[7.8], as well as tumour-promoting phorbol esters [9,10}
and heat shock [11-13]. Their physiological roles are -
unknown, although overexpression of hsp27 and hsp25
has been reported to increase the thermotolerance of
some mammalian cells [14,15) and to inhibit cell prolif-
cration [15]. Our interest in examining whether hsp25
and hsp27 were physiological substrates for MAPKAP..
kinase-2 was aroused by two observations. Firstly, sev-
cral of the stimuli which trigger the phosphorylation of
hsp25 and hsp27 in cells, such as PDGF, phorbol esters
and heat shock, are known to activate MAP kinase
[16.17]. Secondly, the amino acid sequences surround-
ing one of the in vivo phosphorylation sites in hopes
{LNRQLSSG) 18] or hsp27 (LSRQLSSG) [5] are very
similar to the sequence surrounding scrine-7 of glycogen
synthase in human (LNRTLSVS) [19] or rabbit
(LSRTLSVS) [20] skeletal muscle. In this paper we dem-
onstrate that MAPKAP kinase-2 (but not MAPKAP
Kinase-1) nhosphorylates each of the serine residues tn
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Fig. 1. Phosphorylation of hsp25 (A) and hap2? (B) by MAPKAP kinase-2. Phosphorylation of hsp25 and hsp27 (50 uM) was carried out with

2 U/m] MAPKAP kinase-2 as deseribed in Section 2. Calculation of phosphorylution stoichiometries wus based on moleculur masses of 25 kDa

(hsp25) and 27 kDa (hsp27) and protein cancentrations measured gecording to Bradlord [30]. Values obtained by the Bradford procedure agreed

with those obtained by amino acid analysis 10 £ 10%. Phosphate incorporated into hsp25 or hsp27 is denoled by the ¢losed cireles. Phosphorylation

of Ser'® (5-15, ) and Ser® (S-36, c) of hsp25 and Ser'®, Ser™ (8-78, ¥'¥) and Ser” (8-83, ©) of hsp27 was determined by measurement of the
*P-radioactivity associated with the tryptic peplides containing each of these residues (Figs. 2 and 4).

hsp25 and hsp27 that are phosphorylated in vivo in
response io mitogens or heat shock, that hsp25 kinase
activity co-purifies with MAPKAP kinase-2 throughout
the purification of the latter enzyme and that MAPKAP
kinase-2 and the substrate small heat shock protein are
co-expressed in rabbit skeletal muscle. These results
strongly suggests that MAPKAP kinase-2 is an enzyme
tesponsible for phosphorylating hsp25 and hsp27 in
YivQ,

2. MATERIALS AND METHODS

MAPKAP kinase-2 [13, recomnbinant murine hsp25 [21] and recom-
binant hsp27 [22] were purified as described. MAPKAP kinase-1 (Mr.
C. Sutherland) (23] and the catalytic subunit of protein phosphalase
2A (Dr. D. Schelling) [24] were purified from rabbit skeletal muscle
at Dundec by the investigators in parentheses. Calmodulin-dependent
protein kinase-1I from rat brain was provided by Dr. Angus Nairn
(Rockefeller Unjversity, New York, USA). Phosphorylation of the
standard  peptide subsirate KKPLNRTLSVASLPGLamide by
MAPKAP kinase-2 and other proiein kinases was carried out in the
presence of EGTA, the specific peptide inbibitor of cyclic AMP-de-
pendent protein kinase and the protein kinase inhibitor H7 (which
dees not inhibit MAPKAP kinase-2) as deseribed [1] and one unit of
activity (U} was that amount which catalysed the phosphorylation of
one nmol of peptide in one min. When hsp25 and hsp27 were used 45
substrates, reactions were terminated by addition of 1.0 mi of 5% (w/v)
trichloroacetic acid. After standing for 5 min, the suspensions were
centrifuged for 2 min at 13,000 g and the supernatants discarded.
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The pellets were washed three times with 25% (w/v) trichloroacetic
acid and analysed by Cerenkov counting. Phosphorylation of the
small heav shock protein by purified MAPKAP kinase-2 was carried
out in rabbit muscle extracts heated at 42°C for 10 min to inactivate
protein kinases. The incubations were carried out at 30°C with S mM
MgCl/0.1 mM [r-2P]ATY (0.1 Ci/mmol), with and withount 0.5 U/ml
MAPKAP kinase-2, and after 20 min the small heat shock protein was
immunoprecipitated with 10 4l of an antiserum against an hsp25/
hsp27 hybrid protein which cross-reacts between different mammalian
species [25]. After secondary precipitation using Protein A-Sepharose
{Pharmacia), proteins bound specifically were eluted by heating at
[00°C in the presence of SDS, subjected to SDS/polyacrylamide gel
¢lectrophoresis and autoradiographed using a Bio Imaging Analyser
BAS 2000 (Fuji). Amino acid analysis was carried out using a Waters
PICOTAG System. Other materials and methods are detailed in [1].

3. RESULTS

3.1. Phosphorylation of hsp25 and hsp27 by MAPKAP
kinase-2

hsp25 and hsp 27 were both phosphorylated by
MAPKAP kinase-2 at similar rates to the standard pep-
tide substrate KKPLNRTLSVASLPGLamide. The ini-
tial rate of phosphorylation of hsp25 (20 4M) was 55%
of the raie at which the peptide substrate (30 uM) was
phosphorylated. The K, for hsp25 phosphorylation (19
#M) was also similar to that of the peptide substrate (12
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Fig. 2. Separation of ™P-labelled tryptic peptides from hsp2s by
chromatography on a C,; eolumn. The trichloroacetic acid preeipi-
tated hsp2S from the 15 min (upper Lrace) and 135 min (lower trace)
tinte poinis in Fig. 1A (2.5 nmol) were digested with trypsin (2 4g, 0.08
nmol} and chromalegraphed on a Yydac C,, reverse phase HPLC
column (Separations Greup, Hesperia, California, USA) equilibraied
in 0.1% (v/v) trifluoroncetic acid, us described previously [1]. **P-
radioactivity (full ling) was recorded continuously with an on-line
monitor. The acetonitrile gradient is shown by the broken line, The
analysis of peptides la and 1b (containing Ser®), and 2a, 2b and 2¢
(containing Ser'®) is presented in Seetion 3.2

HM). hsp27 was phosphorylated at about half the rate
of hsp25 (Fig. 1). The phospherylation of hsp25 reached
1.7 mol/mol and the phosphorylation of hsp27 1.0 mol/
moi after incubation for 2 h with 2 U/ml MAPKAP
kinase-2. In contrast, MAPKAP kinase-1 or calmod-
vlin-dependent proiein kinase-II (data not shown),
which both phosphorylate the peptide KKPLNRTLS-
VASLPGLamide efficiently, were unable to phospho-
rylate hsp25 or hsp27 at ail when added at the same
concentration {2 U/ml).
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3.2, Hdentification of the residues in hsp25 and hsp27
phosphorylated by MAPKAPF kinase-2

hsp25 phosphorylated by MAPKAP kinase-2 was di-
gested with trypsin and three major *P-labelled pep-
tides were resolved by chromatography on a C;5 celumn
(Fig. 2). Peptides 1a and 1b had identical amino acid
compositions and the sequence of peptide la was
QLSSGVSEIR, The first serine residue in this peptide,
which corresponds to Ser® in hsp28, was identified as
the site of phosphorylation (Fig. 3A). Peptide 1b did not
yield any peptide sequence, indicating that its amino-
terminus was blocked, presumably by cyclisation of the
amino-terminal glutaminyl residue to a pyroglutaminyl
residue. Its elution at a slightly higher concentration of
acetonitrile than peptide 1a (Fig. 2) is consistent with
the loss of a positively charged amino group at the
N-terminus, while peptide la could be partially con-
verted to peptide 1b by incubation at ambient tempera-
ture in 1 M acetic acid (data not shown). Peptide 2a had
the sequence SPSWEPFR and the second serine residue
(Fig. 3), which corresponds to Ser'” in hsp25, was iden-
tified as the site of phosphorylation. Peptide 2b had the
same amine acid sequence as peptide 2a. The reason for
its elution at a slightly higher concentration of acetoni-
trile is unclear, but it could either result from some
modification of the tryptophan residue or isomerisation
of one of the proline residues. Peptide 2c had the se-
quence SPSWEPFRDWYPAHSR (data not shown)
and resulted {rom incomplete cleavage of an Arg-Asp
peptide bond. The relative rates of phosphorylation of
Ser'” and Ser" were calculated from the **P-radioactiv-
ity associated with each tryptic phosphopeptide, and
showed that Ser®® was labelled prefercentially (Fig. 1A).
When **P-labelled hsp 27 containing i.0 mol phosphate/
mol protein was digested with trypsin, four major *P-
peptides were resolved on the C,; column (Fig. 4, lower
trace). The peptides termed la and 1b eluted in the same
positions as peptides 1a and 1b from the hsp 25 digest
and their amino acid compositions (data not shown)
and sequence (Fig. 3) demonstrated that they also corre-
sponded to the unblocked and blocked forms of the
peptide QLSSGVYSEIR, these peptide sequences being
conserved between hsp25 and hsp27. The first serine
(Ser® in hsp27) was identified as the site of phosphoryl-
ation (Fig. 3). Peptide 2a in the hsp27 digest had the
sequence GPSWDPFR and the serine residue, which
corresponds to Ser'® of hsp27, was the site of phospho-
rylation (Fig. 3). The sequence of peptide 2a in the
hsp27 digest shows two conservative replacements from
the corresponding peptide in the hsp25 digest. Peptide
3 was a tetrapeptide with the sequence ALSR, the serine
residue (corresponding to Ser™ of hsp27) being the site
of phosphorylation (Fig. 3). This serine residue is re-
placed by asparagine in hsp25, explaining why no *P-
peptide corresponding to peptide 3 is present in the
tryptic digest of hsp25.

Quantitative analysis of the *P-labelled tryptic pep-
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Fig. 3. Identification of the serine residues in hsp2$ and hsp27
phosphorylated by MAPKAP kinase-2. The *P-labelled peptides in
Figs. 2 and 4 were coupled covalently (o an arylamine membrane and
subjected to salid phase sequencing on an Applied Biosystems 470A/
1204 sequencer [1]. Conventional gas phase sequencing was also used
1o confirm the assignment of amino acid residues in the hspl3 pep-
tides. The figure shows *P-radioactivity released and the amino acid
residuc identified (single letter code) after each cycle of Edman degra-
dation. The full lines show the results obtained with peptides from
hsp25 and the broken line results from the corresponding peptides of
hsp27. In peptide 2a, the N-lerminal residue is serine in hsp25 and
glycine in hsp27?, and the fifth residue is glulamic acid in hsp23 and
aspartic acid in hsp27. **P-radicactivity (cpm) applied Lo sequencer
was: 8,000 (peptide 1a, hsp25); 8,500 (peptide 1a, hsp27); 13,000 (pep-
lide 2a, hspl5); 8,000 (peptide 2a, hsp27); 17,000 (neptide 3, hsp2?).

tides at various times of phosphorylation revealed that
Ser* in hsp27 is phosphorylated much faster than either
Ser'® or Ser’ (Fig. 1B). For example, after 15 min when
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Fig. 4. Separation of “Pabelled (ryptic peplides from hsp27 by

chromatography on a C,y column. The experiment was carried out in

an identical manner o that described in Fig. 2 using the 15 min (A)

and 135 min (B) time points from the hsp27 phosphorylation reaction
(Fig. 1B),

phosphorylation was only 0.2 mol/mol, about 20% of
the phosphate was present in Ser®, 5% in Ser'® and 5%
in Ser™ (Figs. 1B and 4A).

3.3, Co-purification of hsp25 kinase activity with
MAPKAP kinase-2

We have developed a method for purifying
MAPKAP kinase-2 to homogeneity from skeletal mus-
cle by which the enzyme is purified 85,000-fold within
3 days [1]. The procedure involves batchwise chroma-
tography on CM-8ephadex, precipitation at 45% am-
monium sulphate, chromatography on DEAE-cellu-~
lose, successive gradient elutions from S-Sepharose,
Mono 5 and Mono Q and gel-filtration on Superose 12.
The purified enzyme contains two components whose
apparent molecular masses estimated by SDb&/poly-
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_ Fig. 5. Co-purification of hsp25 kinase activity with MAPK.AP kinase- 2 on S-Sepharose, Mono 5 and Mono Q. MAPKAP kinase-2 was assayed
using the peptide KKPLMRTLSVASLPGLamide at 30 uM (closed circles) and hsp23 kinasc using hsp25 at 6 #M (open cireles). The hraken lines
denote the sait gradients. (A) The fowthrough fractions from DEAE Cellulose were applied 10 a column of S-Sepharose (19 = 1.6 cm) equilibrated
at ambient emperature in 20 mM MOPS, pH 7.0, ! mM EDTA, 5% (v/v) glycerol, 0.01% (w/v) Brij 35, 1 mM benzamidioe and 0.1% {v/v)
2-mercaptoethanol (Buffer A). After washing with equilibration buiTer until the absorbanee at 280 nm was < 0.02, the column was developed with
a 200 ml linear salt gradient to 0.5 M NaCl in the same buffer, The Aow rate was 3 mlmin and fractions of 2.5 ml were coliected. (B) The enzyme
from S-Sepharose was dialysed for 90 min into Buffer A containing 30% (v/v) glycerol, then diluled 4-fold in Buffer A and applied 1o a Mono §
column (5 % 0.5 cm) equilibrated at ambient temperature in Buffer A. After washing with buifer until the absorbanee at 280 nm was < 0.02, the
column was develeped with a 40 mi linear salt gradienc w0 0. M MgCiy in Buffer A. The flow fate was L0 mU/min and fractions of 0.5 mi were
collected. {C) The enzyme from Mono 8 was dialysed against Bulfer A and applied to a column of Mono Q (5 x 0.5 em) equilibrated in Bufer
A. After washing with 10 ml of buffer A, the column was developed with a 40 ml linear salt gradient (0 0.3 M NacCl. The flow rate was 1.0 mVmin

and fractions of 0.5 ml were collected. Further details of the preparation are given in [1].

in
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Fig. 6. Exptession of the small heat shock protein in rabbit skeletal
muscle and its phosphorylation by MAPKAP kinase-2, Heat-inac-
tivated extracts of rabbit skeletal muscle were incubated in the pres-
ence of Mg[y-*PIATP with and withoul the addition of MAPKAP
kinase-2 (Scction 2). In two {urther reactions, purified murine hsp25
was added to serve as an iniernal marker pratein. After phosphoryla-
tion, the small heat shock proteins were immunoprecipitated with 4
specific antibody and the immunaoprecipitates analysed by SDS/poly-
acrylamide gel electrophoresis. The Ggure shows an autoradiograph
of the gel and molecular weight standards (MWS) are marked.

acrylamide gel electrophoresis are 60 kDa and 53 kDa,
respectively. These species have identical specific activi-
ties and the amino acid sequences of six peptides iso-
lated from each component were found to be identical,
indicating that that they are ecither closely related
isozymes or derived from the same gene {1].

hsp235 kinase activity co-purified with MAPKAP Kki-
nase-2 activity through batchwise chromatography on
CM-8ephadex and precipitation with ammonium
sulphate, and like MAPKAP kinase-2 activity, all the
hsp25 kinase activity did not bind to DEAE-~cellulose
equilibrated in 5 mM MQOPS, pH 7.0 (data not shown).
Like MAPKAP kinase-2 [1], the hsp25 kinase activity
in the DEAE-celiulose eluate (and at all subsequent
steps) was completely inactivated by preincubation for
30 min with 5 mU/ml protein phosphatase 2A (see [24]
for definition of units). After chromatography on
DEAE-celiulose, hsp25 kinase activity exactly co-puri-
fied with MAPKAP kinase-2 through successive chro-
matographies on 3-Sepharose, Mono 8§ and Mono Q
(Fig. 5). The partial resclution of MAPKAP kinase-2
and hsp25 kinase activity into two components on
Mono S (Fig. ) is only observed occasionally and may
reflect some separation of the 60 kDa and 53 kDva forms
of the enzyme. When assayed with the standard. peptide
substrate at 30 uM and hsp25 at 20 4M, the activity
ratio MAPKAP kinase-2/hsp25 kinase was 1.6 (after
5-Sepharose), 1.6 (after Mono §) and 1.7 (after Mono
Q), which compares 10 1.8 in the muscle extract, 2.2 in

312

FEBS LETTERS

November 1992

the CM-Se¢phadex cluate and 1.7 for homogeneous
preparations of MAPKAP kinase-2 purified through
the final gel-filtration step.

About 30% of the protein kinase activity in muscle
extracts measured with either hsp25 or the standard
peptide substrate was not retained by CM-Sephadex.
The peptide kinase activity not retained by this cationic
exchange resin is distinet from MAPKAP kinase-2, be-
cause it is eluted from Mono Q at a far higher concen-
tration of NaCl (0.4 M} and is not inactivaied by pro-
tein phosphatase-2A. This protein kinase is devoid of
hsp25 kinase activity and indeed no protein kinase with
significant activity towards hsp25 was detected when
the Mono Q fractions were assayed with this substrate.
[t is possible that the hsp25 kinase activity in the CM-
Sephadex flowtlirough fractions is the summation of
many protein Kinases each of which has trace hsp25
kinase activity.

Although small heat shock proteins have been identi-
fied in a wide variety of mammalian tissues, they had
not been identified previously in rabbit skeletal muscle
from which MAPKAP kinase-2 is purified. In order to
demonstrate the biological relevance of the phosphioryl-
ation reaction, it was therefore important to show that
this small shiock protein was present in skeletal muscle
and that it could be phosphorylated by MAPKAP ki-
nase-2. Heat-treated muscle extracts were therefore in-
cubated with MAPKAP kinase-2 and Mg[y-"*P]JATP
and subjected to immunoprecipitation using an antise-
rum against an hsp25/hsp27 hybrid protein [25] as de-
seribed in Section 2. Analysis by SDS/polyacrylamide
gel electrophoresis clearly revealed that a single
phosphoprotein had been immunoprecipitated from the
extracts which co-migrated with hsp25 (Fig. 6).

4, DISCUSSION

In this paper we have demonstrated that the small
mammalian heat shock proteins are phosphorylated by
MAPKAP kinase-2 at similar rates to the synthetic pep-
tide KKPLNRTLSVASLPGLamide which is the stand-
ard substrate used to assay this enzyme, Since the ¥V,
towards this peptide (about 5 ymols/min/mg) is com-
parable to that of other protein serine/threonine kinases
towards their best substrates, hsp25 and hsp27 are
ciearly good substrates for MAPKAP kinase-2. The
high degree of specificity of MAPKAP kinase-2 for
these small heat shock proteins is emphasized by the
failure of two other protein kinases (MAPK AP kinase-1
[26] and calmodulin-dependent protein kinase-il [27],
that phosphorylate Arg-Xua-Xaa-Ser motifs, to phos-
phorylate hsp25 or hsp27 at all. The importance of

MAPKAP kinase-2 in the phosphorylation of hsp23
and hep27 in vivo is supported by three further findings.
Firstly, under our assay conditions, hsp25 kinase activ-
ity and MAPKAP kinase-2 activity co-puriiy through-

out the isolation procedure for the latter enzyme, Sec-
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ondly MAPKAP kinase-2 and the substrate small heat
shock protein are co-expressed in rabbit skeletal muscle.
Thirdly, the residues on hsp25 and hsp27
phosphorylated by MAPKAP kinase-2 in vitro are the
same as those reported to be phosphorylated in intact
cells, In mouse Ehrlich ascites tumour cells Ser*® was
shown to be the major site of in vivo phosphorylation
and Ser'® the minor site [18). In chinese hamster ovary
cells, human Hela cells and human mammary tumour
cell line MCF-7, the major site of phosphorylation was
Ser® while Ser™ was phosphorylated to a lesser extent.
More minor phosphorylation of Ser' also appeared to
take place, although this was not established definitively
(8). The relative amounts of phosphate present in each
site in vivo are consistent with their relative rates of
phosphorylation by MAPKAP kinase-2 in vitro. 1t is
well established that certain heat shock conditions in-
crease the phosphorylation of the small heat shock pro-
teins in vivo [11~-13] and our results now suggest that
this is explained by increased activity of MAPKAP ki-
nase-2 which is itself activated by the beat shock-induc-
ible MAP kinase activity [17].

Under our assay conditions cveclic AMP-dependent
protein kinase is inhibited by the inclusion of its specific
peptide inhibitor and calcium-dependent protein ki-
nases (such as protein kinase C) by the inclusion of
EGTA. Cyclic AMP-dependent protein kinase and pro-
tein kinase C are both capable of phospharylating
hsp25 in vitro at Ser'® and Ser®, albeit with low effi-
ciency [18], but it is unlikely that either enzyme phos-
phorylates hsp25 in vivo for several reasons. Firstly,
cyclic AMP-elevating agonists do not appear to stinwu-
late the phosphorylation of hsp25 [7]. Secondly, deple-
tion of protein kinase C by prolonged treatment of calls
with phorbol myristate acetate has no effect on the
phosphorylation of hsp22 inducad by tumour necrosis
factor or interleukin-] [7].,

It has recently been shown that the small heat shock
proteins have chaperone-like properiies in vitro [22]. As
also found for hsp90 [28], these chaperone-like proper-
ties are not influenced by the addition of ATP and the
release of proteins bound to the heat shock proteins is
not accompanied by ATP depletion. It will, however,
clearly be of interest to examine whether the chaperone-
like properties of these proteins are regulated by their
degree of phosphorylation. Since phosphorylation of
the small heat shock proteins is catalysed by MAPKAP
kinase-2 and one of the enzymes which is capable of
dephosphorylating these proteins is the calcium-de-
pendent protein phosphatase 2B [29], this raises the
intriguing possibility that intracellular chaperoning is
regulated by at least two cellular signal transduction
systems.

Acknowledgernents: We thank Dr. Grahame Hardie for his role in
initiating Lhis collaboration. ID.S. is the recipient of a postgraduate

FEBS LETTERS

November 1992

resgatch studentship from the UK Moedical Research Council. This
work was supported by grants from the MRC and Royal Society {to
P.C.) und by Grant Gii 453,2-1 from the Deutsche Forschungsgemein-
schat and Grant 03101724 from the Bundesmipisterium {Ur
Forschung und Technologie (1o M.G.).

REFERENCES

[1] Stokoe, D., Campbell, D.G., Makielny, S., Hidaka, H., Leevers,
5.).,, Marshall, C. and Cohen, P. (1992) EMBO 1. 11, 3985-3994,

[2] Sturgill, T.W., Ray, L.B., Erikson, E. and Maller, J.L.. (1988)
Nature 334, 715-718,

(3] Dent, P., Lavoinne, A., Nakielny, 8., Caudwell, F.B., Wait, P.
and Cohien, P. (1990) Nature 348, 302-308.

(4] Erikson, E. and Maller, J.L. (1936) J. Biol. Chem. 261, 350-355.

[5] Hepburtn, A., Demolle, D., Boeynaems, J.M., Fiers, W. and
Dumont, J. (1988) FEBS Let. 227, 175-178.

{6] Kaur, . and Saklatvala, J. (1988) FEBS Lett. 241, 6-10.

{7] Saklatvala, J., Kaur, P. and Guesdon, F. (1991) Biochem. J. 277,
035-642,

i8] Landry, J., Lambery, H., Zhou, M., Lavole, J.N., Hickey, E.,
Weber, L.A. and Anderson, C.W. (1992) J. Biol. Chem. 267,
794-803.

[91 Welch, W.J. (1985) 1. Biol. Chem. 260, 3058-3062,

[10] Reguzzi, R., Eppenberger, U. and Fabbro, D. (1988) Biochem.
Biophys. Res, Commun. 152, 62-68.

[11] Arrigo, A.P. and Welch, W.J. (1987) J. Bigl. Chem. 262, 15359~
15369,

[12] Oesterreich, S., Benndorf, R. and Bielka, H, (1920) Biomed. Bio-
chim. Acta 49, 219-226.

[13] Chretien, P. and Landry, J, (1988) J. Cell. Physivi, 137, 157-166.

[14] Landry, J., Chretien, ., Lambert, H., Hickey, E. and Weber,
L.A. (1989) ). Cell. Biol. 109, 7-15.

[15] Knaul, U., Bielkn, H. and Gaestel, M. (1992) FEBS Leti 309,
297-302.

[16] Sturgill, T.W. and Wu, I. (1991} Biechim. Biophys. Acia 1092,
350-357.

[171 Chung, J., Kuo, C.J., Crabtree, G.R. and Blenis, J. (1992) Cel
69, 1227-1236.

(18] Guestel, M., Schroder, W., Benndorf, R., Lippmann, C., Buch-
ner, K., Hucho, F., Erdmann, V.A. and Bielka, H. (1991) J. Biol.
Chem. 266, 1472114724,

{19] Browner, M.F., Nakano, K., Bang, A.G. and Fletterick, R.J.
(1989) Proc. Natl. Acad. Sci. USA 80, 1443-1447.

[20] Huang, T.8. and Krebs, E.G. (1979) FEDS Leu, 98, 66-70.

(217 Gaestel, M., Gross, B., Benndorf, R., 8trauss, M., Schunck,
W.H., Kraft, R., Quto, A., Bohm, k., Stahl, J., Drubsch, H. and
Bizlka, H. (1989) Eur. J. Biocham. 179, 209-213,

[2%] Jacoh, U., Gaeswel, M., Engel, K. and Buchner, J. (1992} 1. Biol.
Chem. submitted,

[23] Lavoinne, A., Erikson, E., Maller, J.L., Price, D.J,, Avruch, J.
and Colien, P. (1991} Eur. J. Biochem. 199, 723-728,

[24] Cohen, P., Alemany, S., Hemmings, B.A., Stralfors, P. and Tung,
H.Y.L. (1988) Methods Enzymol. 159, 390-408,

[25] Engel, K., Knauf, U. and Gaestel, M. (199]) Biomed. Biophys.
Acla. 50, 1065-1071.

(2G] Erikson, E. and Maller, J.L. (1988) Second Moss. Phosphopro-
teins 12, 135-143.

[27) Pearson, R.B., Woodgett, J.R., Cohen, P. and Kemp, B.E. (1985)
J. Biol. Chem. 260, 1447]-14476,

(28] Wiech, H., Buchrer, 1, Zimmermann, R. and Jaceb, U.
(1992) Nature 358, 169-170.

[29] Gaestel, M., Benndorf, R., Hayess, K., Priemer, E. and Engel, K.
(19%2) J, Biol, Chem., in press.

[30) Bradford, M.M. (1276) Anal Bicchem 72, 243-254.

313



