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Mitogen- and stress-activated protein kinase-1
(MSK1) is directly activated by MAPK and
SAPK2/p38, and may mediate activation of CREB
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We have identified a novel mitogen- and stress-activ-
ated protein kinase (MSK1) that contains two protein
kinase domains in a single polypeptide. MSK1 is
activated in vitro by MAPK2/ERK2 or SAPK2/p38.
Endogenous MSK1 is activated in 293 cells by either
growth factor/phorbol ester stimulation, or by exposure

to UV radiation, and oxidative and chemical stress.
The activation of MSK1 by growth factors/phorbol
esters is prevented by PD 98059, which suppresses
activation of the MAPK cascade, while the activation
of MSK1 by stress stimuli is prevented by SB 203580,
a specific inhibitor of SAPK2/p38. In HeLa, PC12 and
SK-N-MC cells, PD 98059 and SB 203580 are both
required to suppress the activation of MSK1 by TNF,
NGF and FGF, respectively, because these agonists
activate both the MAPK/ERK and SAPK2/p38 cas-
cades. MSK1 is localized in the nucleus of unstimulated
or stimulated cells, and phosphorylates CREB at
Serl133 with aK,,, value far lower than PKA, MAPKAP-
K1(p90Rsk) and MAPKAP-K2. The effects of
SB 203580, PD 98059 and Ro 318220 on agonist-
induced activation of CREB and ATF1 in four cell-
lines mirror the effects of these inhibitors on MSK1
activation, and exclude a role for MAPKAP-K1 and
MAPKAP-K2/3 in this process. These findings, together
with other observations, suggest that MSK1 may medi-
ate the growth-factor and stress-induced activation
of CREB.

Keywords CREB/MAP kinase/MSK1/p38 MAP kinase/
signal transduction

Introduction

Ten mitogen-activated protein kinase (MAPK) family
members have been identified in mammalian cells
(reviewed in Cohen, 1997). Two of these, MAPK1/ERK1
and MAPK2/ERKZ2, are strongly activated by polypeptide

For this reason, they are frequently referred to as stress-
activated protein kinases (SAPKS).

A major challenge in this field is to identify the
physiological substrates and roles of each of the MAPKs
and SAPKs, but a problem is presented by the finding
that a number of the substrates are themselves protein
kinases which are likely to have numerous physiological
roles. Thus, MAPK1/ERK1 and MAPK2/ERK2 activate
three closely related protein kinases known as MAPK-
activated protein kinases-1a, -1b and -1c (MAPKAP-K1a/
b/c; also known as RSK1/2/3) (Sturgidt al, 1988;
Zhaoet al., 1995), while SAPK2a/p38 and SAPK2b/38
activate two closely related enzymes termed MAPKAP-
K2 (Freshneyet al, 1994; Rouseet al, 1994) and
MAPKAP-K3 (Clifton et al, 1996; McLaughlinet al,
1996). Several lines of evidence indicate that the MAP-
KAP-K1 isoforms arein vivo substrates for the MAPK/
ERKs and that MAPKAP-K2/K3 arén vivo substrates
for the SAPK2/p38 isoforms. For example, the drug
PD 98059, which suppresses the activation of MAPK/
ERKs by preventing activation of their upstream activator
MAPK kinase-1 (MKK1), also inhibits activation of the
MAPKAP-K1 isoforms (Alessiet al, 1995), but not
MAPKAP-K2/K3 (Clifton et al., 1996). Conversely, the
drug SB 203580, a specific inhibitor of SAPK2a/p38 and
SAPK2b/p3®, prevents the activation of MAPKAP-K2/
K3 (Cuendaet al, 1995; Cliftonet al., 1996).

The MAPKAP-K1 isoforms are unusual in that they
each contain two protein kinase domains within a single
polypeptide, and one role of the C-terminal kinase domain
is to activate the N-terminal kinase domain, allowing the
latter to phosphorylate exogenous substrates (Bjorbaek
et al, 1995; Vik and Ryder, 1997; Dalbgt al., 1998).
The phorbol-ester-induced activation of MAPKAP-K1a in
COSL1 cells is accompanied by the phosphorylation of six
residues (Ser222, Thr360, Ser364, Ser381, Thr574 and
Ser733), four of which (Ser222, Ser364, Ser381 and
Thr574) are critical for activation. MAPK/ERKs phos-
phorylate Thr574 in the C-terminal domain and Thr360
and Ser364, which are located between the two kinase
domains. The phosphorylation of Thr574 activates the
C-terminal kinase domain, which then phosphorylates
Ser381. The combined phosphorylation of Ser364 and
Ser381 triggers activation of the N-terminal domain,
provided that Ser222 is also phosphorylated (Dabwl.,
1998). The identity of the Ser222 kinase is unclear.

The importance of MAPKAP-K1 in cell function is

growth factors whose receptors are protein tyrosine kinases,indicated by the finding that inactivating mutations in the
and by tumour-promoting phorbol esters. They are more MAPKAP-K1b (RSK2) gene are the cause of Coffin-

weakly activated (in most cell contexts) by stress stimuliand
proinflammatory cytokines. In contrast, the other MAPK

Lowry Syndrome, a disease associated with progressive
skeletal abnormalities and severe mental retardation

family members are strongly activated by stress signals and(Trivier et al, 1996). However, although the MAPKAP-

proinflammatory cytokines, but only weakly (in most cell

contexts) by poly-peptide growth factors and phorbol esters.
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K1 isoforms phosphorylate many proteiirs vitro, their
physiological role(s) has yet to be defined. MAPKAP-K1
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phosphorylates the transcription factor CREBitro and the DNA sequence encoding the N-terminal kinase
at the residue (Ser133) known to trigger activationivo domain of MAPKAP-K1 to interrogate the NCBI EST
(Xing et al,, 1996). MAPKAP-K1b is also reported to be database. This search identified one EST (AA15 8571)
the major kinase acting on CREBtide (a synthetic peptide which upon sequencing was found to encode a full-
corresponding to the sequence surrounding Ser133) thafength cDNA clone of a novel member of this subfamily,
can be detected in lysates prepared from NGF-stimulatedhereafter termed MSK1. The open reading frame encoded
PC12 cells (Gintyet al, 1994; Xing et al, 1996). a protein of 802 amino acids with a molecular mass
Moreover, the phosphorylation of CREB at Serl33 is of 89.9 kDa. There is a stop codon immediatelytd the
induced by signals that activate the MAPK/ERK cascade predicted initiating ATG codon. The MSK1 polypeptide
and prevented by PD 98059 (Peneleal., 1997). These  possessed two protein kinase domains (Figure 1), both
findings suggest that CREB may be a physiological of which contained the 11 subdomains characteristic of
substrate for MAPKAP-K1, but the possibility that CREB gl protein kinases (Hanket al, 1988). MSK1 showed

is phosphorylated by another protein kinase that lies greatest similarity to the three isoforms of MAPKAP-
downstream of MAPK/ERKS is not excluded. K1, which also possess two kinase domains (Figure
- MAPKAP-K2/K3 also phosphorylates CREB at Ser133 2A). The N-terminal and C-terminal kinase domains of
in vitro (Tanet al, 1996) and MAPKAP-K2 is the major  \SK1 were 54 and 44% identical to the corresponding
CREBtide kinase detected in lysates prepared from SK-N- kinase domains of MAPKAP-K1. The overall identity
MC cells that have been stimulated with fibroblast growth petween MAPKAP-K1 and MSK1 was 43%. We
factor or stressed by incubation with sodium arsenite (Tan jgentified 14 human EST clones encoding fragments of
etal., 1996). Moreover, these stimuliinduce the phosphoryl- \ k1 that are derived from many tissues (Table ),
ation of CREB at Ser133 in SK-N-MC cells and phospho- i gicating that MSK1 is a widely expressed enzyme.

rylation is suppressed by SB 203580 (Tenal.,, 1996).

These findings suggest that CREB may be a physiological

substrate for MAPKAP-K2/K3, but the possibility that

CREB is phosphorylated by another protein kinase down-

stream of SAPK2/p38 is not excluded by these data.
MAPK1/ERK1 and MAPK2/ERK2 phosphorylate MAP-
KAP-K1 (but not MAPKAP-K2/K3) isoformsn vivo, and
SAPK2a/p38 and SAPK2b/pB8phosphorylate MAP-
KAP-K2/K3 (but not MAPKAP-K1)in vivo. More recently

however, two closely related protein kinases have been

identified that are activateih vitro andin vivo by both
MAPK/ERKs and SAPK2/p38. For these reasons they
have been termed MAPK-integrating kinases-1 and -2
(MNK1 and MNK2, respectively) (Fukunaga and Hunter,
1997; Waskiewiczet al, 1997). Like MAPKAP-K2/K3,
MNK1 and MNK2 are single kinase domain enzymes.
One physiological substrate of MNK1 may be the protein
synthesis initiation factor elF4E. MNK phosphorylates
elF4E at Ser209n vitro (Waskiewiczet al.,, 1997), the
residue whose phosphorylation is induced by growth
factors or phorbol estersn vivo. Growth-factor-induced
phosphorylation of Ser209 is prevented by PD 98059,

Northern blot analysis of human tissues revealed that
MSK1 was expressed as a 4 kb transcript in all tissues
examined (heart, brain, placenta, lung, liver, kidney and
pancreas) with the highest levels observed in brain,
muscle and placenta (data not shown). An alignment
of the N- and C-terminal kinase domains of MSK1

with other protein kinases that are activated by MAPK
family members is shown in Figure 2B.

We also found EST cDNA clones (Table I) encoding a
further protein kinase whose amino acid sequence was
75% identical to MSK1, but only 40% identical to
MAPKAP-K1, and which we have termed MSK2. The
near full-length coding sequence of murine MSK2 and
the partial sequence of human MSK2 aligned with MSK1
are presented in Figure 2C. The murine and human MSK2
sequences share 90% amino acid sequence identity. We
identified eight human EST cDNA clones encoding frag-
ments of MSK2 that were derived from a number of cells
and tissues. Six of these were tumour cell lines. Northern
blot analysis of human tissues revealed that MSK2 was
expressed @1a 3 kbtranscript with a similar distribution

while stress-induced phosphorylation of Ser209 is sup- to that of MSK1 (results not shown).

pressed by SB 203580 (Waryg al., 1998).

In this paper we describe the identification and character-

ization of two novel protein kinases, thatresemble the MAP-
KAP-K1 isoformsin containing two protein kinase domains
within a single polypeptide. However, unlike MAPKAP-
K1 (but like MNKSs) they are activateith vitro andin vivo

by either MAPK/ERKSs or SAPK2/p38, and for this reason
they have been termed mitogen- and stress-activated prote
kinases-1 and -2 (MSK1 and MSK2, respectively). We also

present evidence which suggests that MSK1 (and/or

MSK?2), rather than MAPKAP-K1 or MAPKAP-K2/K3,
mediates activation of the transcription factors CREB and
ATF1 by either growth factors or stress signals.

Results

Identification of MSK1 as a novel MAPKAP-K1-
related kinase
In order to identify novel members of the protein kinase

Activation of MSK1 in vitro by MAPK2/ERK2 and
SAPK2/p38

The four key activating phosphorylation sites present in
MAPKAP-K1a are conserved in MSK1 and MSK2 (Figure
2). Two of the four sites in MSK1 (Ser360 and Thr581)

. are followed by proline residues suggesting that MSK1
'nd MSK2 may be activated by one or more MAPK. In
order to compare the activation of MSK1 and MAPKAP-
Kla by MAPKs, both enzymes were expressed in human
embryonic kidney 293 cells as fusion proteins with gluta-
thione Stransferase (GST) at the N-terminus (hereafter
termed GST-MSK1l and GST-MAPKAP-Kla). Both
proteins were purified on glutathione—Sepharose and
showed a single major Coomassie Blue-staining band
when subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE; Figure 3A). The apparent
molecular mass of GST-MSK1 estimated by SDS-PAGE

subfamily that are related to p70 S6 kinase, we used (116 kDa) was slightly larger than GST-MAPKAP-K1a
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CGAGCCGTGCGGCCAGAGCGGGAAAGAGACTCGTCTTTGCGTCCGAGTTCTGGAGCCGCCGCACCCCGACTCCTEGGGCCGCGGCAGCGGCTGCGAGGGGACGGGCGTCCGCTGTCTCCT 120
GGGTTCCCCTCGTAGCGACCCGCGGGATCGGAAAAAAAGGAGAAGATGGAGGAGGAGGGTGGCAGCAGCGGCGGCGCCGCGGGGACCAGCGCGGACGGCGGCGACGGAGGAGAGCAGCTC 240
M EEEGGSSGGAABAGTSADGSGTDGGEZQTL 25
CTCACTGTCAAGCACGAGCTGCGGACTGCTAATTTGACAGGACATGC TGAGAAGGTGGGAATAGAAAATTTTGAGCTCCTGAAGGTCCTAGGAACTGGAGCTTATGGAAAAGTATTTCTA 360
L TV KHETLURTH® ZNZLTGHA AEIZ KU VGTIENTFETLTZLIE KUV VILGTG GA ATYGI KUVFL 65
GTTCGTAAAATAAGTGGCCATGATACTGGAAAGCTGTATGCCATGAAAGTTTTGAAAAAGGCAACAATCGTTCAAAAGGCCAARACCACAGAGCATACAAGGACAGAACGACAAGTCCTG 480
VREKTISGHDTG G KT LY AMZ KV VU LI KU KA ATTIUVOQEKA AIEKTTTEUHTIRTET RTUGQVTL 105
GAACACATTAGGCAGTCGCCATTTTTGGTAACATTACATTATGCTTTCCAGACAGAAACCAAACTTCATCTCATTTTAGATTATATAAATGGTGGTGAACTTTTTACTCATCTTTCTCAA 600
EH IR QSU?PFLVTILHYA ATFOQTETI KT LHTLTIULDYT INSGS GETLTFTHTLSQ 145
AGAGAGCGTTTCACAGAGCATGAGGTGCAGATTTATGTTGGAGAGATTGTGCTTGCCCTCGAACATCTCCACAAGTTGGGGATTATATATCGTGATATTAAGCTTGAGAATATTCTACTT 720
R ERVFTEHEUV ¢ I YV GETIUVILALEUHTLHIEKTLTGTITIYRDTIZ KT LENTITLTL 185
GATTCTAATGGCCATGTGGTGCTGACAGATTTIGGTCTGAGTAAGGAGTTTGTGGCTGATGAAACTGAAAGAGCATATTCCTTTTGTGGAACTATTGAATACATGGCACCAGATATTGTC 840
DSNGHWVVLTZDTFOGTLSZ KETFVADETEIRAY ST FCGTTIETYMS® aAUPUDTIUV 225
AGAGGGGGAGATTCAGGACATGACAAGGCAGTTGACTGGTGGAGT TTGGG TG TTCTAATGTATGAATTACTAACTGGAGCATCTCCTTTCACTGTTGATGGAGAAAAAAATTCCCAAGCT 960
R G GD SGHPDI XKXKAVDWWSLGVLMYE ELTZLTG G ASUTPTFTUVDGETZ KNSO QA 265
GAGATATCTAGGAGAATATTAAAAAGTGAGCCTCCATATCCCCAAGAAATGAGTGCTTTAGCGAAAGACCTAATTCAGCGTCTTTTGATGAAAGATCCCAAGAAGAGATTGGGATGTGGT 1080
EI S RRIULIKSEZPZPYU?POQEMSA ALA AIZ KUDILTIAOQRTLILMEKUDU?PZEKIE KT RTLGSGT¢CG 305
CCACGTGATGCAGATGAAATCAAAGAACATCTCTTCTTTCAGAAAATAAATTGGGATGATTTAGCCGCCAAAAAAGTGCCTGCACCATTTAAGCCAGTCATTCGAGATGAATTAGATGTG 1200
P R DADETIU XK EU KT LT FFQU KTINWDIDILA AAZ KI KV VPAPTFI KUPVIRIDETULTDUV 345
AGTAACTTTGCAGAAGAGTTCACAGAAATCGATCCCACTTATTCTCCCGCAGCCCTGCCCCAGAGTTCTGAGAAGCTGTTTCAGGGCTATTCCTTTGTTGCTCCTTCCATCCTATTCAAG 1320
S NF A EEVFTEMXTDUPTY S PAALUZPIGQSSEZ KILTFIQGYSFVAUPSTITULTF K 385
CGTAATGCAGCTGTCATAGACCCTCTTCACTTTCACATGGGAGTTGAACGTCCTGGAGTGACAAATGTTGCCAGGAGTGCAATGATGAAGGACTCTCCATTCTATCAACACTATGACCTA 1440
R NAAV IDZPILO QT FHMGVYVERUZPGVTNVA AR SA AMMIEKTDSU&PTFYQHYDL 425
GATTTGAAGGACAAACCCCTGGGAGAAGGTAGTTTTTCAATTTGTCGAAAGTGTGTGCATAAAAAAAGTAACCAAGCTTTTGCAGTCAAAATAATCAGCAAAAGGATGGAAGCCAATACT 1560
DL KDZI XU PLGETZGS ST FSICRIE KT CVHIE KI K SNA QAFA AVYVI XKTIISI KU RMEA ANT 465
CAAAAGGAAATAACAGCTCTGAAACTCTGTGAAGGACACCCCAATATTGTGAAGTTGCATGAAGTTTTTCATGATCAGCTTCACACGTTTCTAGTGATGGAACTTCTGAATGGAGGAGAA 1680
Q K E I T AL KU LG CEGHUPNTIUVI KT LUHEV VT FHD QLUHTT FTLVMETLTULNGGE 505

CTGTTTGAGCGCATTAAGAAAAAGAAGCACTTCAGTGAGACGGAAGCCAGCTACATCATGAGGAAGCTTGTTTCAGCTGTAAGCCACATGCATGATGTTGGAGTGGTGCACAGGGATCTG 1800
L F ERTIZ KU KT KT KUHFSETEA ASYTIMRIEKTLVUVSAV SHMHEDUV GV VHRTUDIL 545

AAACCTGAGAATTTATTGTTCACCGATGAAAATGACAATTTGGAAATTAAAATAATTGATTTTGGATTTGCACGGCTAAAGCCACCGGATAATCAGCCCCTGAAGACTCCATGCTTCACC 1920
K P ENULULVFTDENDNTULETIZ XKTITIDTFS GT FARTLIEKZPZPIDNZ QPTLIE KTU®PTC CTFT 585

CTTCATTATGCCGCCCCAGAGCTCTTGAATCAGAACGGCTACGATGAGTCCTGTGACCTGTGGAGCTIGGGCGTCATTTTGTACACAATGTTGTCAGGACAGGTTCCCTTCCAATCTCAT 2040
L H Y A A P E L LNOQNGYDESCDULWSULGVIULYTMILSGQUVPF Q S H 625

GACCGAAGTTTGACGTGTACCAGCGCGETGGAAATCATGAAGAAAATTAARAAGGGAGATTTCTCCTTTGAAGGAGAAGCCTGGAAGAATGTATCCCAAGAGGCTAAAGATTTGATCCAA 2160
DRSLTOCTSAYVETIMEKTE KTITZ KT KGDTF ST FEGEA AWIE KNYVSQEATZ KT DTLTINDQ 665

GGACTTCTCACAGTAGATC mmmmmemAmmm@AdAGAmcmmmm CAATCCTCTGATGACTCCGGATATTCTAGGA 2280
G L L TV D PNEXKRULEKMSGTLRYNZEWTLAOQDSGS SAQLSSNZPILMTUPUDTITLG 705

TCTTCCGGAGCTGCCGTGCATACCTGTGTGAAAGCAACCTTCCACGCCTTTAACAAATACAAGAGAGAGGGGTTTTGCCTTCAGAATGTTGATAAGGCCCCTTTGGCTAAGAGAAGAARA 2400
S S GAAVHTU CVE KA ATT FHATFNIE KY KR REGTFT CL QNUVDI KA AZPTULAIZKIR RT K 745
* * x x x
ATGAAAAAGACTAGCACCAGTACCGAGACGCGCAGCAGTTCCAGTGAGAGTTCCCATTCTTCTTCCTCTCATTCTCACGGTAAAACTACACCCACCAAGACACTGCAGCCCAGCAATCCT 2520
M K K TS TSTETI RS S S S ES S HS S S SHSHGI KTTU?PTI KTTULIGQUPSNP 785

GCCGACAGCAATAACCCGGAGACCCTCTTCCAGTTCTCGGACTCAGTAGCTTAGGCATGGTAGGAGTGTATCAGTGATCCATTGCACCTTTATTCCCTCAGCATATGCCTGAGGCGATCT 2640

A DS NNZPETTLTFQTFSDS SV A A 803
TTTATGCTTTTAAAAATGTTTCCCGTTGGTCTCATTGGAATCTGCCTCCTAATGATTTTTTTTCAGGAAAACCTGTTTGGTTATCCTCATTCAAAAGCACTGGACAGAGAATGTTACTGT 2760
GAATAGAGCACATATTACTCTTTTTAGCAACCTAGCATGATGCCAACAAGACTATTTTTGAAAGAGCAAAGGTTCCTGTAAATTTAATTAGGGCTAGATTTGAGCTGCTTGTAAGTCACA 2880
GGTTTTCCAGATGTCTGCCAACAAGAAATGACTCATACTGTGATGATACCTTTTGCTTTGCCTTGTGGACAATGTGGGTTTTTGAAATTTGCACCCTTCAAACAATGATTTATCAGAGAA 3000
AGGGGTCTGTTTTCAAAAAAGATTCTGTAATGAATTTTATGTGTGGCATATACTTATTTCTTGAGAGAAGATTTTAACTTATTGTTTTTATTTTATGGTTACATATGATGATAACCTGCT 3120

Fig. 1. Nucleotide and deduced amino acid sequence of human MSK1. The underlined residues correspond to the kinase domains. The putative
bipartate nuclear localization signal (Robieisal., 1991) between residues 726 and 745 (which is not present in MAPKAP-K1a/b) is denoted with
asterisks. The stop codon is denoted by a solid triangle. The DDBJ/EMBL/GenBank accession nhumber for MSK1 is AF074393.

(Figure 3A), which is consistent with the latter enzyme Endogenous MSK1 is activated in vivo by EGF and
being 67 amino acids shorter (Figure 2A). TPA through the MAPK/ERK pathway and by
MAPKAP-K1 is known to have a high activity towards stressful stimuli through the SAPK2/p38 pathway
the peptide named Crosstide (GRPRTSSFAEG) (Alessi The experiments presented in Figure 3 raised the possibility
etal, 1996a). GST-MSK1 and GST-MAPKAP-K1a puri- that MSK1 might be activated in response to stimuli that
fied from 293 cells that had been serum-starved overnightactivate the SAPK2/p38 isoforms, as well as by stimuli
possessed a low activity towards this substrate (2—4 U/mg),that activate the classical MAPK/ERK cascade. In order
which was enhanced>100-fold by incubation with to examine this possibility three MSK1 antibodies were
MgATP and activated MAPK2/ERK2 (Figure 3B and C). raised, one against residues 26—44 (antibody ‘A’), a second
GST-MSK1 could also be similarly activated by SAPK2a/ against residues 384—402 (antibody ‘B’) and a third against
p38 and SAPK2b/p3B (Figure 3B), whereas MAPKAP-  residues 716-734 (antibody ‘C’). All three antibodies
Kla could not (Figure 3C). SAPK1/INKland SAPK3/ immunoprecipitated MSK1 quantitatively (not shown) and
p38y did not activate either GST-MSK1 or GST-MAP- immunoprecipitation of expressed MSK1 (Figure 4A) or
KAP-Kla. SAPK4/p38 was a weak activator of GST- endogenous MSK1 in cell lysates (not shown) was pre-
MSK1 and did not activate GST-MAPKAP-Kla. The vented by incubation with the appropriate peptide
ability of MAPK2/ERK2 and SAPK2/p38 (Figure 3D) immunogen.
to activate GST-MSK1 correlated with the extent of = The MAPKAP-K1 antibody used in this study immuno-
phosphorylation of this enzyme. precipitated both MAPKAP-Kla and MAPKAP-K1b
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A

MSK1 96

MAPKAP-Kla 107
MAKKAP-K1b 113
MAPKAP-Klc 104
MSK1 ERGMY Linaalelslp PV LH Y AFQTEQK LT LDy@aYGGIALE TIL E 7] INLG > DFGLSK! 3 216
MAPKAP-Kla D PE!VI\LH;AFQTEGthLI D'?‘LPCGDL‘?’TF LSKEVME" ) 225
MAKKAP-K1b MER! 'P\LH1AFQTEGKL1LILJFLRGGDLFTRLSE\LVME‘TEED\'}\FLLAELPLALDHLH < FG \ 231
MAPKAP-K1c {LHYAFQ KLY RGGDLFTRLSK EEDVKFYLAELALALDHLHS YRDLKPEN ) IIKRMTDF' A ¥ 222
MSK1 336
MAPKAP-Kla A B I H 339
MAKKAP-K1b YM. ) ole; 3 M . INGIRIMILISPIN 345
MAPKAP-K1c IFDPE‘}\ 336
MSK1 455
MAPKAP-Kla A 'ELFRGE"‘F\/ 447
MAKKAP-K1b GR i > PPS HiLFFGE‘ SEVA s < KATNUERAV KRN
MAPKAP-Klc ) | E 444
MSK1 574
MAPKAP-Kla 566
MAKKAP-K1b 570
MAPKAP-Klc 563
MSK1 694
MAPKAP-Kla i 682
MAKKAP-K1b c 4 2“‘ W 4 FANG < VSigsRKDLVS I—:MLHVDPH 686
MAPKAP-K1c 679
MSK1 KYKREGFC S <K 802
MAPKAP-Kla QS| S- Q 735
MAKKAP-K1b Q M ——QS 740
MAPKAP-Klc P LVK TP-Q; QRR@EYE 733
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Fig. 2. Alignment of the amino acid sequences of MSK1 with closely related kinases. The alignment was carried out using the Clustal W program
(Thompsoret al,, 1994). Identities are shaded in black) (Alignment of MSK1 with human MAPKAP-K1 isoforms. The residues corresponding to

the key activating phosphorylation sites on MAPKAP-K1a are marked with asterBkalignment of the N-terminal (MSK1-N) and C-terminal
(MSK1-C) kinase domains of MSK1 with the kinase domains of MAPKAP-K2/3 and MNKZ1. There is no significant homology in the non-catalytic
regions of these kinase<C) Alignment of human MSK1 with partial mouse (MMSK2) and human MSK2 sequences. The putative activating
phosphorylation sites are indicated with asterisks. The DDBJ/EMBL/GenBank accession numbers for murine and human MSK2 are AF074714 and
AFQ074715, respectively. Revised sequences will be deposited as soon as they become available.
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Table |. DDBJ/EMBL/GenBank accession numbers

Tissue from which EST
is derived

Accession numbers

Human MSK1 ESTs

AA314565, AA305163 colon carcinoma

AA134359 colon
AAG699729, R11235, T97584, T97538 fetal liver spleen
W04930 fetal lung
AA158571 pancreas
AA322270 cerebellum
H09985, F05701 infant brain
N31641, N57096 placenta

Human MSK2 ESTs
H41647 adult brain
R17109 fat cell
T19765 cardiovascular system
AA505842 breast tumour
AA443601 ovary tumour
AA678670 Gessler Wilms tumour
AA576979 colon tumour
AA857431 pharynx carcinoma

Mouse MSK2 ESTs

AA472165 mammary gland
AA389168 embryo
AA06016 fetus

AA657108 myotubes

(Figure 4B and C; Alesst al., 1995), but did not immuno-
precipitate MSK1 (Figure 4A). Furthermore, none of the
MSK1 antibodies immunoprecipitated MAPKAP-K1a or
MAPKAP-K1b (Figure 4B and C). The peptide sequence
used to raise antibody A is not conserved in MSK2, and the
19 peptide residues used to raise antibodies B and C posses
only nine and 12 conserved residues with MSK2, respect-
ively. All three MSK1 antibodies immunoprecipitated sim-
ilar levels of MSK1 activity in both 293 cells exposed to
EGF, TPA or stresses, or in HeLa cells stimulated with TNF
(data not shown). These results indicate that MSK2 is not
immunoprecipitated with MSK1.

Endogenous MSK1 was immunoprecipitated with anti-
body A from the lysates of 293 cells previously stimulated
with EGF or TPA, or exposed to cellular stresses (sodium
arsenite, UV radiation or hydrogen peroxide). These
experiments demonstrated that MSK1 was potently activ-
ated by all of these stimuli (Figure 5A). Interestingly, the
activation of MSK1 by EGF and TPA was largely pre-
vented by PD 98059, a specific inhibitor of the activation
of MKK1 (Alessi et al, 1995), but not by SB 203580,

a specific inhibitor of SAPK2a/p38 and SAPK2b/[i38
(Cuendaet al., 1995). In contrast, the activation of MSK1
by stressful stimuli was largely inhibited by SB 203580,
but not by PD 98059 (Figure 5A). Identical results were
obtained when antibody B or antibody C were used instead
of antibody A (data not shown).

EGF- and TPA-stimulation of cells potently activated
MAPKAP-K1a/b in 293 cells and, like the activation of
MSK1, this was largely suppressed by PD 98059, but not
by SB 203580 (Figure 5B). Stressful stimuli did not induce
significant activation of MAPKAP-K1a/b (Figure 5B) but
induced a large activation of MAPKAP-K2 that was
prevented by SB 203580, but not by PD 98059 (Figure 5C).
MAPKAP-K2 was not activated significantly by EGF or
TPA (Figure 5C).
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Fig. 3. Purification of GST-MSK1 and activation by MAPK2/ERK2 and
SAPK2. A) GST-MSK1 (2ug protein) and GST-MAPKAP-K1a (29
protein) purified from unstimulated and TPA-stimulated cells were
electrophoresed on a 7.5% SDS—PAGE and stained with Coomassie
Blue. The position of the molecular mass mark@rgalactosidase

(116 kDa) and glycogen phosphorylase (97 kDa) are shown. The activity
of each protein was assayed using the peptide substrate Crosstide
(GRPRTSSFAEG).E) GST-MSK1 or C) GST-MAPKAP-K1a derived
from unstimulated cells was incubated with either MAPK2/ERK2

(8 U/ml; open circles), SAPK1/INKA(1 U/ml; closed circles), SAPK2a/
p38 (1 U/ml; open squares), SAPK2b/B3@ U/ml; closed squares),
SAPK3/p3& (1 U/ml; open traingles) or SAPK4/p3&1 U/ml; closed
triangles), 10 mM Mg(Ac) and 100uM unlabelled ATP in Buffer B. At

the times indicated, aliquots were removed, diluted 10-fold in Buffer B
containing 1 mg/ml BSA and assayed for activity towards Crosstide. In
parallel experiments the activity of MAPK2/ERK2, and all the SAPK
enzymes except SAPK1/JNKWere assayed using myelin basic protein.
SAPK1/INKY was assayed using ATF2 (data not shown). The results
are presented as SEM for six determinations (two independent
experiments). The error for each poinkid5%. O) GST-MSK1 was
incubated with MAPK2/ERK2 or SAPK enzymes as above except that
[y-32P]ATP was used. After 20 min, the reactions were terminated by the
addition of SDS, the samples electrophoresed on a 7.5% polyacrylamide
gel and the Coomassie-Blue-staining bands corresponding to GST—
MSK1 autoradiographed. Similar results were obtained in two separate
experiments.

-

The activation of MSK1 by TPA and UV radiation
requires both kinase domains

In order to establish which kinase domain of MSK1 was
required for its activationin vivo, we transfected 293
cells with DNA expression constructs encoding wild-
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Fig. 4. Generation of antibodies that immunoprecipitate MSK1 stresses. 293 cells were serum-starved for 16 h, and then incubated for
L h o ; 1 hin the presence of 50M PD 98059 (open bars), 1M
specifically. &) Activated GST-MSK1 purified from TPA st!,mulated SB 203580 (speckled bars) or in the absence of either compound
293 cells (S0ul at 1.0 U/ml) was incubated for 30 min at 4°C on a (solid bars). The cells were either left unstimulated (control) or
shaking platform with protein G-Sepharose beadglfSoupled to stimulated with TPA (200 ng/ml, 10 min), EGF (100 ng/ml, 10 min),
_the_ indicated e_lnnpod|es (B9) in the presence or absen(_:e of the . sodium arsenite (0.5 mM, 30 min) or exposed to UV radiation
indicated peptide immunogens (1 mM), and th_en cgntnfuge_d for 1 min (200 J/n? followed by incubation for 30 min at 37°C) or49,
at 13 000g. The beads were v_va_shed as descrlbe_d in Materials and (2 mM, 30 min) in the continued presence or absence of inhibitors.
methods and assayed for activity towards Crosstide. (B and C) Same The cells were lysed and MSKA], MAPKAP-K1a/b @) or
as (A), except that activated GST-MAPKAP-K1a derived from MAPKAP-K2 (C) was immunoprecipitated from the same lysate and
TPA-stimulated 293 cells§) or MAPKAP-K1b derived from rabbit assayed. The data are presented as the me&&M for two separate
muscle C) were immunoprecipitated with the indicated antibodies, experiments with each determination carried out in triplicate.
and the washed immunoprecipitates assayed for activity towards

Crosstide.

cipitation of the endogenous protein kinase; i.e. that MSK1
type MSK1 (WT-MSK1), a mutant MSK1 in which the can be activated in cells by either the classical MAP
N-terminal kinase domain should be inactivated by a point kinase cascade or via the SAPK2a/p38 pathway.
mutation (NT-KD MSK1), and a further mutant in which In contrast, neither the N-terminal ‘kinase-dead’ mutant
the C-terminal kinase domain should be inactivated (CT- nor the C-terminal kinase-dead mutant of MSK1 possessed
KD MSK1). All the constructs possessed an N-terminal detectable activity either before or after cell stimulation
‘Flag’ tag (see Materials and methods) to enable their with TPA or exposure to UV radiation (Figure 6A). Both
immunoprecipitation and assay from cell lysates. Stimula- of the kinase-dead MSK1 mutants were expressed at the
tion of the cells with TPA or exposure to UV radiation same level as the wild-type MSK1 protein (Figure 6B).
induced 150- and 30-fold activation of the wild-type These observations also establish that the MSK1 activity
MSK1, respectively. Similar to the results with the endo- measured in Figure 6 is due to MSK1 itself and not a
genous MSK1, the activation of transfected MSK1 by contaminant kinase that is co-immunoprecipitated with
TPA was prevented by PD 98059 but not by SB 203580, MSK1.
while UV-induced activation was prevented by SB 203580
but unaffected by PD 98059 (Figure 6A). The transfected, MSK1 is localized in nuclei and MAPKAP-K1a in
wild-type enzyme was also activated 50- to 100-fold by the cytoplasm
EGF, basic FGF and serum, and activation was preventedThe subcellular location of wild-type MSK1 that was
by PD 98059 but not SB 203580 (data not shown). These overexpressed in 293 cells was investigated by quantitative
observations confirm the results obtained by immunopre- immunoelectron microscopy (Figure 7). MSK1 was largely
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A Crosstide was 2-31M for MSK1, MAPKAP-Kla or

150 | MAPKAP-K1b. Crosstide is efficiently phosphorylated by
MAPKAP-K1 because it contains two arginines located
three and five residues N-terminal to the serine that is
phosphorylated. For this reason, the peptide KKRNRTL-
SVA (peptide 2; Figure 8A) is phosphorylated by MAP-
KAP-K1a/b with almost identicaK,, and V,,,x values as
Crosstide. This peptide was found to be phosphorylated
even more efficiently by MSK1, th&,, value being
0.2 uM. Changing the arginine at position N-3 in
KKRNRTLSVA to lysine (peptide 3; Figure 8A) increased

100 |

fold-activation

omso [ F the K, ~100-fold for MSK1, as well as for MAPKAP-
132{;""3;"23?“;33 * + Kla(b. However, chqnging the grgining at position N-5 to
Control | TPA | uv  [realuv [rPa]uv leucine (peptide 4; Figure 8A) did not increase Kgfor
NT-KD | CT-KD MSK1 significantly, although th&,, for MAPKAP-K1a/b
wild type MSK1 MSK1 MSK1 . . . .
was increased 5-fold. These experiments indicate that
B ) + MSK1 requires an arginine at position N-3, but not a
NT- kin:::d'::: :2?: + basic residue at N-5.
CT:-Kiriaag dead MSK1 - It has been reported that MAPKAP-K1b (Xirgt al.,
1996) and MAPKAP-K2 (Taret al, 1996) mediate the
MSKH> S e activation of the transcription factor CREB by growth
factors and stressful stimuli, respectively. In view of the

predominantly nuclear localization of MSK1, it was of

Fig. 6. Effect of mutations on the activation of MSK1 by TPA and interest to investigate the efficiency with which it phos-
UVv. 293_ cells were _tran5|ently tran_sfected with DNA constructs phorylated CREB compared with these other protein
expressing Flag-epitope-tagged wild-type MSK1, Nterminal kinase ., S0 “These experiments led to the surprising findin
dead (NT-KD) MSK1 and C-terminal kinase dead (CT-KD) MSK1. : - p p g g
The cells were incubated fd h with 50puM PD 98059, 10uM that CREB is an extremely good substrate for MSK1,
SB 203580 or in the absence of either compound. They were then being phosphorylated with I§,,, of 2 uM and with aV,,,,«
Fadiaton (200 Jiiollowed by neubation for 30 min at 37-C) i the  Similar to Crosstide or KKRNRTLSVA. In contrast, CREB
continued presence or absence of inhibitors. The cells were lysed and was phosphory_lated by PKA with &, of 17_ HM under
MSK1 immunoprecipitated from the lysates and assayed with the same conditions (data not shown), while Klﬁwas
Crosstide. The data are presented as the me&EM for three too high to be measured when phosphorylation was

separate experiments with each determination carried out in triplicate. catalysed by MAPKAPK1a/b (Figure 8A) or MAPKAP-
(B) 2 pg of protein from eac_h lysate was sub]_ected to electrophoresis K2 (data not shown). As a result, when the activities of
on a 10% SDS—-PAGE and immunoblotted using monoclonal Flag- !
antibody. No immunoreactive MSK1 protein was observed in MSK1, MAPKAP'Kla/b and MAPKA_P'KZ were com-
untransfected cells (data not shown). The Flag-epitope-tagged MSK1  pared with Crosstide and/or the peptide KKLNRTLSVA,
comigrates with glycogen phosphorylase (apparent molecular mass the rate of phosphorylation of gM CREB by MSK1 was
97 kDa). 30-fold higher than MAPKAP-K1a, 12-fold higher than
MAPKAP-K1b and 60-fold higher than MAPKAP-K2
located in the nucleus of unstimulated cells. The density (Figure 8B). In contrast, MAPKAP-K2 was more active
of MSK1 in the nuclear compartment was 12- to 30-fold towards heat-shock protein 27 (one of its physiological
higher than in the cytoplasm (Figure 7A and C). Activation substrates; Cuendd al., 1995) than MSK1 or MAPKAP-
of MSK1 by stimulation with TPA (Figure 7A and D) or Kla/b (Figure 8B).
by exposure to UV radiation (data not shown) did not  The residue on CREB phosphorylated by MSK1 was
induce any change in the subcellular location of MSK1. established by tryptic digestion, followed by chromato-
MSK1 possesses a putative bipartate nuclear localizationgraphy of the digest on a ;g column. One major2P-
signal (Robinset al, 1991) between residues 726 and labelled peptide was observed to elute at 15% acetonitrile
748 (Figure 1) that is not present in MAPKAP-K1a/b. (Figure 8C). This peptide contained phosphoserine, and
Consistent with this observation, MAPKAP-K1a when when subjected to solid-phase sequenéfgradioactivity
overexpressed in cells was largely localized in the cyto- was released after the third cycle of Edman degradation
plasm (Figure 7B). Morover, no significant translocation (data not shown). Its identity was established by MALDI-
of MAPKAP-K1a to the nucleus was observed following TOF mass spectrometry which revealed that the molecular
TPA stimulation of cells (Figure 7B and E) which induces weight of the peptide (758.33) was identical to that of

100-fold activation of this kinase (data not shown). the expected tryptic phosphopeptide, comprising residues
131-135, and phosphorylated at Ser133 (calculated mass
MSKT1 is a highly efficient CREB kinase in vitro 758.36). MAPKAP-K1b, which is known to phosphorylate

The substrate specificities of MSK1 and MAPKAP-Kla the same residue (Xingt al, 1996), labelled the same
were compared after expression of the GST fusion proteinstryptic peptide as MSK1 (data not shown).

in 293 cells, followed by TPA stimulation and purification Consistent with the results obtained with the CREB
from the cell lysates (Figure 3A). The specific activity of protein, a synthetic peptide (termed CREBtide) corres-
GST-MSK1 at a saturating concentration of Crosstide ponding to residues 126—136 of CREB (EILSRRPSYRK,
(GRPRTSSFAEG, peptide 1; Figure 8A) was similar to peptide 5; Figure 8A) was phosphorylated by MSK1 with
that of MAPKAP-K1a (see Figure 8 legend). TKg, for aK, value too low to be measuree 0.1 uM). In contrast,
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Fig. 7. MSK1 is mainly localized in the nucleus of cells and MAPKAP-K1a in the cytosol. 293 cells expressing N-terminally Flag-epitope-tagged
wild-type MSK1 or N-terminally HA-epitope-tagged MAPKAP-K1a were incubated in serum-free medium for 16 h and then either left unstimulated,
or stimulated with TPA (100 ng/ml, 10 min) before formaldehyde fixation, sectioning and immunogold labelling for the appropriate tag [Flag for
MSK1 (A) and HA for MAPKAP-K1a B)]. Quantitation of the concentration of MSK1 and MAPKAP-K1a in the nucleus (Nuc) and cytoplasm

(Cyt) of cells was carried out as described in Materials and methods. The results show that TPA stimulation has no detectable effect on MSK1 or
MAPKAP-K1a localization. Data is from three independent experiments (for MSK1 comtrel€9, 9 and 14; for TPA = 10, 11 and 15). For
MAPKAP-K1a controls totah = 22; for TPA totaln = 9 (excluding cells with extensive clumps of immunoreactive material in the cytoplasm).

Bars represent standard error of the me&). $elected examples for MSK1 (C, unstimulated &ndrPA) and for MAPKAP-K1a E, unstimulated)

are shown to illustrate structures and labelling distributions.

Bar is 500 nm.

MAPKAP-K1la and MAPKAP-K1b phosphorylated this Furthermore, incubation of cells with Ro 318220 did not
peptide rather poorly wittK,, values that were at least significantly affect the UV-induced phosphorylation of

200-fold higher (Figure 8A). HSP27, a physiological substrate for MAPKAP-K2
(Cuendeet al., 1995; Figure 9C). In parallel experiments,
Evidence that MAPKAP-K2 does not mediate the the phosphorylation of HSP27 by UV radiation was
phosphorylation of CREB and ATF1 by UV blocked by SB 203580. The cyclic AMP-dependent protein
radiation or EGF in 293 cells kinase, which mediates phosphorylation of CREB and

The staurosporine analogue Ro 318220 inhibits all the ATF1 by cyclic AMP-elevating agents such as forskolin
PKC isoforms (Davist al.,, 1989) as well as MAPKAP-  (Gonzalezet al,, 1989), is also not significantly inhibited
K1a/b, with 1G, values ranging from 10 to 30 nM (Alessi, by 10 uM Ro 318220 (Davist al., 1989).

1997; Figure 9A). In the present work, Ro 318220 was  The results presented in Figure 9 offered an opportunity
found to be an equally potent inhibitor of MSK1 activity to evaluate the role of MAPKAP-K2 in mediating the
in vitro (Figure 9A). Ro 318220 does not inhibit MAPKAP-  phosphorylation of CREB at Ser133 (and its close relative
K2 and MAPKAP-K3in vitro, even at 10uM (Figure ATF1 at the equivalent residue, Ser63). We observed that
9A), nor does it affect the activation of MAPKAP- CREB and ATF1 became rapidly phosphorylated following
K2 in vivo in response to UV radiation (Figure 9B). exposure of 293 cells to UV radiation or following
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Fig. 8. MSK1 phosphorylates CREB at Ser133.)(Comparison of the
substrate specificities of MSK1, MAPKAP-K1a and MAPKAP-K1b
towards the indicated peptides and CREB. Phosphorylation and
analysis was carried out as described in Materials and methods. The
standard errors for all reported kinetic constants were within less than
+20% (SEM), and the data are reported as mean values for two
independent experiments. TMg,,4 Values are reported as a percentage
of the value obtained using Crosstide (GRPRTSSFAEG, peptide 1) as
a substrate. The peptide EILSRRPSYRK corresponding to residues
126-136 of CREB is termed CREBtide. The serine residue shown in

490 (MAPKAP-K2
3 g 300 L -
:
= = 200
& 2
= ]
£ g 100
°
-]
1]
uv +
Ro “ “
C w T T
s S . . R
Ro S L

S - HSP27

Fig. 9. Effect of Ro 318220 on the activity of MSK1A] Effect of

Ro 318220 on GST-MSK1 (closed circles), mixed PKC isoforms
(open circles), GST-MAPKAP-K1b (closed triangles), MAPKAP-K2
(open triangles) and MAPKAP-K3 (closed squarisyitro. The

results are presented relative to control incubations in which the
inhibitor was omitted and are shown as the average of two
experiments with each determination carried out in triplicate. The error
for each point ist 10%. B) 293 cells were pre-treatedrfd h with

or without 5uM Ro 318220 (Ro) before being exposed to UV
radiation (200 J/rhfollowed by incubation at 37°C for 30 min) or left
untreated and then incubated for a further 30 min in the continued
presence of Ro 318220. The cells were lysed and MAPKAP-K2
immunoprecipitated and assayed. The data are presented as the mean
+ SEM for two separate experiments with each determination carried
out in triplicate. C) Same as (B) except that 293 cells were incubated
for 2 h in 33phosphate (0.1 mCi/ml) before treatment with inhibitors.
Cells were then exposed to either UV (200 Jfoilowed by

incubation at 37°C for 30 min) or left untreated, and incubated for a
further 20 min in the continued presence of inhibitors. Following cell
lysis, HSP27 was immunoprecipitated from cell extracts (Cuenda

et al, 1995) and run on a 15% polyacrylamide gel and
autoradiographed.

bold corresponds to the phosphorylated serine residues on the peptides.

The Viax values of MSK1, MAPKAP-K1a and MAPKAP-K1b

towards Crosstide are 200, 350 and 800 U/mg, respectiv@)yGST—
MSK1 (solid bars), GST-MAPKAP-K1a (open bars), MAPKAP-K1b
(speckled bars) or GST-MAPKAP-K2 (diagonal bars) were assayed
with the indicated substrates. Under the conditions used, GST-
MAPKAP-K2 phosphorylated Ser98 of the 341 residue splice variant
of CREB (Gonzalezt al,, 1989) to a 10-fold higher level than Ser133
(data not shown). The phosphorylation of CREB by MAPKAP-K2
shown in the figure is corrected to show only the contribution of
Serl33 phosphorylation to the total incorporation of phosphate into
CREB. The data are presented as the meaBEM for three separate
experiments with each determination carried out in triplicate.

(C) CREB that had been phosphorylated with MSK1 was digested
with trypsin and chromatographed on a Wdac 218TP5%4dlumn
(Separations Group, Hesperia, CA) equilibrated in 0.1% (v/v)
trifluoroacetic acid (TFA) in water. The column was developed with a
linear acetonitrile gradient (diagonal line) at a flow rate of 0.8 ml/min
and fractions of 0.4 ml were collected. 75% of the radioactivity
applied to the column was recovered from the mafet-containing
peptide at 13% acetonitrile. The peptide map of CREB phosphorylated
with MAPKAP-K1b was identical to that of CREB phosphorylated
with MSK1 (data not shown).

treatment with EGF, and that phosphorylation was largely
inhibited by 5uM Ro 318220 (Figure 10A and B). In
contrast, phosphorylation of CREB and ATF1 induced by
forskolin, which is mediated by the cyclic-AMP-dependent
protein kinase (Gonzalezt al., 1989), was unaffected by

5 uM Ro 318220 (Figure 10C). Like the activation
of MSK1, the UV-radiation-induced phosphorylation of
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CREB and ATF1 was inhibited by SB 203580, but
not PD 98059 (Figure 10D), while EGF-induced CREB
phosphorylation was prevented by PD 98059 and not
SB 203580 (Figure 10E).

Evidence that neither MAPKAP-K2 or MAPKAP-K1
mediate the phosphorylation of CREB and ATF1 by
TNF in Hela cells

Endogenous MSK1 was rapidly (but transiently) activated
by tumour necrosis factor (TNF) in HelLa cells. Interest-
ingly, the effect of SB 203580 and PD 98059 on the
activation of MSK1 varied with the time of stimulation.
After 5 min, activation was completely inhibited by
SB 203580, but unaffected by PD 98059. However, after
15 min the activation of MSK1 was partially blocked by
either SB 203580 or PD 98059, and almost completely
suppressed if both drugs were added together (Figure
11A). These observations are explained by the different
rates of activation of the SAPK2/p38 and MAPK/ERK
cascades. Thus, after 5 min of TNF stimulation, the
SAPK2 pathway is activated as judged by the activation
of MAPKAP-K2 (which is inhibited by SB 203580 but
not by PD 98059). In contrast, the MAPK/ERK cascade
is not activated after 5 min, as judged by lack of activation
of MAPKAP-K1la/b (Figure 11B and C). However, both
the MAPK/ERK and SAPK2/p38 cascades are activated
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Fig. 10. Ro 318220 inhibits EGF- and UV-induced phosphorylation of
CREB and ATF1 in 293 cells. Cells were pre-treated either in the
presence or absence ofud1 Ro 318220 (Ro), 1M SB 203580

(SB), 50uM PD 98059 (PD), and then exposed to UV radiation

(200 J/n% followed by incubation for 30 min at 37°Gy andD) EGF
(100 ng/ml, 15 minB andE), or forskolin (20uM, 15 min; C). The

cells were lysed and proteins were separated on 10% polyacrylamide
gels and immunoblotted using a phospho-specific antibody that
recognizes both CREB and ATF1 when phosphorylated on Ser133 and
Ser63, respectively. The position of CREB and ATF1 on the blots is
indicated.

after 15 min of TNF stimulation, as judged by the
activation of both MAPKAP-Kla/b and MAPKAP-K2.
The activation of MAPKAP-Kl1a/b after 15 min is sup-
pressed by PD 98059, but not by SB 203580 (Figure 11B
and C).

Stimulation of HelLa cells with TNF rapidly induced
the phosphorylation of CREB and ATF1. After 5 min, the
phosphorylation of CREB and ATF1 was prevented by
SB 203580 but unaffected by PD 98059 (Figure 12A).
After 15 min, TNF-induced phosphorylation of CREB
was partially suppressed by SB 203580, not significantly
affected by PD 98059 and completely prevented in the
presence of both compounds (Figure 12B). The effects of
SB 203580 and PD 98059 on the activation of CREB
were therefore similar to their effects on TNF-induced
MSK1 activation (Figure 11). TNF-induced CREB
phosphorylation was completely blocked by M
Ro 318220 (Figure 12C), but the activation of MAPKAP-
K2 was unaffected by this drug (data not shown).

Evidence that CREB phosphorylation at Ser133 in
PC12 cells correlates with activation of MSK1
rather than MAPKAP-K1 or MAPKAP-K2
NGF stimulation of a PC12 cell-line induced the phos-
phorylation of CREB (Figure 13A) and the activation of
MSK1 (Figure 13B). The phosphorylation of CREB and
the activation of MSK1 were not significantly affected by
incubation of the cells with either PD 98059 or SB 203580,
but strongly inhibited in the presence of both drugs (Figure
13). These results indicate that inhibition of both the
MAPK/ERK and SAPK2/p38 pathways is needed to
prevent CREB phosphorylation at Serl33 and MSK1
activation in these cells.

Like MSK1, MAPKAP-K1 was also activated 5-fold
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Fig. 11. Activation of MSK1 by TNF. HeLa cells were incubated for
2 h in serum-free medium in the presence oftBd PD 98059 (solid
circles), 10uM SB 203580 (open triangles), 5M PD 98059 plus
10 uM SB 203580 (solid triangles), or in the absence of both
compounds (open circles). The cells were then stimulated with TNF
(10 ng/ml) for the times indicated, in the continued presence or
absence of inhibitors. After cell lysis, MSKA}, MAPKAP-K2 (B),
and MAPKAP-K1a/b C) were immunoprecipitated from the same
lysates and assayed. The data are presented as the-m8&M for
two separate experiments with each determination carried out in
triplicate.

by NGF, but in contrast to MSK1, activation of MAPKAP-

K1 was unaffected by SB 203580, only partially inhibited
by PD 98059 and not further inhibited by a combination
of both drugs. Thus MAPKAP-K1 activity did not correlate
with  CREB phosphorylation. As reported previously
(Rouseet al.,, 1994), NGF did not induce any significant
activation of MAPKAP-K2 activity in PC12 cells.

Evidence that CREB phosphorylation at Ser133 in
SK-N-MC cells correlates with activation of MSK1
rather than MAPKAP-K1 or MAPKAP-K2

Earlier work from this laboratory showed that the phos-
phorylation of CREB at Ser133 in SK-N-MC cells, induced
by either sodium arsenite or FGF, is suppressed by
SB 203580 (Taret al., 1996). In the present work we
confirmed that the sodium arsenite-induced activation of
CREB and MSK1 inthese cells is prevented by SB 203580,
but not by PD 98059. However, the FGF-induced phospho-
rylation of CREB was only inhibited slightly by either
SB 20380 or PD 98059 and the presence of both drugs
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Fig. 12. Effect of PD 98059, SB 203580 and Ro 318220 on TNF- NGF — -+ -+
induced CREB and ATF1 phosphorylation. HeLa cells were incubated B

for 2 h in serum-free medium in the presence or absence qfN80 - +
PD 98059 (PD), 1QuM SB 203580 (SB) or uM Ro 318220 (Ro) as PD — _ + +
indicated. The cells were then stimulated with TNF (10 ng/ml) for the

times indicated in the continued presence or absence of inhibitors. )

After cell lysis, aliquots were immunoblotted for phosphorylation of Fig. 13. Effect of PD 98059, SB 203580 and Ro 318220 on NGF-

CREB and ATF1 as described in the legend to Figure 11C. The induced activation of CREB and MSK1 in PC12 cells. PC12 cells
were incubated fo2 h in serum-free medium in the presence or

positions of CREB and ATF1 on the blots is indicated. The time of
exposure (exp.) of the blots before development is indicated. absence of 5@M PD 98059 (PD) or 1uM SB 203580 (SB). The
cells were then stimulated with NGF (30 ng/ml) for 15 min in the

continued presence or absence of inhibitors. After cell lysis aliquots
were immunoblotted for phosphorylation of CREB)( or used to

was needed to completely suppress CREB phosphorylationassay MSK1B) or MAPKAP-K1 (C) after their inmunoprecipitation
(Figure 14D). Similarly, the FGF-induced activation of from the lysates.
MSK1 in these cells is also only partially suppressed in
the presence of either SB 203580 or PD 98059, and isoforms of MAPKAP-K1, which they also resemble in
prevented in the presence of both compounds (Figure 14A).possessing two protein kinase domains within a single
In contrast to MSK1, the activation of MAPKAP-K2  polypeptide (Figure 2). The N-terminal kinase domain of
by sodium arsenite and FGF was completely prevented MAPKAP-K1 phosphorylates exogenous substrates, while
by SB 203580 but not by PD 98059 (Figure 14C), and the only known role of the C-terminal domain is to activate
Ro 318220 (which does not affect the activation or activity the N-terminal domain. The importance of the C-terminal
of MAPKAP-K2) largely suppressed phosphorylation of kinase domain of MAPKAP-K1 is indicated by the finding
CREB at Serl133. These findings indicate that MAPKAP- that an inactivating mutation suppresses the activation of
K2 activity is not rate-limiting for CREB phosphorylation  the N-terminal kinase domain by 85—-90% (Bjorba&tkl.,
at Serl33. To avoid any confusion it should be noted that 1995; Leightonet al., 1996). In contrast, an inactivating
Ro 318220 is a reversible inhibitor of MSK1 activity and mutation in the C-terminal kinase domain of MSK1 (like
does not affect MSK1 activation in cells (Figure 14A). an inactivating mutation in the N-terminal kinase domain)
Once the cells have been lysed and MSK1 immunoprecipit- completely abolishes MSK1 activation (Figure 6). If it is
ated from the lysates, the Ro 318220 inhibitor has beenassumed that the mechanism of activation of MSK1 is
removed and MSK1 is no longer inhibited. analogous to that of MAPKAP-K1, as suggested by the
In contrast to MSK1, the activation of MAPKAP-K1 conservation of the four key phosphorylation sites (Figure
by FGF was abolished by PD 98059 but not by SB 203580 2), then this indicates that the C-terminal kinase domain of
(Figure 14B). However, PD 98059 (in the absence of MSK1 is essential for activation of the N-terminal domain.
SB 203580) did not significantly suppress the phosphoryla- MSK1 is activatedin vivo by either the MAPK/ERK
tion of CREB at Ser133. cascade or the SAPK2/p38 pathway. This has been estab-
lished by the finding that PD 98059 largely suppresses
: : the activation of endogenous or transfected MSK1 by
Discussion growth factors and phorbol esters, while SB 203580
In this paper we present the sequence of a novel, widely suppresses activation induced by exposure to UV radiation
expressed protein kinase, termed MSK1 (Figure 1), and or oxidative stress (Figures 5 and 6). Consistent with these
the nearly complete sequence of a close relative, MSK2 findings, MSK1 can be activatédl vitro by either MAPK2/
(Figures 1 and 2; Table I). MSK1 and MSK2 are most ERK2 or by SAPK2/p38 (Figure 3). Several signals, such
similar (40% overall amino acid sequence identity) to the as TNF in HeLa cells (Figure 11), FGF in SK-N-MC cells

MAPKAP-K1 activity

|
|
| ++
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Fig. 14. Effect of PD 98059, SB 203580 and Ro 318220 on arsenite-
and FGF-induced activation of CREB and MSK1 in SK-N-MC cells.
SK-N-MC cells were incubated fal h in serum-free medium in the
presence or absence of M PD 98059 (PD), 1quM SB 203580

(SB) and 5uM Ro 318220 (Ro). The cells were then stimulated for
15 min with sodium arsenite (0.5 mM) or FGF (50 ng/ml) in the
continued presence or absence of inhibitors. After cell lysis aliquots
were assayed for either MSKA)Y, MAPKAP-K1 (B) or MAPKAP-

K2 (C) after their immunoprecipitation from the lysates, or
immunoblotted for phosphorylation of CREB and ATH)(

(Figure 14), and NGF in PC12 cells (Figure 13) activate
both the MAPK2/ERK2 and SAPK2/p38 cascades, and
both signalling pathways contribute to the activation of
MSK1 in these cells. Why MSK1 and MNK1 (Fukunaga
and Hunter, 1997; Waskiewicet al, 1997) can be
activatedin vitro by both MAP kinase family members
while MAPKAP-K1 can only be activated by MAPK/
ERK is unclear. Presumably, MAPKAP-K1 either lacks a
motif required for recognition by SAPK2/p38 or contains
a motif that prevents recognition by these enzymes.
The finding that MSK1 is activateth vivo by signals
that trigger activation of the MAPK/ERK cascade or the
SAPK2/p38 pathway implies that, like MNK1, it plays a
role in integrating the effects of different extracellular
signals. The substrates of MSK1 are therefore likely to

Activation of MSK1 by MAPK and SAPK2/p38

of any protein kinase that has so far been identified. These
observations suggest that MSK1 (and/or MSK2) may
mediate the activation of CREB by mitogenic- and stress-
stimuli, and the nuclear location of MSK1 (Figure 7) is
consistent with such a role.

Earlier work from this unit suggested that MAPKAP-
K2 may mediate the activation of CREB by sodium
arsenite in the neuronal cell line SK-N-MC (Taxt al.,
1996). However, in the present work, neither the activation
of MAPKAP-K2 in vivo nor its activityin vitro (Figures
9 and 14, respectively) were affected by Ro 318220 up
to 10 uM; yet 5 uM Ro 318220 suppressed CREB
phosphorylation at Serl133 in response to all the signals
that activate MAPKAP-K2 in SK-N-MC cells and other
cell lines (Figures 10, 12 and 14). In addition, we have
found that MAPKAP-K2 phosphorylates the alternatively
spliced CREB2 variant (Gonzalet al., 1989) much more
rapidly at Ser98 than at Ser133, but no phosphorylation
of Ser98 is observed after stimulation by agonists that
strongly activate MAPKAP-K2 (A.Clifton, unpublished
results). These results demonstrate that MAPKAP-K2/K3
activity is not rate-limiting for stress-induced activation
of CREB in SK-N-MC cells. The only other protein kinase
known to be activated by stressful stimuli, and which
phosphorylates CREB at Ser133, is MSK1. MSK1 phos-
phorylates CREB far more efficiently than MAPKAP-K2
in vitro (Figure 8) and is potently inhibited by Ro 318220
(Figure 9). For these reasons MSK1 (and/or MSK2) is
currently the best candidate to mediate stress-induced
CREB phosphorylation at Ser133. MSK1 (and/or MSK2)
is possibly the UV-activated CREB kinase detected by
other investigators using an ‘in gel’ kinase assay that
migrated with a slightly higher molecular mass (~108 kDa)
than MAPKAP-K1 (lordanovet al, 1997). The UV-
induced activation of this kinase was prevented by
SB 203580.

MSK1 and MAPKAP-K1 are both activated by MAPK/
ERKs after cell stimulation by growth factors or phorbol
esters, both phosphorylate CREB at Seri3%itro and
both are potently inhibited by Ro 318220. This raises the
question of whether MSK1 or a MAPKAP-K1 isoform
mediates CREB phosphorylation at Ser133 in response to
growth factors or phorbol esters. It has been reported that
MAPKAP-K1b is a much more efficient CREB kinase than
MAPKAP-K1a (Xinget al,, 1996) and that MAPKAP-K1b
is the major CREBtide kinase detectable in lysates prepared
from NGF-stimulated PC12 cells (Gingt al., 1994; Xing
et al., 1996). However, in our hands, MAPKAP-K1a and
MAPKAP-K1b phosphorylate CREB or CREBtide with

be proteins that become phosphory'ated in response tosimilar k|net|CS and neither is remOte|y as efficient as
either mitogenic or stress signals. Two such proteins are MSK1 (Figure 8). Furthermore, there are numerous

the transcription factors CREB and ATF1, and we have
found that CREB is a remarkably good substrate for
MSK1 in vitro (Figure 8). MSK1 phosphorylates CREB

only at Serl33, the activating site that becomes phos-

phorylatedn vivoin response to mitogens or stress signals.
The K, for phosphorylation of CREB by MSK1 is much
lower than for phosphorylation by PKA, MAPKAP-K1 or
MAPKAP-K2 (Figure 8). MSK1 phosphorylates CREB-
tide at the equivalent residue and with a remarkably low
K value, estimated to be0.1 uM (Figure 8A). To our
knowledge, this is the lowe#{,, of any peptide substrate

examples where the major protein kinase detected bio-
chemically has subsequently been shown not to be the
relevant enzymen vivo towards a particular substrate.
For example, MAPKAP-K1 is the major insulin-stimulated
protein kinase in extracts prepared from L6 myotubes that
phosphorylates and inactivates glycogen synthase kinase-3
(Cross et al, 1994), and yet subsequent work using
PD 98059 excluded its involvement in this process (Cross
et al, 1995). The reason why MSK1 was not detected
previously by biochemical analysis (Tabal., 1996; Xing

et al, 1996) may be due to the much lower abundance
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of MSK1 compared with the MAPKAP-K1 and
MAPKAP-K2 in the cells examined.

Recently, Xinget al. (1998) have reported that both
SB 203580 and PD 98059 are required to prevent the
NGF-induced phosphorylation of CREB in PC12 cells.
We have confirmed this observation (Figure 13A) and

also demonstrated that NGF activates MSK1 in these cells

(Figure 13B). Like the phosphorylation of CREB, the
activation of MSK1 by NGF is only significantly inhibited
in these cells in the presence of both SB 203580 and

PD 98059. These observations indicate that activation of

either the MAPK/ERK cascade or the SAPK2/p38 pathway
is sufficient to produce maximal activation of MSK1 and
CREB phosphorylation at Ser 133. In contrast, the NGF-
induced activation of MAPKAP-K1 isoforms is unaffected
by SB 203580 and only partially inhibited by PD 98059
(in the absence or presence of SB 203580). Thus,
MAPKAP-K1 isoforms alone cannot account for the NGF-
induced phosphorylation of CREB at Ser133.

The phosphorylation of CREB at Ser133 also correlated
much better with the activation of MSK1 in TNF-stimu-
lated HelLa cells (compare Figure 11 with 12) and FGF-
treated SK-N-MC cells (Figure 14). In both situations, the
MAPK and SAPK2/p38 pathways were activated and
suppression of CREB phosphorylation at Ser133, as well
as the activation of MSK1, required the presence of both
SB 203580 and PD 98059. In SK-N-MC and Hela

PKA was prepared from bovine heart by Dr C.MacKintosh in the MRC
Unit, Dundee, Scotland.

Antibodies

The MSK1 A, B and C antibodies were raised in sheep against the
peptides LTVKHELRTANLTGHAEKY (corresponding to residues 26—
44 of MSK1), FKRNAAVIDPLQFHMGVER (corresponding to residues
384-402 of MSK1) and KATFHAFNKYKREGFCLQN (corresponding
to residues 716-734 of MSK1), respectively. Antibodies that immuno-
precipitate MAPKAP-K2 specifically (Cliftonet al, 1996), or both
MAPKAP-K1a and MAPKAP-K1b (Alesset al., 1995), were raised in
sheep against the peptides KEDKERWEDVKEEMTS (residues 343-
358 of human MAPKAP-K2) and RNQSPVLEPVGRSTLAQRRGIKK
(residues 712—734 of human MAPKAP-K1b). All of the antibodies used
in this study were affinity-purified on CH-Sepharose columns to which
the appropriate peptides were covalently coupled, and are available
commercially from UBI (Lake Placid, USA). A monoclonal antibody
recognising the Flag epitope was purchased from Anachem (Luton, UK).
Rabbit polyclonal antibody recognizing HSP27 was purchased from
Stressgen (York, UK).

Buffer solutions
Buffer A comprised 50 mM Tris—HCI pH 7.5, 1 mM EGTA, 1 mM
EDTA, 1% Triton-X 100 (w/v), 1 mM sodium orthovanadate, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate, 0.27 M sucrosgiVil
microcystin-LR, 0.1% (v/vB-mercaptoethanol and ‘complete’ proteinase
inhibitor cocktail (one tablet per 50 ml; Boehringer Mannheim, Lewes,
UK).

Buffer B comprised of 50 mM Tris—HCI pH 7.5, 0.1 mM EGTA and
10 mM B-mercaptoethanol.

Cloning of MSK1 and MSK2
The sequence of MSK1 was obtained by sequencing the human EST

cells, PD 98059 completely suppressed the activation of cDNA (AA15 8571) obtained from the I.M.A.G.E. consortium (Lennon

MAPKAP-K1 by FGF and TNF, respectively, but only
had a small effect on CREB phosphorylation induced by
these agonists.

In summary, while a role for one or more MAPKAP-
K1 isoforms (or an as yet unidentified protein kinase) in
the activation of CREB by growth factors or phorbol

et al, 1996). The mouse and human MSK2 sequences were obtained
from sequencing some of the EST cDNA clones shown in Table |. DNA
sequencing was carried out on an Applied Biosystems 373A automatic
DNA sequencer using théaq dye terminator cycle sequencing kit.

Preparation of DNA expression constructs encoding
GST-MSK1, Flag-MSK1 and GST-MAPKAP-K1a
A DNA construct expressing human MSK1 with the FLAG DYKDDDDK

esters cannot be entirely excluded, our results suggest thatpitope tag at the N-terminus (Flag-MSK1) was prepared as follows: A

MSK1 (and/or MSK2) mediates the activation of CREB

by these stimuli. However, the development of specific
inhibitors of MSK1/MSK2 and/or ways to prevent their

expression will be needed to establish that MSK1/MSK2
mediate the activation of CREB vivo.

Materials and methods

Materials

PCR was carried out using as a template the MSK1 cDNA and the
oligonucleotides 5GAGATCTGCCACCATGGACTACAAGGACG-
ACGATGACAAGGAGGAGGAGGGTGGCAGCAGCGGCG:3 (in-
corporating the underlinedBglll site) and 3-GGATCCATTTCT-
GTGAACTCTTCTG-3. The resulting PCR product was ligated into
pTopo vector. A triple ligation was then set up to generate a full-length
Flag-MSK1 construct in the pCMV5 mammalian expression vector
(Andersonet al, 1989) by excision of the N-terminal MSK1 PCR
product from the pTOPO vector as &coR1-EcoRV fragment and
ligating this together with the C-termincoRV—Kpnl fragment derived
from the EST cDNA AA15 8571 into th&cdr1-Kpnl sites of the
pCMV5 vector. A GST-MSK1 expression construct was prepared by

Peptides for protein kinase assays were synthesized at The University subcloning the Flag-MSK1 cDNA from the pCMV5 vector a8glll—

of Dundee, Scotland by Mr F.B.Caudwell (MRC unit), and those used
to used to raise antibodies were synthesized by Dr G.Blomberg at
The University of Bristol, UK. Protein G—Sepharose and glutathione—
Sepharose were purchased from Pharmacia (Milton Keynes, UK),
alkylated trypsin from Promega (Southampton, UK), tissue culture
reagents, microcystin-LR, FGF, and EGF from Life Technologies Inc.
(Paisley, UK), 120-tetradecanoylphorbol 13-acetate (TPA) from Sigma-
Aldrich (Poole, Dorset, UK), sodium arsenite and hydrogen peroxide
(H,O,, Aristar grade) from E.Merck (Lutterworth, UK), SB 203580 and
PD 98059 from Calbiochem (Nottingham, UK) and the pCR 2.1-TOPO
cloning vector from Invitrogen (Leek, The Netherlands). Activated GST—
MAPK2/ERK2 (Alessiet al., 1994), GST-SAPK1/INKA(Lawler et al.,
1997), GST-SAPK2a/p38a, GST-SAPK2b/B38d GST-SAPK3/p38
(Cuendaet al., 1997), GST-SAPK4/p3B(Goedertet al., 1997), GST-
MAPKAP-K2 (BenLevyet al, 1995) and GST-MAPKAP-K3 (Clifton

et al., 1996) were expressed in bacteria and maximally activiatedro

Kpnl fragment into theBanHI and Kpnl sites of the pEBG2T (Sanchez

et al, 1994) expression vector. Full-length Flag-MSK1 mutants (in the
pCMV5 vector) in which either the N-terminal or C-terminal kinase
domains have been inactivated were prepared by changing the conserved
Asp195 and Asp565 residues in subdomain VIl of the kinase domain to
Ala. This was achieved using the PCR-based megaprimer strategy. A
GST-MAPKAP-K1a expression construct was prepared by subcloning
of HA-MAPKAP-K1a from the pGEXA4T.1 vector described in Dalby

et al. (1998) as dNoti—-Notl fragment into theNotl site of the pEBG2T
expression vector. The structures of all of the expression constructs were
verified by DNA sequencing, after purification from bacteria using
Qiagen plasmid Mega kit according to the manufacturer’s instructions.

Expression of GST-MSK1 and GST-MAPKAP-K1a
Twenty 10 cm diameter dishes of human embryonic kidney 293-cells
were cultured and each dish transfected withp20of DNA encoding

using the appropriate upstream kinase kinase as described previouslyeither GST-MSK1 or GST-MAPKAP-K1a using a modified calcium

MAPKAP-K1b was purified from rabbit skeletal muscle by Dr N.Morrice
in the MRC Unit as previously described (Sutherlaedal., 1993).
GST-MAPKAP-K2 was expressed in bacteria and activateditro
using GST-MAPK as previously described (Ben-Lest al, 1995).
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phosphate method (Alesst al, 1996b). After transfection (24 h), the

cells were serum starved for 16 h and either left unstimulated, or
stimulated with TPA (200 ng/ml for 15 min) and each dish of cells lysed
in 1 ml of ice-cold Buffer A. The 20 lysates were pooled, centrifuged



at 4°C for 10 min at 13 00@ and the supernatant incubated for 60 min
on a rotating platform with 1 ml of glutathione—Sepharose, previously
equilibrated in Buffer A. The suspension was centrifuged for 1 min at
3000g, the beads washed three times with 10 ml of Buffer A containing
0.5 M NaCl and then a further three times with 10 ml of Buffer B
containing 0.27 M sucrose. GST-MSK1 or GST-MAPKAP-K1a were
eluted from the resin at ambient temperature with B ml portions of
Buffer B containing 20 mM glutathione and 0.27 M sucrose. The
combined eluates (0.5 mg/ml protein for GST-MSK1 and 0.1 mg/ml
GST-MAPKAP-K1a) were divided into aliquots, snap frozen in liquid
nitrogen and stored at —80°C.

Cell culture, stimulation and cell lysis

Human embryonic kidney 293 cells were cultured to confluence on
10 cm diameter dishes and incubated for 16 h in Dulbecco’s Modified
Eagle’s medium (DMEM) from which fetal calf serum was omitted.
HeLa and SK-N-MC cells were cultured to confluence on 10 cm diameter
dishes and incubated for 2 h in DMEM from which fetal calf serum was
omitted. PC12 cells expressing high levels of the NGF receptor, which
start to differentiate within a few hours of the addition of NGF, were
cultured and incubated for 2 h in DMEM from which fetal calf serum
was omitted (Rouset al, 1994). Due to the high levels of the NGF
receptor in these cells the PD 98059 inhibitor only partially suppresses
the NGF-induced activation of MAPK (Alessit al., 1995). The cells
were then incubated for the times indicated in the figure legends with
50 uM PD 98059, 1QuM SB 203580, 51M Ro 318220 or the equivalent
volume of DMSO as a control, then stimulated as indicated in the figure
legends and the cells lysed in 1.0 ml of ice cold Buffer A. The lysates
were immediately frozen in liquid nitrogen and stored at —80°C until
use. Protein concentrations were determined (Brad&rdil., 1976)
using bovine serum albumin (BSA) as a standard.

Immunoprecipitation and assay of MSK1, MAPKAP-K2 and
MAPKAP-K1

The amount of cell lysate used for each immunoprecipitation was as
follows: 500 g protein (for MSK1), 50ug protein (for MAPKAP-K2)

and 50ug protein (for MAPKAP-K1a/b). The lysates were incubated at
4°C for 30 min on a shaking platform with g of each antibody
coupled to 5ul of protein G-Sepharose. The immunoprecipitates were
washed twice with 1 ml of Buffer A containing 0.5 M NaCl, and once
with 1 ml of Buffer B. The standard MSK1 or MAPKAP-Kla/b assay
(50 pl) contained washed protein G—Sepharose immunoprecipitate,
50 mM Tris—HCI pH 7.5, 0.1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol,
2.5uM PKI (peptide inhibitor of cyclic-AMP-dependent protein kinase),
Crosstide (3QuM), 10 mM Mg(Ac), and 0.1 mM ¥-32P]JATP (100-200

Activation of MSK1 by MAPK and SAPK2/p38

Phosphorylation of CREB and HSP27 by MSK1 and
MAPKAP-K1a/b

MSK1 and MAPKAP-Kla expressed as GST fusion proteins were
purified from TPA-stimulated 293 cells (Figure 3), and MAPKAP-K1b
was purified from rabbit skeletal muscle (Sutherlatdl., 1993). The
peptides indicated in Figure 8, as well as CREB and HSP27, were
incubated at 30°C with 2 U/ml GST-MSK1, GST-MAPKAP-K1a or
GST-MAPKAP-K1b in Buffer B containing 10 mM Mg(As) 100 uM
[y-32P]ATP (1X1C° c.p.m./nmol), 10uM PKI and 1 uM microcystin-

LR. After incubation for 10 min, incorporation of phosphate into peptides
was determined using P81 phosphocellulose paper (Adtssi, 1994),

and the incorporation of phosphate into CREB and HSP27 was measured
by addition of trichloroacetic acid (0.2 vol of 100%), and the sample
was then incubated for 1 h on ice. The suspension was centrifuged for
10 min at 13 00@, the supernatant discarded and the pellet washed five
times with 0.2 ml of ice-cold water. The incorporaté&P-radioactivity

was then determined by Cherenkov counting. In order to map the site
in CREB phosphorylated by MSK1 and GST-MAPKAP-K1b, the pellet
was resuspended in 0.3 ml of 50 mM Tris—HCI pH 8.0, 0.1% (v/v)
reduced Triton X-100 containing Ag of alkylated trypsin, and after
incubation for 16 h at 30°C, the digest was centrifuged for 5 min at
13 000g. The supernatant, containing 95% of fe-radioactivity, was
chromatographed on a Wdag golumn as described in the legend to
Figure 8. TheK;, and Vpax values were determined from double
reciprocal plots of 1/V against 1/S, where V is the initial rate of
phosphorylation, and S is the substrate concentration.

Transfection of MSK1 into 293 cells

293 cells were cultured on 10 cm-diameter dishes and transfected with
the pCMVS5 vector encoding the Flag-epitope-tagged MSK1 constructs
using a modified calcium phosphate method (Alessial, 1996b).
Twenty four hours post-transfection, the cells were deprived of serum
for 16 h, stimulated with TPA or exposed to UV radiation, then lysed
in 1 ml of ice cold Buffer A, centrifuged at 13 00§ for 5 min. The
Flag-tagged MSK1 protein immunoprecipitated from aliquots of lysate
(containing 25ug protein) using 2ug of Flag antibody coupled to fl

of protein G—Sepharose. Immunoprecipitates were incubated, washed
and assayed for MSK1 activity as described above.

Immunoelectron microscopy

Cells were fixed in 8% paraformaldehyde in 0.2 M PIPES pH 7.2 for at
least one day, scraped using a rubber policeman and embedded as a
pellet in 10% pig-skin gelatin. Blocks were soaked in 2.1 M sucrose/
phosphate-buffered saline (PBS) for at least 15 min before mounting on
iron stubs and freezing in liquid nitrogen. Ultra-thin cryosections were
then prepared on an Reichert Ultracut E cryomicrotome at —100°C and

¢.p.m./pmol). The assays were carried out for 10 min at 30°C, the assay mounted on carbon-/formvar-coated grids. Grids were incubated first on

tubes being agitated continuously to keep the immunoprecipitate in
suspension, then terminated and analysed as described (Atea)
1994). MAPKAP-K2 was assayed in the same way except that the
peptide KKLNRTLSVA (30uM) was used as substrate. One unit of
activity was the amount of enzyme that catalysed the phosphorylation
of 1 nmol of peptide substrate in 1 min.

Expression of CREB

The Escherichia colistrain BL21, transformed with a DNA construct
encoding the 341 amino acid splice variant of CREB (Gonzateal.,
1989), kindly provided to us by M.J.Comb (New England Biolabs,
Boston, USA), was induced with 0.1 mM isopro#e-thiogalactoside

for 5 h at 37°C. The GST-CREB was purified on glutathione—Sepharose
as described previously for GST-MAPK2/ERK2 (Alestial, 1994),

and dialysed against Bufffer B containing 50% glycerol and stored at
—20°C. The preparation showed two major Coomassie Blue staining
bands at 62 and 43 kDa as well as a number of minor bands. Only the
62 and 43 kDa bands were phosphorylated by MAPKAP-K1 and MSK1.
The protein concentration of CREB was estimated by comparing the
intensity of the 62 and 43 kDa bands relative to a BSA standard.

Immunoblotting for phosphorylated CREB and ATF1

Cell extracts were prepared and immunoblotting of these were carried
out as described in Taet al. (1996) using a phospho-specific antibody
recognizing CREB phosphorylated on Ser 133, and ATF1 phosphorylated
on Ser63, purchased from UBI (Lake Placid, USA). Detection of
phosphorylated CREB and ATF1 proteins was performed using the
enhanced chemiluminescence reagent (Amersham).

0.5% fish skin gelatin/PBS (5 min), followed by anti-Flag mouse
monoclonal antibodies (1%ig/ml), then rabbit antimouse antibodies
(2 pg/ml Southern Biotechnology Associates Inc. Birmingham, AL,
USA) and lastly on protein A—8 nm gold complex prepared as previously
described (Lucocq, 1994). PBS washes followed each of the affinity
reagents which were themselves diluted in 0.5% fish-skin gelatin/PBS.
Finally, after washing in distilled water the sections were contrasted in
methyl cellulose/uranyl acetate.

Labelling was quantified as follows. At a magnification 5 000,
micrographs were taken of labelled cell profiles possessing both cyto-
plasm and nucleus (these nuclear weighted sections allowed data from
these compartments in individual cells to be compared). Cytoplasm and
nuclear areas were estimated using point counting with a square lattice
grid of 1 cm line spacing and gold labelling counted (Lucocq, 1994).
Coefficients of error were calculated according to Cochran (1953).
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