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isolated by a novel expression screening method for
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We have developed a novel expression screening
method for identifying protein kinase substrates. In
this method, a A phage cDNA expression library is
screened byin situ, solid-phase phosphorylation using
purified protein kinase and [y-3?P]ATP. Screening a
HelLa cDNA library with ERK1 MAP kinase yielded
cDNAs of previously characterized ERK substrates,
c-Myc and p9d*SK, demonstrating the utility of this
method for identifying physiological protein kinase
substrates. A novel clone isolated in this screen, desig-
nated MNK1, encodes a protein-serine/threonine kin-
ase, which is most similar to MAP kinase-activated
protein kinase 2 (MAPKAP-K2), 3pK/IMAPKAP-K3
and p9dRSK, Bacterially expressed MNK1 was phos-
phorylated and activated in vitro by ERK1 and p38
MAP kinases but not by JNK/SAPK. Further, MNK1
was activated upon stimulation of HelLa cells with 12-
O-tetradecanoylphorbol-13-acetate, fetal calf serum,
anisomycin, UV irradiation, tumor necrosis factor-a,
interleukin-1p or osmotic shock, and the activation by
these stimuli was differentially inhibited by the MEK
inhibitor PD098059 or the p38 MAP kinase inhibitor
SB202190. Together, these results indicate that MNK1
is a novel class of protein kinase that is activated
through both the ERK and p38 MAP kinase signaling
pathways.
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Introduction

A huge variety of protein kinases are involved in intracellu-
lar signal transduction leading to cell growth, differenti-

screens using phosphotyrosine-containing protein/peptide
probes have identified novel proteins bearing phosphotyro-
sine-binding domains, some of which proved to be sub-
strates for protein-tyrosine kinases (Skoleikal., 1991).
Songyang and co-workers developed a technique for
determining the preferred primary consensus sequence for
a protein kinase by using a degenerate, oriented peptide
library (Songyancet al, 1994). Model experiments using
several protein kinases revealed that optimal substrate
sequences deduced by this method are consistent with
the known substrate specificity (Songyaegal, 1994).
Although this method does not directly identify substrate
proteins, potential substrates can be predicted by searching
protein sequence data banks with the consensus sequence.
There are also several reports of immunoscreening of
phage expression libraries with antibodies that specifically
recognize a group of phosphoproteins such as proteins
phosphorylated upon epidermal growth factor (EGF)
stimulation (Fazioliet al, 1993) and M-phase proteins
containing a phosphoamino acid-containing epitope
(Westendorkt al,, 1994; Matsumoto-Taniurat al, 1996).

In addition, interaction cloning by the yeast two-hybrid
system is a useful method for identifying potential protein
kinase substrates (Yangt al, 1992). In this study, we
tested a more direct strategy, named phosphorylation
screening, for the identification of protein kinase sub-
strates. This method uses a protein-expressing phage
cDNA library (Young and Davis, 1983) and is based on
the fact that cellular proteins immobilized on a membrane
filter can be phosphorylated by a soluble protein kinase
with specificity similar to that obtained in conventional
liquid-phase phosphorylation (Valtor& al., 1986).

To evaluate the efficacy of this new approach, we have
applied it to the ERK1 MAP kinase. Mitogen-activated
protein kinases (MAP kinases) are activated by a broad
spectrum of extracellular signals, and play important roles
in intracellular signal transduction pathways leading to
gene induction (reviewed in Davis, 1993; Cooper, 1994;
Cano and Mahadevan, 1995; Karin and Hunter, 1995)
mammals, three main classes of MAP kinase are recog-
nized. In addition to the ‘classic’ MAP kinase, now known
as the ERK (extracellular signal-regulated kinase) MAP
kinases, two other distinct classes of MAP kinase, the

ation and oncogenesis (Hunter, 1994; Hanks and Hunter,JNK/SAPK (c-Jun N-terminal kinase or stress-activated
1995). To elucidate these signal transduction pathways protein kinase) (Cooper, 1994; Sanclal., 1994; Cano
and how they are regulated, it is necessary to know the and Mahadevan, 1995; ‘Bjard et al, 1995; Linet al,

physiological substrates for individual protein kinases.

Although the identification of physiological targets has

1995; Mohitet al,, 1995; Guptaet al, 1996) and the p38/
RK/p40/CSBP/Hogl/Mxi2 (Freshnegt al, 1994; Han

been a high priority ever since the first protein kinase was et al, 1994; Leeet al, 1994; Rouseet al,, 1994; Zervos

purified, the conventional approach of purifying substrate et al, 1995; Jianget al, 1996) MAP kinases have been

proteins by biochemical techniques is a laborious and identified. All these MAP kinases are activated by dual
time-consuming task and is difficult in the case of scarce threonine/tyrosine phosphorylation of residues in the
proteins. Recently, several new methods have beenactivation loop catalyzed by a specific MAP kinase kinase
developed to identify protein kinase substrates. Interaction (MEK1, MEK2, SEK1/MKK4/IJNKK, MKK3, MKK6/
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MEK®) (Cooper, 1994; Sanchezt al, 1994; Cano and
Mahadevan, 1995; Dgard et al, 1995; Linet al,, 1995;

Han et al, 1996; Moriguchiet al, 1996; Steinet al,
1996), and the activated MAP kinases in turn phosphoryl-
ate various target proteins at Ser/Thr—Pro sequence.
Although these MAP kinases have similar primary struc-
tures, activation mechanisms and the same minimal con-
sensus sequence for substrate recognition, recent studie
have indicated that the distinct classes of MAP kinase
are activated differentially depending on extracellular
stimulation, and in turn activate shared or specific down-

stream targets. ERK1 and ERK2 are the best characterizec

MAP kinases so far in terms of the signaling pathway
involved in their activation and the identification of

physiological targets. ERK MAP kinases are activated
upon stimulation of cells by phorbol esters, which activate
protein kinase C, and by growth factors such as EGF and
platelet-derived growth factor, which activate receptor
protein-tyrosine kinases. In the case of the growth factor

receptor protein-tyrosine kinases, this leads to the sequen-

tial activation of Ras, Raf, MEK and the ERK1 and ERK2
MAP kinases (Davis, 1993). Several substrate proteins
have been identified as physiological targets for ERK
MAP kinases, including the 90 kDa ribosomal S6 protein
kinase called RSK, cytosolic phospholipaseafd several
transcription factors, including c-Myc, Elk-1, NF-IL6/
C/EBH3/NF-M, Tal-1, Ets-2 and possibly STAT proteins
(Davis, 1993; Jankneclat al., 1993; Maraiset al., 1993;
Kowenz-Leutzet al, 1994; Wadmaret al, 1994; Gille

et al, 1995a; Weret al, 1995; Bunoneet al,, 1996; Yang

et al, 1996). Based on peptide phosphorylation studies,
Pro—X-Ser/Thr—Pro has been proposed as a consensu
sequence for sites phosphorylated by ERK, with the
proline at the+1 position being absolutely required and
the proline at —2 being preferred but not essential (Davis,
1993). A similar consensus, Gly—Pro—X-Ser/Thr—Pro, was
obtained for ERK1 using the oriented peptide library
approach (Songyanet al, 1996).

Here, we report a novel protein kinase substrate identi-
fication strategy that utilizesn situ phosphorylation
screening, which we show is practically useful for the
identification of substrates for a purified protein kinase.
In a screen using ERK1 MAP kinase, we identified a
cDNA clone which encodes a new class of MAP kinase-
activated protein kinase. This protein kinase was phos-
phorylated and activateth vivo and in vitro by two
distinct MAP kinases, ERK and p38, and is therefore
designated as MNK1_(MAP kinase signal-integrating
kinase).

Results

Phosphorylation screening of a phage expression
library

As the initial step in developing the new screening method,
we constructed a phage expression ve®@E=X5, which
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Fig. 1. Phosphorylation screening for cloning of protein kinase
substrates.A) Outline of the screening method. A HeLa cDNA library
was constructed with A phage vectoAGEX5 which contains plasmid
sequences of a ColE1 origin, an ampicillin resistance gene and a GST
gene between the twidotl sites. Recombinant proteins expressed in
phage plaques were immobilized on nitrocellulose filters, which were
then incubated with purified ERK1 MAP kinase in the presence of
[y-32P]ATP as described in Materials and methods. Phosphorylated
plagues were visualized by autoradiography. After plaque purification,
cDNAs of interest were rescued as GST fusion protein-expressing
plasmids (pGEX-PUC-3T) blotl digestion of the phage DNA

followed by self-ligation. B) Autoradiograms of phosphorylation
screening assay. Left panel: a mixture (1:100) of a positive control
phage AGEX-EIk-C) and a negative controAGEX5) were plated at a
density of 4000 plaques per 100 mm plate. Right panel: primary
screen of the HeLa cDNA library at the same density. The arrowheads
indicate positive clones that were confirmed after the second
screening.

et al, 1993), was plated, and plaque proteins were trans-
ferred to nitrocellulose filters. The filters were blocked by
treatment with bovine serum albumin (BSA) and then

has a PUC-derived plasmid sequence and a GST expressioincubated with purified ERK1 MAP kinase in the presence

cassette (Figure 1A). Inserted cDNAs can be expressed
as GST fusion proteins and immobilized on nitrocellulose
filters. To test the feasibility of phosphorylation screening,
a AGEX5 recombinant, which encodes the C-terminal
region of the EIk-1 transcription factor (GST-EIk-C)
containing multiple ERK phosphorylation sites (Marais
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y-&PJATP to allow solid-phase phosphorylation. As
shown in Figure 1B, thaGEX-EIk-C phage plaques gave
a strong phosphorylation signal, whereas the background
derived from phosphorylation of phage orEscherichia
coli proteins was low.
Using the conditions developed wiNGEX-EIk-C, we
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cDNA contains the entire coding region of the gene. A

Table I. S f i ing for ERK1 substrat .
able . Summary of expression screening for substrates homology search using BLAST revealed that the S101

Clone  Size of cDNA  Size of protein Identity/homology product, designated MNK1, contains a sequence typical
(kb) (kDaf of the catalytic domain of protein-Ser/Thr kinases (Figure
s3 11 20 oBsK2 2A). The highest homology scores were obtained with the
so 20 80 QNW Caenorhabditis elegangutative protein kinase R166.5
S16 20 4 poBsK2 (accession No. Z50795), human ¥88 (Moller et al,
S18 1.0 20 HSF-1 1994; Zhacet al, 1995) and MAP kinase-activated protein
S20 17 59 c-Myc kinase 2 (MAPKAP-K2) (Stokoet al, 1992, 1993; Engel
Se4 1.2 19 topoisomerase - et al, 1993), whose kinase domains have 52, 36 and
S115 1.8 40 RalGDS 0 . i ident hat of the MNK1 .
sS4 18 42 GTP-binding protein? 34% amino acid identity to that of the N 1 protein
s101 1.6 15 protein kinase? respectively (Figure 2B). The recently identified 3pK
23 clones no homology protein kinase/MAPKAP kinase-3, which is highly homo-

logous to MAPKAP-K2 (McLaughlinet al, 1996;
Sithanandanet al, 1996), also showed a similar identity
score (33%) to MNK1. No obvious similarity was found

in the N-terminal region beyond the catalytic domain,
screened a Hela cDNA library of>X310° independent  whereas the C-terminal region showed significant homo-
clones with ERK1 (Figure 1B), and isolated 120 positive logy among these proteins. MAPKAP-K2 has a putative
clones. Those cDNAs were rescued as expressionbipartite nuclear localization signal sequence in the
plasmids, and their cognate proteins were expressed in C-terminal region €Eafel993; Stokoeet al.,, 1993),
E.coli, purified by glutathione—agarose and tested for whereas MNK1 contains a putative nuclear localization
phosphorylation by ERK1. Although almost all of the signal sequence (RRRKKKRR) in its N-terminal region
recombinant products were phosphorylated by ERK1 (Figure 2A). Recently, Ben-Levy and co-workers identified

aSizes of recombinant proteins indicate their apparent molecular
weights excluding the GST region.

in vitro (data not shown), more than half of them produced phosphorylation sites required for MAPKAP-K2 activation
GST proteins with a very short tail, which seemed to be (Ben-Levyet al, 1995). Those sites are Thr222, Ser272
artificial products derived from out-of-frame ligations. and Thr334, of which the two Thr residues are conserved
Therefore, we selected 32 clones that produced GSTin MNK1 as Thr214 and Thr344 respectively, suggesting
proteins with a fusion partner of5 kDa, and determined that similar phosphorylation events might be involved in
their N-terminal amino acid sequences by DNA sequenc- the activation mechanism of the two protein kinases.

ing. The DNA and amino acid sequences were tested The original clone (S101-0) obtained by phosphorylation
for identity/homology by searching with BLAST on the screening contained the C-terminal region of MNK1
National Center for Biotechnology Information file server. starting at Phe284 (Figure 2A). Determination of the

Seven clones out of the 32 corresponded to fragmentsERK1 phosphorylation sites in the S101-0 product [GST—
of structurally known proteins, including two already MNK1(284-424), see Figure 3C], showed that one of the
characterized ERK substrates, p9¢ and c-Myc (Table major sites phosphorylated by ERKd vitro was Thr344

). Two independent clones of p®¥? were obtained. (data not shown), which was likely to have been phos-
Other clones were heat shock transcription factor-1 (HSF1) phorylated in the expression screening. Northern blot
(Rabindraret al,, 1991), topoisomerase A{Jenkinst al,, analysis of RNAs from human and mouse cell lines such

1992), the guanine nucleotide dissociation stimulator for as fibroblast, T- or B-lymphoid and myeloid cell lines

the small G protein Ral (RalGDS) (Albrighat al., 1993) showed that the MNK1 mRNA of ~3.0 kb is expressed

and a zinc finger protein called ZNF7 (Largaal., 1990). in all cell lines examined (data not shown), suggesting

The amino acid sequences of all of these proteins contained that the MNK1 protein is ubiquitously expressed.

possible MAP kinase recognition sequences, Ser—Pro or

Thr—Pro. Two cDNAs were novel, but were related to MNK1 is phosphorylated and activated in vitro by

known proteins, one of which (clone S4) showed sequence ERK MAP kinase

homology to GTP-binding proteins. The second clone, We tested whether MNK1 could be phosphorylated and

S101, showed a significant similarity to the C-terminal activated by ERK MAP kinase. For this purpose, the

region of some protein kinases, and therefore we isolated MNK1 coding region (2-424) was expressed as a GST

and characterized full-length S101 cDNAs. fusion protein in E.coli and purified by glutathione—
agarose chromatography. The GST-MNK1 fusion protein

Structure of the S101 protein kinase, MINK1 was phosphorylated efficiently by ERK1 MAP kinase

Two independent clones (S101-17 and -19) isolated by in vitro and, upon phosphorylation, showed an electro-

hybridization with the original S101 cDNA (S101-0) probe phoretic mobility shift on SDS—PAGE (Figure 3A). We

were both 2.6 kb in length, and had identical sequences measured the protein kinase activity of GST-MNK1 by

except for their 5 ends. They encode an open reading using a peptide substrate (MK-1 peptide; KKLNRTLSVA),

frame of 424 amino acids with a calculated & 47 372 which is derived from the N-terminus of glycogen synthase

(Figure 2A). Although there is no in-frame termination and is known to be a good substrate for 30 and

codon in the 5sequence upstream of the AUG codon at MAPKAP-K2 (Staktas., 1993). Although the untreated

nucleotide 188, transient expression of the S101-17 cDNA GST-MNK1 protein did not have any detectable protein

in HelLa cells revealed that it encodes a protein whose kinase activity towards exogenous substrates nor any
size is identical to that of the endogenous gene productautophosphorylating activity, after phosphorylation by
(see below and Figure 5), indicating that the S101-17 ERK1 protein phosphotransferase activity was increased
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A B

1 GCGATCTGCAGGTAGGGGTGCGCGCGACCGCTCCCCG MNK1 46
38 GCGGGAGCCAGCGAAGGTTTCCATGTCAGAGGCCGATGGAGAACTGAAGATTGCCACCTACGCACAAAGGCCATT R166.5 198
113 GAGACACTTCGTGTAGCTGGAAGACACCAACTTCCTGACAGGAGCTTTATTTCATTTGGGATTTCAAGTTTACAG RSK2 5 420 "
MAPKAP-K:

188 ATGGTATCTTCTCAAAAGTTGGAAAAACCTATAGAGATGGGCAGTAGCGAACCCCTTCCCATCGCAGATGGTGAC

61
1 MV S SQKTLETZ KT PTIEMGSSETPTLTPTIADSGTD MNKL 95 o B B

R166.5 248 - /LY
263 AGGAGGAGGAAGAAGAAGCGGAGGGGCCGGGCCACTGACTCCTTGCCAGGAAAGTTTGAAGATATGTACAAGCTG RSK2 464 1 G — GURE]
26 R R R K K K R R G RATD S L PGKTF E[DMY KL MAPKAP-K2 105 YAGR|

338 |ACCTCTGAATTGCTTGGAGAGGGAGCCTATGCCAAAGTTCAAGGTGCCGTGAGCCTACAGAATGGCAAAGAGTAT) MNK1
s1 |T s EL L GEGAYAZKVOQGA AV SLOQNGTZ KEFY R166.5
(1) RSK2
413 |GCCGTCAAAATCATCGAGAAACAAGCAGGGCACAGTCGGAGTAGGGTGTTTCGAGAGGTGGAGACGCTGTATCAG MAPKAP-K2
76 |A VvV XK I I E K Q A GH SR SRV FREVETTLYQ
(11) (I1I) MNK1 )
488 |TGTCAGGGAAACAAGAACATTTTGGAGCTGATTGAGTTCTTTGAAGATGACACAAGGTTTTACTTGGTCTTTGAG R166.5 PYGSAERMA|
100 |C Q G N K N I L E L I EF F EDDTURTF YLV FE RSK2 Egvel
(IV) MAPKAP-K2
563 |AAATTGCAAGGAGGTTCCATCTTAGCCCACATCCAGAAGCAAAAGCACTTCAATGAGCGAGAAGCCAGCCGAGTG
126 | K L Q G G 8§ I L A H I Q K Q KHFNERTEHA ASRYV MNKL
V) R166.5
638 |GTGCGGGACGTTGCTGCTGCCCTTGACTTCCTGCATACCAAAGGCATTGCTCATCGTGATCTGAAACCAGAAAAT) RSK2
151 [V R D V A A A L DF L HTJZXKGTIAHZ RUDTILTZEKPEN MAPKAP-K2
(VIA) (VIB)
713 |ATATTGTGTGAATCTCCAGAAAAGGTGTCTCCAGTGAAAATCTGTGACTTTGACTTGGGCAGTGGGATGAAACTG KL 283 q
176 |1 L ¢ E S_ P E K V g PV K I ¢ DFDULGSGMZE KL R166.5 4415‘? @‘D
(VII) RSK2 629 ILARMGS! SLSGGYNSV
788 |AACAACTCCTGTACCCCCATAACCACACCAGAGCTGACCACCCCATGTGGCTCTGCAGAATACATGGCCCCTGAG MAPKAP-K2 275 MKTH

200 [N NS ¢c T P I TJIT PELTTIRCGSAETYMATPE

(VIII)

863 |GTAGTGGAGGTCTTCACGGACCAGGCCACATTCTACGACAAGCGCTGTGACCTGTGGAGCCTGGGCGTGGTCCTC P e EIS ﬁggmw o ﬁ mnﬁ
—~VHWDQ Y- Ai S| Q)
BSr--Bv

226 |V VEVFTDG QA ATTFTYDEKR RTCDTLWSTILGV VL RSK2 678 DAPHLVKGAY) BErvSINENaN OBPV---——-
(1X) MAPKAP-K2 324 S-§ VLKEDKERWE DV-------- -KeeMT SN

938 |TACATCATGCTGAGTGGCTACCCACCCTTCGTGGGTCACTGCGGGGCCGACTGTGGCTGGGACCGGGGCGAGGTC
251 |y I M L s G Y P P F V GHCGA ADTCGTWDTRGEV KL 81 EEPEALADCL x EREREERLE offwEEorse PEN. ...
> (x) R166.5 595 DNKMTMSE-- 85SD| T HGDGSFLSMG GEPFETFPRK KSVGIATEKS
1013 |TGCAGGGTGTGCCAGAACAAGCTGTTTGAAAGCATCCAGGAAGGCAAGTATGAGTTTCCTGACAAGGACTGGGCA| RSK2 718 —mmmmmmme e r Br| To —meme KKIT SEM......
276 {|C R V C Q N K L F E S I Q E G K Y ETFPDIKDWA MAPKAP-K2 362 TMRVDY-BDI KIKI PL RELEAAALAH I.........

1088 |CACATCTCCAGTGAAGCCAAAGACCTCATCTCCAAGCTCCTGGTGCGAGATGCAAAGCAGAGACTTAGCGCCGCC
301 |H I S $ EAKDTILTISI KTLTLVRDAZEKZ QRTILSANA-A
(XI)

1163 |CAAGTTCTGCAGCACCCATGGGTGFAGGGGCAAGCTCCAGAAAAGGGACTCCCCACGCCGCAAGTCCTCCAGAGG
326QVLQHPWVfQGQAPEKGLPI__EQVLQR

1238 AACAGCAGCACAATGGACCTGACGCTCTTCGCAGCTGAGGCCATCGCCCTTAACCGCCAGCTATCTCAGCACGAA
31 N S § T M DL TULVFAAEA ATIA ALNIRUOQILSQHE

1313 GAGAACGAACTAGCAGAGGAGCCAGAGGCACTAGCTGATGGCCTCTGCTCCATGAAGCTTTCCCCTCCCTGCAAG
376 E N E L A E E P E AL ADGTULTCSMKTLGZgS PP CK

1388 TCACGCCTGGCCCGGAGACGGGCCCTGGCCCAGGCAGGCCGTGGTGAAGACAGGAGCCCGCCCACAGCACTCTGA
401 S R L A R RRALAQAGRGETDRGSESPRP?PTATL *

1463 AATGCTCCAGTCACACCTTATAGGCCCTAGGCCTGGCCAGGCATTGTCCCCTGGAAACCTGTGTGGCTAAAGTCT
1538 GCTGAGCAGGCAGCAGCCTCTGCTCTGTGGCTCCATTCAGGCTTTTTCATCTACGAAGGCCCTGAGGTTCCCATC
1613 AACCCCCATTTCCCTAGGGTCCTGGAGGAAAAAGCTTTTTCCAAAGGGGTTGTCTTTGAAAAGGAAAGCAATCAC
1688 TTCTCACTTTGCATAATTGCCTGCAGCAGGAACATCTCTTCACTGGGCTCCACCTGCTCACCCGCCTGCAGATCT
1763 GGGATCCAGCCTGCTCTCACCGCTGTAGCTGTGGCGGCTGGGGCTGCAGCCTGCAGGGAGAAGCAAGAAGCATCA
1838 GTTGACAGAGGCTGCCGACACGTGCCTCTTCCCTCTCTTCTCTGTCACCCTCCTCTGGCGGTCCTTCCACCTTCC
1913 TCTGTCCTCCGGATGTCCTCTTTGCCCGTCTTCTCCCTTGGCTGAGCAAAGCCATCCCCTCAATTCAGGGAAGGG
1988 CAAGGAGCCTTCCTCATTCAGGAAATCAAATCAGTCTTCCGGTCTGCAGCACGGAAAAGCACATAATCTTTCTTT
2063 GCTGTGACTGAAATGTATCCCTCGTTTATCATCCCCTTTGTTTGTGATTGCTGCTAAAGTCAGTAGTATCGTTTT
2138 TTTAAAAAAAAAGTTTGGTGTTTTTAACCATCTGTTCCAGCAAAGATGATACCTTAAACTCCCACTGCAAGCCCA
2213 TGAACTTCCCAGAGAGTGGAACGGCTTGCTCTTCTTTCTAGAATGTCCATGCACTTGGGTTTTAATCAGCAGTTC
2288 CCTATTATTCTGATTTTAAGCTGTTCCTGTGATGAACTTAGAGACAGCATCGGTGTCTGCTGCTGTGTCCCCAGG
2363 TCTTGTGTGGGTGGCACAGATCTGGGCAGTTAGATAGTGCTCTGTGCCTAAGGTGAAGCCACACTAGGGTGAAGC
2438 CTCACTTCCCTGTTTGAGCAATGCAGTGCCTGCTGCCCGTGTGCATGAAGGTACAGCCATTCATATAAGTGGAAC
2513 TATTGAGTTACATAAAGAAAATAGATTTGCATTTGTCAGGCAGACGTTTATACAACACCACGGTGCTTTTATACA
2588 TTGTGCTTATTTTAATAAAACTGAAATTCTAAAAAAAAA 2626

Fig. 2. cDNA and deduced amino acid sequences of human MNKLThe S101-17 cDNA sequence is shown together with the predicted amino

acid sequence of MNK1. The start point (nucleotide 1036) of the original S101-0 clone isolated by the phosphorylation screening is indicated by an
arrow and a polyadenylation signal (AATAAA) is underlined. The protein kinase domain is boxed and its subdomains are shown in Roman
numerals. A putative nuclear localization signal and potential MAP kinase phosphorylation sites are und&Jideckdion containing the kinase

and C-terminal domains of MNK1 is aligned with tkizelegansgutative protein kinase R166.5, human B8¢? and human MAPKAP-K2. Residues
conserved among more than two protein kinases are highlighted.

in a time-dependent manner (Figure 3B). On the other To examine the roles of the N- and C-terminal regions
hand, a mutant protein (GST-MNKZ1-KN), which contains lying outside the kinase domain, we constructed several
three point mutations (Lys78Arg, GIn100Arg and MNK1 mutants and tested for phosphorylation by ERK1
1le107Thr), did not show detectable protein kinase activity and stimulation of protein kinase activity (Figure 3C).

even aftgr extensive phosphorylation by ERK1 MAP Deletion of the N-terminal 47 amino acid region did not
kinase (Flgure_ 3A and B). The wild-type GST-MNK1 affect phosphorylation or activation by ERK1, whereas
gave many shifted bands upon phosphorylation by ERK1 deletion of the C-terminal 90 amino acids resulted in

but the mutant showed only one shifted band, suggestingcomplete loss of ERK phosphorylation and kinase activa-
that the activated GST-MNK1 has an autophosphorylating tion. GST-MNK1(284-424), which corresponds to the
activity, which results in additional phosphorylations. We original clone isolated by phosphorylation screening, was
also found that myelin basic protein (MBP) can be phosphorylated very well by ERK. Tryptic phosphopeptide
phosphorylated on multiple serine residues by the activ- mapping showed that the phosphopeptides derived from
ated MNK1. GST-MNK1(284-424) were identical to the major
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Fig. 4. Activation of GST-MNK1 in insect Sf9 cells by co-expression
i o with ERK activators. A andB) Sf9 cells were infected singly with a
C GST-MNK1 mutants ~ Phosphorylation  Protein kinase baculovirus encoding the wild-type GST-MNKZ1 (WT) or the kinase-
by ERK1  actvity (%) negative mutant (KN), or co-infected with GST-MNKZ1 virus together
with three baculoviruses encoding v-Ras, c-Raf and ERK1 {8V

+ or KN+3V). After incubation for 60 h, cells were lysed and GST—
MNK1 proteins were purified using glutathione—agarose. GST-MNK1
+ proteins (4ug) were analyzed on SDS—PAGE with Coomassie staining
(A) and tested for protein kinase activity using MBP substrate as
m Control described in Materials and methods (BJ}) (Sf9 cells were infected
- +ERK1 with the indicated combinations of baculoviruses of GST-MNK1,

v-Ras, c-Raf and ERK1 and cultured for 60 h. Mobility shift of GST—
MNK1 protein was analyzed by immunoblotting of the cell lysates
using anti-MNK1 antiserum.

(48-424) NNESTN . e+
e NN Bl +
Fig. 3. Phosphorylation and activation of GST-MNKZ by ERK1 MAP  ation site(s) and is involved in the activation of the
kinasein vitro. (A) Time course of phosphorylation and mobility shift protein kinase.

of GST-MNKZ1. Either GST-MNK1 or GST-MNKZ1-KN protein

(~10 png) on 70ul of _glutathione—agarose resin was i_ncubated in MNKT1 is activated in insect cells by co-expression
150 pl of the ERK kinase buffer with 0.¢lg of ERK1 in the presence ith active ERK MAP ki

of 0.4 mM [y-32P]ATP (0.5 Ci/mmol) at 30°C. At the indicated time, a W1 active Inase . .
portion (10pl) was taken, resolved by SDS—PAGE and detected by 10 assess the effect of the activation of the ERK signaling

Coomassie staining (top panel) or by autoradiography (bottom panel). pathway on MNK1 activity, a GST-MNK1 protein was
(Tél)eTpositionS of D;Oéijq SEE Elarke;S_inkkDa are ?_hO\t(Vn OnE_ttT]e left.  expressed in insect Sf9 cells using the baculovirus system
ime course o - rotein kinase activation. Either - ;

GST-MNK1 or GST-MNK1-KN grotein bound to glutathione—agarose (W"“ams. et al." 1993)' GST_MNK]' expressed In .ng
was phosphorylated by ERK1 as above in the presence of 0.4 mM cells by single ”_‘feCt'On with the .GST—MNK]- baculovirus
unlabeled ATP. At the indicated time, 20 of suspension were taken was the same size as the bacterially produced GST-MNK1
and assayed for MNK1 kinase activity by using the MK-1 peptide as  and showed very weak kinase activity (Figure 4A and B).
described in Materials and method€) (The wild-type GST-MNK1 In contrast, co-infection with GST-MNKZ1, ERK1, c-Raf-1

(WT), the kinase-negative mutant (KN) and GST-MNK1 fusion . . P .
proteins containing residues 1-333, 48-424 or 284-424 were produced and v-Ras baculoviruses resulted in a strong mobility shift

in bacteria and purified by glutathione—agarose. Each protein was and a dramat_ic increase _in the kinase activity of GST-
tested for phosphorylation by ERK1 and for protein kinase activity MNK1. The kinase-negative mutant (GST—MNKZ1-KN),
before (control) and after{ERK1) phosphorylation by ERK1 as which showed a small band shift even when infected

described in (A) and (B). singly, was not activated by co-infection with the upstream

activators (Figure 4A and B). To test which component is
phosphopeptides from the full-length GST-MNK1 phos- required for the activation of GST-MNK1, Sf9 cells were
phorylated by ERK (data not shown), suggesting that the infected with different baculovirus combinations and the
C-terminal region contains the primary ERK phosphoryl- expressed GST-MNK1 was analyzed by immunoblotting.
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Fig. 5. Mobility shift of transiently expressed or endogenous MNK1

upon stimulation. &) HelLa cells were transiently transfected with the B
unmodified S101-17 cDNA in pCMX vector and, after serum

starvation, cells were stimulated with TPA, anisomycin or [Lfdr 15

min. Cell lysates (4Qug of protein) from growing cells, serum-starved BAP - + - + - + - + - +
but unstimulated cells (-), or stimulated cells were analyzed by HA-MNK o .

immunoblotting using anti-MNK1 antiserumB) Detection of 5 ‘.

endogenous MNK1 in human cell lines. HeLa and 293 cells were « - ....
serum starved for 16 h and left untreated (-) or stimulated with TPA

for 15 min. MNK1 protein was precipitated with anti-MNK1

antibodies which had been affinity purified and covalently coupled to

protein A—agarose. The immunoprecipitated MNK1 was detected by
immunoblotting using anti-MNK1 antiserum. C

As shown in Figure 4C, both ERK and v-Ras baculoviruses 94—F
were necessary for the GST-MNK1 mobility shift, indicat-

ing that activated ERK is essential for the activation of HAMNTe

GST-MNK1 in Sf9 cells. The fact that the GST-MNK1 45—

mobility shift was observed in the absence of exogenous 4

c-Raf expression implies that endogenous Raf and MEK 30—

are not rate-limiting for activation of exogenous ERK in

this system (Williamset al,, 1993). Fig. 6. Phosphorylation and activation of HA-MNK1 induced by

various extracellular signalsAf Mobility shift of HA epitope-tagged

. . . . MNK1. HeLa cells were transfected with HA-MNK1 cDNA, serum
Multiple extracellular stimuli activate MNK1 starved, and left unstimulated (—) or stimulated with TPA (100 nM,

through distinct MAP kinase pathways 15 min), FCS (20%, 15 min), anisomycin (Aniso) (g/ml, 15 min),
Activation of MNK1 by phosphorylation was correlated UV-C irradiation (40 J/rA then incubated for 20 min), TNE-
with the electrophoretic mobility shift. To test whether (10 ng/mi, 30 min), IL-B (10 ng/ml, 15 min) or osmotic shock
MNKZ1 showed a mobility shift upon extracellular stimula- (-7 M NaCl, 30 min). Cell lysates (40g protein) were analyzed by
tion. a full-lenath MNK1 cDNA was transientlv expressed |mmunol_3!ott|ng with anti-HA epitope monoclonal antibody (12CAb5).

! . g . y p The positions of HA-MNK1 and protein size markers are shown on
by transfection in HeLa cells. Immunoblot analysis of cell the left. NS indicates a non-specific band observed even in the
lysates with an anti-MNK1 serum revealed MNK1 proteins untransfected cells (data not showr) HA-MNK1 proteins were
of 52 and 51 kDa in both growing and serum-starved immunoprecipitated from the lysate of the transfected HelLa cells with

; affinity-purified anti-MNKZ1 antibodies. The precipitated HA-MNK1
tranSfeCted Hela cells (Flgure SA)'. EndOgenou.s MNK1, was left untreated (—) or treated with bacterial alkaline phosphatase
which could be detected only by immunoblotting after (i) as described in Materials and methods and analyzed by
immunoprecipitation, also showed two bands of the same immunoblotting using 12CA5 antibodyCj In-gel kinase assay for
sizes (Figure 5B). The 51 kDa band, which was less protein kinase activity of transiently expressed HA-MNK1. Hela cells
prominent in both cases. is Iikely to be a minor molecular ere transfected with the HA-MNK1 plasmid, serum starved and then
ies t lated f . t | AUG codon 13 .~ stimulated as described in (A). HA-MNK1 protein was

Sp_€C|eS ransiated from an m_ erna co On amino immunoprecipitated and assayed for protein kinase activity by the
acids downstream of the major AUG codon (Figure 2A). in-gel kinase assay using MBP as described in Materials and methods.
Following stimulation with 120-tetradecanoylphorbol-
13-acetate (TPA), anisomycin or interleukifi-1IL-1(3)
for 15 min, both MNK1 bands showed a mobility shift, yielded a single 53 kDa band, whereas multiple lower
suggesting that these stimuli induced its phosphorylation mobility bands were observed in cells stimulated with
(Figure 5A). Endogenous MNK1 in HelLa and 293 cells TPA, fetal calf serum (FCS), anisomycin, UV-C irradiation,
showed a similar mobility shift upon TPA stimulation tumor necrosis factox (TNF-a) or IL-13. Osmotic shock

(Figure 5B). with 0.7 M NaCl caused a very weak mobility shift.

To determine what kind of extracellular signals activate Treatment of cells with 0.1% dimethyl sulfoxide (DMSO),
MNK1, HelLa cells were transiently transfected with an the vehicle for TPA and anisomycin, had no effect. When
expression vector for an N-terminally hemagglutinin (HA) immunoprecipitated HA-MNK1 was treated with bacterial
epitope-tagged version of MNK1 and treated with various alkaline phosphatase (BAP), the slower mobility bands
growth stimulators, pro-inflammatory cytokines or were mostly converted into a band at the position of HA-
exposed to environmental stresses (Figure 6A). Expression MNK?1 from unstimulated cells, indicating that the mobility

of HA-MNK1 in serum-starved, unstimulated HelLa cells shift is a result of phosphorylation (Figure 6B).
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We next examined if MNK1 was activated in response
to extracellular stimuli. For this purpose, we measured
the protein kinase activity of immunoprecipitated MNK1

by an in-gel protein kinase assay (Kameshita and Fujisawa,
1989) using MBP as substrate, since immune complex

kinase assays using the MK-1 peptide or MBP gave a
rather high background. As shown in Figure 6C, HA-
MNK1 immunoprecipitated from unstimulated cells was
inactive for MBP phosphorylation. Treatment of cells with
TPA, anisomycin, UV-C, IL-B (Figure 6C), FCS, TNk

or NaCl (Figure 7C) caused increased MNK1 kinase
activity. TPA and anisomycin were relatively strong activ-
ators of MNK1, whereas the activation by osmotic shock
was very weak.

Recently, it has been established that various extracellu-

lar stimuli differentially activate distinct MAP kinase

pathways. For example, growth factors and phorbol esters

strongly activate the ERK MAP kinase through MEK
activation but do not cause a marked increase in JNK/
SAPK or p38 activity (Hibiet al, 1993; Deijard et al,
1994; Mindenet al, 1994; Raingeauct al, 1995). In
contrast, pro-inflammatory cytokines and various environ-
mental stresses specifically activate JINK/SAPK and p38
MAP kinases through activation of MKK3 or SEK1/
MKK4/INKK (Freshneyet al, 1994; Rouseet al., 1994;
Sanchezt al, 1994; Slusst al, 1994; Yanet al, 1994;
Dérijard et al,, 1995; Linet al, 1995; Raingeauet al,
1995). To clarify which of these MAP kinase pathways is
involved in the activation of MNK1 by individual stimuli,
we tested the effect of the specific MAP kinase pathway
inhibitors, PD098059 and SB202190, on MNKZ1 activation.
PD098059, which was identified originally as an inhibitor
of the unphosphorylated form of MEK1 and a constitu-
tively active mutant of MEK1 (Dudlet al., 1995), and
shown subsequently to inhibit the activation of MEK by
c-Raf or MEKK-1 but not the activation of MKK4 by
MEKK-1 (Alessiet al, 1995), can be utilized as a specific
in vivo inhibitor of MEK activation (Alessiet al., 1995).
SB202190 is one of a series of pyridinyl-imidazoles,
which specifically inhibit p38 MAP kinase botim vitro
andin vivo (Lee et al, 1994; Cuendaet al, 1995). As
shown in Figure 7A, pre-treatment of cells with PD098059
decreased the extent of the TPA- or FCS-induced mobility
shift of transiently expressed HA-MNKZ1, but had no effect
on the band shift caused by anisomycin, UV-C, TNF-
or IL-1B. In contrast, SB202190 inhibited the mobility
shift caused by various stimuli other than TPA. The FCS-
induced mobility shift, which was partially inhibited by
either PD098059 or SB202190, was strongly inhibited
when both inhibitors were combined.

To confirm these results in a physiological situation,
we also examined mobility shift of the endogenous MNK1
(Figure 7B). Both 52 and 51 kDa forms of endogenous
MNK1 showed mobility shifts upon stimulation of HeLa
cells with TPA, FCS, anisomycin, UV-C, TNé&-or IL-1p.

Novel MAP kinase-activated protein kinase
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Fig. 7. Effect of protein kinase inhibitors on MNK1 activation.

(A) Effect on the mobility shift of HA-MNK1 protein. HelLa cells

were transfected with the HA-MNK1 plasmid, serum starved and
treated with 30uM PD098059 (PD) for 30 min or with M

SB202190 (SB) for 60 min or with both inhibitors {f5). As a

control (=), cells were incubated with 0.1% DMSO, the solvent for the
inhibitors. Then, the pre-treated cells were left unstimulated (-) or
stimulated as indicated, and analyzed for the HA-MNKZ1 mobility shift
by immunoblotting as described in Figure 6A)(Mobility shift of
endogenous MNK1. Serum-starved Hela cells were pre-incubated
with the indicated inhibitor, and then stimulated as described in (A).
Endogenous MNK1 was immunoprecipitated and analyzed by
immunoblotting as described in Figure 5E)(In-gel kinase assay for
MNK?1 activity. HA-MNK1 protein was immunoprecipitated from the
cell lysates prepared in (A) and tested for MBP-phosphorylating
activity as described in Materials and methods.

activation of MNK1 by these stimuli, although which MAP

The effects of the inhibitors on each stimulation were kinase pathway predominates depends on the stimulus.
consistent with those observed in the transient expression Activation of the transiently expressed HA-MNK1, as
experiment, although PD098059 slightly inhibited the measured by the in-gel kinase assay, was also differentially
TNF-0- or IL-1B-induced band shift of the endogenous inhibited by these drugs in a manner well correlated with
MNK1. Combined addition of both inhibitors inhibited the band shift (Figure 7C). Thus, activation of HA-MNK1

the MNK1 mobility shift caused by TPA, FCS, TNir-or by TPA was inhibited by PD098059 but not by SB202190,
IL-13 almost completely (Figure 7B), suggesting that both whereas the FCS-induced activation was inhibited equally
ERK and p38 MAP kinase cascades are involved in the by either inhibitor. On the other hand, SB202190 strongly
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inhibited activation of MNK1 by anisomycin, UV-C,
TNF-a, IL-13 or osmotic shock, whereas PD098059 did
not. These results indicate that anisomycin, UV-C, TéNF-
IL-1p and osmotic shock activate MNK1 mainly through
the p38 MAP kinase pathway, whereas the activation of
MNK1 by TPA is mediated mainly by the MEK-ERK
pathway. The FCS-induced activation is likely to be
mediated by both pathways.

MNK1 is phosphorylated and activated by ERK and
p38 MAP kinases but not by JNK/SAPK

These results suggest that not only ERK but also p38 can
directly phosphorylate and activate MNK1. To confirm
this and to test whether INK/SAPK can also phosphorylate
and activate MNK1, we examined vitro phosphorylation
and activation of GST-MNK1 by purified ERK, JNK/
SAPK and p38 MAP kinases. As shown in Figure 8A,
p38 MAP kinase phosphorylated GST-MNHKf vitro
with efficiency similar to ATF2 (activating transcription
factor 2), one of the best substrates for p38 so far known
(Dérijard et al,, 1995; Raingeaudt al,, 1995). In contrast,
GST-MNK1 was not phosphorylated by JNK2 under the
conditions where c-Jun, Elk-1 and ATF2 were phosphoryl-
ated very well. GST-MNK1 was also not phosphorylated
by JNK1 (data not shown). Moreover, JNK2 did not
phosphorylate the MNK1 protein which had been cleaved
off from the GST portion by thrombin digestion (data not
shown). In accordance with the extent of phosphorylation,
GST-MNK1 protein kinase activity was increased upon
phosphorylation by p38 MAP kinase as well as by ERK1
(Figure 8B). SB202190 strongly inhibited phosphorylation
and activation of GST-MNK1 by p38, but not by ERK1,
which confirmed the specificity of the inhibitor and
excluded the possibility of contamination of ERKs in the
p38 preparation.

Discussion

Phosphorylation screening is practically useful for
identifying physiological substrates for protein

kinases

We have developed a novel method for identifying protein
kinase substrates. This technique, termed phosphorylatio
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Fig. 8. Specificity of phosphorylation and activation of GST-MNK1
by MAP kinases.A) Substrate specificity of the three MAP kinases
against GST-MNK1 in comparison with known substrate proteins.
Soluble GST fusion proteins (g) of c-Jun (residues 1-79), Elk-1
(307-428), ATF2 (1-253) and MNK1 were incubated with purified
ERK1 (2 ng) or INK2 (20 ng) or FLAG-tagged p38
immunoprecipitated from transfected Hela cells (from 0.2 ml of
lysate; see Materials and methods) in#%f p38 kinase buffer

[25 mM HEPES-NaOH (pH 7.4), 20 mi3-glycerophosphate, 20 mM
MgCl,, 2 mM DTT, 0.1 mM NaVO,] containing 25uM [y-32P]ATP
(10 Ci/mmol) for 60 min at 30°C. Incubations of GST-MNK1 with
each MAP kinase were performed in the presene8B) or absence
of 5 uM SB202190. After phosphorylation, GST fusion proteins

(2 ng) were resolved by SDS-PAGE and exposed to X-ray film for
2 h (ERK1 and JNK2) or 10 h (p38) at —70°C with an intensifying
screen. B) Activation of GST-MNK1 by MAP kinase vitro.
Soluble GST-MNK1 and GST-MNKZ1-KN proteins (21) were
incubated with purified ERK1 (2 ng), JNK2 (20 ng) or
immunoprecipitated FLAG-p38 (from 0.5 ml of cell lysate) in fDof
p38 kinase buffer containing 1Q@M unlabeled ATP at 30°C in the
presence {SB) or absence of fM SB202190. After 3 h, samples
were diluted with 1 ml of the kinase wash buffer and centrifuged to
remove the protein G—agarose resin used for the immunoprecipitation

Mot FLAG-tagged p38. Then, GST-MNK1 in the supernatant was

screening, requires a purified protein kinase and a phagérecovered by adding glutathione-agarose |{2fesin) and washed

cDNA expression library. For this purpose, we constructed
theAGEXS5 vector, which has several advantages; identified
cDNA clones can be subcloned rapidly as plasmids, and
then used to provide predicted N-terminal amino acid

three times with kinase wash buffer. GST-MNK1 protein kinase
activity was assayed using MK-1 peptide as described in Materials and
methods.

sequences of the cDNA inserts, and can also be used for system worked well in preliminary experiments, we did
expression and easy purification of GST fusion proteins not need to use this system for ERK, since ERK did not

for further characterization and antibody preparation. The give a high background with plaque proteins immobilized
other reason for using the GST expression vector was toon nitrocellulose filters. Another modification of this
reduce background phosphorylation noise which might method is likely to be effective for some protein kinases.
hamper identification of positive clones. Protein-based In this protocol, plaque filters are incubated with a protein
screening of a phage library, such as by South-western, kinase to allow it to bind recombinant substrates in the
West-western or immunoscreening, sometimes gives highabsence of ATP, and, after washing, the filters are incubated
backgrounds derived from endogenous phageE@oli in the presence ofyj3?P]ATP to allow phosphotransfer to
proteins. We designed theGEX5 system to use together occur. We have not tested this option yet, but this may
with glutathione-derivatized cellulose filters to immobilize reduce background signal derived from non-specific
recombinant proteins selectively onto the membrane, phosphorylation, and would be a way of identifying
which should, in principle, reduce background noise substrates that have a high affinity binding site, as is the
derived from the phosphorylation &.coli and/or phage  case for JNK and c-Jun (Hibét al, 1993; Kallunki
proteins. Although thaGEX5—glutathione—cellulose filter et al, 1994).
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In a screen for ERK1 MAP kinase substrates, we phorylated induciblyvivo upon TPA stimulation
isolated dozens of clones from a HeLa cDNA library, of (R.Fukunaga and T.Hunter, unpublished observations).
which seven clones turned out to encode structurally Thr344 in MNK1 corresponds to Thr334 of MAPKAP-
known proteins including two already characterized ERK K2, which is one of the sites phosphorylated by p38 MAP

substrates, p9t¥k2and c-Myc (Blenis, 1993; Davis, 1993). kinase and involved in its activation (Ben-letval,

This result clearly indicates that the phosphorylation 1995). These results suggest that the enzymatic activity
screening method is practically useful for identification of of these protein kinases is regulated by similar phospho-
physiological substrates for protein kinases. We have notrylation mechanisms. However, the existence of multiple
characterized other clones in detail, but some of them are mobility-shifted bands of MNK1 upon activation suggests
attractive candidates as physiological ERK substrdtes. that many phosphorylation sites may be involved in the
vivo phosphorylation analysis will be required to elucidate regulation of MNK1. With regard to the mechanism of
whether thes@n vitro substrates are actually physiological activation, it should be noted that MNK1 lacks an A-helix

ERK MAP kinase targets. motif to the C-terminal side of the catalytic domain, and

Phosphorylation screening has several advantages ovewas not activated by deletion of the C-terminal region
other methods for substrate identification. The method of (Figure 3C), unlike MAPKAP-K2 (Ehgé] 1995b).
determining a consensus sequence using a peptide library Bacterially produced GST-MNK1 was phosphorylated
is a powerful technique for identifying optimal substrate and activateditro by ERK1 MAP kinase, and the
peptides for a protein kinase (Songyagtgal, 1994) and phosphorylation resulted in multiple mobility-shifted
potential substrate proteins can be predicted by searching MNK1 bands on SDS—PAGE (Figure 3). A similar band
gene data banks. However, this method does not identify shift and enzymatic activation of GST-MNK1 was
substrate proteins directly, and proteins containing a observed in insect Sf9 cells only when the GST-MNK1
minimal consensus sequence for a certain protein kinasebaculovirus was co-infected together with baculoviruses
may not necessarily be good substrates because of tertiary encoding activators of the ERK pathway (Figure 4).
structure constraints (Kemp and Pearson, 1990). The two-Stimulation of HeLa cells with TPA or FCS resulted in
hybrid screening method overcomes this limitation and phosphorylation and activation of MNK1, both of which
can identify substrate proteins directly (Yaegal, 1992). were inhibited by the MEK inhibitor PD098059 (Figures
However, this system is prone to detecting artifactual 5-7). In addition, transient co-expression of MEKK-C,
interactions, and one may also identify recombinants that which is a constitutive activator of JNK/SAPK but can
bind to the bait protein kinase by interactions other also activate ERK when overexpressed, or a constitutively
than via an enzyme—substrate relationship (e.g. regulatoryactive mutant of MEK1 [MEK1(DE)] with HA-MNK1 in
proteins or subunits, anchoring proteins and modification Hela cells both caused a strong HA-MNK1 mobility shift,
enzymes). Moreover, the affinity of the protein—protein whereas the wild-type MEK1 did not (R.Fukunaga and
interaction between a protein kinase and its substrates T.Hunter, unpublished observations). These results clearly
may not necessarily be great enough to be detected byestablish that the protein kinase activity of MNK1 is
the two-hybrid system, since in principle a protein kinase regulétedivo by ERK MAP kinase. In addition to
can interact with a substrate in a ‘hit-and-run’ manner growth stimulation, however, MNK1 could also be activ-
via a short-lived intermediate complex. Phosphorylation ated by various environmental stresses such as anisomycin,
screening may circumvent these problems and identify UV-C and osmotic shock, and by pro-inflammatory cyto-
only substrate proteins for the protein kinase. Obviously, kines, such asoTadfe IL-18. Intriguingly, the activa-
however, proteins identified by this technique are only tion of MNK1 by these stimuli was strongly inhibited by
‘in vitro’ substrates until proved to be a physiological the p38 inhibitor SB202190, whereas no obvious effect
target byin vivo experiments. In conclusion, utilizing was shown by PD098059 (Figures 5-7). Moreover, MNK1
these methods in combination would help to identify was phosphorylated and actimatéc by p38 MAP
physiological targets for the variety of protein kinases.  kinase, but not by JNK/SAPK (Figure 8). These results

demonstrate that MNK1 is regulated not only by ERK but

MNKT1 is a novel class of MAP kinase-activated also by p38.

protein kinase regulated by multiple MAP kinase Activation of MNK1 through dual MAP kinase path-
pathways ways is a unique property of this MAPKAP kinase. §99

We identified a novel protein kinase, MNK1, as a substrate was reported to be activated by growth factors and phorbol
for ERK1. Human MNK1 is most similar to mammalian esters through the ERK pathway vivo (Blenis, 1993),

MAP kinase-activated protein kinases, §8§ MAPKAP- but is unlikely to be activated by the p38 pathway (Brunet

K2 and 3pK/MAPKAP-K3 (Figure 2B). TheC.elegans and Pouyssgur, 1996). MAPKAP-K2 was identified

R166.5 protein kinase has the highest similarity to MNK1 originally as a protein kinase that could be (re)activated
in the kinase domain but much less similarity in other by ERK MAP kinasein vitro (Stokoeet al, 1992), but

regions, suggesting they are not true homologs. In contrast, recent studies demonstrated that MAPKAP-K2 is activated

the mammalian protein kinases also show significant through the p38/RK pathway rather than the ERK pathway
similarity in their C-terminal regions, which seem to play in vivo (Freshneyet al, 1994; Rouseet al, 1994; Engel

an important role in phosphorylation and activation by etal, 1995a). The inability of ERK to activate MAPKAP-
MAP kinase (Figure 3C and Ben-Lewst al, 1995). We K2in vivo is likely to be due to the N-terminal domain
have not determined all the sites phosphorylated in MNK1 of MAPKAP-K2, which acts to suppress activating
by MAP kinasesn vitro or in vivo, but preliminary results phosphorylation by ERK but not by p38/RK (Ben-Levy
showed that Thr344 at least was one of the major siteset al, 1995). We did not observe any inhibitory effect of
phosphorylated by ERKin vitro and was the site phos- the N-terminal domain of MNK1 on its activity
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(Figure 3C), which may explain the different behavior of
the two protein kinases. Recently, 3pK/IMAPKAP-K3 has
been shown to be activated by all three MAP kinase
pathways (Ludwiget al, 1996). The physiological sig-
nificance of the activation of MNK1 by two out of the
three MAP kinase pathways is not clear. The transcription
factor Elk-1, which binds in conjunction with serum
response factor to the serum response element in thge c-
promoter to form a ternary transcriptional complex, can
be phosphorylated and activated stroniglywivo by JNK/
SAPK (Gille et al,, 1995b; Whitmarslet al., 1995; Zinck
et al,, 1995) as well as by ERK (Janknec#tt al., 1993;
Maraiset al, 1993) but is only weakly activated by p38
(Janknecht and Hunter, 1997), providing an example of
selective integration of MAP kinase pathways leading to
transcriptional activation. Likewise, MNK1 may integrate
multiple extracellular signals leading to a common target.
We have not identified the physiological target proteins
for MNK1 or its precise function in signaling downstream
of the ERK and p38 MAP kinases. It is reported that
p9*SK undergoes nuclear translocation following serum
stimulation, suggesting a potential function in phosphoryl-
ating transcription factors (Blenis, 1993; Zha al,
1995). Although a putative nuclear localization signal
sequence is found in MNK1 as well as in MAPKAP-K2
and 3pK/MAPKAP-K3 (Stokoeet al., 1993; Sithanandam
et al, 1996), it remains to be determined whether these
protein kinases translocate into the nucleus upon activating
stimulation. As a substrate for MNK1, we used a peptide
MK-1 which is known to be a good substrate for FS0
and MAPKAP-K2 (Stokoeet al,, 1993). However, th&,,
value of the MK-1 peptide for MNK1 (2.8 mM, data not
shown) was much higher than that for MAPKAP-K2 (12.7
UM) (Stokoeet al, 1993), suggesting that the substrate
specificity of these two protein kinases may be quite
different. Identification of substrate proteins and down-

stream pathways are necessary to elucidate the physiologi-

cal function of MNK1 (but see below). We note that
phosphorylation screening would be one means of doing
this. Another way of examining the roles of MNK1 in
signal transduction is to develop molecular probes such
as chemical inhibitors and mutant forms of MNK1. Identi-
fication of sites phosphorylated in MNK1 by MAP kinases
in vivo may allow construction of dominant-negative and/
or constitutively active mutants of MNKL1.

Independently, Waskiewicz and co-workers have identi-
fied two closely related mouse protein-Ser/Thr kinases by
yeast two-hybrid screening using ERK2 as a bait, one of
which has 93% amino acid identity to MNK1, and
is presumably the mouse homolog of human MNK1
(Waskiewiczet al, 1997). They have shown that mouse
Mnk1 and Mnk2 interact with ERK1 and ERK2 and with
p38, but not with JNK/SAPK, through a C-terminal
domain. Both Mnk1 and Mnk2 are substrates for ERK2
and p38, and Mnk1 is activated upon MAP kinase phospho-
rylation in vitro; Mnk1 is also activateth vivo by stimuli
that activate the ERK and p38 MAP kinases. These results
are largely consistent with our conclusions about the
in vivo andin vitro activation specificity of human MNK1
by MAP kinases. Waskiewicet al. (1997) have also
shown that Thrl197 and/or Thr202, which lie in the
activation loop, are required for activation of Mnk1. In
addition, they have identified the translational initiation
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factor elF-4E as a potential physiological substrate for
Mnk1/2; Mnk1 phosphorylates elF-4E at Ser209, an event
that enhances its affinity forctdye &ructure of mMRNAs.
In summary, we have developed a phosphorylation
screening method to identify protein kinase substrates and
have shown its utility in identifying substrates for the
ERK MAP kinases. With further refinement, it should be
possible to apply this technique to other protein kinases,
which can be purified in an active form, including protein-
tyrosine kinases and multisubunit protein kinases such as
cyclin/Cdks and receptor-type protein-Ser/Thr kinases.

Materials and methods

Production and purification of ERK1 MAP kinase

Active human ERK1 was produced in insect Sf9 cells as described
(Williams et al, 1993). Briefly, Sf9 cells were infected with three
recombinant baculoviruses encoding v-Ras, c-Raf-1 and ERK1 (Williams
et al, 1993) at multiplicities of infection of 3, 3 and 10, respectively,
and cultured for 60 h at 27°C. Cells were disrupted by Dounce
homogenization in a hypotonic buffer and the recombinant ERK1 was
purified by DE-52, phenyl-Sepharose, Mono Q and Superose 12 column
chromatographies

Construction of the AGEX5 phage vector and preparation of

a AGEX5 HelLa cDNA library

The GST expression plasmid, pGEX-KG (Guan and Dixon, 1991), was
modified by inserting a 0.42 kb stuffer sequence flanke&fiysites to
produce pGEX-Stuffer. Then, a region containing the stuffer and GST
gene was cloned into the 1.99 Rvul-Aatl fragment of pUC119. The
resulting plasmid, pGEX-PUC-3T, was linearized and inserted between
the EcoRl and Xba sites ofAgtll DNA (Young and Davis, 1983) using
aNot linker. The recombinant phag@GEX5) was recovered bin vitro
packaging reaction followed by plaque purification usihgoli BB4 as
host strain. Double-stranded cDNA was synthesized from HeLa poty(A)
RNA with oligo(dT) primer using a cDNA synthesis kit (Amersham) or
RNase H reverse transcriptase (SuperScript Il, Gibco BRL), and ligated
to an adaptor which consisted of-phosphorylated oligonucleotides,
PCCAGCACCTGCA and pAGGTGCTGG. The size-fractionated cDNA
(>0.8 kb) was ligated to th&fi-digestedA\GEX5 arms and packaged
nto bacteriophage\ particles. The cDNA library was amplified by
growth in E.coli BB4 on agar plates. To construkGEX-EIk-C, a 1 kb
Msd—Xba fragment from pGEX-EIk-C (Maraist al,, 1993), containing

the C-terminal part of GST and Elk-C, was cloned iMed- and Xba-
digested pGEX-PUC-3T. The resulting plasmid, which encoded the same
fusion protein as pGEX-EIk-C, was digested witotl and inserted
between the€ecaRl and Xbd sites ofAgtll DNA as described above.

Screening of a cDNA library by solid-phase phosphorylation

The HeLa cDNA library was plated oBE.coli BB4 strain at a density

of 1.5x10* plaques per 150 mm agar plate. After incubation for 3.5 h
at 37°C, the plates were overlaid with nitrocellulose membrane filters
(BA85, Schleicher & Schuell) that had been impregnated with 10 mM
isopropyl$-thiogalactopyranoside (IPTG). After incubation of the plates
at 37°C for another 6-10 h, the filters were peeled off and immersed in
blocking solution [20 mM Tris—HCI (pH 8.0), 150 mM NaCl, and 3%
BSA] and gently agitated at room temperature for 60 min. The filters
were washed three times for 20 min in TWB [Triton wash buffer; 20 mM
Tris—HCI (pH 7.5), 150 mM NaCl, 10 mM EDTA, 1 mM EGTA, 0.5%
Triton X-100, 1 mM dithiothreitol (DTT), and 0.2 mM phenylmethylsul-
fonyl fluoride (PMSF)] and rinsed for 10 min in MRB [MAPK reaction
buffer; 20 mM HEPES-NaOH (pH 7.5), 10 mM MgCB0puM NagVO,,

5 mM B-glycerophosphate, 5 mM NaF, 2 mM DTT, 0.1% Triton X-100].
Then, the filters were incubated for 60 min at room temperature in
MRB containing 25uM unlabeled ATP to mask proteins which have
autophosphorylating and/or ATP-binding activities. Following washing
for 10 min in the MRB without ATP, filters were incubated for 60 min
at room temperature with gentle shaking in MRB (2 ml of the solution
per 137 mm filter) containing 2BM unlabeled ATP, 1Ci/ml [y-32P]ATP

and 1ug/ml purified human ERKZ1. The filters were washed six times
for at least 5 min in MWB [MAPK wash buffer; 20 mM Tris—HCI
(pH 7.5), 150 mM NaCl, 10 mM EDTA, 1 mM EGTA, 20 mM NaF]
containing 0.1% Triton X-100, and then once for 10 min in MWB



without Triton X-100. The filters were air-dried and exposed to X-ray
films for 12-48 h at —70°C with intensifying screens. Positive clones
were plaque purified by secondary screening and the phage DNA was
prepared by the plate lysate method. The phage DNA was digested with
Notl and the cDNA-containing plasmid (pGEX-PUC-3T) was recovered
by self-ligation followed by transformation d.coli XL-1 Blue. Over-
night cultures (1.5 ml) of the transformed bacteria were used for
plasmid preparation and for purification of GST fusion protein after
IPTG induction.

Expression of GST-MNK?1 fusion proteins in bacteria and

insect cells

To express a GST-MNK1 fusion protein, 883871 site was introduced

to the 8 side of the initiation codon of MNK1 cDNA by PCR, which
was inserted into the pGEX-Stuffer plasmid. A kinase-inactive mutant
(GST-MNK1-KN) was constructed by mutating Lys78 (AAA) to Arg
(AGA) using the recombinant PCR method. One clone thus obtained
contained two additional mutations at GIn100 (CAG) and lle107 (ATT)
to Arg (CGG) and Thr (ACT), respectively. Since the GST-MNK1
mutant containing only the Lys78Arg single mutation was catalytically
as active as the wild-type protein after phosphorylation by ERK1, the
above mutant containing three mutations of Lys78Arg, GIn100Arg and
lle107Thr was used as a kinase-negative mutant (MNK1-KN). The N-
terminal deletion mutant, GST-MNK1(48-424), was constructed by
deleting the 0.16 kBs83871-BsrGl region of the GST-MNK1 construct.
The C-terminal deletion mutant, GST-MNK1(1-333), was constructed
by truncating the 3region from the uniquélcd site of the cDNA. The
wild-type and mutant GST-MNK1 proteins were producedErcoli
BL21 cells and purified as described (Guan and Dixon, 1991). To express
GST-MNK1 in insect cells, two baculovirus transfer plasmids were
constructed by ligating the 1.6 kBarmH| fragment of the pGEX-
MNK1 or pGEX-MNK1-KN to the BanHI-digested pAcG2T vector
(Pharmingen). Recombinant baculoviruses were produced by using
BaculoGold DNA (Pharmingen) according to the manufacturer’s
instructions.

Expression and activation of HA-tagged MINK1 in

mammalian cells

To construct mammalian expression plasmids for HA epitope-tagged
MNK1 protein, the MNK1 cDNA starting at the second codon (Val2)
was ligated to a DNA fragment encoding an HA epitope sequence
(MVYPYDVPDYASLVD) and inserted into theHindlll and BarHlI
sites of the pCMX vector (Umesoret al., 1991). For the expression of
the native form of MNK1, the whole S101-17 cDNA was inserted into
the EcoRV and BanHlI sites of the pCMX plasmid. HelLa cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% FCS. Cells grown on a 10 cm plate were transfected
with 20 pg of plasmid DNA by the calcium phosphate co-precipitation
method using Bes-buffered saline. At 32 h after transfection, the medium
was changed to 10 ml of DMEM with 0.5% calf serum and the cells
were serum starved for 16 h. Then the cells were stimulated with TPA
(100 nM, 15 min), FCS (20%, 15 min), anisomycin ({@6/ml, 15 min),
UV-C irradiation (40 J/rA, then incubated for 20 min), TN&-

(20 ng/ml, 30 min), IL-B (10 ng/ml, 15 min) or osmotic shock (0.7 M
NaCl, 30 min). For experiments with protein kinase inhibitors yl @f

30 mM PD098059 or 2 mM SB202190 in DMSO were added to the
medium (10 ml) of serum-starved cells and incubated for 30 or 60 min
respectively, before stimulation. After stimulation, the cells were washed
with ice-cold phosphate-buffered saline (PBS) and lysed in 1 ml of NLB
[NP-40 lysis buffer; 50 mM HEPES—-NaOH (pH 7.4), 150 mM NacCl,
1% NP-40, 10% glycerol, 1.5 mM Mggll mM EGTA, 20 mM NaF,

20 mM B-glycerophosphate, 0.5 mM DTT, 1 mM PMSF, 10 U/ml
aprotinin and 1Qug/ml leupeptin). The supernatant was recovered after
centrifugation for 20 min at 4°C.

Immunological procedures and phosphatase treatment

Anti-MNK1 antiserum was prepared by immunizing rabbits with the
C-terminal region of MNK1 protein (residues 284—-424) which had been
cleaved off with thrombin from GST-MNK1(284-424) produced in
E.coli. Anti-MNK1 antibody was affinity purified on a glutathione—
agarose resin which had been covalently coupled to GST-MNK1(284—
424) protein. Immunoblotting was performed with anti-MNK1 antiserum
(5000-fold dilution) or anti-HA epitope monoclonal antibody (12CA5),
and horseradish peroxidase-conjugated protein A or anti-mouse immuno-
globulin antibody, respectively, using the ECL detection system
(Amersham or Pierce). For immunoprecipitation, cell lysates (1.2 mg of
protein) were incubated f® h at 4°Cwith 20 pl of protein A—agarose

Novel MAP kinase-activated protein kinase

beads, which had been bound to the affinity-purified anti-MNKZ1 antibody.

Then, the resin was washed once with NLB (1 ml), twice with>0.5
NLB containing 1 M NaCl, once with NLB and once with 20 mM

HEPES-NaOH (pH 7.4). For the phosphatase treatment, the immunopre-

cipitated HA-MNKZ1 froml %0 cell lysate was washed with 50 mM
Tris—HCI (pH 7.5) containing 20 m\B-mercaptoethanol and incubated

with bacterial alkaline phosphataseP{@rmacia) fol h at37°C.
After the treatment, HA-MNK1 samples were resolved on 10% SDS-
PAGE and detected by immunoblotting using 12CA5 antibody.

Protein kinase assays for MINK1

GST—MNK1 protein (1qug) bound to glutathione—agarose was incubated
with 0.6 pg of ERK1 in 150pul of the ERK kinase buffer [20 mM
HEPES-NaOH (pH 7.4), 10 mM Mggand 1 mM DTT] in the presence

of 0.4 mM ATP at 30°C for the indicated time. After phosphorylation,
the beads were washed three times with kinase wash buffer [50 mM
Tris—HCI (pH 7.5), 150 mM NaCl, 10 mM EDTA, 1 mM EGTA and
10% glycerol] and then once with the ERK kinase buffer supplemented
with 20 mM B-glycerophosphate. The assays were initiated by adding
kinase buffer containing 50M [y-3?P]JATP (2 Ci/mmol) and 1.5 mM
substrate peptide (MK-1 peptide; NHKKLNRTLSVA-COOH; Stokoe

et al, 1993). For the assay using MBP as a substrate for GST-MNK1,
5 mg of MBP (Sigma) was first phosphorylated with 1& of ERK1 in

the ERK kinase buffer containing 1 mM unlabeled ATP to obtain
stoichiometric phosphorylation at the ERK phosphorylation site(s). The
ERK-phosphorylated MBP was purified from ERK1 and ATP by DE-
52 and Mono S column chromatography and used as a substrate for
GST-MNK1 produced by Sf9 cells. For the in-gel kinase assay, HA-
MNK1 protein was immunoprecipitated from transfected HelLa cell
lysate (600ug protein) with affinity-purified anti-MNK1 antibody and
separated on SDS-PAGE whose resolving gel had been polymerized
with 0.3 mg/ml of unmodified MBP. The in-gel kinase assays were
carried out as described (Kameshita and Fujisawa, 1989).

Preparation of JNK and p38 MAP kinases

Purified human JNK1 and JNK2 (Bird et al, 1994; Kallunkiet al,

1994) produced in Sf9 cells were provided by Dr Helen Brady (Signal
Pharmaceuticals). Active p38 MAP kinase was produced by transient
transfection of HelLa cells with FLAG-tagged p38 cDNA'(ijard et al.,

1995) followed by osmotic shock with 0.7 M NacCl for 30 min. FLAG-
tagged p38 MAP kinase was immunoprecipitated with M2 monoclonal
antibody bound to protein G—agarose, washed extensively and used for
in vitro phosphorylation of GST fusion proteins.
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