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Mitogen-activated protein kinases (MAP kinases) are a group of closely related enzymes implicated in signal transduction pathways. We report

the molecular cloning of four human proteins (p407“*, p41"#, pagmert and p63”+*) with high homology to members of the MAP kinase family.

Sequence analysis demonstrated that p44™™ and p63"* were the proc:icts of distincl genes. However, the p40"#* and p41"* were found to be

related, and are likely 1o result from alternative processing of transcripis from a single gene. The heterogeneous expression of these human MAP
kinase isoforms in different tissues may reflect the diversity of signal transduction pathways in difTerentiated cells.

Signal transduction; Molecular cloning

1. INTRODUCTION

Mitogen-activated protein kinases (MAP kinases)
form a family of protein kinases that are activated by
numerous extracellular stimuli in many cell types [1--7].
Members of this family of kinases have been implicated
in a wide variety of cellular processes, MAP kinases are
activated during the M phase of the meiotic cycle [6,8,9]
and during mitogenic stimulation of quiescent cells
[7.8,10]. It has been shown that MAP kinases can induce
reorganization of microtubules in vitro [11], and also
may modulate Myc- [12] and Jun- [13] mediated activa-
tion of gene expression. Thus, MAP kinases appear to
hiave a fundamental role in multiple cellular processes
that may share common signal transduction events [14].

It is believed that MAP kinases play a critical role in
a protein kinase cascade pathway of signal transduction
[10,15-18]. It has been suggested that MAP kinases rep-
resent ‘switch’ kinases that can transduce a tyrosine
protein kinase activity into a serine/threonine protein
kinase pathway [19-21]). This is because some MAP
kinase isoforms are activated by phosphorylation on
tyrosine and threonine [3,9,19-25]. However, the molec-
ular mechanism of MAP kinase activation is unclear. It
has been proposed that autophosphorylation plays a
role in MAP kinase activation [23-25]. A MAP kinase
activator has been identified and partially purified
[16,23], and a kinase that phosphorylates MAP kinases
may play a role in activation [17]. It is therefore possible
that different cell types use related activation pathways
in vivo to regulate and control MAP kinase activity [26].
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The primary structure of peptide substrates recog-
nized by members of this family of kinases has been
examined [27,28] and the consensus for peptide sub-
strate phosphorylation has been defined as Pro-Xaa,-
Ser/Thr-Pro (where Xaa is a neutral or basic amino acid
and »n = | or 2). Several proteins have been identified
as substrates of MAP kinases. These include: microtu-
bule-associated protein 2 [1,2), myelin basic protein [29],
an S6 kinase [10,15,30), the epidermal growth factor
receptor [7,31,32], the Mye and Jun proteins [12,13,33],
and the kinase itself [21,23-25]. It has been proposed
that MAP kinases have *dual’ specificity because they
phosphorylate both serine/threonine and tyrosine resi-
dues [23-25], However, it should be noted that the pro-
tein tyrosine kinase activity of MAP kinases has been
documented only in autophosphorylation experiments,
and evidence for the tyrosine phosphorylation of ex-
ogenous substrates has not been obtained [23-25].

Several MAP kinase cDNAs have been isolated from
rat [4,22), Xenopus [8,34] and mouse [35). Here we re-
port the molecular cloning of four MAP-related protein
kinases thal are differentially expressed in human tis-
sues. The heterogeneous expression of these MAP ki-
nase isoforms suggests that signal transduction path-
ways in different tissues may be mediated by specific
isoforms of these kinases.

2. EXPERIMENTAL

2.1, Isofation and sequence analysis of p40™ P, pg2™Pk pggmeek and
poe3™™ cDNAs

The oligonucleotide pairs §’-CAGTACATCGGCGAGGGC-3
(s5ense)/5=-ATTGGAGGGCTTCAGGTC-3' (antisense) and 5'-TA-
CACCAAATCCATTGAC-3'  (sense)/5-TGTCTCTTGGAAGAT-
CAG-3 (antisense) were used to amplify the sequences encomyassing
nucleotides 100-478 and 628-1,069, respectively, from the ERKI
cDNA using the polymerase chain reaction (PCR) and a rat brain
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c¢DNA library (Stralagene Inc.) as template. PCR was performed
using the GeneAmp kit (Perkin Elmer Cetus) with 35 cycles of ampli-
fication: denaluration at 94°C, 45 s; primer annealing at 55°C, 90 s;
primer extension at 72°C, 20s, The amplified products were subeloned
into the Sial site of pUCI18 and sequenced 1o confirm their identity
[4).

Plagues (2,000,000) from a Hela cDNA library constructed in
AZAP 11 vector were screened with the ERK1 probes according to the
manufaclurer's recommendations (Stratagene Inc.), After hybridiza-
tion the library filters were washed under low siringency conditions
(2 x SSC (15 mM sodium citrate, pH 7.0, 0.15 M NaCl), 0.1% SDS,
1 mM EDTA, 60°C). The phage were plaque-purified and the cDNAs
were subcloned into the pBluescript 1I plasmid (Stratagene Inc.).
DNA sequenice analysis was performed using the dideoxynucleotide
chain termination method using the Sequenase version 2.0 kit (US
Biochemical Corp.) and oligonucleotide primers (Oligos Etc., Wilson-
ville, OR). Nested deletions to facilitate sequence analysis were made
using exonuclease IIT and mung beun nuclease (Stratagene Inc.).

2,2, Northern blot analysis

The probes used for the Northern blot analysis were as follows: two
probes were prepared from sequences present in both p4l”™r* and
p40™*; (i) a 672 bp EcoRI fragment corresponding to nucleotides
787-1458 of p41"* and 701-1,372 of p40"**; and (ii) a 558 bp Sacll-
EcoRlI fragment corresponding to nucleotides 229-786 of p41”™™* and
143-700 of pd0™r*, A specific probe for p41™™ was prepared as a 229
bp EcoRI-Sacll fragment corresponding to nucleotides 1-228. A spe-
cific probe for p40™#™ was prepared as a 143 bp EcoRI-Sacll fragment
corresponding to nucleotides 1-143, For p44”“*, the oligonucleotides
5*-GAGGTGGAGATGGTG-3 (sense) and 5-TCCCGGAGCGT-
GCGC-3 (antisense) were used for PCR amplification of nuclcotides
7-191 of the p4d" ¢cDNA. For p63", the oligonucleotides 5’
AGCGAGGTACAGCGC-Y (sense) and 5-GGCTGGCGTGCT-
CTG-3 (antisense) were used for PCR amplification of nucleotides
1,673-2058 of the p63"* ¢cDNA.

A: pa1™r*

CAGETCTTCAGCTETEEC TEGCGTCTTELTTCCTCTCCELATOAGECTCCOCEGET GCACCEACEECEOOCAGTCT CCOCCCACOGECEACANGACCTEAGECECCGCCECCGAGEGTCGACCTCAGCGLGGCOEAGGCGECE0CEGLCCCGCAGECAAL

ATG GCG GCC 0CG GCQ GCG GCG GGC GCG GGC CCG GAG ATG GTC CGC GGG CAG
Mot Ala Ala Ala Ala Ala Ala Gly Ala Cly Pre Glu Mat val Arg Gly Qin

(23]
val
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Northern blots were performed using 2 ug of poly(A)" mRNA
isolated from different human tissues and cultured HeLa cells, frac-
tionaled by denaturing agarose gel electrophoresis and transferred
onto 4 nylon membrane (Clontech, #7760-1 and #6522-2). The blots
were hybridized with each probe in § x SSPE (10 mM NaH,PO,, pH
7.4,0.15 M NaCl, 1 mM EDTA), 10 x Denhardt’s solution, 100 ug/ml
salmon sperm DNA, 50% formamide, 2% sodium dodecyl sulfate at
42°C, After hybridization the blots were washed in 2 x SSC, 0.05%
sodium dodecyl sulfate, 1 mM EDTA at room temperature and au-
toradiographed.

2.3. Radioactive labeling of DNA probes
DNA probes were labeled by random priming using the Multiprime
DNA Labzlling System and [&-*P]dCTP (Amersham).

2.4, Nucleotide sequence accession number

The sequences of pd17e*, pd("r* pdd™» and p63™ reported here
will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence
Databases under the accession numbers Z11694, 211695, Z11696 and
X59727, respectively.

3. RESULTS

3.1. Molecular cloning of four human enzymes related to
MAP kinases

Two probes based on the rat ERK/ cDNA [4] were
used to screen a human HeLa ¢cDNA library (cloned in
AZAP 1I vector) at low stringency (see section 2). Mul-
tiple hybridizing cDNA clones were initially identified
(18 phages). Upon secondary screening and further
characterization of the clones it was found that 13 con-
tained cDNAs encoding four different proteins that are
homologous to other members of the MAP kinase fam-
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TCT CTT CCA CAC
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AMA AAT PAG GTG CCA TGG AAC AGG £TG TTC CCA
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CAG GCT CTG GCC
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CAC CCA TAT CTG GAG CAG TAT TAC GAL CCG AGT
His Pre Tis Leu Giu Gln T¥Yr Tyr Asp Pro Ser

CTA ATT TTT GAA
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GAG ACT 68T ACA TTC CAGC CCA SGA TAC AGA TCT
Glu Thr Ala Arg Phe Giln Pro Gly Tyr Arg Ser

TGUACGTACT

GACATCGGTOTTCTTCTTCCCAGTTCTTOACK

TTPTATGETTTCAMGAATTTCTTCAGTCCAGAGAATTCCTCCT

TGTGTCTGT

TCATCCTSTC TCCALL:

TETTCCCTTATCCGCTTTOACTCCT T T A

STTTCTGCTAGTTGTGOC

7786/

CCCATIGGTGACCTECOOCACTAT CTACTTCACTECACCT IAC TECT TACTATTIGCTT TAGTCAC TANTTGCTTTCTGET TTGANMGATGLAGT GG

TTCCTCCCTETCCTGAM TECT TTTCTACATGATGCCCTAC TGACCATECAGECECACCAGAGAGAGAT TCTTCCCCART TGGETCTAGTCACTGGCATCTCACTTTATGATAGGO AAGGETAC TACCTACGGCACT I TAACTCAC TCACACCCCETTAT

STCCACTTCACCTITTGACCATARCTCTTTCCECAGRGCAGGAGCT IGT GGAMATACCTTGGCTGATGTTGCAGCCTGCAGCAAGTGCITECGTET

TCCTT

GCACTTOTCCACCTCTTTTCICATATCATGGTACTCACTAACATATA

TAGETATATCLTATTAGCCCACCTTRTAGAARATECACT CAT? T TS TAAAPARRANAGCARCTAC TCLACCCACCAG TG TCACTC TCTAC T TACTCTCE T CACT TETACCATATASAGG TG TAACACTTGTCAACAAGCG TTATCTGCACTACTTAA
TGTTTGTARNGACT TACARRANAAGNTTTAMGTGGCAGRT TCACTCGACAT TTGGTGAGAGAAGTACAMGET TACAG TS TAAGCT GTEECCEE T TTCTGGE AT S TCC CAGSE TARAAC TECACATECTECTCCATATACCCCCTIGAGCTACITCA
AATGTSGTTTATACCTCGCAGATACAACAATC TTTATGAA TATACAAT PET TT 3 TECTTCTACAGE T TACC TCCCTCT T TTCAACCACGAACATT TAAAACCEGACC TACTAGCACTG TTC TG TCCTCARGTAC
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Fig. 1A, Nucleotide sequence of pa1" ¢DNA and its deduced protein sequence. An in-frame termination codon in the sequence 5 to the initiation
codon is underlined. The termination codon for the kinase transcript is represented by three asterisks (***). Protein sequence sub-domains conserved
in protein kinases [37] are double-underlined. The major open reading frame present in this cDNA encodes a predicted protein kinase with a
calculated molecular weight of 41 kDa. GIn®' is circled (see section 3 for details). The autophosphorylation site proposed to be required for kinase

aclivation (TEY) is boxed [21,23-25].
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B: p40™P*
[ p TGCCTTCTSGT ECTCANTTCAT CTAGCAL TC AGCCRCACLCCTASATTC cucaee, 'GG‘)‘CTTCATCTCTCGACCTCG&,.

GGOCCCAGAS

ATC GTC COC GGG CAG CTC TTC GAC GIC GGG €S0 €GC TAC ACC AAC C7TC TCG TAQ ATC GGC GAG GGC GCC TAC GGC ATG GTG 70C TCT GCT TAT GAT AAT GTC AAC AAA GTT CGA GTA GCT
Met Val Arg Gly Gln Val Bhe Asp Val Gly Pro Arg Tyr Thr Asm Lou Ser Tyr lla clz giu c'.! Ala Tyr Gl¥ Met val Cys Sar Ala Tyr Asp Asn val ARsn Lys Val Arg Val Ala
]

ATC MG AM ATC AGC CCC TTT GAG CAC GAG AGC TAC TGC CAG AGA ACC CTGC ACG GAG ATA AAA ATC TTA CTG CGC TTC AGA CAT GAG AAC ATC ATT GGA ATC AAT GAG ATT
Ils Lye LZ‘ Ila Ser Pre Phe Glu His Gla IRr Tyr Cys Gln Arg Thr Leu Arg % Ile lys Ile Leu lau Arg Phe Arg His Glu Asn Ila Ila Gily Ile Aen Asp Ile

CCA ACC ATC CAG CAA ATG AAA GAT GTA TAT ATA GTA GAO GAC CTC ATG GAA ACA GAT CTT TAC AAG CTC TTG MAG ACA CAA CAC CTC AGC AAT GAC CAT ATC TGC TAT TTT CTC TAC CAG

Pro TRr Ile Glu Clin Mat Lys App % Tyr Ile val Gln Asp Leu Met Glu Thr Asp Leu Tyrz Lys Lau Lou Lys Thr Gln Eis Leu Sar Asn Asp His Ilea Cys Tyr Pha Leu T¥r Gin

ATC CTC NGA GGG TTA ARL TAT ATC CAT TCA GCT AAC GTT £TG CAC GGT CAC CTC AAG CCT TCC AAC CTG CTC COTC AAC ACC ACC TGT GAT CTC ANG ATC TGT CAC 17T GGC TG 6CC COT
Ile Lau Arg Gly Leu Lys Tyr 1lae His Ser Ala Asn Val lLeu His l\:g Asp Lau L!n Pro Sepr Ash Leu Lau LOu Asn Thr Thr Cys Aap Leu Lys lle Cys Asp Phe Gly lLou Ala Arg

GTT GCA GAT CCA GAC GAT GAT CAC ACA Gad T7C €TG ACA OAA _TAT GTG GEC ACA CET TCE TAC ACG GCT CCA GAA ATT ATG TTC AAT TCC AAG GGC TAT ACC AAG T€C ATT GAT AT? 7T6C
val Ala Asp Pro Asp Ais NSp M8 Thr Gly Phe Luu [thr Glu Tyr|val Ala =nr Arg Trp Tys Arg Ala Pre Glu Ile Met Leu Asn Ser Lys Gly Tyr Thr Lys Ser Ile Amp lle Tep

TCT GTA 8GC TCC ATT CTC GCA GMA ATG €77 TCT AAC AGG CCC ATC TTT CCA CCC AAG CAT TAT CTT GAC CAG CTC AAC CAC ATT TTG GGT ATT CTT GGA TCC CCA TCA CAA GAA GAC CTC
Sor val Gly Cys Ilo Lou Nld Glu Met Lou Sor Asn Arg Pro Ile Pho Pro Gly lys His 7yr Lou Asp &ln leu Asn His lle Leu Gly lle teu 6Ly Ser Pro Ser Gin Glu Asp leu
—_——

AAT TGT ATA ATA AAT TTA ARA GOT ACGGC RAC TAT TTG CTT TCT CTT CCA CAC AAA AAT AAG GTG CCA TGG AAC AGG CTG TTC CCA MAT GCT GAC TCC AAM GCT CTG CAC TTA 7TG GAC AAA
Asn Cys Ila Ila Asn Lou Lyz Ala Arg Asn Tyr Leu leu Ser Leu Pro His Lys Asn Lya Val Pro Trp Ash Arg lLou Phe Pro A4n Ala AMp Sor lys Ala Leu ASp lLou % Amp Lya

RTIC TTG ACA TTC AAC CCA CAC AAG AGG ATT CAA GTA GAA CAG GCT CTG GCC CAC CCA TAT €TG GAG CAGC TAT TAC GAC CCG AGT GAC GAG CCC ATC GCC GAA GCA CLA TTC ARG TTC GAC
Met Lau Thr Phe Asn Pro His lys Azg Ile Glu Val Glu Gln Ala Leu Ala Hia Pro Tye lau Glu Gin Tyr Tyr Asp Pre 5sr Asp Glu Fro Ile Ala Ciu Ala Pro Pho Lys Pha Asp
ATG GAA TTG GAT GAC TI6 CCT AAG GAA ARG CTC AAA GAA CTA ATI TTIT GAA GAG ACT GCT AGA 7TS CAG CCA GGA TAC ACA TCT TAA ATTTGTCAGCACAALGGCTCAGACGACTGGACGTGETCAGACA
Mat Clu Lou Aap Asp leu Pre Lys Glu Lys Leu Lys Glu twu Ile Phe Glu Glu Thr Ala Arg Bhe Gln Pro Gly Tyr Arg Ser sse

dCCCTaTICTTCTTCCCAGT TCT TGACCCETGLT ZCTGTCTCCA! AT GCo T TATCCGE T TR OACTECTTTGAGCEGTTT ] TP TCTGATAGT TETGGCTITTATGCTTTCANAGAAT I TCTTCAGTCCACAGAATTCETCLT OGS
ACQCCTGTGTGTCTCACCIATTCATCACCTGCLGCAGTATGTACTTCAGTGCACCT TACTGCTTACTGITGC T TYAGTCASTAATTGCTTTCTGG T TRAAAGATGCAGTGGTTCCTCCUCTCCTCGAATCCTTTTCTACAT GATGCCCTGCTCACCAT
COAGCOCOACCACAGACACATICTICCCCARTTGCCTCTAGICACTGECATCICACT P TATCATAGGCANGGETACTACCTAGCECACTTTAAGT CAGTSACAGECOCT TATTTGLACTTCACCT I TTCGACCATAACTCT TT CCCCAGAGCAGGAGETT
CTGCAAATACCTTCGCTGATATT STGCAGCAASTGCTTCCGTCTCCGAAATCCTT AGCACTTGTCCACGT CITTTCTCATATCATE STAST CACTAACATATATAAGGTATCTGCTATTGGCCCAGSTTT TACAAAATGLACTCATTTTT
CTAAATAAARAAGGAAGTACTGCACCCAGEAGTGTCACTCTUTAGT TACTG TGS TCACT TETACCATATAGAGGTGTAACACTTGTCANGAAGCE TTATGTGCASTACTTAATGTTTGTARGACT TACAARAAARGATTTAAACTGGCAGE TTCACTCG
ACATTTCOTSACAGRAGTACARAGE T TG CACTECTGACCT GTGGCCEG T TTCTGUGCATGTCCCAGCCTGGAACTCCACAIGETLSTGCATATACGCCCTTCAGCTACT TCARATGTGGT TTATACCTCOGRAGATACAAGAATCT TTATGAATATACAN
TTCTITTICCT I CTACACST T AGCTCCG TCT T TTCAACCACSANCAT T TAARACCCGASCTACTAGCACTC T ICTETCO T AACTACTCAARTAT TTETGATACTGCTCAGTCAGACTETCAGARRAACE T AGCAC TAACTC CTCTTTGOACETETATC
CATATTTIACTGATCTCTTTARG TAT T TAT TCR TG L aACT GG T ACTETUGAG T TGACTCGETETTCTGTCCCAGTGCEETGCCTCOTSTTGALT TCCCCACTCCTCTCTGTGCTGAGAAATTTGCCTIGTTCAATAATTACTGTACCCCTCACATGAC
TGTTACACCTTTCTCTGCACACATCACT CTCCAAGTCCCACATGCCTACGAT, GAARTGAAAACTCTATTUTTACCTC T GAGTTGTG T TCCACGGAMMAT G TATCCAGCAGATCAT TTAGGARANATAATTCTATTTTTAGC I T TTCATTTETEAGET
O T T I I T TC T T I GAT T I TCACA CGAATECACAATGGCTTATATANACACTGCCTOC TAT TCACAGAAATGCAT TTCTAAT T CATCAAAATAAATGTACAT C TS CTATCTTCAAARAAAAARRAAAAAAAA
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Fig. 1B. Nucleotide sequence of p40"* ¢DNA and its deduced protein sequence. An in-frame termination coden in the sequence 5 Lo the initiation
codon is underlined. The termination codon llor the kinase transcript is represented by three asterisks (***), Protein sequence sub-domains conserved
in protein kinases [37] are double-underlined. The major open reading frame present in this cDNA encodes a predicted protein kinase with a
calculated molecular weight of 40 kDa. Arg™ is circled (see section 3 for details). The autophosphorylation site (TEY) is boxed. A poly-adenylation

sequence (AATAAA) in the 3' untranslated region is underlined.

ily. These kinases were designated pd1”«*, paQmerk, positive clones, we discovered that 7 had an open read-
pdd™k and p63"* (Fig. 1). ing frame encoding a 41 kDa protein with homology to
MAP kinases. This kinase was named p41”* (Fig. 1A).

3.2, p40™F% and p4I™P% are highly related protein ki- Comparison of the sequence of p41"* with other mem-
nases bers of the MAP kinase family (Table I) indicated that
After examination of the sequence of cDNAs from 13 a high degree of homology exists between p41"* and

C: paa™**

€CG GGG CAG GTC GAG ATG CTG AAG GGG CAG CCG T7C GAC GTG GCC Ccu CGC TAC ACG CAG TTG CAG TAC ATC GGC GAG GGC GCG TAC GGC ATG GTC AGC TCG GCC TAT GAC CAC GTG €GC
Pro 81y Clu Val Glu Mot Val Lys Cly &ln Pro Pha Atp Val Cly Prs Arg Tyr Thr Gir Leu Cln Tyr lla alz Glu ::1! Ala ’l‘!z Glz Mar val Sar Sar Ala Tyr Agp His Val Arg

MG ACT CGC GTG GCC ATC AAG ARG ATC AGC CCC TTC GAA CAT CAG ACC TAC TGC CAG CGC ACG CTC CGG GAG ATC CAG ATE CTG CTG CGC TTC CGC CAT GAG AAT GTC ATC GGC ATC CGA
Lys Thr Arg val Nla_lla '!u Lya Ile Sar Pre Pre Glu liie Gla The Ty¢r Cys Gln Arg The Lou Arg Glu Ilu Gln Ile Lou Leu Argy Phe Arg Hip Giu Asn va! Ile Gly Ile Arg

GAC ATT CTG CGG GCG TCC ALC CTG GAR GCC ATG AGA GAT GTC TAC ATT GTG CAG GAC CTG ATG GAG ACT GNC C€TG 7TAC AAG TTG CTG AAA RGC GAZ CAG CTG AGC AAT GAC CAT ATC TGC
Asp Ila Leu Arg Ala Sor The Leu Glu Ala Mat Arg Acp vVal Tyr Ila Val Gin Asp Leu Met Glu Thr Rsp Lou Tyr Lys Leu Leu Lys 5ar Gln Gln Leu Sar Asp Asp His Ile Cys

TAC TTC C€TC TAC CAG ATC €TG CGG GGC CTC AAG TAG ATC CAC TCC GCC AAC GTG CTC CAG CLA GAT CTA AAG CCC TGC AAC CTG CTC ATC AAC ACC ACE TGC GAC €T AAG ATT 7GT GAT
Tyr Phe Lou Tyr Gln Ile Lou Arg Gly Lau lys Tyr Ile Mis Sur Ala Asn val Leu His Arg Ang Zeu L!ﬂ Pro Sor Asn Leu Lau Ile Asn Thr Thr Cys Asp Leu Lys Ile Czu Ang

TTE GGC €76 GEC C6C ATT GCC GAT CCT GAC CAT GAC CAC ACC G%C TTC CTG ACC GAC TAT GTG GET AGC CEC TGG TAC CGG &CC CCA GAG ATC ATG CTG ARC TLC AAG GGC TAT ACC AMG
Pha m; leu Ala Arg Ile Aln Asp Pro Glu His Asp His Thr Gly Pna leu Val Ala The Arg Trg 'r!r Arg Ala Pro Gilu Ile Mat Leu Aen Ber Lys Gly Tyr Thr Lys

TEC ATC GA” ATC TGG TCT GTG 6CC TGC ATT £TG GCT GAC ATG CTE TC‘L‘ AAC CEG CCC ATC TTC CET COC AANG CAC TAC OTG GAT CAG CTC ANC CAC ATT €TC GBC A5C L7C CGC TCG CCA
Bar Ile Aug 1le "E sor Val c;! C!n 1lo 1oy Ala Giuy Met leu Ser Asn Arg Pro fle Phe Pro Gly Lys His Tyr Lau Aap Gin Lau Asan His Ilo Louw Gly Ile Leu Gly B8er Pro

TCC CAC GAG GAC CTG AAT TOGT ATC ATC AAC ATC AAG CCC CGA AAC TAC CTA CAG TCT CTG €CC TCC AAGC ACC AAG GTO CCT TGC GCC ARG CTT TTC CCE AAG TCA GAC TCC AAM GCC CTT
Ser Gln Glu Asp Lou Asn Cys Ile Ilo Asn Mat Lya Ala Arg Aen Tyr leu Gin Ser teu Pro Ser Lys Thr Lys Val Ala Trp Ala Lym Leu Phe Pro Lys Sor Asp Sar Lys Ala Leu

GAC CTG CTG GAC CGC ATG TTA ACC TTT AARC CCC AAT RAA CGG ATC ACA GTG GAG GHLA GCG CTG GCT CAC CCC TAC CTG GAG CAG "AC TAT GAC €GN ACG GAT GQAG CCA Q%G GCC GAG GAG
Asp Leu & Asp Arg Yet Teu Thr Bhe Asn Pro Aan Lvg Arg Ile Thr Val Blu Giu Alad Lou Ala His Pre Ty¥r Lou Glu Gln Tys Tyr ASp Pro TRr Asp Glu Pro Val Ala Glu Glu

€CC TTC ACC TTC GOC ATG GAG CTG GAT GAC CTA CCT AAG GAG CGG CTG AAG GAG CTC ATE TTC CAG GAG ACA GQA CGC TTC CAG CCL GOA GTG CTG CAG GCC CCC TAG CCCAGACAGACATCT
Pro Pha Tnr PRo Ala Mot Glu Lau ABp Asp lou Pro lys Glu Arg Lau lys Glu Leu Ila Phe Gln ©lu Thr Als Arg Pre Gln Prs Gly Val Leu Glu Ala Fro s

CTGCACCCTEOCECETRAACCTOCCTECTGECTGCOCCTCTRCCGECAGACTGTTAGANAATCGACACTGTGCCCAGCCCGRACET Z0GCAGCECAGACEEGEGTGGAGCAYSRECET CACCTCTCTCCT TTAERGAGECCTCCAGETT ]
GLCAACGCCANGGECTTCTCCTCCCCALECGCCCTCOCCACE
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Fig. 1C. Nucleotide sequence of pdd™* ¢cDNA and its deduced proiein sequence, Tn=frame (eninination codons in the sequence 5 to the initiation
codon is underlined. Termination codon for the kinase transcripls is represented by three asierisks (***). Protein sequence sub-domains conserved
in protein kinases [37] are double-underlined. The major open reading rame present in this cDNA encodes a predicled protein kinase with an
estimated molecular weight of 44 kDa. The autophosphorylation site (TEY) is boxed. Similar to the cDNA isolated [or ERKI [4] this cDNA is

not full-length and is truncated at the 5’ end.
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CCTCTRTGCTGC T TGGEET TRGCACAACACS TGAAGGATCCGAGGACGCOAGACSAATGTCCATT TCTTAAACTGCCT TALRTAACTAGCCT T TAACETGTCCOAGEG LT T TCAACTGGACCCTCCCTTAGCGGTGACTCATT TCTACGAAAGGGAGAL
CACATGT CTCCACAGLGAAGAACCS T TAGACACCAGTCTGCOGCCAC TGO TGCAGATL GGAGAATCICCAGAGGTAGCTCGAAACCATCTGCCCAACTACCCTCAACTGACAGCTCAGCAAACCAATTAGCCACAGAGCCACAGACACTCCCTTAACA
TCACAGGETTAGTG T GAGGACCAGE T TCAAATCCLAGTETCETEGCCACCAGECAGGETCTCTCACCATAGAATSTCTTCCTCTACTOSGOTCGTTETGOCTTTTTCTTAGAAMCTTGGTCTCAGATCTICTTCCCCTATCCATTACCATTCGATGTIC
TTITTGTTCAGAGEAATGTITETTGTATTCTCAAAG TECAAACTOAACCAGT TTECETITCTCCTACTCACCAAGCATACT T TECTGGCTCCCCAAGTACT TARATCT TCTCATCTGTCGCACCCCTGTATI TGCCTCACCCCTGCATESTCCGAMTET
TCCTTTCAGSTCAGAACAGCCTGOECTC TG TLGGTAMATCAGCSCTTCTCCCAGSCCTGTGEACACACCCCCTCAGCACTCLCTATACACT T TCCTGACACCSARAGACACAGEELTCTTTCCCCACTOGGCUTCCTACCCCAGTOAGETTGAAGSCA
CCAATTCCAAGAATCCEICCANCC I CECTCECALSASTCCCCCTTCACCCCACACLCGGECCECCCACCCTAACCACAGCECCTCTCCAGACCTACCTCGGACCAAATETTCTCTACATCAACTGCTCATI TCCASGACAGCAGTCALGTCCTCCCATA
CAGEAAATGTCTTAGCAGAGAAGCT T TCACATGGCACCCAACATCCT TCATCAATACTTICETCACT T TOATECATCCATTTACCCT TCACARACAGCAGACCCTACAGAGATGTGTT GGAGAGCACGTCOT GACCTTCCGGGECANGGAATCCAGAAAGS
TAGGAAGATATGMANGAGAGITCTCAACAGCAAGGCETCTTAGGEGTCAGICACCASCATGSAGACCTCATGACAAAGCAGLGAC TCAAAGCAGCAATGCCCETCATAGTGTAGGC TARGGTGASTT T0GTGCATCCAAACTGTGTGTCACCCACACA
CCATCLCETANTCSTGTCTAGACACACCCCTC TECAGAASEGTGEGGTOEGGACACTEACAGCCCTATCTGLTCECAGGACATTCTACCATT T CTCCCACTGSTGTTCAGETCCTTCTCTTCCECCARCACTCCCAMACATACCEACAGAAGTCCAGTE
AGTTICCHGOTAGAGATCCACCATIGET T TECGC TCEGTTCACCCTCACASCACALGCCTTAAATCTRATCAGCAMCTATAATTTET CGTTAAACCTGTAACACATTAGAAACTT ATATTTAAMAACASAAT TAACTCACATCACCARSTT I TAAAT
GOAAAATATCTAM TACGAAGTCT T TEEGT T T TCT ITTTTCTTTAAGAARAAGAAATS TACACCACTCCTEATCTGCCATT TICTCCTCAGAGGGTGC TTACTTTTTGATAAAGAACARGCTGETGCC T TGACTAGGAGT Y CATATATANCTGTTATTA
CAGNGGAATTGTTATAACTACTAATGTTTTTAAAAAATTTATTAANCATTATTAAACTTGATCAGGTCASGCCARATAAAS TTTTATIGGAAC
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Fig. 1D. Nucleotide sequence of p63"“* ¢cDNA and its deduced protein sequence. An in-frame termination codon in the sequence 5’ to the initiation
codon is underlined. The termination codon for the kinase transcripts is represented by three asterisks. Protein sequence sub-domains conserved
in protein kinases [37] are double-underlined. The major open reading frame present in this cDNA encodes 4 predicted protein kinase with a
calculaied molecular weight of 63 kDa. The protein kinase p63"* contains the sequence SEG (boxed) in place of the TEY autophosphorylation
molif present in other members of the MAP kinase fumily. An in-frame stop codon (TGA) is located 90 bp 5 of the predicted ATG translational
initiation codon. Within the long 5° uniranslated region there are an additional six potentjal translational initiation codons. These ATG codons
are not located in a favorable contexl for initigtion [36] and correspond to short open reading frames. The significance of the multiple ATG codons

in the 5 region of the sequence is discussed in the text.

the mouse mitogen activated kinase, pp42/MAP [35],
the rat extracellular signal-regulated kinase 2, ERK2
[22] and the Xenopus M phase MAP kinase, Xp42/
MPKI1 [8,34].

A second group of clones (2 phages) contain a cDNA
with an open reading frame encoding a protein with a
predicted molecular weight of 40 kDa. This enzyme was
named pd0”#* (Fig. 1B). The protein kinases p4l™r
and p40"“* share a high degree of homology, namely
96.9% identical (Tab]e [). In fact these two kinases differ
only at their amino-termini and a singis amino acid in
the kinase domain, The divergent secuences in the 5’
region of these cDNAs are illustrated in Fig. 2. The
amino acid residues 13-360 of pd41"+* are identical to

amino acid residues 1-348 of p40”“* with the exception
that GIn® in p41”#* is replaced with Arg (residue 79)
in p40”*, The cDNA encoding p40"“* has a putative
polyadenylation signal (AATAAA) and a poly-A tail at
the 3’ end (Fig. 1B).

In order to distinguish the mRNAs encoding p41™*
and p40™* from each other, we performed Northern
blot analysis of poly(A)" mRNA from HeLa cells (Fig.
3). Probes from regions of identity between p41™“* and
p40™r* (namely, nucleotides 229-786 and 787-1458 of
pm""’f‘) hybridized with threc mRNAs of 8.5, 3.3 and
2.2 kb. In addition, a small (< 1.0 kb) transcript hybrid-
ized with one of the probes (nucleotides 787-1458 of
p41mak), A DNA probe that is specific for p40™* (nu-
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Fig. 2. Comparison of the 5’ region of p40”“* and p41”*, The region of near identity of these two sequences corresponds to nucleotides 200-2,351
for p4l™r* and 113-2,264 for p40™r*, The divergent 5’ region of these cDNAs is illustrated. Identity sequences are illustrated by vertical lines, An
in-frame stop codon p40™* is boxed.

cleotides 1-228) hybridized with the 5.5 kb mRNA (Fig.
3). In contrast a probe specific for p42"“* (nucleotides
1-143) hybridized with two mRNAs of 5.5 and 2.2 kb
(Fig. 3). Therefore, it is likely that the mRNA for
pa1m™#* is a 5.5 kb transcript, while p40”™* may be
expressed from two transcripts of different sizes (2.2
and 5.5 kb).

The 5"-untranslated region of p40"*"* has a high de-
gree of homology with human acidic ribosomal
phosphoprotein P1 (~ 0.5 kb mRNA) [44]. Thus a small
abundant transcript (<« 1.0 kb) hybridized with the
p40”* probe (nucleotides 1-143). This small transcript
did not hybridize with any of the other MAP kinase
probes, An actin probe hybridized to a 2.0 kb transcript
(Fig. 3), indicating that the mRNA preparation used for
this analysis was not degraded.

3.3, p44™™% protein kinase

An additional set of clones (2 phages) contain a
¢DNA encoding a protein kinase. This kinase was
named pdd”* (Fig. 1C) because of its high degree of
homology (98.3%) with a MAP-related protein kinase
with molecular weight of 44 kDa, rat extracellular sig-
nal-regulated kinase 1, ERK1 [4] (see Table I). Similar
to the isolated ERK1 ¢cDNA [4] the cDNAs identified
for p44"“* were truncated at the 5 end (Fig. 1C). The
protein kinase p44"“** is closely related to p41”** and
p407* (84.7 and 85.9% identity, respectively; see Table
i).

3.4, p63™% protein kinase

A fourth class of cDNA was found in 2 phages. This
type of cDNA contains an open reading frame encoding
a 63 kDa protein (named p63™#*, Fig. 1D) with homol-
ogy (54.6% identity) to the rat extracellular signhal-regu-
lated kinase 3, ERK3 [22]. An in-frame stop codon was
found 5 of the predicted translational initiation codon;
however, an additional six ATG codons are located
within the long 5 untranslated region. These potential
initiation codons (corresponding to short open reading
frames) do not conform to the consensus sequence for
translational initiation codons [36).

A significant similarity between p63"%* and ERK3 is
the substitution of the Ala-Pro-Glu motif in the con-
served kinase sub-domain VIii [37] with the sequence
Ser-Pro-Arg. However, although p63"“* is most closely
related to ERK3 careful examination of an alignment
of the sequences of these iwo kinases (Fig. 4) reveals

174

that the highest homology is present within the pre-
dicted kinase domain (71.8% identity) while the COOH-
terminal region is markedly different (only 26.8% iden-
tity). The overall identity between p63”“* and ERK3 is
54.6%. The protein kinase p63"“* is also homologous
to the other rat MAP-related kinases ERK1 (41.4%
identity) and ERK2 (41.6% identity), the mouse mito-
gen activated protein kinase pp42/MAP (41.1% iden-
tity) and the Xewopus M phase MAP kinase Xpd2/
MPKI1 (41.0% identity). Other members of the MAP
kinase family (KSS1 and FUS3 [38,39], CDK2 [40-42]
and human CDC2 protein kinase [43]) are less closely
related to p63"“™* (see Table I).

3.5, Tissue distribution of MAP-related protein kinases

Northern blot analysis with a probe that recognizes
both p41"“* and p40"“* revealed that there are at least
three mRNAs (2.8, 4.6 and 5.5 kb) present in human
tissues that could encode for these kinases (Fig. 5A).
The multiplicity of mRNAs hybridizing to the p40/
41"t probe suggests that these represent very closely
related transcripts. There is heterogeneity in the tissue
distribution of the three mRNAs that hybridized to the
p40/41™7* probe, The largest transcript (5.5 kb) was
expressed at highest levels in brain and at high levels in
heart and lung, but was not detected in pancreas. The
4.6 kb transcript was most abundant in skeletal muscle,
heart muscle and liver. The smallest transcript (2.8 kb)
was most abundant in skeletal muscle, heart muscle and
brain. This pattern of expression may be indicative of
specialized tissue-specific signal transduction pathways
that utilize different isoforms of this highly related sub-
class of MAP kinases.

In contrast to the multiple mRNAs that hybridized
to the p40/41™* probe it was observed that only a
single major transcript was detected by Northern analy-
sis using probes for pd4™#* and p63"“*, The p4d™w
probe identified a 2,2 kb mRNA that was expressed at
high levels in lung tissue (Fig. 5B). The p63"“* probe
identified a 5.5 kb mRNA that was very abundant in
heart and brain tissues (Fig. 5C).

Examination of the Northern blot hybridization pat-
terns revealed that heart, brain and lung tissues ex-
pressed transcripts for the four human MAP kinases.
However, in conirast to heart muscle, skeletal muscle
only expressed significant levels of transcripts for
p40"“Pkj4 1m0k and pdd"“r*, Similarly, placenta, liver and
kidney tissues expressed transcripts for p40™mrk/p4 |k
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p4 1 p40 actin Comparison between pél1m™#*, p4d™, pdd™*, p63™# and related
kinases
N
s & \b‘{’% S Percent identity
v o 3 »
VO &8 >
AN N 8 QO p41mupk p40"mﬁk p44mupk p63mupk
(1-360) (1-348) (1-355) (1-341)
a1 mank 100.0
9.5 — — — pa 2wt 96.9 100.0

75 - J— — padn 84.7 85.9 100.0
» P63k 39.2 379 41.6 1000
4.4 - -_— O - ppd2/MAP 98.6 96.8 86.0 al.i
iy ERKI1 84 .4 822 98.3 41.4
24 - —_— — ERK2 98.3 96.8 86.0 a6
1.4 - - _ ERK3 414 4038 449 7.7
: Xp42/MPK1 95,0 922 85.1 41.0
A 3 - KSS1 494 51.4 489 349
Fig. 3. Identification of mRNAs encoding p41"“* and p40™* in HeLa FUS3 489 51.1 50.0 30.5
cells. Northern blots containing 2 ug of poly(A)” mRNA isolated from CDK2 316 35.6 36.2 29.6
HeLa cells were hybridized with probes for p4174%, p40™#* and actin, hCDC2 289 333 312 26.4

The probes used are indicated in parentheses as nucleotide numbers,

Nucleotides 229-786 of p41”%* correspond to 143-700 of pd0"k,

nucleotides 787-1,458 of p41”™* correspond to nucleotides 701-1,372
of pa0™r, RNA size markers (in kb) are shown to the left.

and p44"*, On the other hand, pancreas expressed
only low levels of a transcript that hybridized to the
p40/p4 1"k probe and did not express detectable levels
of pad” or p63"* mRNAsS.

Northern blot hybridization with an actin probe re-
vealed that the mRNA preparations were not degraded
(Fig. 5D). A ~2.0 kb mRNA was detected in all tissues.
An additional actin mRNA (~1.8 kb) was detected in
heart and skeletal muscle samples [45]. The pancreas
showed the lowest levels of MAP-kinase mRNAs be-
cause a substantial fraction of the total mRNA isolated
from this tissue encodes two small transcripts, proin-
sulin and a-amylase.

4. DISCUSSION

This study describes the sequences of four human

Percentage of amtino acid identity between the prolein kinase se-
quences was calculated from computer-generated alignments
(MacVector Computer Analysis Software, International Biotechnolo-
gies Inc., New Haven, CT). Alignments were made over the residues
indicated in parentheses, The protein kinases used in these alignments
arfe: mouse mitogen activated protein kinase, ppA2/MAP [35]; rat ex-
tracellular signal-regulated kinase 1, ERKI1 [4]; rat extraceliuiar sig-
nal-regulaled kinase 2, ERK2 [22); rat extracellular signal-regulated
kinase 3, ERK3 [22]: Xenopus M phase MAP kinase, XpA2/MPK1
[8.34]; S. cerevisiae serine/threonine kinases mediating yeast responses
to pheromones, KSS1 and FUS3 {38,39]; human cell division kinase
2, CDK?2 [40-42]; and human CDC2 protein kinase, hCDC2 [43].

kinases with homology to the MAP family of protein
kinases. The existence of a larger family of MAP kinases
is supported by the multiplicity of transcripts that spe-
cifically hybridized to human MAP kinase probes dur-
ing Northern analysis (Fig. 5). It is therefore likely that
there may be additional MAP kinase-related enzymes
in human tissues than the four described here. Indeed
the existence of an extended family of MAP kinase
isoforms has previously been proposed by Boulton et al.
[22].

Identity

pesm‘"" MAEKGDCIASVYGYDLGGRFVDFQPLGFGVNGLVLSAVDSRACRKVAVKK IALSDARSMKHALREIXI IRRLOHDNIVKVYEVLGPKOTDL~=~0CELFKFSVAY IVOEYMETOLA 113

ERK3 ""FESW:H'F"'S'\’M'LK"‘C'G""F“"NDCDKR"I"'V'T'PQ'V“"'""""""""1"1"“S‘SO"IDDV‘E‘TELNSV"“"""" 116
Imllupk RLLEQGTLAREHAKLIMYQLLRGLRY IHSANVLHRDLKPANIF ISTEDLVLKIGDFGLAR IVDOUY SHRGYLSEGLYTKW Y RSP RLLLSPNNY TRAIDMWANGC L LAEMLTGRMLF 229 Kinase Domaln
ERK3 NVIlllplLllllR.-Iltla'lllllllllAl.llllllIL.-Nllll..INIIIIIIIIMIPI-Il.l-lllllllIllllllllllllIllllll!lll.llrllllllmll 23 71'8%
peamdpk AGANELEQMOLILETIPV IREEDKDELLRVMPSFVSSTH-EVKRPLRKLLPEVNSEAIDFLEK I LTFNPMDRLTAEMGLOHPYMSEP YSCPEDEDPT SOHPFRIEDE IDD IVLMAANG 344
ERKE3 RRRRARRARARARNSRAAVHARNARQNAASNTAYY IRNDMT ADHK AR [QA A ACISRAALARRANMAARSARRARRRATAASR ANl #aFaTaenT s5ena}{rnnayansaapETH a4
poe3 Mmspk SQLSKWDTCESRYPVSLS SOLEWRPDRCQDASEVQRDPRCFGALA=~EDVQVDPRKDS IS SSERFLE==noQSHESMER= = AP ~r= = EADY ~me==GRECDYKVGSPSYLDILLHR 443
ERK3 SHIY*AE=rmmt AEDCQF *EHDAPIHNNE 4 IDA a2t Lo 2 a7 T SDVIDEAE# A naaaayLBEORAKY #sDPAFDTSY 4N PCHOYPDHHANKACDLECSHT RN a TR xan 0 aaY s Qa59

COOH-Terminus

pa3 mapk DNKPHHYSEPKLILDLSHHKQARGAP PTATGLADTGARED EFASLF LEIAQWVKSTQCAQS TP ARPETTP SAACLPRPBP PGP GCRRROPPVRIGRVHLPRPEALKQARGPAGD 557 26
BRE3  EDEVNtayrssanlesa)ssEOSKOREBKRAKSKCERNGLVXRR*RRKRPSSHLRGRGAKALTLMS SSQAPFSSVASVSLLT 543

Fig. 4. Comparison of the protein sequence of p63"* with ERK3, Sequence alignment was computer-generaied (MacYector Computer Analysis

Sofiware, International Biotechnologies Inc., New Haven, CT) and visually optimized. Asterisks indicate identity (o the ERK3 sequence; dashes

indicate spaces introduced to optimize sequence alignment. Percent identities for the kinase domain (residues 1-341 in p63™“*) and COOH-terminal
domain (residues 342-557 in p63™*) are presented, The overall sequence identily between p63™* and ERK3 is 54.6%.
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4.1. p40™* and p4 1™ differ only at their NH »termini
and a single amino acid in the kinase domain

Careful examination of the sequences of the p41"*
cDNA and the p40"** cDNA reveals that the nucleo-
tide sequences are very similar (Fig. 1). In fact nucleo-
tides 200-2351 in the p41”“"* ¢cDNA are identical to
nucleotides 113-2264 of the p40"** ¢DNA except for
a single nucleotide replacement. The region of identity
between the two sequences includes most of the open
reading frame and all of the 3’ un-translated region of
the p41”“* cDNA (this cDNA does not contain a poly-
A tail). In contrast, the 5 region of these cDNAs are
different. This results in distinct initiation codons and
NH,-termini of the two protein kinases (Fig. 2). It is
possible that the divergent 5’ sequences of these two
¢DNAs are the result of alternative splicing of two dif-
ferent exons corresponding to the 5" untranslated region
and the NH,-terminus to a common set of 3’ exons.
Previously, this form of alternative expression of
isoforms has been described for the c-ab/ protein tyro-
sine kinase [46). The c-ab/ gene has alternative promot-
ers with 5’ exons that are spliced onto common 3’ exons
to give rise to two different enzymes, type I and IV
kinases that differ only at their NH\-terminal region
[46]. Another example is represented by the human p70
S6 kinase [47). The cDNA of two forms of the p70 S6
kinase have been isolated that encode divergent 5 re-
gions with alternative potential initiation codons while
most of the open reading frame of the two cDNAs is
identical [47].

In addition to the divergent NH,-termini of p4l"*
and p40"*, there is an additional single nucleotide
change that replaces Glu®' (in p41"“*) with Arg (residue
79 in p40™#*), This difference could either be: (i) evi-
dence for additional alternative splicing or editing of a
single RNA transeript; (ii) evidence for the presence of
a family of related genes that separately encode p41"*
and p40™¥*; (iii) caused by a sequence difference in two
expressed alleles of the same gene in HeLa cells; or (iv)
a cloning artifact. The elucidation of the true genetic
relationship between p41"“* and pd40"* must await
genomic cloning of these kinases.

4.2, p63™*k is g novel member of the M AP kinase family

pal"ek and pd0"“* have a high degree of homology
with rat ERK2 [22], mouse pp42/MAP {35] and Xenopus
Xp42/MPK 1 [8,34] (see Table I). It is likely that these
enzymes are phylogenetic homologs from different spe-
cies. The protein kinase p44™* is highly related to
ERKI1 and these enzymes may therefore also represent
phylogenetic homologs. However, although the protein
kinase p63"“* is most closely related to ERK3, there is
only a 54.6% overall identity between these two en-
zymes (Fig. 4). Because of the relatively low level of
identity it is possible that p63"* and ERK3 are related
enzymes that belong to a sub-family, but may not be
true phylogenetic homelegs.
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The enzymes p63"“"* and ERK3 share a unique fea-
ture in that they contain the sequence Ser-Pro-Arg in
substitution for the Ala-Pro-Glu motif present in the
conserved protein kinase sub-domain VIII [37]. In a
recent comparison of 154 eukaryotic protein kinases
[48] all but one contained a Glu residue within the APE
motif (the S. cerevisiee PHOB8S protein kinase has a
conservative substitution of the Glu with Asp). The
replacement of Glu with Arg in p63"“* and ERK3 is
therefore a distinctive non-conservative change within
the protein kinase sub-domain VIII. In contrast, the
replacement of Ala in the APE motif with Ser has been
found in several other protein kinases [48].

p63" and ERK3 differ from most MAP kinases in
that the autophosphorylation motif Thr-Glu-Tyr, pro-
posed to be involved in kinase activation, is substituted
by Ser-Glu-Gly (see Figs. 1D and 4). This observation
raises important mechanistic questions about the physi-
ological regulation of this sub-family of MAP kinases.
Investigations of the possible involvement of the SEG
sequence in the activation of p63"“* and the examina-
tion of alternative regulatory mechanisms of kinase ac-
tivation are warranted.

The presence of multiple potential initiation codons
in the 5 region of the p63™* open reading frame is
intriguing. These upstream ATG codons may reflect an
intron-containing mRNA [49]. On the other hand, this
‘ATG-burdened’ 5" region may impair translation of the
p63"* mRNA in ectopic tissues thereby providing ad-
ditional regulatory control on the expression of this
gene {49].

4.3, Tissue distribution of human MAP kinases

Different isoforms of MAP kinases may play diverse
roles in signal transduction pathways in different tis-
sues. Our experiments show that the distribution and
relative abundance of MAP kinase transcripts are not
uniform in hurnan tissues (Fig. 5). Thus, the p63"“
mRNA is more abundant in heart muscle and brain
than in any other human tissue tested. On the other
hand, the p44"“* mRNA is expressed at high levels in
lung tissue, which is rich in fibroblasts, epithelial and
endothelial cells,

It is interesting that the three major transcripts (2.8,
4.6 and 5.5 kb) that hybridize to the pd0"«k/p4jmark
probe do not display the same pattern of expression in
all human tissues investigated. Brain, placenta, lung and
kidney tissues express a high level of the largest tran-
script. Heart and skeletal muscle contain all three tran-
scripts, while liver is richer in the 4.6 kb transcript. The
multiplicity of transcripts hybridizing to the p40™"’/
p4l1™#* probe may represent: (i) a subfamily of very
closely related genes; (ii) alternatively spliced forms of
a single transcript, or (iii) expression of transcripts cre-
ated from different promoters spliced onto common 3’
exons.

The discrete pattern of expression of human MAP
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Fig. 5. Distinct pallerns of expression of pd0”2%*, pd17r¢ pa4drt and p63r* in human tissues, A Northern blot coniaining 2 ug of poly(A)" mRNA

isolated from difTerent human tissues (He, heart muscle; Br, brain: Pl, plucenta; Lu, lung; Li, liver; Sk, skeletal muscle; Ki, kidney; Pa, pancreas)

was hybridized with probes [or (A) p40™* /[p4 1™ (nucleotides 787-1,458 of p417 that correspond 1o nucleotides 701-1,372 of p40"+); (B) p44™*
(nucleotides 7-191); (C) p63"“* (nucleotides 1,673-2,058); und (D) actin. RNA size markers (in kb) are shown to the left of each panel.

kinase mRNAs suggests that different isoforms may
play tissue-specific roles. Thus MAP kinases have been
implicated in the M phase of the meiotic cycle [6.8.9],
in the G-to-G, progression ol quiescent cells [7,8,10],
and may play a role in the differentiation of PC-12 cells
[50,51}, Human tissues are physiologically regulated by
a variety of extracellular factors that may employ a
diversity of signal transduction pathways. It is possible
that different isoforms of MAP kinases are expressed
depending on the signal transduction needs of the differ-
eniiated cells present in cach tissuc.
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