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An Insulin-Stimulated Protein Kinase Similar to 
Yeast Kinases Involved in Cell Cycle Control 

A protein kinase characterized by its ability to phosphorylate microtubule-associated 
protein-2 (MAPZ), is thought to be an early intermediate in an insulin-stimulated 
phosphorylation cascade and in a variety of other mammalian cell responses to 
extracellular signals. A complementary DNA that encodes this protein serine-threo- 
nine kinase has been cloned, and the protein designated extracellular signal-regulated 
kinase 1 (ERKl). ERKl has striking similarity to two protein kinases, KSSl and 
FUS3, from yeast. The yeast kinases function in an antagonistic manner to regulate the 
cell cycle in response to mating factors. Thus, ERKl and the two yeast kinases 
constitute a family of evolutionarily conserved enzymes involved in regulating the 
response of eukaryotic cells to extracellular signals. 

I NSULIN AND SEVERAL OTHER EXTRA- 

cellular cues initiate signal transduction 
by activating a tyrosine kinase either 

intrinsic to or associated with their specific 
receptors. These activated kinases then trig- 
ger phosphorylation cascades consisting of 
protein serine-threonine kinases, few of 
which have been identified. MAP2 kinase is 
rapidly stimulated in response to insulin (1- 
4), and is one of the few serine-threonine 
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protein kinases known to be phosphorylated 
on tyrosine residues in vivo (2). It can 
phosphorylate an insulin-sensitive ribosomal 
protein S6 kinase in vitro causing an in- 
crease in its activity (5, 6). Thus, the MAP2 
kinase may be an early intermediate regulat- 
ing insulin-dependent protein kinase cas- 
cades and may be a direct substrate of the 
tyrosine kinase of the insulin receptor. The 
finding that phosphorylation on threonine 
as well as tyrosine residues is required for 
MAP2 kinase activity (7, 8) suggests that 
it is regulated by multiple phosphorylations. 
Other kinases poised at critical steps in 
phosphorylation cascades, such as Raf (9) 
and cdc2+ (lo), also display this 
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signals that promote cellular proliferation 
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MAP2 kinase may be equivalent to pp42 
(If) ,  a protein whose phosphotyrosine con- 
tent increases after exposure to growth fac- 
tors and transformation by viruses (12). 
MAP2 kinase activity is also stimulated in 
post-mitotic adrenal chromaffin cells in re- 
sponse to signals that induce catecholamine 
secretion (13), and in PC12 cells in response 
to nerve growth factor-induced neuronal 
differentiation (14). Thus, MAP2 kinase is 
likely to be involved in many different signal 
transduction pathways in a wide variety of 
cell types. 

Purified MAP2 kinase consists of one 
major band with a molecular size of 43,000 
daltons (8). After tryptic cleavage of this 
band, amino acid sequences of seven pep- 
tides were obtained (15). Although none of 
the peptide sequences are in the GenBank 
database, consensus sequences characteristic 
of serine-threonine protein kinases (16), 
GEGAYG (part of the nucleotide binding 
site) and DLKPSN, were found (17). A 
series of degenerate oligonucleotides corre- 
sponding to different regions of the amino 
acid sequence were used for polymerase 
chain reactions (PCR) (18). Complementary 
DNA templates prepared from Rat 1 fibro- 
blasts and oligonucleotides corresponding 
to segments of the peptides that contain the 
conserved GEGAYG and DLKPSN se- 
quences were used in a PCR and yielded an 
amplified DNA fragment of an expected 
size. Based on similarities to other protein 
kinases, we assumed that of the two se- 
quences GEGAYG is closer to the NH2- 
terminus of the protein; the two sequences 
are separated by about 120 amino acids in 
most protein kinases. PCR with the degen- 
erate oligonucleotide encoding the amino 
acids QYIGEG (5'-TTCTAGAATTC CA- 
(A,G) TA(C,T) AT(A,T,C) GG(A,T,C,G) 
GA(A,G) GG-3') and the degenerate oligo- 
nucleotide corresponding to the noncoding 
strand for the amino acids DLKPSN (5'- 
'ITCTCGAGTCGAC (A,G)?T (A,T,C,G)- 
GA (A,T,C,G)GG (C,T)TT (A,T,C,G)- 
A(A,G) (A,G)TC-3') yielded an amplified 
product of -360 base pairs (bp). The PCR 
product was sequenced to confirm that it 
encoded part of a novel protein kinase, and 
used as a probe to screen a rat brain cDNA 
library (19). A single clone, which hybrid- 
ized at high stringency, was isolated and 
contained a 1.9-kb cDNA insert. 

A probe made from the cDNA insert 
identified a 1.9-kb transcript by Northern 
(RNA) blot analysis, indicating that our 
cDNA clone contains an insert that is a 
nearly hll-length transcript. The ERKl 
transcript was detectable in all tissues and 
cell lines examined (Fig. 2). The highest 
concentrations (three to six times higher) 
are in the central nervous system (brain and 
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spinal cord). The transcript was detectable 
in Rat 1 fibroblasts and PC12 cell lines, 
both of which express acutely regulated 
MAP2 kinase activity. 

The cDNA insert has a single long open 
reading frame that encodes at least a protein 
of 367 residues with a molecular size of 
42,038 daltons. It contains the primary se- 
quence of seven of the tryptic peptides iso- 
lated from the insulin-stimulated MAP2 ki- 
nase. In addition, the exact sequences of two 
additional peptides from a mixed sequence 
were found in the translated cDNA. To- 
gether these tryptic peptides (Fig. 1) con- 
sisted of 115 residues all of which are in 
accord with the translated cDNA, account- 
ing for more than 27% of the putative 
translation product. The exact correspon- 
dence between the extensive tryptic peptide 
sequence and the predicted translation prod- 
uct provides substantial evidence that the 
cDNA described herein encodes the insulin- 
stimulated MAP2 kinase. Because of its 
mode of regulation, we have named the 
protein encoded by this cDNA extracellular 
signal-regulated kinase 1 (ERKl). 

ERKl contains the 15 nearly invariant 
residues noted in protein kinases as well as 
similarity with all of the defined subdomains 
(16). In addition, ERKl contains residues 
characteristic of serine-threonine protein ki- 
nases. A comparison with other protein 
kinases reveals striking similarities between 
ERKl and two yeast kinases (Fig. 3), KSSl 
(20) and FUS3 (21), which mediate the 
yeast response to pheromones (see below). 
ERKl is 51% identical to KSSl and 52% 
identical to FUS3 over their shared lengths. 
KSSl and FUSS display about the same 
degree of similarity (54% identical) to each 
other as they do to ERK1; they are all less 
closely related to other kinases than they are 
to each other. The sigdicance of the simi- 
larity is suggested by previous observations 
that mammalian kinases may contain no 
more than 50 to 65% identity with their 
yeast homologs (22). ERKl, KSSl, and 
FUS3 share their next most impressive simi- 
larities with the CDC28/cdc2+ subfamily of 
kinases. ERKl is -38% identical to human 
CDC2+ kinase over their shared lengths; 
KSSl is -40% identical and FUS3 is -35% 
identical to the yeast CDC28/cdc2+ kinases. 
However, the three lack the VPSTAIR se- 
quence found in subdomain I11 of all 
CDC28 functional homologs. Furthermore, 
the three also share COOH-terminal exten- 
sions not found on CDC28/cdc2+. Unlike 
FUS3 and KSS1, ERKl contains a signifi- 
cant NH2-terminal extension of at least 67 
amino acids. 

ERKl also differs from its yeast homo- 
logs at the COOH-terminus and between 
the DFG and APE motifs of subdomains 

VII and VIII, which contain inserts of dif- yeast kinases, have been implicated in deter- 
ferent lengths with phosphorylatable resi- mining functional characteristics of individ- 
dues (Thr-186 and Thr-190 in ERKl). ual kinases. In a number of kinases, the 
Both regions, poorly conserved between the segment between subdomains VII and VIII 

Glu Pro Arg Glv Val V.Ir~ro Yallpro 

1 GAG CCC AGG GGA ACT GCT GGG GTC GTC CCG GTG GTC CCC GGG GAG GTG GAG GTG GTG 

Val Gly Pro Aalg ly G1n l ~ ~ l l  Gln 
58 AAG GGG CAG CCA TTC GAC GTG GGC CCA CGC TAC ACG CAG CTG CAG TAC ATC GGC GAG GGC GCG TAC GGC ATG GTC AGC TCA 

I\la Avrg Lys Thr Arg Val Ala Ile Lys Lys Ile ser Pro Phe Glu His Gln Thr Tyr Cys Gln Arg Thr 
139 GCA TAT GAC CAC GTG CGC AAG ACC AGA GTG GCT ATC AAG AAG ATC AGC CCC TTC GAG CAT CAA ACC TAC TGT CAG CGC ACG 

Leu Arg Glu Ile Gln Ile Leu Leu Gly Phe Arg His Glu Asn Val Ile Gly Ila Arg Asp Ile Lee Arg Ala Pro Thr Leu 
220 CTG AGA GAA ATC CAG ATC TTG CTC GGA TTC CGC CAT GAG AAT GTC ATA GGC ATC CGA GAC ATC CTC AGA GCA CCC ACC CTG 

Glu Ala M e t  Arg Asp Val Tyr Ile Val Gln Asp Leu M e t  Glu Thr Asp Leu Tyr Lys Leu Leu Lys Ser Gln Gln Leu Ser 
301 GAA GCC ATG AGA GAT GTT TAC ATT GTT CAG GAC CTC ATG GAG ACG GAC CTG TAC AAG CTG CTA AAG AGC CAG CAG CTG AGC 

Asn Asp His Ila Cys Tyr Phe Leu Tyr Gln Ila Leu Arg Gly Leu Lys Tyr Ile His Ser Ala Asn Val Leu His Arg 
382 M T  GAC CAC ATC TGC TAC TTC CTC TAC CAG ATC CTC CGG GGC CTC AAG TAC ATA CAC TCG GCC AAT GTG CTG CAC CGG GAC " " "  
Tell Phro Gly Leu Ala Arg Ile Ala Asp Pro 

463 CTG RAG CCC TCC AAT CTG CTT ATC AAC ACC ACC TGC GAC CTT AAG ATC TGT GAT TTT GGC CTT GCC CGG ATT GCT GAC CCT " . .  
Glu His Asp His Thr Gly Phe Leu Thr Glu Tyr Val Ala Thr Arg Trp Tyr Arg Ala Pro Glu Lys 

544 GAG CAC GAC CAC ACT GGC TTT CTG ACC GAG TAT GTG GCC ACA CGC TGG TAC CGA GCC CCA GAG ATC ATG CTT AAC TCC AAG 

Gly Tyr Thr Lys Ser Ile Asp Ile Trp Ser Val Gly Cys Ile Leu Ala Glu M e t  Leu Ser Asn Arg Pro Ile Phe Pro Gly 
625 GGC TAC ACC AAA TCC ATT GAC ATC TGG TCT GTG GGC TGC ATT CTG GCT GAG ATG CTC TCC AAC CGG CCT ATC TTC CCC GGC 

Lys His Tyr Leu Asp Gln Lee Asn His Ile Leu Gly Ile Leu Gly Ser Pro Ser Gln Glu Asp Leu Asn Cys Ile Ile Asn 
706 AAG CAC TAC CTG GAC CAG CTC ARC CAC ATT CTA GGT ATA CTG GGT TCC CCA TCC CAA GAG GAC CTA AAT TGT ATC ATT AAC 

M e t  Lys Ala Arg -~vr I.eu~ln T,ru Pro Thv. Lys Val Ala Trp Ala Lys Leu Phe Pro Lys Ser Asp Ser 
787 ATG AAG GCC CGA AAC TAC CTA CAG TCT CTG CCC TCT AAA ACC AAG GTG GCT TGG GCC AAG CTT TTT CCC AAA TCT GAC TCC 

L~~ Tau Thr Phe Arg Prole Thr Val Glu Glu Ala Leu Ala His Pro 
868 AAA GCT CTT GAC CTG CTG GAC CGG ATG TTA ACC TTT AAC CCA ARC AAG CGC ATC ACA GTA GAG GAA GCA CTG GCT CAC CCT 
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TAC TAT GAT 
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CCG 

Thr Asp Glu 
ACA GAT GAA 

Pro 
CCA 

Val Ala 
GTG GCT 

G1" 
GAG 

Glu 
GAG 

Pro Phe 
CCA TTC 

Thr 
ACC 

P he 
TTT 

ASP 
GAC 

M e t  Glu 
ATG GAG 

Leu 
CTG 

Asp Asp Leu 
GAT GAT CTC 

pro ~ y s  ~ l u  ~ r g  P END CAAGAAC 
1030 CCC RAG GAG CGG CTG AAG GAG CTG ATC TTC CAR GAG ACA GCC CGC TTC CAG CCA GGG GCA CCA GAG GCC CCC TAR 

1112 AGACACCCCTGTCCTTTTGGACCTGGTCTGCTCTACCTGCTCCTTCTCTGCAGATTGTTAGAAAATGAACTTTGCTCAACCCGGACCCCGGCAGCCCAGGCTGGACC 

1219 AAGGGTGGGCCTGGCACCCCTCTCACTCTGCTGGGGTCTCCTCGTTCAAGAGGCTTCTCCCACTCCAGTCCCCTGCCCCATCTCCCCTTGACCTGAGTGATGAGGTG 

1326 GTCCCAGAGCTGATCTCTGCTGCTGTGTCTTTATCTATCCCTGCTAGCCCCAGCTCTGGTAGACGGTTCTGGAATGGAAGGGCTATGACCGCCCTAGGACCTGTGCT 

1433 ACAGAGGGGTGGAGGGCACTGAGTAGGCTAAGCTCTGCCCTACTCATCCETTGGMCCCCACCCCATTTTCCCTGACAGAACATTCCTMATCTCAAGGGCTAGTT 

1540 T C C C T G A G G A G C C A G C C T A G G C C T A A C C C T C T C C C T C T C C G C G G G G C C C G T G  

1647 GAGAGCCCGTGCCCCTCCCCACCTCCCETGCCTGTATCTAATATATMATATAGAGATGTGTATATGGMMWAAAAMMMMAAMMMMAAAAMM 

Fig. 1. The complete nucleotide sequence of the ERKl cDNA and its predicted protein product. 
Nucleotide sequencing was performed as described (28). Asterisks denote the residues most conserved 
among all protein kinases. The open reading frame extends to the end of the nearly hU-length cDNA 
insert; the size of the purified kinase predicts that the initiator methionine of ERKl is located just 
upstream of the sequence shown here. The nine tryptic peptides that were sequenced are underlined. AU 
residues determined by amino acid sequencing matched the cDNA-encoded protein sequence; 
questionable residues were verified from the cDNA encoded protein sequence. The fourth and seventh 
peptides indicated represented the minor peptide components described in the text. 

Fig. 2. Expres- $1 
sion of E R K ~  G C % $ ~ E ~ E ~ ~ Z F ! Z  5 "  

m m F . u ) a  ~ E r m m  transcri~t in rat 
tissues and cell 2 8 ~  
lines. The QYDL - 
fragment (19), di- 
rectly amplified 
f r o m t h e ~ u l  =(I C 
cDNA clone was 
used as the probe 
in the analysis de- v -- - -- 

pitted; several 
other probes pre- 
pared from the 
ERKl cDNA 
yielded identical 
expression patterns. RNA isolation, Northern blotung, and 3ZP-radiolabeling by PCR and hybridiza- 
tion to labeled probes were performed as described (27). The ethidium bronudestained gel is shown to 
allow comparison of the total amount of RNA per sample. The abundance of ERKl transcripts in the 
adult rat brain was estimated to be -0.0005% based on screening lo6 phage from a rat brain cDNA 
library at high stringency. SC1, postnatal day 19 spinal cord; SC2, adult spinal cord; thy, thymus; spl, 
spleen; liv, liver; kid, kidney; int, intestine; Ing, lung; mus, muscle; hrt, heart; skn, s h ;  BR2, adult 
brain; BR1, posmatal day 10 brain; Ratl, Rat 1 fibroblasts; PC12, pheochromocytoma cells. 
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Fig. 3. Alignments of ERK1, FUS3, KSS1, and human cdc2+ protein generated (MacVector Computer Analysis Software, International Biotech- 
sequences. Roman numerals designate subdomains conserved in protein nologies, Inc., New Haven, Connecticut) and then visually maximized. 
kinases. Dots indicate identities to the ERKl sequence, dashes indicate Percent identities provided in the text were determined over the length of the 
spaces introduced to maximally align sequences. Alignments were computer- cdc2+ molecule; residues in insertions were ignored for these calculations. 

is autophosphorylated in a manner that in- 
fluences enzymatic activity [CAMP-depen- 
dent protein kinase (23), insulin receptor 
(24)l. Conservation among the kinases may 
also reveal functionally important residues. 
There is a conserved tyrosine in subdomain 
I, whose phosphorylation in CDC28 inhib- 
its protein kinase activity (25). A sequence 
similar to the regulatory autophosphorylat- 
ed region of the insulin receptor exists near 
the COOH-terminus of ERKl (residues 
315 to 327) and may be a potential site of 
tyrosine phosphorylation. Three tyrosine 
residues located within this region are 
spaced identically to those in the insulin 
receptor (YX3W); four acidic residues, im- 
portant determinants for recognition by 
protein tyrosine kinases, are located nearby. 
The presence of sequences resembling the 
insulin receptor phosphorylation site is 
consistent with other evidence suggesting 
that ERKl (MAP2 kinase) is a substrate for 
the insulin receptor or other tyrosine ki- 
nases. 

The extensive similarity between ERKl 
and the two yeast kinases:KSSl and FUS3, 
is consistent with an evolutionarily con- 
served function for this new family of ki- 
nases in mediating the response to extracel- 
lular signals and suggests that ERK1, as a 
member of this family, may promote entry 
into the cell cycle. The yeast kinases play 
antagonistic roles in regulating the yeast cell 
cycle in response to mating factors, the only 
known peptide hormones that mediate in- 
tercellular communication in yeast. Both 
kinases seem to act by fine-tuning the activi- 
ty of CDC28, a related protein serine-threo- 
nine kinase, which is the indispensable regu- 
lator of the mitotic cycle, probably via inter- 
actions with a yeast cyclin. FUS3 apparently 

has two regulatory functions (21). It seems 
to be important in leading to pheromone- 
induced cell cycle arrest in G1, either by 
directly inhibiting the activation of CDC28 
or by promoting the inactivation of a cyclin 
required for activation of CDC28. Activa- 
tion of FUS3 by pheromones also indepen- 
dently promotes mating-specific functions. 
By contrast, KSSl promotes reentry into the 
cell cycle after pheromone-induced cell cycle 
arrest (20); K S S ~  may h c t i o n  by activating 
the same cyclin that FUS3 may inactivate. 
ERKl apparently represents a mammalian 
counterpart, perhaps functionally as well as 
evoluticharil~, to the yeast kinases. Thus, 
ERKl may act via similar pathways to regu- 
late the cell cycle in response to extracellular 
signals. As with FUS3, ERKl may also 
function in a regulatory capacity in postmi- 
totic cells and in responses that do not 
directly involve the cell cycle. The extensive 
similarity between ERKl and the yeast ki- 
nases raises the possibility that yeast may 
provide a useful experimental system in 
which to introduce cloned ERKl for func- 
tional analysis. 

We have also cloned other kinases highly 
related to ERKl (24,  one of which is even 
more closely related to KSSl and FUS3 
than is ERK1. The identification of a mam- 
malian family of ERK-related enzymes, 
which are structural homologs of KSSl and 
FUS3, suggests that multicellular, higher 
eukaryotes have appropriated kinases, orig- 
inally utilized in a primordial mating factor 
response by unicellular organisms, to medi- 
ate responses to extracellular signals. The 
molecular cloning of this family will facili- 
tate the elucidation of their mechanisms of 
regulation and allow analysis of their phys- 
iological functions. 
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Recognition of a Peptide Antigen by Heat Shock- 
Reactive y8 T Lymphocytes 

Small synthetic peptides that correspond to different portions of the 65-kilodalton 
mycobacterial heat shock protein (Hsp65) were used to identify a putative antigenic 
epitope for y6 cells. Weaker y6 responses to the equivalent portion of the autologous 
homolog, mouse Hsp63, were also seen. The stimulatory epitope overlaps with an 
epitope recognized by arthritogenic ap T cell clones. The data suggest that y6 cells 
have a role in autoimmune disorders and imply that these cells recognize ligands by a 
mechanism similar to  that of cup T lymphocytes, that is, in the form of small processed 
protein fragments bound to antigen-presenting molecules. 

L YMPHOCYTES BEARING THE clp T complex (MHC) class I and class I like 
cell receptor (TCR) recognize for- alloantigens, including Qa, TL, and CD1, 
eign antigens either in the form of suggest that yS and ap ligands are similar 

small, processed protein fragments or as (2, 3). The smaller receptor repertoire of yS 

respond to stress signals of surrounding 
tissues (5) rather than recognizing diverse 
foreign antigens directly. 

Some yS cells respond to mycobacterial 
antigens (6-9). Many of these can be stimu- 
lated with purified protein derivative (PPD) 
of Mycobacterium tuberculosis, containing the 
presumably denatured mycobacterial65-kD 
heat shock protein (Hsp65), and with puri- 
fied recombinant Hsp65 (6-8). Mycobacte- 
rial Hsp65 is known to be an irnmunodo- 
minant antigen (10) that contains many 
stimulatory epitopes for B cells and ap T 
cells. The ap T cell epitopes have been 
defined with synthetic peptides correspond- 
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"superantigens" ( 1 ) .  The nature of the l- cells implies, however, &at fewer ligands are T. ihinni& ~ivision'of ~acterial Diseases, Centers for 
Disease Control, Atlanta, GA 30333. gands recognized by yS cells is not known, recognized. For these reasons and because D, Young, Medical Research Council Tuberculosis and 

although structural similarities between clp of the frequent association of yS cells with Related Infections Unit, Hammersmith Hospital, Du- 

and yS TCRs, and the demonstration of yS epithela, it has been suggested that yS cells ;yBL$55;."pEe:",4 ~ ~ ~ ~ i ~ ~ c o I O r a d o  
cell responses to major histocompatibility may act as a first line of defense (4) and State University, ~ o r t  Collins, CO 80523. 

Fig. 1. Linear map of M. leprae Hsp65 (13) and M. leprae Hsp65 
synthetic heat shock peptides. The six synthetic 100 200 300 400 500 

peptides shown (12) and nine further peptides I I I I I I 1605 

listed in Fig. 2 (11, 12) were used to map a 

% 
6 - 

putative stirnulatory epitope for y8 cells. Also 
shown are the sequences of newly synthesized 
peptides, corresponding to the same epitope in 
homologous proteins of other species (13, 19). L180-196 T F G L Q L E L T E G M R F D K G (M. leprae, M. tuberculosis, M. bovis) 

Peptides are designated by a capital letter to ~205-221 * L N D E * * I I * * * K * * R * (Human, Chinese hamster, Mouse) 
indicate the species origin of the protein sequence 
(L for M. leprae, M. tuberculosis, and M ,  bovis; H Y205-221 * * * * * * * * * * * (Yeast) 
for human, Chinese hamster, and mouse; Y for ~181-197  G L Q D E * D v v * * * Q * * R * (E. coli) 
yeast; and E for E. coli) and by the position 
numbers of the NH2-terminal and COOH-terminal amino acids (13). New (Applied Biosysterns model 470A gas-phase sequencer). The predicted 
peptides were synthesized according to the solid-phase methods generally protein sequence of a Hsp65 homolog in mice was derived by polymerase 
described by Merrifield et al. (22) and detailed by Buus et al. (23). To verlfy chain reaction amplification and sequencing of DNA complementary to 
primary structures, we purified peptides by high-performance liquid chroma- mouse mRNA, with the use of primers corresponding to short stretches of 
tography (HPLC) and analyzed for amino acid compositions and sequences gene sequence identical in Chinese hamsters and humans (19). 
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