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The Primary Structure of MEK, a Pmtein Kinase 
That Phosphorylates the ERK Gene Product 

Craig M. Crews, Alessandro Alessandrini, Raymond L. Erikson 
Mitogen-acthted protein (MAP) kinases, also known as extracellular signal-regulated 
kinases (ERKs), are thought to act at an integration point for multiple biochemical signals 
because they are activated by awide variety of extracellular signals, rapidly phospholylated 
on threonine and tyrosine, and highly conserved. A critical protein kinase lies upstream of 
MAP kinase and stimulates the enzymatic activity of MAP kinase. The structure of this 
protein kinase, denoted MEK1, for MAP kinase or ERK ljnase, was elucidated from a 
complementary DNA sequence and shown to be a protein of 393 amino acids (43,500 
daltons) that is related most closely in size and sequence to the product encoded by the 
Schiz- pambe byrl gene. The MEKgene was highly expressed in murine 
brain, and the product expressed in bacteria phosphorylated the ERK gene product. 

Peptide growth factors elicit a burst of 
intracellular protein phosphorylation in 
treated cells, most of which occurs on 
serine and threonine residues. Because ty- 
rosine-specific growth factor receptor ki- 
nases initiate these phosphorylation events, 
they must regulate serine-threonine+pecif- 
ic protein kinases or phosphatases. The 
MAP kinases encoded bv the ERK eenes " 
appear to be critical components in the 
conversion of tyrosine phosphorylation to 
signals that result in serine-threonine phos- 
phorylation, because they are phosphorylat- 
ed on tyrosine and threonine but phospho- 
rylate downstream components on serine 
and threonine ( 1  ). Two  rotei in kinases . , 
function in sequence upstream of MAP 
kinase (2-6). One is a 45-kD protein, 
MEK, which phosphorylates MAP kinase 
on the threonine and tyrosine regulatory 
sites and activates its serine-threonine ki- 
nase activity (24 ,  6, 7). MEK is in turn 
reported to be phosphorylated and activat- 
ed by the protooncogene product c-Raf 
(5). The biochemical mechanisms for a 
number of steps in this signal transduction 
vathwav remain to be elucidated. We have 
detennked the primary structure of MEK, a 
threonine-mosine kinase activator of MAP 
kinases. 

We purified MEK to near homogeneity 
from ~horbol ester-stimulated murine T 

cell hybridomas (2). A single, autophos- 
phorylating 45-kD band was visualized by 
SDS-polyacrylamide gel electrophoresis. 
The amino acid sequences of tryptic pep- 
tides from this protein band show it to be a 
protein kinase related to the byrl gene 
product from Schizosucchmyces pornbe. 
Degenerate oligonucleotides were synthe- 
sized encoding part of two distinct peptides 
and were used in a polymerase chain reac- 
tion (PCR) with a sample of a murine 
pre-B cell cDNA library in lambda gtlO 
phage as a template (8). A 350-bp PCR 
product was obtained, and sequence analy- 
sis showed that it encoded the tryptic pep- 
tides used in the PCR primer design and 
c o h e d  its similarity to Byrl. This frag- 
ment was then used to probe 1 x 106 phage 
plaques from the same cDNA library, and 
39 putative positive clones were identified. 

The five clones with the greatest hybrid- 
ization slgnal intensity were selected for 
further analysis. One of these clones, 4-3, 
was chosen for sequence analysis, which 
revealed an insert of 2150 bp. The Gen- 
Bank accession number for the DNA se- 
quence is U2526. The starting methio- 
nine, which is a favorable initiation codon 
based on the Kozak rule (9). is at nucleotide 
41. This clone can encode a protein of 393 
amino acids, corresponding to a molecular 
size of about 43.5 kD. This is similar to the 

Deperbnent of Cellular and DedopwNal Bidogy, 
size of the enzyme purified from T cell 

~arvard University, 16 Divinity A=, Cambridge, hybridomas and that of the MAP kinase 
MA 02138. activators purified from murine 3T3 cells 

and Xenopus oocytes (2, 3, 6). Further- 
more, the predicted protein sequence of 
clone 4-3 includes 101 of the 102 amino 
acids present in the six tryptic peptides from 
the purified T cell protein (2). The one 
mismatch (amino acid 374 in peptide 6) 
was resolved upon reevaluation of the pep  
tide sequencing data and appears to be 
Trp374, as encoded by the cDNA clone. 

It is possible that clone 4-3 is missing 5' 
untranslated sequence, as the size of the 
mRNA detected by Northern analysis (Fig. 
1) was approximately 2.5 kb. Northern 
analysis of duplicate RNA gels done in the 
absence of ethidium bromide, however, 
resulted in the hybridization to a 2.2-kb 
transcript. The tissue distribution of MEK 
mRNA was determined with clone 4-3 as a 
probe for hybridization with a blot of RNA 
from various mouse organs. The amount of 
MEK expression was highest in brain. 

To confirm that this cDNA encodes a 
kinase that phosphorylates the ERK gene 
product, a bacterially produced glutathio- 
nine-S-transferase-MEK fusion protein was 
assayed for catalytic activity. The MEK 
fusion protein phosphorylated a catalytical- 
ly inactive form of ERKl in vitro predom- 
inantly on tyrosine and, to a lesser extent, 
on threonine (Fig. 2). A preparation of 
MEK purified from murine cells stimulated 
with phorbol ester and diluted to yield the 
same amount of activity phosphorylated 
similar p r o p ~ r t i o ~ ~ ~  of tyrosine and threo- 
nine. This assay can be regarded only as a 
qualitative measure of h4EK activity be- 
cause the enzyme from bacteria presumably 
has not been activated by upstream compo- 
nents present in animal cells. Moreover, 
the phosphopeptides recovered after pro- 
teolytic digestion of ERKl(K63M) phos- 
phorylated by mammalian MEK and recom- 
binant MEK were identical (10). The 
mechanism for substrate recognition by 
MEK remains to be determined, however, 

Flg. 1. Tissue distribution of MEK expression. 
Total RNA (10 pg) from various C571BI mouse 
tissues were Northern blotted and probed with 
oligonucleotide-labeled full-length MEK cDNA 
(25). Brn, brain; Hrt, heart; Int, intestine; Kid, 
kidney; Lun, lung; Spl, spleen; Tes, testis; Thy, 
thymus; and Liv, liver. Methylene blue-staining 
of the ribosomal RNA in each lane is shown to 
illustrate relative RNA concentrations. 
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as it appears to resemble more closely en- 
zymes with serine-threonine specificity than 
those with tyrosine specificity (I I). 

We compared the sequence of MEK to 
the S. pombe byrl gene product, the most 
closely related protein in terms of size and 
sequence, as expected from the previous 
tryptic peptide data (1 2) (Fig. 3). There is 
also a high degree of similarity within the 
domains of the Saccharmyces cerevisiue 
PBS2 and STE7 gene products that corre- 
spond to the 393 amino acids of MEK (10, 
13). Genetic and biochemical information 
has indicated that byrl and STE7 are likely 

to lie immediately upstream of the yeast 
homologs of ERK-spkl and FUS3 or KSSl 
(14). PBS2 was isolated on a multicopy 
plasmid that conferred resistance to poly- 
myxin B. Polymyxin B is an inhibitor of 
protein kinase C (PKC); thus PBS2 has the 
potential to act downstream of the PKCl 
gene (15), which encodes a protein similar 
to PKC in S. cerevisiae. To our knowledge, 
this possibility has not been tested. 

Because MEK-like gene products appear 
to be critical for the regulation of down- 
stream   rote in kinases that in turn mav 
influence nuclear events, the characteriza- 

Flg. 2. Enzymatic activity of bacterially produced MEK. The 
MEK cDNA was subcloned into the Barn HI and Sac I sites of 
the glutathione-S-transferase (GST) bacterial expression 
system (pGEX-KG) (26). Eight amino acids from Bluescript 
SK+ and 13 amino acids from the 5' sequence upstream of 
the starting rnethionine in MEK are included in the GST-MEK 
fusion protein, which was purified as described (27). (A) 
Phosphorylatiin of GST-ERK (a catalytically inactive form of 
ERK in which Lyss3 is changed to Met, K63M) by GST-MEK. 
Lane 1, GST-MEK alone; lane 2, GST-ERK(K63M) alone; lane 
3, GST-MEK and GST-ERK(K63M); lane 4, purified murine 
MEK (pool A) alone (2); lane 5, purified murine MEK (pool A) 
and GST-ERK(K63M). Kinase reactions were performed at 
30°C for 20 min in a solution containing 50 mM tris-HCI (pH 
8.0). 5 mM dithiithreitd, 3 mM magnesium acetate, 50 pM 
ATP, 25 pCi of [Y-~~P]ATP, ovalbumin (0.1 mglml), GST- 
ERK(K63M) (5 w), and GST-MEK (0.1 @) or purified MEK 
(0.08 ng) (2). (6) Phosphoamino acid analysis of GST- 
ERK(K63M) phosphorylated by GST-MEK (lane 1) and mam- 
malian-purified MEK (lane 2). GST-ERK(K63M) was phospho- 
rylated under similar conditions as in (A) but with 200 pCi of 
[Y-~~P]ATP for 60 min. The phosphoarnino acids (S, phospho- 
serine; T, phosphothreonine; and Y, phosphotyrosine) of GST- 
ERK(K63M) were analyzed as described (7). 

tion of the upstream regulators of MEK is of 
interest. The signal transduction pathways 
in fission yeast, budding yeast, and animal 
cells have certain similarities. Guanosine 
niphosphatase (GTPase) protein compo- 
nents are proximal to signal initiation in S. 
pornbe (Rasl) (16), S. cerevisiue (Ste4) 
(1 7), and vertebrates (Ras) (1 8, 19). The 
protein kinases encoded by byr2 in S. pombe 
and STEI 1 in S. cerevisiue transduce signals 
from the GTPase protein to Byrl (20) and 
Ste7 (2 l), respectively. In animal cells the 
events are less clear. Presumably there is a 
byr2-like gene product that could phospho- 
rylate and activate MEK. The serine-thre- 
onine protein kinase encoded by c-raf has 
this capacity in vitro ( 3 ,  and cells trans- 
formed by v-raf yield constitutively activat- 
ed MAP kinases. The activated Raf onco- 
protein does not activate MAP kinases in 
all cells tested (22); thus the in vivo role of 
Raf is currently unclear. The rapid activa- 
tion of MEK and MAP kinases by phorbol 
ester indicates that PKC may function in 
this pathway. In animal cells the generation 
of diacylglycerol in response to activation of 
Ras (23) could stimulate PKC and lead to 
activation of MEK. In PC12 cells a domi- 
nant negative interfering mutant of Ras 
blocks activation of MAP kinases by growth 
factors and phorbol esters, suggesting that 
PKC acts upstream of Ras (1 9). In contrast, 
in rat-1 cells the interfering Ras mutant 
blocks activation of MAP kinase by PDGF 
but not by phorbol ester (24), which would 
indicate that PKC acts downstream of Ras 
or in a parallel pathway. Caution is required 
in the interpretation of these experiments, 
because oncogenically mutated and overex- 
pressed proteins are constitutively active 
and may produce global changes in many 

Fig. 3. Comparison of the 5---- - - - - - - - - - - - - -  3-------------. 

&in0 acid sequences MEK MEK 1 MPKKKPTPIQLNPAPOGSA~~TSSAETNLEALQKKLEELELDEWRLEAFLTQ . . . . .KPKW;ELI(DDDFE~ELGA~CGGWF)(VSHKPSCLV 93 
I I:: I I [::I : :I II:I :Ill: I :::I : :I : 1 1  1 1 1 1  1 1 1: and Byrl ' The six 

BYrt 1 HFKRRRNPKGLMNPNASVKSSDNDHKEELINNQKSFEEEE . . . E ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  N F 89 peptide sequences ob- 
tained from purified MEK (2) 
are marked above the se- 2----------------------- 
quence (---). MEK and Byrl MEK 94 MARKLIHLEIKPAIRNQI IRELQMHEa(SPYlVGFYtAFYSDGEISI~H10CtSLDQMKKAGRIPEQILCKVSIAVIKGLTYLREKHKIHHRDVI(P 193  

1 1 1 1  : :: : 11:111 1 1 1  1 11111111111 l l l l l  I I I I I I I I I  I I : I:III:II are and 45% Byrl 90 MARKTWVGSDSKLPKQI LRELGVLHHCRSPY IVGFYGAFQYKNNISLCMEY10CGSLDAI LREGGPIPLDI L G K  l N M G L l Y L Y W L H l  IHRDLKP 1 8 9  identical over their entire 
length. The amino acid se- 
quence of MEK is 60% simi- I----------------------&------ 

lar and 41% identical to res- MEK 194 SNlLVWSRCElKLCDFGVSWLIDSlUNSFVGTRSYHSPERLQGTHYSMSDIVSntLSLVElUVGRYPIPPPOAELELLFGCHVEGDMETPPRPRTP 293 
II::IIIIIIIIIIIIIIII:1::1:1 1111 IIIIII: 1 I 1 11111:1:1::1:1 1 idues 264 710 Of Pbs2 Byrll90 SNVWWSRGElKLCDFGVSGELWSVAQTFVGTSTYMSPERIRGtl(rTWSDIVSLGISI1ELATQELP ............................. 258 

and 61% similar and 39% 
identical to residues 97 to 

6---------------------- 
515 Of Ste7 ('O)' A MEK 294 MlPLSSIGlOSRPPlUIFELLDY1VWEPPPKLPSGVFSLEFPDrvWKCLIKNPAERADLKPL~AFIILRSDAEEM)FACVLCSTIGLNPPSTPTHMSI 393 cDNA sequence from hu- : :I : : :  : 1 : :  1 :: I :  ll 1 :  ll 11 ::: 1 : :  : : 
man brain that encodes a ~ ~ r f  259 .VSFSNID.. . .DSIGILDLLHCIWEEPPRLPSS.FPEDLRLFM,ACLHKDPTLRASWPL~~PYF~L~INM)LASUASIIFRSS.... . . . . . . . 341 
polypeptide nearly identical 
to amino acids 245 to 323 
of MEK has been reported (28). A single peptide sequence from a are indicated. All data were processed with Genetics Computer Group 
Xenopus enzyme corresponding to the adenosine triphosphate binding (University of Wisconsin) programs (30). Abbreviations for the amino acid 
site of MEK was reported (29). The percent similarity and identity were residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; 
obtained with the GAP program at gap weight 3.0 and gap length weight K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; 
0.1. Identical amino acids (solid bars) and conserved amino acids (dots) W, Trp; and Y, Tyr. 
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pathways not influenced by normal mole- 
cules (24). Multiple pathways may lead to 
MEK activation. The protein product ex- 
pressed by the MEK cDNA should facilitate 
additional studies of this pathway. 
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Removal of Nonhomologous DNA Ends in 
Dou ble-Strand Break Recombination: The Role of 

the Yeast Ultraviolet Repair Gene RAD I 

Jacqueline Fishman-Lobell* and James E. Habert 
Double-strand breaks (DSBs) in Saccharomyces cerevisiae can be repaired by gene 
conversions or by deletions resulting from single-strand annealing between direct repeats 
of homologous sequences. Although radl mutants are resistant to x-rays and can complete 
DSB-mediated mating-type switching, they could not complete recombination when the 
ends of the break contained approximately 60 base pairs of nonhomology. Recombination 
was restored when the ends of the break were made homologous to donor sequences. 
Additionally, the absence of RADl led to the frequent appearance of a previously unob- 
served type of recombination product. These data suggest RADl is required to remove 
nonhomologous DNA from the 3' ends of recombining DNA, a process analogous to the 
excision of photodimers during repair of ultraviolet-damaged DNA. 

W e  have developed an approach to study 
recombination in vivo by examining DNA 
extracted from cells in which a galactose- 
inducible HO endonuclease was used to 
synchronously induce DSB recombination 
(1). Normally, the HO endonuclease ini- 
tiates a site-specific intrachromosomal gene 
conversion event at the MAT locus ( 2 4 ) .  
In addition to following MAT switching 
(3, we have examined DSB-induced ho- 
mologous recombination in several con- 
structs in which the HO endonuclease cut 
site was inserted into other genes (6-9). 
We have shown that in plasmids containing 
direct repeats of a homologous sequence, 
HO-induced DSBs are reoaired through two - 
kinetically separable pathways: a noncon- 
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and Department of B io lo~y,  Brandeis University, 
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servative single-strand annealing (SSA) 
mechanism that uroduces a deletion mod- 
uct (Fig. 1A) and gene conversion events 
that are not accompanied by reciprocal 
crossing-over (Fig. 1B) (9). With this sys- 
tem we have now examined the role that 
the ultraviolet (UV) excision repair gene 
RADl (10-12) plays in these two pathways. 
Although RADl has been principally im- 
plicated in the excision repair of UV pho- 
todimers. it also is involved in mitotic 
recombination, especially in the formation 
of deletions between repeated sequences 
(1 3-1 6). 

A comparison of the kinetics of HO- 
induced recombination of plasmid pJF6 (Fig. 
1C) is shown for wild-type and radl strains 
in Fig. 2A. In wild-type strains, deletions 
and gene conversions are formed efficiently. 
In contrast, the radl derivative showed no 
detectable gene conversion product and a 
fourfold reduction in the amount of deletion 
product (1 7). A genetic analysis (Table 1A) 
further substantiates the physical data. HO 
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