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Abstract 

Using biochemical techniques similar to those used by Krebs and Fischer in elucidating the cAMP kinase cascade, a 
protein kinase cascade has been found that represents a new pathway for signal transduction. This pathway is activated 
in almost all cells that have been examined by many different growth and differentiation factors, suggesting control of 
different cell responses. At this writing, four tiers of growth factor regulated kinases, each tier represented by more 
than one enzyme, have been reconstituted in vitro to form the MAP kinase cascade. Preliminary findings suggesting 
multiple feedback or feedforward regulation of several components in the cascade predict higher complexity than a 
simple linear pathway. (Mol Cell Biochem 127/128: 201-209, 1993) 
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Introduction and background 

It is well established that the response of cells to hor- 
mones and growth factors usually involves protein phos- 
phorylation at one or more stages in the signal transduc- 
tion pathway. The prototypical example of this was 
shown by the work of Krebs and Fischer who demon- 
strated the role of cAMP-dependent protein kinase and 
phosphorylase kinase in the regulation of glycogen 
phosphorylase. This was the first of many cases illustrat- 
ing how protein phosphorylation follows the release of 
second messengers within the cell, which activate mess- 
enger-dependent protein kinases. Among these are 
cAMP-dependent protein kinase, cGMP-dependent 
protein kinase, protein kinase C, and several Ca +2, cal- 
modulin-dependent protein kinases (reviewed in [1]). 
Another major route of protein phosphorylation in- 
volves protein kinases that are second messenger-inde- 
pendent, but somehow still activated by extracellular sti- 
muli. In recent years, a new signal transduction pathway 

has been identified, in which several second messenger- 
independent protein kinases form a protein kinase cas- 
cade, in which each enzyme is activated by protein phos- 
phorylation during the response of cells to growth and 
differentiation factors. This pathway, which will be re- 
ferred to as the 'MAP kinase cascade', is the subject of 
this review. 

Early evidence for growth factor regulated messenger 
independent kinases emerged from studies on insulin 
signalling. Changes in activity of several insulin-regulat- 
ed metabolic enzymes could be accounted for by alter- 
ations in their state of serine/threonine phosphorylation 
(reviewed in [2]). Thus, following insulin binding, regu- 
lation of serine/threonine kinases or phosphatases by 
the insulin receptor tyrosine kinase was indicated, sug- 
gesting a mechanism of communication between pro- 
tein tyrosine and protein serine/threonine phosphoryla- 
tion. 
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Ribosomal protein $6, a constituent of 40S ribosomes, 
is a prominent intracellular target for phosphorylation. 
Serine phosphorylation of $6 increases in response to 
insulin as well as a number of other growth factors and 
mitogens [3-6]. This observation led to the character- 
ization of ribosomal $6 kinase, the first kinase activity to 
be described that was growth factor regulated, and sec- 
ond messenger independent, suggesting a mode of regu- 
lation involving covalent modification [7-10]. Impor- 
tantly, sensitivity of $6 kinase to dephosphorylation was 
suggested by the stabilizing effect of protein phospha- 
tase inhibitors added to extraction buffers [7]. Direct 
deactivation of $6 kinase by protein phosphatases was 
then confirmed [11], thus it was expected that $6 kinase 
would be regulated by a kinase cascade mechanism, in 
analogy to the cAMP-dependent activation of phospho- 
rylase kinase. 

Since the studies on $6 kinase were initiated, a dozen 
or more growth factor regulated kinase activities have 
been reported. Most, if not all, have been characterized 
by using techniques developed for analysis of $6 kinase, 
in which cultured cells treated with growth factors, or 
tissues of live animals injected with insulin or hepatecto- 
mized to induce liver regeneration are extracted in the 
presence of phosphatase inhibitors. Kinase activity is 
then assayed by measuring the phosphorylation of an 
exogenous protein or peptide substrate added to the ex- 
tract. Like $6 kinase, many of these enzymes are sensi- 
tive to inactivation by protein phosphatases. 

Cumulative evidence demonstrates that three kinases 
characterized in this manner, namely pp90 ribosomal $6 
kinase, MAP kinase and MAP kinase kinase, are ubiqui- 
tously found in cells, and are stimulated in response to 
wide variety of reagents, including growth factors whose 
receptors are tyrosine kinases, mitogens whose recep- 
tors couple to heterotrimeric G proteins, tumor promo- 
ters, interleukins, and agents that induce oocyte matura- 
tion. To date, the pathway comprised of these enzymes 
provides one of the most thoroughly investigated exam- 
ples of a mitogen-activated protein kinase cascade. Our 
understanding of this pathway has mostly been obtained 
using a biochemical approach of identifying a down- 
stream target of phosphorylation, and then performing 
in vitro reconstitution experiments to identify each suc- 
cessive upstream component. This approach of working 
backwards has been modeled on that first used by Krebs 
and Fischer in elucidating the kinase cascade involved in 
the regulation of glycogen phosphorylase. 

pp90 and ppTO ribosomal $6 kinases 

Two types of mitogen-stimulated ribosomal $6 kinase 
have been identified, which are both found in most cell 
types, and are activated by many of the same stimuli (re- 
viewed in [12]). A 70 kD a form ("pp70 rsk' ) has been puri- 
fied from rat liver [13] and from 3T3 cells [14], while two 
isoforms of a 90kDa enzyme ('$6 kinase I and II', also 
named 'pp90rsk'), have been purified from unfertilized 
eggs of Xenopus laevis [9, 15]. A mammalian form of 
pp90 rsk has been purified from rabbit liver [16]. Al- 
though both forms recognize all five of the physiological 
serine phosphorylation sites at the C terminus of riboso- 
mal protein $6 [14,17], they are distinguishable based on 
their chromatographic properties and antibody crossre- 
activity. Molecular cloning has confirmed that pp90 rsk 
and pp70 rsk are unrelated, although they share ~60% 
sequence identity within their catalytic domains [18-20]. 
Interestingly, the sequence of pp90 ~sk predicts a tandem 
arrangement of two catalytic domains, one which shows 
strong similarity to protein kinase C, cGMP dependent 
protein kinase, and the catalytic subunit of cAMP-de- 
pendent protein kinase, whereas the other is more close- 
ly related to the catalytic subunit of phosphorylase ki- 
nase [18]. The contribution of each catalytic domain to 
kinase activity is currently unknown. 

The activities of the different forms of $6 kinase can 
be distinguished by selective immunoprecipitation from 
extracts, followed by phosphorylation of 40S ribosomes 
[21], or by the use of peptide substrates. The latter assay 
is based on the recognition by pp70 ~sk of a block of four 
basic amino acids (KRRR) preceding the phosphorylat- 
able residue, so that an octapeptide (RRLSSLRA), 
based on the first two of the five phosphorylation sites in 
$6, serves as a good substrate for the pp90 rsk but is not as 
effective in the detection of pp70 rsk [22, 23]. Using these 
assays, pp90 ~k activation was found to be transient, 
peaking at about five minutes and decaying within one 
hour, while activation of pp70 rsk was sustained over 1--2 
hours [21, 24]. 

Both pp70 rsk and pp90 rsk can be inactivated by protein 
phosphatases, including serine/threonine protein phos- 
phatases i and 2A, suggesting that they are activated by 
serine/threonine phosphorylation [11, 15, 25]. This has 
been confirmed by metabolic 32p-labelling of the en- 
zymes following growth factor treatment of cells [26, 27]. 
However, the enzymes appear to be regulated by sep- 
arate pathways, as discussed below. 



MAP kinase 

MAP kinase was first reported in insulin-stimulated 
3T3-L1 adipocytes and in EGF-stimulated fibroblasts as 
an activity that phosphorylated microtubule-associated 
protein-2 [28, 29]. Other laboratories reported a growth 
factor-stimulated activity that phosphorylated myelin 
basic protein (MBP kinase) [24, 30, 31]; this activity was 
found to be identical to MAP kinase. MAP kinase activ- 
ity is activated in response to a wide range of stimuli, 
including insulin, epidermal growth factor, platelet-de- 
rived growth factor, nerve growth factor, serum, phor- 
bol esters, nicotine, okadaic acid, growth hormone, hor- 
mones that induce oocyte maturation, and T cell activa- 
tion (reviewed in [32]). 

Cloning of MAP kinase revealed several homologous 
forms of the MAP kinase, which have been named 
ERKs, for 'extracellular signal regulated kinases' [33, 
34]. Two isoforms, ERK1 and ERK2 (90% identical in 
sequence; ref. [34]), are identical to two MAP-2 or MBP 
kinase activities that have similar enzymatic properties 
but resolve chromatographically [35]. The ERKs are re- 
lated in sequence to the cdc2 family of protein kinases, 
which, in addition to the cell cycle dependent kinases, 
includes the yeast protein kinases FUS3 and KSS1 from 
S. cerevisiae, and Spkl from S. pombe, involved in yeast 
signal tranduction pathways leading to cell cycle arrest 
and mating. A third enzyme that has been cloned, 
ERK3, is 50% identical to ERK1 and ERK2, but shows 
more restricted tissue expression and substrate specifici- 
ty [34]. Other isoforms may also exist, based on evidence 
from antibody crossreactivity [32]. 

The first evidence for a growth factor-stimulated ki- 
nase cascade was the finding that the insulin-stimulated 
MAP kinase could phosphorylate and activate $6 kinase 
II (a Xenopus laevis form of pp90r~k), which had been 
previously inactivated by protein phosphatase 2A [25]. 
The activation of pp90 rsk by MAP kinases has also been 
demonstrated by the reactivation of phosphatase-inacti- 
vated rabbit liver pp9ff ~k by MAP kinase purified from 
fibroblasts [16], and by the activation of several forms of 
pp90 r~k by ERK1 and ERK2, derived from a single 
source, Swiss 3T3 cells [36]. Importantly, activation of 
pp70 r~k by MAP kinase could not be demonstrated [37], 
indicating that the pp9ff ~k and pp7ff ~k forms of $6 kinase 
appear to be regulated by divergent pathways after 
growth factor binding. In support of this model, the im- 
munosuppressant, rapamycin, which inhibits the activa- 
tion of pp70 ~k by growth factors and by interleukin-2, 
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had no effect on MAP kinase or pp90 rsk activation [38- 
40]. Recently, an enzyme named MAPKAP kinase-2, 
which has a substrate specificity distinct from pp90 rsk, 
was shown to be activated in vitro by ERK1 or ERK2. 
This interesting observation suggests that the MAP ki- 
nases may represent a branch point in the kinase cascade 
[41]. 

That the MAP kinases themselves might be targets 
for phosphorylation in a kinase cascade was suggested 
initially by their phosphorylation on threonine and tyro- 
sine residues in intact cells treated with growth factors 
[42], and by their inactivation by protein phosphatases 
[24, 25, 29]. In fact, ERK1 and ERK2 were originally ob- 
served as phosphoproteins, named pp44 and pp42, re- 
spectively, which were phosphorylated on tyrosine re- 
sidues upon serum, phorbol ester, or growth factor stim- 
ulation of intact cultured cells [43, 44]. A key finding was 
made by Anderson et al. [45], who showed that MAP 
kinase undergoes dephosphorylation on phosphothreo- 
nine when treated with the serine/threonine specific 
protein phosphatase 2A, whereas treatment with the ty- 
rosine-specific phosphatase, CD45, led to specific de- 
phosphorylation of phosphotyrosine residues. In both 
cases, complete inactivation of MAP kinase activity was 
observed, leading to the conclusion that both threonine 
and tyrosine residues must be phosphorylated for the 
enzyme to be active. 

The sites of threonine and tyrosine phosphorylation 
have both been identified in ERK2, and are located, one 
residue apart, within subdomain 8 of the consensus ki- 
nase sequence [46]. These sites are conserved in ERK1 
[34]. Comparison of this sequence with that of the cata- 
lytic subunit of cAMP-dependent protein kinase, for 
which an X-ray structure is known, suggests that these 
sites are located on a loop that is involved in substrate 
binding, located near the catalytic cleft [47, 48]. Site di- 
rected mutagenesis studies substituting the phosphory- 
lated threonine and tyrosine residues with nonphospho- 
rylatable residues have been initiated in order to under- 
stand how conformational changes caused by phospho- 
rylation of residues in this region contribute to catalytic 
activation [49]. 

MAP kinase kinase 

When the regulation of MAP kinases by tyrosine phos- 
phorylation was first discovered, it was reasonable to 
predict that these enzymes would be direct substrates 
for regulation by receptor tyrosine kinases. As it often 
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happens, the predicted results were supplanted by ob- 
served results that turned out to be more interesting. In- 
stead, a growth factor-regulated dual specificity kinase 
has been identified, which can phosphorylate both of the 
physiologically relevant residues on MAP kinase, ac- 
counting for its complete activation. The enzyme was 
discovered using inactive MAP kinase derived from un- 
stimulated cells or phosphatase-inactivated MAP ki- 
nase as substrates to probe growth factor-treated cells 
for a factor that could phosphorylate and activate MAP 
kinase [50, 51]. The factor, variously named MAP kinase 
activator, MAP kinase kinase, or MAP/ERK kinase 
(MEK), is also able to activate recombinant forms of 
MAP kinase [52-58]. Evidence for at least two forms of 
MAP kinase kinase has been reported [50, 52, 56]. 

In all cases examined so far, activation of MAP kinase 
kinase correlates with the activation with MAP kinase. 
Thus the MAP kinase kinase has been shown to be a 
target for activation in G protein-coupled and phorbol 
ester coupled pathways as well as those regulated by re- 
ceptor tyrosine kinases (reviewed in [59]). 

Identification of MAP kinase kinase as a kinase was 
difficult to establish for two reasons. First, both ERK1 
and ERK2 have properties of dual specificity kinases in 
being able to autophosphorylate on threonine and tyro- 
sine residues [60-62]. Thus the possibility that the acti- 
vating factor induced an autophosphorylation and au- 
toactivation of MAP kinase could not be eliminated. 
Second, MAP kinase kinase is very selective for ERK1 
and ERK2, so phosphorylation of nonkinase substrates 
could not be established [50, 52]. Current evidence sug- 
gests that MAP kinase kinase is highly selective for its 
substrate, in contrast to MAPK and pp90 rsk, which both 
recognize a larger spectrum of substrates in vitro. Heat 
inactivated MAP kinase or peptides based on the se- 
quence surrounding the MAP kinase phosphorylation 
sites are not recognized by MAP kinase kinase, suggest- 
ing that MAP kinase kinase recognizes higher order 
structures on its substrate [52]. The issue was resolved in 
several laboratories by using mutants of ERK2 that 
were unable to autophosphorylate. These mutants, con- 
taining a single amino acid substitution of arginine for 
lysine-52, were phosphorylated on both threonine and 
tyrosine residues by MAP kinase kinase, demonstrating 
that the MAP kinase kinase is indeed a protein kinase 
[52, 54, 55, 57, 58]. It is thus an example of a dual specific- 
ity kinase, unusual among the other dual specificity ki- 
nases that have been identified so far, in its ability to 
phosphorylate exogenous substrates on serine/threo- 
nine and tyrosine residues [63]. 

Primary sequence of MAP kinase kinase has been ob- 
tained in several laboratories [64-68], and an interesting 
homology has been noted with several yeast kinases, in- 
cluding STE7 and PBS2 from S. cerevisiae and Byrl and 
Wisl from S. pombe [69-72]. Although the resemblance 
in sequence is variable (3040% identity overall, 60% 
identity within subdomains VI-X of the consensus ki- 
nase catalytic sequence [73]), the match is striking be- 
cause of the homology noted between the MAP kinases 
and the yeast enzymes FUS3 and KSS1 from S. cerevisiae 
and Spkl from S. pombe. Recent studies have demon- 
strated the functional homology between the MAP ki- 
nases and the yeast enzymes, by complementing S. 
pombe spkl mutants using mammalian ERK1 [74]. 

Like MAP kinase and pp90rsk, MAP kinase kinase is 
inactivated upon treatment with protein phosphatases, 
suggesting that its activity is also regulated by protein 
phosphorylation. Complete inactivation occurred with 
the serine/threonine phosphatases 1 and 2A [51, 53, 55, 
75]. Metabolic labeling studies performed in progester- 
one treated Xenopus laevis oocytes and in growth factor 
stimulated mammalian cells show that MAP kinase ki- 
nase is phosphorylated on serine and threonine residues 
[75, 76]. Inactivation of mammalian enzyme by phos- 
phatase 2A led to loss of phosphoserine, indicating that 
serine phosphorylation at least is important for activity 
[76]. Tyrosine phosphorylation was not found in situ and 
tyrosine phosphatases had no effect on enzyme activity 
[51], in spite of the fact that MAP kinase kinase auto- 
phosphorylates weakly on tyrosine residues in vitro [52, 
62, 75]. Thus a role for upstream serine/threonine kinas- 
es in regulating MAP kinase kinase is strongly suggest- 
ed. Several enzymes that are candidates for these up- 
stream kinases are discussed below. 

Raf-1 

The proto-oncogene, RaM, which encodes a serine/ 
threonine kinase, has been proposed to function as a di- 
rect regulator of MAP kinase kinase [77-79]. In NIH3T3 
cells transformed with the v-raf oncogene, MAP kinase 
and MAP kinase kinase were found to be constitutively 
activated, suggesting a role for Raf-1 upstream of MAP 
kinase kinase. Upon incubation in the presence of 
MgATR RaM or v-raf, partially purified by immunopre- 
cipitation from cell extracts, were able to reactivate 
MAP kinase kinase that had been previously inactivated 
with protein phosphatase 2A. 

Raf-1 itself appears to be activated by growth factors, 



and mitogenic stimulation or transformation of cells 
leads to an increased phosphorylation of this kinase on 
serine and threonine, and in some examples, tyrosine re- 
sidues (reviewed in [80]). This finding, together with the 
sensitivity of Raf-1 to inactivation by protein phospha- 
tases [81, 82], suggests that another kinase further up- 
stream may function in this kinase cascade. Several 
growth factor-stimulated kinase activities have been 
found that phosphorylate Raf-1, including ERK1 and 
ERK2 [83-85]. In these studies, peptide mapping indi- 
cated that RaM was phosphorylated by MAP kinase in 
vitro on a subset of the sites seen in 32p-labelled cells, 
suggesting that Raf-1 may be a downstream target of 
MAP kinase. Although phosphorylation by MAP ki- 
nase has not yet been shown to affect RaM activity in 
vitro, the result raises the possibility that Raf-1 might be 
regulated through complex feedback mechanisms. 

M E K  kinase 

The sequence similarity of MAP kinase to FUS3, KSS1 
and Spkl, and the similarity of MAP kinase kinase to 
STE7 and Byr2 suggested a role for a STEll/Byr2-1ike 
kinase upstream of MAP kinase kinase (reviewed in 
[86]). In S. cerevisiae, the protein kinase STE11 is re- 
quired for the activation of STE7, which in turn regu- 
lates FUS3 [87]. In S. pombe, a homolog of STE11, 
named Byr2, lies upstream of Byrl and Spkl [88]. Re- 
cently, a novel kinase with sequence similarity to STEll 
and Byr2 has been identified in mouse cDNA libraries 
using degenerate oligonucleotides that correspond to 
regions of sequence identity between the STE11 and 
Byr2 genes [89]. Upon expression in mammalian cells, 
this enzyme, named MEK kinase, phosphorylates and 
activates MAP kinase kinase in a manner that is inde- 
pendent of RaM activation. MEK kinase may thus func- 
tion as an upstream regulator of MAP kinase kinase. An 
attractive hypothesis is that MEK kinase may be stim- 
ulated upon ligand binding to receptors coupled to het- 
erotrimeric G protein-coupled pathways, as it appears 
to be in S. cerevisiae. 

Mos 

Several protein kinases are activated following proges- 
terone-stimulated induction of maturation in Xenopus 
laevis oocytes. These include Xenopus homologs of the 
cdc2, cell cycle kinase, pp90 rsk, MAP kinase, MAP ki- 
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nase kinase, and a serine/threonine kinase proto-onco- 
gene, c-mos [53, 90, 91]. The activities of all of these ki- 
nases remain elevated in M phase arrest following the 
two meiotic cell divisions, then decrease after fertiliza- 
tion. Cyclic activation of cdc2 then leads to mitotic cy- 
cling. 

Microinjection of a recombinant maltose binding pro- 
tein (MBP)-mos fusion protein into immature oocytes 
stimulated MAP kinase and MAP kinase kinase, indi- 
cating a role for mos as an upstream activator of MAP 
kinase kinase [92]. In vitro, immunoprecipitated Xeno- 
pus MBP-mos was able to phosphorylate and activate a 
mammalian form of MAP kinase kinase that had been 
inactivated by phosphatase 2A treatment. Reactivation 
was ineffective using immunoprecipitates of kinase- 
dead mos mutants, suggesting that mos activity is re- 
quired to activate MAP kinase kinase. As with Raf-1, 
however, further studies are needed to establish that 
mos directly regulates MAP kinase kinase by phospho- 
rylation. 

Microinjection of MBP-mos or v-mos into oocytes in- 
duced germinal vesicle breakdown [93], and also led to 
activation of cdc2 [92]. In these studies, the activation of 
MAP kinase preceded the activation of cdc2, suggesting 
a role of MAP kinase upstream or parallel to cdc2 acti- 
vation [92]. Microinjection of p21 r~s into Xenopus oo- 
cytes (see below) also led to the activation of MAP ki- 
nase, prior to the activation of cdc2 and germinal vesicle 
breakdown [94]. Paradoxically, microinjection of cdc2 
into oocytes or addition of cdc2 to oocyte extracts led to 
the activation of MAP kinase kinase and MAP kinase, 
suggesting a role of MAP kinase downstream of cdc2 
[53]. In addition, a Xenopus protein factor of high mole- 
cular mass (-440kDa, by sizing gel filtration) has been 
reported to activate and phosphorylate MAP kinase ki- 
nase ]95]. Thus, the available data suggests multiple reg- 
ulatory pathways for MAP kinase kinase activation in 
this system, perhaps involving feedback interactions be- 
tween MAP kinase kinase and cdc2. 

p2Y a~ 

An upstream role for p21 '~ in the MAP kinase cascade 
has been indicated by several studies showing that the 
expression of a dominant negative N-ras mutant 
(Ser17Asn) inhibits the activation of pp90 r~k, MAP ki- 
nase, MAP kinase kinase, and Raf-1 [96-101]. Kinase ac- 
tivation was blocked in response to phorbol esters, NGF, 
insulin, and PDGE On the other hand, kinase activation 
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by aluminum fluoride was not affected, suggesting that 
p21 ras is an intermediate between growth factor tyrosine 
kinase receptors and Raf-1, but is not involved in G pro- 
tein coupled pathways leading to activation of the MAP 
kinase cascade. Such data suggest that MAP kinase ki- 
nase may be a convergence point for multiple signalling 
pathways involving receptor tyrosine kinase activation 
(via p21 r"s and Raf-1) vs pathways involving receptor-G 
protein interactions (perhaps via MEK kinase). How- 
ever, this is probably an oversimplification, as further 
evidence for crosstalk between these pathways comes to 
light. 

Microinjection of normal or transforming p2Y "s into 
Xenopus oocytes, or addition of p21 ra~ to cytosolic egg 
extracts resulted in the stimulation of endogeneous 
MAP kinase kinase and MAP kinase [94, 101-104]. 
These observations have led to the development of in 
vitro assays for dissecting the function of p21 r~s upstream 
of MAP kinase kinase. Using inactive MAP kinase ki- 
nase as a probe, a 150-200kDa component has been 
identified that activates MAP kinase kinase in a p21 r"s 
dependent manner [104]. Assays such as these aimed at 
identifying and characterizing the upstream regulators 
of MAP kinase kinase are expected to lead to the discov- 
ery of cellular effectors of p21 'a~, a long elusive goal in 
tumor cell research. 

Summary 

The MAP kinase kinase can be activated by several dis- 
tinct kinases, each presumably regulated by different re- 
ceptor systems, and seems to represent a point of con- 
vergence of different signalling pathways. The MAP ki- 
nase can phosphorylate and activate at least two classes 
of downstream protein kinases, and seems to represent a 
downstream divergence point in the pathway. Of partic- 
ular interest is the finding that MAP kinase and pp90rsk 
phosphorylate and activate several nuclear transcrip- 
tion factors [105-108]. Reports of nuclear localization of 
MAP kinase and pp90rsk, and evidence for their trans- 
location from the cytoplasm to nuclei in response to cell 
activation further support the role for these kinases in 
phosphorylation nuclear targets [109,110]. The accumu- 
lating evidence suggests that the MAP kinase cascade 
will be an important mechanism by which activation of 
cell surface receptors ultimately control cell responses 
through the regulation of gene transcription. 

References 

1. Krebs EG: The enzymology of control by phosphorylation. In: 
PD Boyer, EG Krebs (eds) The Enzymes. Academic Press, Or- 
lando 17: 3-20, 1986 

2. Denton RM: Early events in insulin action. In: P Greengard, GA 
Robinson (eds) Adv. Cyclic Nucleotide and Protein Phosphory- 
lation Res. Raven Press, New York 29: 293-341,1986 

3. Gressner AM, Wool IG: The phosphorylation of liver ribosomal 
proteins in vivo. Evidence that only a single small subunit pro- 
tein ($6) is phosphorylated. J Biol Chem 249: 6917-6925, 1974 

4. Gressner AM, Wool IG: The effect of experimental diabetes and 
insulin on phosphorylation of rat liver ribosomal protein $6. Na- 
ture 259: 148-150, 1976 

5. Thomas G, Seigmann M, Gordon J: Multiple phosphorylation of 
ribosomal protein $6 during transition of quiescent 3T3 ceils into 
early G1, and cellular compartmentalization of the phosphate 
donor. Proc Natl Acad Sci USA 76: 3952-3956, 1979 

6. Nielsen P J, Thomas G, Mailer JL: Increased phosphorylation of 
ribosomal protein $6 during meiotic maturation. Proc Natl Acad 
Sci USA 79: 2937-2941, 1982 

7. Novak-Hofer I, Thomas G: Epidermal growth factor-mediated 
activation of an $6 kinase in Swiss mouse 3T3 ceils. J BioI Chem 
260: 10314-10319, 1985 

8. Tabarini D, Heinrich J, Rosen OM: Acfivation of $6 kinase activ- 
ity in 3T3-L1 cells by insulin and phorbol ester. Proc Natl Acad 
Sci USA 82: 4369-4373, 1985 

9. Erikson E, Mailer JL: Purification and characterization of a pro- 
tein kinase from Xenopus eggs highly specific for ribosomal pro- 
tein $6. J Biol Chem 261: 350-356, 1986 

10. Cobb MH: An insulin-stimulated ribosomal protein $6 kinase in 
3T3-L1 cells. J Biol Chem 261: 12994-12999, 1986 

11. Ballou LM, Jen6 E Thomas G: Protein phosphatase 2A inactiva- 
tes the mitogen-stimulated $6 kinase from Swiss mouse 3T3 
cells. J Biol Chem 263: 1188-1194, 1988 

12. Erikson RL: Structure, expression and regulation of protein ki- 
nases involved in the phosphorylation of ribosomal protein $6. J 
Biol Chem 266: 6007-6010, 1991 

13. Price D J, Nemenoff RA, Avruch J: Purification of a hepatic $6 
kinase from cycloheximide-treated rats. J Biol Chem 264:13825- 
13833, 1989 

14. Jen6 P, Jaggi N, Luther H, Seigmann M, Thomas G: Purification 
and characterization of a 40S ribosomal protein $6 kinase from 
vanadate-stimulated Swiss 3T3 cells. J Biol Chem 264: 1293- 
1297, 1989 

15. Erikson E, Mailer JL: Purification and characterization of ribo- 
somal protein $6 kinase I from Xenopus eggs. J Biol Chem 266: 
5249-5255, 1991 

16. Gregory JS, Boulton TG, Sang BC, Cobb MH: An insulin-stim- 
ulated ribosomal protein $6 kinase from rabbit liver. J Biol 
Chem 264: 18397-18401,1989 

17. Wettenhall REH, Erikson E, Maller JL: Ordered multisite phos- 
phorylation of ribosomal protein $6 by $6 kinase 1I. J Biol Chem 
267: 9021-9027, 1992 

18. Jones SW, Erikson E, Blenis J, Mailer JL, Erikson RL: A Xeno- 
pus ribosomal protein $6 kinase has two apparent kinase do- 
mains that are each similar to distinct protein kinases. Proc Natl 
Acad Sci USA 85: 3377-3381,1988 



19. Banerjee P, Ahmad MF, Grove JR, Kozlosky C, Price D J, Av- 
ruch J: Molecular structure of a major insulin/mitogen-activated 
70kDa $6 protein kinase. Proc Natl Acad Sci USA 87: 8550- 
8554, 1990 

20. Kozma SC, Ferrari S, Bassand R Seigmann M, Totty N, Thomas 
G: Cloning of the mitogen-activated $6 kinase from rat liver re- 
veals an enzyme of the second messenger subfamily. Proc Natl 
Acad Sci USA 87: 7365-7369, 1990 

21. Chen RH, Blenis J: Identification of Xenopus $6 protein kinase 
homologs (pp90rsk) in somatic cells: phosphorylation and acti- 
vation during initiation of cell proliferation. Mol Cell Biol 10: 
3204-3215, 1990 

22. Flotow H, Thomas G: Substrate recognition determinants of the 
mitogen-activated 70K $6 kinase from rat liver. J Biol Chem 267: 
3074-3078, 1992 

23. Erikson E, Maller JL: Substrate specificity of ribosomal protein 
$6 kinase II from Xenopus eggs. Second Messengers Phospho- 
proteins 12: 135-143, 1988 

24. Ahn NG, Weiel JE, Chart CR Krebs EG: Identification of mul- 
tiple epidermal growth factor-stimulated protein serine/threo- 
nine kinases from Swiss 3T3 cells. J Biol Chem 265:11487-11494, 
1990 

25. Sturgill TW, Ray LB, Erikson E, Mailer JL: Insulin-stimulated 
MAP-2 kinase phosphorylates and activates ribosomal $6 kinase 
II. Nature 334: 715-718, 1988 

26. Erikson E, Maller JL: In vivo phosphorylation and activation of 
ribosomal protein $6 kinases during Xenopus oocyte matura- 
tion. J Biol Chem 264: 13711-13717, 1989 

27. Ballou LM, Seigmann M, Thomas G: $6 kinase in quiescent 
Swiss mouse 3T3 cells is activated by phosphorylation in re- 
sponse to serum treatment. Proc Natl Acad Sci USA 85: 7154- 
7158, 1988 

28. Ray LB, Sturgill TW: Rapid stimulation by insulin of a serine/ 
threonine kinase in 3T3-L1 adipocytes that phosphorylates mi- 
crotubule-associated protein 2 in vitro. Proc Natl Acad Sci USA 
84: 1502-1506, 1987 

29. Hoshi M, Nishida E, Sakai H: Activation of a Ca2+-inhibitable 
protein kinase that phosphorylates microtubule-associated pro- 
tein 2 in vitro by growth factors, phorbol esters, and serum in 
quiescent cultured human fibroblasts. J Biol Chem 263: 5396- 
5401, 1988 

30. Pelech SL, Tombes RM, Meijer L, Krebs EG: Activation of mye- 
lin basic protein kinases during echinoderm oocyte maturation 
and egg fertilization. Dev Bio1130: 28-36,1988 

31. Cicirelli MF, Pelech SL, Krebs EG: Activation of multiple pro- 
tein kinases during the burst in protein phosphorylation that pre- 
cedes the first meiotic cell division in Xenopus oocytes. J Biol 
Chem 263: 2009-2019, 1988 

32. Cobb MH, Robbins D J, Boulton TG: ERKs, extracellular sig- 
nal-regulated MAP2 kinases. Curr Op Cell Biol 3: 1025-1032, 
1991 

33. Boulton TG, Yancopoulos GD, Gregory JS, Slaughter C, Moo- 
maw C, Hsu J, Cobb MH: An insulin-stimulated protein kinase 
homologous to yeast kinases involved in pheromone-regulated 
cell cycle control. Science 249: 64-67, 1990 

34. Boulton TG, Nye SH, Robbins DJ, Ip NY, Radziejewska E, Mor- 
genbesser SD, DePinho RA, Panayotatos N, Cobb MH, Yanco- 
poulos GD: ERKs: a family of protein-serine/threonine kinases 
that are activated and tyrosine phosphorylated in response to 
insulin and NGE Cell 65: 663-675, 1991 

207 

35. Boulton TG, Cobb MH: Identification of multiple extracellular 
signal-regulated kinases (ERKs) with antipeptide antibodies. 
Cell Regulation 2: 357-371, 1991 

36. Ahn NG, Krebs EG: Evidence for an epidermal growth factor- 
stimulated protein kinase cascade in Swiss 3T3 cells. Activation 
of serine peptide kinase activity by myelin basic protein kinases 
in vitro. J Biol Chem 265: 11487-11494, 1990 

37. Ballou LM, Luther H, Thomas G: MAP2 kinase and 70K $6 ki- 
nase lie on distinct signalling pathways. Nature 349: 348-350, 
1991 

38. Chung JK, Kuo CJ, Crabtree GR, Blenis J: Rapamycin-FKBP 
specifically blocks growth-dependent activation of an signalling 
by the 70kD $6 protein kinases. Cell 69: 1227-1236, 1992 

39. Calvo V, Crews CM, Vik TA, Bierer BE; Interleukin 2 stimula- 
tion of p70 $6 kinase activity is inhibited by the immunosuppres- 
saut rapamycin. Proc Natl Acad Sci USA 89: 7571-7575, 1992 

40. Price D J, Grove JR, Calvo V, Avruch J, Bierer BE: Rapamycin- 
induced inhibition of the 70-kilodalton $6 protein kinase. Sci- 
ence 257: 973-976, 1992 

41. Stokoe D, Campbell DG, Nakielny S, Hidaka H, Leevers SJ, 
Marshall C, Cohen P: MAPKAP kinase-2; a novel protein kinase 
activated by mitogen-activated protein kinase. EMBO J 11: 
3985-3994, 1992 

42. Ray LB, Sturgill TW: Insulin-stimulated microtubule-associated 
protein kinase is phosphorylated on tyrosine and threonine in 

vivo. Proc Natl Acad Sci USA 85: 3753-3757, 1988 
43. Cooper JA, Bowen-Pope DF, Raines E, Ross R, Hunter T: Simi- 

lar effects of platelet-derived growth factor and epidermal 
growth factor on the phosphorylation of tyrosine in cellular pro- 
teins. Cell 31: 263-273, 1982 

44. Rossomando AJ, Payne DM, Weber MJ, Sturgill TW: Evidence 
that pp42, a major tyrosine kinase target protein, is a mitogen- 
activated serine/threonine protein kinase. Proc Natl Acad Sci 
USA 86: 6940-6943,1989 

45. Anderson NG, Maller JL, Tonks NK, Sturgill TW: Requirement 
for integration of signals from two distinct phosphorylation 
pathways for activation of MAP kinase. Nature 343: 651-653, 
1990 

46. Payne DM, Rossomando AJ, Martino R Erickson AK, Her J-H, 
Shabanowitz J, Hunt DF, Weber M J, SturgilI TW: Identification 
of the regulatory phosphorylation sites in pp42/mitogen-activa- 
ted protein kinase (MAP kinase). EMBO J 10: 885-892, 1991 

47. Knighton DR, Zheng J, Ten Eyck LF, Ashford VA, Xuong NH, 
Taylor SS, Sowadski JM: Crystal structure of the catalytic sub- 
unit of cyclic adenosine monophosphate-dependent protein ki- 
nase. Science 253: 407.414, 1991 

48. Knighton DR, Zheng J, Ten Eyck LF, Xuong NH, Taylor SS, So- 
wadski JM: Structure of a peptide inhibitor bound to the cata- 
lytic subunit of cyclic adenosine monophosphate-dependent 
protein kinase. Science 253: 414-420, 1991 

49. Robbins D J, Zhen E, Owaki H, Vanderbilt CA, Ebert D, Gep- 
pert TD, Cobb MH: Regulation and properties of extracellular 
signal-regulated protein kinases 1 and 2 in vitro. J Biol Chem 268: 
5097-5106, 1993 

50. Ahn NG, Seger R, Bratlien RL, Diltz CD, Tonks NK, Krebs EG: 
Multiple components in an epidermal growth factor-stimulated 
protein kinase cascade. In vitro activation of a myelin basic pro- 
tein/microtubule associated protein 2 kinase. J Biol Chem 266: 
4220-4227,1991 

51. Gomez N, Cohen P: Dissection of the protein kinase cascade by 



208 

which nerve growth factor activates MAP kinases. Nature 35t: 
69-72, t991 

52. Seger R, Ahn NG, Posada J, Munar ES, Jensen A J, Cooper JA, 
Cobb MH, Krebs EG: Purification and characterization of mito- 
gen-activated protein kinase activator(s) from epidermal growth 
factor-stimulated A431 cells. J Biol Chem 267:14373-14381,1992 

53. Matsuda S, Kosako H, Takenaka K, Moriyama K, Sakai H, Aki- 
yama T, Gotoh Y, Nishida E: Xenopus MAP kinase activator: 
identification and function as a key intermediate in the phospho- 
rylation cascade. EMBO J 11: 973-982, 1992 

54. Posada J, Cooper JA: Requirements for phosphorylation of 
MAP kinase during meiosis in Xenopus oocytes. Science 255: 
212-215, 1992 

55. Rossomando A, Wu J, Weber MJ, Sturgill TW: The phorbol es- 
ter-dependent activator of the mitogen-activated protein kinase 
p42 ma~ is a kinase with specificity for the threonine and tyrosine 
regulatory sites. Proc Natl Acad Sci USA 89: 5221-5225, 1992 

56. Crews CM, Erikson RL: Purification of a murine protein-tyro- 
sine/threonine kinase that phosphorylates and activates the 
ERK-I gene product: relationship to the fission yeast byrl gene 
product. Proc Natl Acad Sci USA 89: 8205-8209, 1992 

57. UAllemain G, Her J-H, Wu J, Sturgill TW, Weber MJ: Growth 
factor-induced activation of a kinase activity which causes regu- 
latory phosphorylation of p42/microtubule-associated protein 
kinase. Mol Cell Bio112: 2222-2229,1992 

58. Nakielny S, Cohen P, Wu J, Sturgill T: MAP kinase activator from 
insulin-stimulated skeletal muscle is a protein threonine/tyro- 
sine kinase. EMBO J 11: 2123-2129, 1992 

59. Ahn NG, Seger R, Krebs EG: The mitogen-activated protein ki- 
nase activator. Curr Op Cell Biol 4: 992-999, 1992 

60. Seger R, Ahn NG, Boulton TG, Yancopoulos GD, Panayotatos 
N, Radziejewska E, Ericsson L, Bratlien RL, Cobb MH0 Krebs 
EG: Microtubule-associated protein 2 kinases, ERK1 and 
ERK2, undergo autophosphorylation on both tyrosine and thre- 
onine residues: implications for their mechanism of activation. 
Proc Natl Acad Sci USA 88: 6142-6146, 1991 

61. Wu J, Rossomando A J, Her JH, Del Vecchio R, Weber M J, Stur- 
gill TW: Autophosphorylation in vitro of recombinant 42-kilo- 
dalton mitogen-aetivated protein kinase on tyrosine. Proe Natl 
Acad Sci USA 88: 9508-9512, 1991 

62. Crews CM, Alessandrini AA, Erikson RL: Mouse Erk-1 gene 
product is a serine/threonine protein kinase that has the poten- 
tial to phosphorylate tyrosine. Proc Natl Acad Sci USA 88: 8845- 
8849, 1991 

63. Lindberg RA, Quinn AM, Hunter T: Dual specificity protein ki- 
nases: will any hydroxyl do? Trends Biochem Sci 17:114-119,1991 

64. Crews C, Allessandrini AA,Erikson RL: The primary structure 
of MEK, a protein kinase that phosphorylates the ERK gene 
product. Science 258: 478-480, 1992 

65. Ashworth A, Nakielny S, Cohen P, Marshall C: The amino acid 
sequence of a mammalian MAP kinase kinase. Oncogene 7: 
2555-2556,1992 

66. Seger R, Seger D, Lozeman FJ, Ahn NG, Graves LM, Campbell 
JS, Ericsson L, Harrylock M, Jensen AM, Krebs EG: Human T- 
cell MAP kinase kinases are related to yeast signal transduction 
kinases. J Biol Chem 267: 25628-25631, 1992 

67. Wu J, Harrison JK, Vincent LA, Haystead C, Haystead T, Michet 
H, Hunt DF, Lynch KR, Sturgill TW: Molecular structure of a 
protein-tyrosine/threonine kinase activating p42 mitogen-acti- 

rated protein (MAP) kinase: MAP kinase kinase. Proc Natl 
Acad Sci USA 90: 173-177, 1993 

68. Kosako H, Nishida E, Gotoh Y: cDNA cloning of MAP kinase 
kinase reveals kinase cascade pathways in yeasts to vertebrates. 
EMBO J 12: 787-794, 1993 

69. Teague MA, Chaleff DT, Errede B: Nucleotide sequence of the 
yeast regulatory gene STE7 predicts a protein homologous to 
protein kinases. Proc Natl Acad Sci USA 83: 7371-7375, 1986 

70. Nadin-Davis SA, Nasim A: A gene which encodes a predicted 
protein kinase can restore some functions of the ras gene in fis- 
sion yeast. EMBO J 7: 985-993, 1988 

71. Boguslawski G, Polazzi JO: Complete nucleotide sequence of a 
gene conferring polymyxin B resistance on yeast: similarity of 
the predicted polypeptide to protein kinases. Proc Natl Acad Sci 
USA 84: 5848-5852, 1987 

72. Warbrick E, Fantes PA: The wisl protein kinase is a dosage-de- 
pendent regulator of mitosis in Schizosaccharomyces pombe. 
EMBO J 10: 4291M299, 1991 

73. Hanks SK, Quinn AM, Hunter T: The protein kinase family: con- 
served features and deduced phylogeny of the catalytic domains. 
Science 241: 42-52, 1988 

74. Neiman AM, Stevenson B J, Xu HP, Sprague GF, Herskowitz I, 
Wigler M, Marcus S: Functional homology of protein kinases re- 
quired for sexual differentiation in Schizosaccharomyces pombe 
and Saccharomyces cerevisiae suggests a conserved signal trans- 
duction module in eukarytoc organisms. Mol Biol Cell 4: 107- 
120, 1993 

75. Kosako H, Gotoh Y, Matsuda S, Ishikawa M, Nishida E: Xeno- 

pus MAP kinase activator is a serine/threonine/tyrosine kinase 
activated by threonine phosphorylation. EMBO J 11: 2903-2908, 
1992 

76. Ahn NG, Campbell JS, Seger R, Jensen AL, Graves LM, Krebs 
EG: Metabolic labeling of mitogen-activated protein kinase ki- 
nase in A431 cells demonstrates phosphorylation on serine and 
threonine residues. Proc Natl Acad Sci USA 90: 5143-5147,1993 

77. Kyriakis JM, App H, Zhang X, Banerjee P, Brautigan DL, Rapp 
UR, Avruch J: Raf-1 activates MAP kinase-kinase. Nature 358: 
417421,1992 

78. Dent P, Haser W, Haystead TAJ, Vincent LA, Roberts TM, Stur- 
gill TW: Activation of mitogen-activated protein kinase kinase 
by v-raf in NIH 3T3 cells and in vitro. Science 257: 1404-1406, 
1992 

79. Howe LR, Leevers S J, Gomez N, Nakielny S, Cohen R Marshall 
C J: Activation of the MAP kinase pathway by the protein kianse 
raf. Cell 71: 335-342,1992 

80. Li R Wood K, Mamon H, Haser W, Roberts T: Raf-l: a kinase 
currently without a cause but not lacking in effects. Cell 64: 479- 
482,1991 

81. Baccarini M, Sabatini DM, App H, Rapp UR, Stanley ER: Colo- 
ny stimulating factor-1 (CSF-1) stimulates temperature depend- 
ent phosphorylation and activation of the RAF-1 protooncogene 
product. EMBO J 9: 3649-3657,1990 

82. Morrison DK, Kaplan DR, Rapp U, Roberts TM: Signal trans- 
duction from membrane to cytoplasm: growth factors and mem- 
brane-bound oncogene products increase r am phosphorylation 
and associated protein kinase activity. Proc Nail Acad Sci USA 
85: 8855-8859, 1988 

83. Anderson NG, Li P, Marsden LA, William N, Roberts TM, Stur- 
gill TW: Raf-1 is a potential substrate for mitogen-activated pro- 
tein kinase in vivo. Biochem J 277: 573-576, 1991 



84. Lee R, Rapp UR, Blackshear PJ: Evidence for one or more raf-1 
kinase kinases activated by insulin and polypeptide growth fac- 
tors. J Biol Chem 266: 10351-10357, 1991 

85. Lee R, Cobb MH, Blackshear PJ: Evidence that extracellular 
signal-regulated kinases are the insulin-activated r am  kinase ki- 
nases. J Biol Chem 267: 1088-1092, 1992 

86. Errede B, Levin DE: A conserved kinase cascade for MAP ki- 
nase activation in yeast. Curr Op Cell Biol 5: 254-260, 1993 

87. Zhou Z, Gartner A, Cade R, Ammerer G, Errede G: Phero- 
mone-induced signal transduction in Saccharomyces cerevisiae 
requires the sequential function of three protein kinases. Mol 
Cell Bio113: 2069-2080, 1993 

88. Wang Y, Xu HR Riggs M, Rodgers L, Wigler M: byr2, a Schizo- 
saccharomyces pombe gene encoding a protein kinase capable 
of partial suppression of the rasl mutant phenotype. Mol Cell 
Bio111: 3554-3563,1991 

89. Lange-Carter CA, Pleiman CM, Gardner AM, Blumer KJ, John- 
son GL: A divergence in the MAP kinase regulatory network 
defined by MEK kinase and raf. Science 260: 315-319, 1993 

90. Maller JL: Xenopus oocytes and the biochemistry of cell divi- 
sion. Biochemistry 29: 3157-3166,1990 

91. Sagata N, Oskarsson M, Copeland T, Brumbaugh J, Vande 
Woude GF: Function of c-mos proto-oncogene product in meiot- 
ic maturation in Xenopus oocytes. Nature 335: 519-525, 1988 

92. Posada J, Yew N, Ahn NG, Vande Woude GF, Cooper JA: Mos 
stimulates MAP kinase in Xenopus oocytes and activates a MAP 
kinase kinase in vitro. Mol Cell Bio113: 2546-2553, 1993 

93. Yew N, Mellini ML, Vande Woude GF: Meiotic initiation by the 
mos protein in Xenopus. Nature 355: 649-652, 1992 

94. Nebreda AR, Porras A, Santos E: p21ras-induced meiotic matu- 
ration of Xenopus oocytes in the absence of protein synthesis: 
MPF activation is preceded by activation of MAP and $6 kinas- 
es. Oncogene 8: 467-477, 1993 

95. Matsuda S, Gotoh Y, Nishida E: Phosphorylation of Xenopus 
mitogen-activated protein (MAP) kinase kinase by MAP kinase 
kinase kinase and MAP kinase. J Biol Chem 268: 3277-3281,1993 

96. Thomas SM, DeMarco M, D'Arcangelo G, Halegoua S, Brugge 
JS: Ras is essential for nerve growth factor- and phorbol ester- 
induced tyrosine phosphorylation of MAP kinases. Cell 68: 
1031-1040, 1992 

97. Wood KW, Sarnecki C, Roberts TM, Blenis J: Ras mediates 
nerve growth factor receptor modulation of three signal-trans- 
ducing protein kinases: MAP kinase, Raf-1 and RSK. Cell 68: 
1041-1050, 1992 

209 

98. de Vries-Smits AMM, Burgering BMT, Leevers S J, Marshall C J, 
Bos JL: Involvement of p21ras in activation of extraceUular sig- 
nal-regulated kinase 2. Nature 357: 602-604, 1992 

99. Robbins D J, Cheng M, Zhen E, Vanderbilt CA, Feig LA, Cobb 
MH: Evidence for a ras-dependent extracellular signal regulated 
protein kinase (ERK) cascade. Proc Natl Acad Sci USA 89: 
6924-6928, 1992 

100. Leevers S, Marshall C J: Activation of extracellular signal-regu- 
lated kinase, ERK2, by p21ras oncoprotein. EMBO J 11: 569- 
574, 1992 

101. Pomerance M, Schweighoffer F, Tocque B, Pierre M: Stimulation 
of mitogen-activated protein kinase by oncogenic ras p21 in Xe- 
nopus oocytes. J Biol Chem 267: 16155-16160, 1992 

102. Hattori S, Fukuda M, Yamashita T, Nakamura S, Gotoh Y, Nishi- 
da E: Activation of mitogen-activated protein kinase and its acti- 
vator by ras in intact cells and in a cell-free system. J Biol Chem 
267: 20346-20351, 1992 

103. Shibuya EK, Polverino A J, Chang E, Wigler M, Ruderman JV: 
Oncogenic ras triggers the activation of 42kDa mitogen-activa- 
ted protein kinase in extracts of quiescent Xenopus oocytes. 
Proc Natl Acad Sci USA 89: 9831-9835, 1992 

104. Itoh T, Kaibuchi K, Matsuda T, Yamamoto T, Matusuura Y, Mae- 
da A, Shimizu K, Takai Y: A protein factor for ras p21-dependent 
activation of mitogen-activated protein (MAP) kinase through 
MAP kinase kinase. Proc Natl Acad Sci USA 90: 975-979, 1993 

105. Pulverer B J, Kyriakis JM, Avruch J, Nikolakaki E, Woodgett JR: 
Phosphorylation of c-jun mediated by MAP kinases. Nature 353: 
670-674,1991 

106. Gitle H, Sharrocks AD, Shaw PE: Phosphorytation of transcrip- 
tion factor p62 vcv by MAP kinase stimulates ternary complex 
formation at c-los promoter. Nature 358: 414-417, 1992 

107. Alvarez E, Northwood IC, Gonzalez FA, Latour DA, Seth A, 
Abate C, Curran T, Davis RJ: Pro-Leu-Ser/Thr-Pro is a consen- 
sus primary sequence for substrate protein phosphorylation. J 
Biol Chem 266: 15277-15285, 1991 

108. Cheng JT, Cobb MH, Baer R: Phosphorylation of the TALl on- 
coprotein by the extracellular-signal regulated protein kinase 
ERK1. Mol Cell Bio113: 801-808, 1993 

109. Chen T-H, Sarnecki C, Blenis J: Nuclear localization and regu- 
lation of Erk- and Rsk-encoded protein kinases. Mol Cell Biol 
12: 915-927, 1992 

110. Sanghera JS, Peter M, Nigg EA, Pelech SL: Immunological char- 
acterization of avian MAP kinases: evidence for nuclear local- 
ization. Mol BiN Cell 3: 775-787, 1992 


