
and after eliminating these, they also claim 
a null result with similar sensitivity. Mean- 
while Lyons et al. (8) have further refined 
their apparatus and found yet other tech- 
niques to eliminate spurious errors. They 
continue to find, as originally reported, a 
signal that is zero on average but fluctuates 
from point to point on the sample. They 
interpret this as being the result of domains 
whose T signal fluctuates in sign. 

There are possible practical loopholes in 
Wen and Zee's argument associated with the 
difhculty of actually computing for optical 
photon energies the [probably very small (9)] 
magnitude of T-symmetry breakmg signal 
which presumably involves very low energy 
scales (on the order of T, - lo-' eV) . There 
is also the possibility of pamal or complete 
cancellation of the effect in adjacent planes 
owing to a kind of antifemma&etic ordering 
(1 0). Although the experimental situation 
remains somewhat conGversia1, the simplest 
interpretation at present is that sensitive o p  
tical and other (1 1, 12) measurements have 
failed to unambiguously detect signatures of 
anyons. It is now quite clear from theoretical 
work that anyons superwnduct, but it is by no 

means clear from experiment that cuprates are 
superwnductors because of anyons. 
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MAP Kinases: Charting the 
Regulatory Pathways 

Steven L. Pelech and Jasbinder S. Sanghera 

T h e  intracellular transmission of growth 
factor signals is presumed to be mediated by 
sequentially activated protein kinases inte- 
grated into an elaborate network (1). De- 
spite the identification of hundreds of dis- 
tinct protein kinases, few interconnections 
between these kinases have been firmly 
established. Now at last, one of the major 
mitogenic signaling routes is finally coming 
into focus. The emerging picture is far more 
com~lex than what might have been antic- - 
ipated even a few years ago (see figure). 

It has long been suspected that protein 
kinase cascades emanating from growth fac- 
tor receptors are responsible for the phos- 
phorylation of such targets as ribosomal 
protein S6. Many extracellular mitogens, 
such as platelet-derived growth factor 
(PDGF) , epidermal growth factor (EGF) , 
and nerve rrrowth factor (NGF). induce - , . 
autophosphorylation of their respective re- 
ceptors on tyrosine residues by activation of 
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isozyrnes, p42wk and p44"k', require both 
threonine and tyrosine phosphorylation for 
maximal activation (4). The regulatory 
phosphoacceptor sites in murine p42""fi 
have been identified as ThrIa3 and Tyrls5 
(5) ,  and these residues are conserved in 
p44"k'. Both pI2""fi and p44erk' can un- 
dergo autophosphorylation on tyrosine and 
become slightly activated (6). However, 
the kinetics of autophosphorylation and 
autoactivation are much too slow to ac- 
count for the stimulation of these MAP 
kinases in vivo. 

Rapid stoichiometric threonine and ty- 
rosine phosphorylation of p42""Pk and 
p44"k' and stimulation of their ability to 
phosphorylate myelin basic protein can be 
achieved by at least two "activating fac- 
tors." These were first detected in cytosol- 
ic extracts from EGF-stimulated Swiss 
mouse 3T3 cells and subsequently in NGF- 
treated rat PC12 cells and maturing Xeno- 
pus oocytes (7). There is an excellent 
correlation between the stimulation of 
these activators and increases in activity 
of MAP kinases in these diverse systems. 
These activators do not simply accelerate 
MAP kinase autophosphorylation, but are 
bona fide MAP kinase (MAPK) kinases. 
since they induce the tyrosine and threo- 
nine phosphorylation of mutant p42""pk in 
which autophosphorylation has been al- 
most completely eliminated by mutagene- 
sis (8. 9). 

T ~ O  human A431 cell MAPK k' lnases 
(lo), their murine and rabbit cognates 
(I I), and the Xenopus MAPK kinase (7) 

intrinsic catalytic kinase domains. This is d 
ultimately translated into phosphorylation 
of serine and threonine residues in proteins 
throughout the cell. To chart the major 
routes for mitogenic signaling, the S6 pro- 
tein has been employed as a convenient 

i 
starting point for the elucidation of up- 
stream regulatory events. Diverse stimuli 
can activate S6 protein kinases, in particu- 
lar the 70-kD S6 kinase and a 90-kD kinase 
encoded by the rsk gene family (1). These 
S6 kinases are, in turn, activated by phos- 
phorylation on serine and threonine resi- 
dues. Multisite phosphorylation of p90"k by 
the mitogen-activated protein (MAP) ki- 
nases, or extracellular signal-regulated pro- 
tein kinases (ERKs) as they are occasionally 
called, is sufficient to markedly stimulate its 
S6 phosphotransferase activity (2). MAP 
kinases are probably the physiological acti- 
vators of p90"k, since both are activated 
simultaneously in response to the same 
stimuli (1). 

The MAP kinase family is composed of 
40- to 46-kD isoforms that will phosphoryl- 

- - 

ate myelin basic protein in vitro on a Representation of mitogenic signal trans- 
threonine residue (3). At least two of these duction from the PDGF receptor. 
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appear to correspond to -45-kD proteins 
by SDS-polyacrylamide gel analysis. Anti- 
serum developed to the Xenopus MAPK 
kinase cross-reacts with a 45-kD MAPK 
kinase that is activated in rat 3Y1 cells 
treated with EGF, PDGF, insulin, and 
phorbol ester tumor promoters and in PC12 
cells exposed to NGF ( 1  2 ) .  Protein micro- 
sequencing analyses of the 45-kD protein in 
mammalian ( 1  1) and Xenopus (12)  prepa- 
rations of MAPK kinase have confirmed its 
identity as a protein kinase and revealed 
strong homology to the yeast protein ki- 
nases encoded by the Schi~osaccharomyces 
pombe byrl and Saccharomyces cerewisiae ste7 
genes (13) .  These findings are consistent 
with genetic studies of S. cerewisiae mating, 
in which ~ 5 5 % ~ ~  acts as an intermediary in 
the a pheromone-induced activation of the 
kinase p 4 e 3 ,  a MAP kinase homolog 
(13) .  Many other yeast kinases are highly 
related to p38byT' and p55"", such as those 
encoded by the pbs2, wis 1 ,  stel 1 ,  byr2, and 
slk genes (14) .  This raises the tantalizing 
prospect that an extended family of kinases 
may impinge upon MAP kinases and closely 
related protein kinases. 

The identification and purification of 
the 45-kD MAPK kinases have facilitated 
studies of their direct regulation. Initial 
hopes that they might be tyrosine phos- 
phorylated and activated by receptor tyro- 
sine kinases have been dashed by the 
resistance of MAPK kinases to inactiva- 
tion by tyrosine-specific protein phos- 
phatases ( 7 ) .  However, the sensitivity of 
MAPK kinases to inhibition by the serine- 
threonine-specific protein phosphatase 
2A implicates at least one other interme- 
diary protein kinase that acts proximal to 
receptor tyrosine kinases ( 7 ,  10) .  The 
74-kD serine-threonine kinase encoded bv 
the proto-oncogene rafl has now emerged 
as a very promising candidate for such a 
MAPK kinase kinase. 

Dent and colleagues ( 1 5 ) ,  in this issue 
of Science, show that MAPK kinase and 
p42maPk are constitutively activated in mu- 
rine NIH 3T3 cells transformed with on- 
cogenic forms of truncated p7Pf1 .  Fur- 
thermore, viral rafl protein that has been 
immunoprecipitated from transformed 
cells or bacterially expressed as a glu- 
tathione fusion protein catalyzes the acti- 
vation of MAPK kinase from skeletal mus- 
cle in vitro. Very similar findings have 
been reported by Kyriakis and colleagues 
( 1 6 ) ,  who also demonstrated that immu- 
noprecipitates of constitutively activated 
rafl protein can reactivate MAPK kinase 
that had been previously inactivated by 

phosphatase 2A. Evidence for direct phos- 
phorylation of MAPK kinase by the rafl 
protein is limited in both studies, but 
Kyriakis and co-workers (16)  have ob- 
served that the rafl protein phosphoryl- 
ates an appropriately sized 50-kD polypep- 
tide on both serine and threonine residues 
in their preparations of MAPK kinase. 

The direct activator of p74'Uf1 is still 
elusive. Although MAP kinase phosphoryl- 
ates u 7 P f 1  in vitro at a site that is 
modified in vivo in response to insulin, 
this phosphorylation is insufficient for 
p74Taf1 activation ( 1  7 ) .  p74Taf' is also sub- 
ject to phosphorylation at two additional 
sites that are not phosphorylated by MAP 
kinases but could be required for p74Taf' 
activation ( 1 6 ) .  Like protein kinase C,  
p74"f1 features a zinc finger motif in its 
amino-terminal reeulatorv domain that 

u 

could serve as a binding site for a regula- 
tow molecule ( 1  8 ) .  ~, 

There is strong evidence for the place- 
ment of the guanine nucleotide-binding 
protein p21Ta' upstream of p7Pf1  in a 
growth factor activation pathway ( 1  9-22). 
p21Takediates signaling from several in- 
puts including the phorbol-ester receptor 
protein kinase C, the tyrosine kinase p60'", 
and the guanosine triphosphatase- activat- 
ing protein (GAP) that inactivates p21Tas 
function (23, 24 ) .  Other lines of evidence 
imply protein kinase C may indirectly stim- 
ulate MAP kinase independently of p2 lTas 
(20, 25 ) .  

The very strong ,recruitment of MAP 
kinases by a powerful mitogen such as 
PDGF may reflect the multiple signaling 
systems that are elicited upon engagement 
of PDGF with its receptor. Although there 
is evidence for physical association of acti- 
vated p60"' and p7Pf1  with the ligand- 
occupied PDGF receptor, other signal- 
transducinc ~roteins that interact with the " .  
autophosphorylated receptor via SH2 do- 
mains contribute to MAP kinase activation 
(26) .  These receptor-associated proteins, 
which are also tyrosine-phosphorylated by 
the PDGF receptor, include phospholipase 
Cy, GAP, and phosphatidyl inositol (PI) 
3-kinase. Althoueh the function of PI 3-ki- - 
nase has yet to be elucidated, phospholipase 
CY and GAP mav facilitate MAP kinase 
aciivation: phospholipase Cy by its produc- 
tion of second messengers for the mobiliza- 
tion of protein kinase C and GAP through 
its action on p2lTaS. It should not be too 
long before the remaining intermediary 
components that mediate protein kinase C, 
p6OFc, and p2ITaS activation of p74'"f1 also 
come to light. 
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