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ABSTRACT: Activation of cell growth leads to the multiple phosphorylation of 40s 
ribosomal protein S6. The kinase responsible for controling this event is termed p70dk/ 
p8Fk. Both isoforms of the kinase are derived from a common gene activated by a 
complex set of phosphorylation events; each resides in a unique cellular compartment: 
the ~ 7 0 ” ~ ~  in the cytoplasm and the p 8 P k  in the nucleus. Although p7086k/p85s6k repre- 
sent the fust mitogen-activated serine/threonine kinase described, the signaling pathway 
leading to activation of both isoforms remains obscure. Recent studies have shown that 
this pathway is distinct from that of p21” and the p42wk/p44@, and that bifurcation 
of these pathways takes place at the level of the receptor. Experiments with point 
mutants of the PDGF receptor and inhibitors of phosphatidyl-inositol-3-OH kinase have 
implicated the latter molecule in this signaling event, but more recent findings suggest 
an alternative route may be employed. The ~ 7 0 ” ~ ~  signaling pathway can also be ablated 
by the immunosuppressant rapamycin, which blocks ~ 7 0 “ ~  activation and S6 phospho- 
rylation without affecting the other kinases whose activation is triggered by mitogen 
treatment. In parallel, rapamycin suppresses the translation of a family of &As that 
contain a polypyrimidine tract at their 5’ transcriptional start site. The implication is that 
this event is mediated by the phosphorylated form of S6 that may either (1) directly 
interact with the polypyrimidine tract or (2) alter the affinity of the 40s ribosome mRNA 
binding site for polypyrimidine tract mRNAs, or (3) recognize proteins that directly bind 
to the polypyrimidine tract. 

KEY WORDS: signal transduction, translation, cell growth. 

I. INTRODUCTION exit from mitosis: wound healing: and the 
activation of cell growth by mitogens and 
 oncogene^.^^ The importance of this event 
in the control of cell growth has been made 
strikingly evident by a number of recent 
observations. These include the frnding that 
overexpression of specific translational 

Activation of protein synthesis plays a 
key role in the control of cell growth and 
proliferation. Increased rates of translation 
are associated with meiotic maturation,* 
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components or obstruction of key gene 
products that regulate their function can 
render cells more increase 
their susceptibility to transformation1o or 
block their ability to pr0liferate.I' In most 
systems characterized to date, control is 
exerted at the level of initiation of protein 
synthesis.12 This process proceeds through 
a complex set of steps involving a large 
number of translational components, in- 
cluding initiation factors, tRNAmet mRNA 
and the 40s and 60s ribosomal subunits. 
This review will focus on one such compo- 
nent in the mitogenic response, 40s ribo- 
somal protein S 6 ,  the kinases that control 
its level of phosphorylation and the intra- 
cellular signaling pathway that couples ki- 
nase activation with growth factor-activated 
tyrosine kinase- and G protein-coupled re- 
ceptors (see Figure 1). 

It. LOCATION OF S6 IN THE 40s 
SUBUNIT 

The 40s ribosomal subunit is composed 
of a single molecule of 18s rRNA and 30 
different proteins, one of which is S6.I3 
The 40s subunit can be roughly divided 
into two domains termed the head and 
body.13 The head also contains a protrusion 
commonly referred to as the beak or bill. 
Immunoelectron microscopy studies had 
initially mapped S6 to two locations, on 
the beak and backside of the body.I4 How- 
ever, these earlier studies were invalidated 
when the use of the same antibodies, fol- 
lowing affinity purification, failed to react 
with intact 40s ribosomal subunits.15 In the 
absence of specific antibodies, researchers 
have relied on chemical cross-linking be- 

tween proximal proteins or between pro- 
teins and RNA as well as protection stud- 
ies to, roughly map S 6  to the small head 
region of the 40s ribosomal subunit on the 
inner side of the beak, in a position juxta- 
posed to the larger 60s ~ u b u n i t . ~ ~ J ~  This 
area of the 40s ribosomal subunit is impli- 
cated in mRNA binding and is thought to 
reside near or at the tRNA acceptor site. 

111. S6 PHOSPHORYLATION AND 
THE INITIATION OF PROTEIN 
SYNTHESIS 

The only protein in the 40s ribosomal 
subunit which has been reported to un- 
dergo phosphorylation in vivo in response 
to a number of mitogens is S6. Increased 
S6 phosphorylation in relation to the acti- 
vation of protein synthesis and increased 
cell growth were initially observed in re- 
generating rat liver after partial hepa- 
tectomy.*8 These studies suggested that S6 
phosphorylation might be a ubiquitous re- 
sponse when cells are induced to transit the 
GJG, boundary and re-enter the cell cycle 
by different mitogens. This hypothesis was 
supported by studies in tissue culture model 
systems which demonstrated increased S6 
phosphorylation in chicken embryo fibro- 
blasts: Swiss mouse 3T3 fibr~blasts'~ and 
human HeLa cells20 following stimulation 
to proliferate by a number of mitogens. 
Multiple phosphorylation of S6 was subse- 
quently found to be associated as well with 
the activation of protein synthesis in a num- 
ber of developmental systems.21>u 

The question of causality was initially 
addressed in vivo by exploiting the proper- 
ties of cycloheximide, a potent inhibitor of 
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protein ~ynthesis,2~ and theophylline, an 
amino-purine known to inhibit S6 phos- 
phorylation.5 Preincubation of cells with 
cycloheximide had no signrficant effect on 
serum-induced S6 phosphorylation at con- 
centrations that blocked the shift of 80s 
monosomes into poly~omes.~~ In contrast, 
theophylline inhibited both S6 phosphory- 
lation and the activation of protein synthe- 
sis in a concentration-dependent manner." 
These results demonstrated that increased 
S6 phosphorylation did not require protein 
synthesis, whereas the theophylline data 
suggested that S6 phosphorylation may be 
a prerequisite for the activation of protein 
synthesis. 

The increase in protein synthesis dur- 
ing the GJG, transition is controlled at the 
level of initiation, indicating that S6 phos- 
phorylation may exert its effect on transla- 
tion at one of the steps involved in this 
process. Support for this hypothesis was 
provided by results from Duncan and 
M ~ C o n k e y ~ ~  and Thomas and collabora- 
tors,26 demonstrating that during the mito- 
gen-induced shift of inactive 80s ribosomes 
into polysomes, ribosomes in polysomes 
have a higher percentage of phosphory- 
lated S6 than either 80s ribosomes or 40s 
ribosomal subunits, at early times follow- 
ing mitogenic stimulation. At the time this 
difference was argued not to be due to 
preferential phosphorylation of polysomal 
ribosomes, as b a s e  activity was distrib- 
uted equally between polysomes, 80s ribo- 
somes, and 40s ribosomal subunits. In- 
deed, further studies in this laboratory 
suggested that S6 does not serve as a sub- 
strate for kinases or phosphatases when 
present in an 80s complex,27 consistent 
with its location at the interface of the 40s 
subunit. This fmding would support the 
interpretation that 40s subunits containing 

highly phosphorylated S6 have a selective 
advantage in entering polysomes over 
nonphosphorylated 40s ribosomal sub- 

Though these observations indicated a 
role for S6 phosphorylation in the initia- 
tion of translation, the question arose as to 
its involvement in sustaining high rates of 
protein synthesis throughout G, prior to 
entry into S phase. In some systems, phos- 
phorylation of S6 OCCLUS rapidly in response 
to serum stimulation but declines to basal 
levels within 6 to 8 h, at a time when 
protein synthesis is still maximum.20 How- 
ever, in other systems it remains high 
throughout entry into S phase (G. Thomas, 
unpublished observations). These differ- 
ences may be due to the cell type and the 
extent to which cells have quiesced. In the 
first case it was envisioned that S6 phos- 
phorylation would exert an effect on a pri- 
mary event in the initiation process but 
have little effect on the maintenance of the 
activated state.= Recent results,, would 
instead suggest that S6 phosphorylation is 
important throughout G ,  for entry into S 
phase (see below). 

IV. IN VlTRO PROTEIN 
SYNTHESIS 

Direct evidence for a link between S6 
phosphorylation and the initiation of trans- 
lation was provided by in vitro studies car- 
ried out by Burkhard and Traugh.28 Ini- 
tially, the effect of S6 phosphorylation on 
binding of poly(A,U,G) to 40s ribosomal 
subunits and on its translation were exam- 
ined in an in vitro reconstituted protein- 
synthesizing system. Binding and transla- 
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tion of synthetic mRNA was enhanced by 
addition of 40s ribosomal subunits phos- 
phorylated by a partially purified b a s e  
referred to as protease-activated b a s e  2 
(PAK2). The stoichiometry of phosphory- 
lation was up to 4 mol of phosphate/mol of 
40s subunit. Conversely, phosphorylation 
by the CAMP-dependent protein kinase, 
with the incorporation of 2 mol of phos- 
phate/mol of 40s subunits, had a small 
inhibitory effect in comparison to nonphos- 
phorylated ribosomes.28 A later investiga- 
tion on the binding and translation of na- 
tive messages in a similarly reconstituted 
reticulocyte protein-synthesizing system 
confumed these initial 0bservations.2~ In 
this set of studies phosphorylation of S 6  
with the mitogen-stimulated PAK2, in con- 
trast to the CAMP-dependent kinase, stimu- 
lated globin synthesis by up to fourfold. 
Surprisingly, the effect was more pro- 
nounced for p- than for a-globin, suggest- 
ing that S6 phosphorylation also leads to a 
selective alteration of the ability of the 40s 
ribosomal subunit to recognize specific 
mRNAs. One possible criticism of this 
study is that the reconstituted system em- 
ployed was low in total activity as com- 
pared to the unfractionated reticulocyte 
lysate. It will be of interest to determine 
whether similar results can be obtained 
employing a recently described reconsti- 
tuted protein synthesis system that is up to 
70% as efficient as the intact reticulocyte 
l~sate.~O It should also be noted that more 
recent studies indicate S6 is involved in the 
selective translation of a family of mRNA 
transcripts, characterized by a poly- 
pyrimidine tract at their 5’ transcriptional 
start site (see below, Rapamycin). 

An alternative approach to establishing 
a role for S6 phosphorylation took advan- 
tage of homologous recombination in 

yeast.31 Saccharomyces cerevisiae contains 
two gene copies for many of its ribosomal 
proteins, including S which is the yeast 
homolog of mammalian S 6 .  Although the 
overall amino acid identity is 60%, S10 
lacks the last ten carboxyl terminal resi- 
dues, including the last three phosphoryla- 
tion sites that occur in mammalian S6. One 
gene for S10 was isolated by a random 
screening of recombinant h phage clones 
containing S. cerevisiae sequences comple- 
mentary to moderately abundant mRNA.32 
The second copy was isolated from an 
S. cerevisiae genomic DNA bank.31 Em- 
ploying gene disruption and site-directed 
mutagenesis, Kruse and c o - ~ o r k e r s ~ ~  de- 
veloped a strain of S. cerevisiae in which 
the only gene for S10 codes for a protein 
with alanines in place of the two serines 
suspected to be sites of phosphorylation. 
Cells of this strain can grow, albeit some- 
what more slowly, even though they are 
unable to phosphorylate S10. From these 
results and a follow-up study, the authors 
concluded that S 10 phosphorylation is not 
essential for normal However, 
the same conclusion may not be applicable 
to higher e ~ k a r y o t e s . ~ ~ ~ ~ ~  Indeed, the same 
two sites are phosphorylated in mamma- 
lian S6 by the cyclic AMP-dependent pro- 
tein b a s e  and have little effect on the 
in vitro reconstituted protein synthesis sys- 
tem described above as compared to 
nonphosphorylated S6.29 Further, the ap- 
parent ability of 40s ribosomal subunits to 
enter polysomes is unaffected by phospho- 
rylation of these two sites.26 Thus it may be 
that only the late sites of S6 phosphoryla- 
tion are required for increased translation 
in higher eukaryotes, sites that are absent 
from S. cerevisiae. 

Paradoxically, S6 appears to play the 
role of a tumor suppressor gene in Droso- 
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phila, at least in some tissues. In two recent 
 publication^^^*^^ it has been shown that P 
element insertions in the promoter regions 
of Drosophilu S6 lower the expression of 
the transcript, delaying larval development 
and leading to lethality by the third larval 
instar. This is not a surprising finding, as 
such a depletion of S6 transcripts would 
probably have direct impact on ribosome 
biogenesis. However, these mutations cause 
overgrowth of hematopoietic organs, ab- 
normal blood cell differentiation, and mel- 
anotic tumors, indicating that S6 may play 
a role as a tumor suppressor gene. It is 
difficult to envision a scenario to explain 
this result. It has been shown that S6 is 
both in the nucleus, in association with 
chromatin, and in nucleoli.37 Possibly the 
tumor suppressor-like activity is exerted at 
this level. It should also be noted that 
Stewart and Denel136 reported the exist- 
ence of two additional third exons in the S6 
gene that if expressed would lead to alter- 
native S6 phosphorylation sites. Further 
studies should resolve their functional im- 
portance as potential developmental 
switches. 

V. IDENTIFICATION OF S6 
PHOSPHORY LATlON SITES 

The amino acid sequence of 40s ribo- 
somal protein S6 was fEst deduced from 
the nucleotide sequence of a mouse recom- 
binant c D N A ~ ~  and subsequently from a rat 
liver39 and human40 cDNA. All three 
cDNAs encoded an identical protein, which 
was also equivalent to the amino acid se- 
quence of rat S6 as determined by direct 
protein ~equencing.~~ The yeast homolog 
of S6, S10, displays 60% identity with 

mouse S6,38 whereas the Drosophila coun- 
terpart is 75% identical.36 

Studies carried out by Wettenhall and 
c o l l e a g u e ~ ~ ~ ? ~ ~  first pointed to the existence 
of eight potential phosphorylatable resi- 
dues in a 17-amino acid tryptic peptide of 
S6 thought to be at or near the carboxyl 
terminus of the protein. As an initid ap- 
proach to identify the sites affected, Krieg 
et al." isolated 40s ribosomal subunits from 
the livers of rats injected with cyclohexim- 
ide and 32Pi to obtain sufficient amounts of 
highly phosphorylated S6, which was then 
cleaved with cyanogen bromide. The cy- 
anogen bromide fragment accounting for 
all of the radioactivity incorporated into S6 
was purified and shown to contain only 
phosphoserine. The phosphorylated resi- 
dues were converted to the stable analog S- 
ethyl cysteine,44 and the five sites of phos- 
phorylation were shown to be S235, s236, 
S,, SW, and S, by direct Edman degra- 
dation. However, cycloheximide did not 
induce full S6 phosphorylation in rat l iveP 
and apparently only activated one of the S6 
b a s e s  that had been implicated in S6 
phosphorylation,46 (see below, Rapamycin). 
In addition, in v i m  studies47 argued for 
other potential sites of S6 phosphorylation 
that are distinct from those identified fol- 
lowing cycloheximide induction. Together, 
these findings placed in question the iden- 
tity of the phosphorylation sites induced by 
mitogens. However, Bandi et al.48 have 
recently demonstrated that S6 obtained from 
ribosomes of 3T3 cells stimulated with 10% 
fetal calf serum is phosphorylated at the 
same sites as those induced by cyclohex- 
hide.  This suggested that phosphoryla- 
tion of the five residues at the carboxyl 
terminus of S6 is a mechanism common to 
all growth stimuli, Furthermore, it had been 
shown earlier by tryptic phosphopeptide 
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analysis of the increasingly phosphorylated 
derivatives of S6 that the reaction proceeds 
in an ordered fashi0n.4~ These results were 
supported by the studies of Krieg et al.43 
which in addition indicated that the order 

S, + S247. However, more recent studies 
demonstrate that the order in vivo is s236 + 
S235 or S ,  -+ S, + s247 (H. R. Bandi, S., 
Ferrari, R. E. Wettenhall, and G. Thomas, 
unpublished data). Based on the studies 
described ab0ve,~6.~~ it would appear that 
the late sites of phosphorylation, i.e. S, 
and s247, would contribute the most to the 
stimulation of protein synthesis. 

of phosphorylation iS s236 + s235 + s, + 

VI. MITOGEN-INDUCED S6 
KI NASE ACTIVITY 

The search for an S6 kinase began ten 
years ago. Preliminary studies showed that 
S 6  could serve as a substrate in vitro for 
the CAMP- and cGMPdependent protein 

protein kinase C,51952 calmodulin- 
dependent protein kinase 11,53 casein ki- 
nase and the protease-activated kinases 
PAK IF5 and histone 4-protein kinase 
(H4PK).56 However, none of the above 
kinases was able to fully phosphorylate S6 
to the extent observed in vivo, nor in most 
cases were their mechanisms of activation 
consistent with a signaling pathway modu- 
lated by mitogens. The first report of a 
mitogen-activated serine/threonine S6 ki- 
nase, came from studies by Novak-Hofer 
and Thomas57 in Swiss 3T3 cells. They 
used extraction conditions previously em- 
ployed to isolate maturation promoting fac- 
tor @PI?) from unfertilizedXenopus 
as preparations of MPF were known to 
induce S6 phosphorylation when injected 

into immature oocytes prior to meiotic 
maturation or when incubated with 40s 
ribosomal subunits in v i t r ~ . * ~  The key com- 
ponents of the extraction buffer appeared 
to be p-glycerol phosphate and EGTA, both 
being required for maintainance of full S6 
kinase activity in extracts of serum-stimu- 
lated cells, with only the EGTA effect be- 
ing reversible. The authors speculated that 
a phosphorylation-dephosphorylation 
mechanism was involved in the regulation 
of an S6 kinase activity, and that p-glyc- 
erol phosphate was acting as a competitive 
phosphatase inhibitor preventing dephos- 
phorylation and inactivation of this activ- 
ity. Based on this hypothesis, several po- 
tential phosphatase inhibitors were tested 
for their aEjility to maintain S6 b a s e  in its 
active All protected S6 kinase ac- 
tivity to a large extent, with the exception 
of NaF, which inhibited the activity of the 
b a s e  in vitro. These studies indicated that 
either the S6 kinase itself or a regulatory 
component was under the control of phos- 
phorylation and provided the first evidence 
for the existence of kinase cascades in 
mitogen-induced intracellular signaling. 

At the same time, growing interest in 
the phosphorylation of S6 as a point of 
convergence of many mitogen-induced sig- 
naling pathways led to the identification of 
a number of agents able to trigger this re- 
sponse. Decker7 observed that S6 was phos- 
phorylated in a serum independent manner 
in cells transformed with a temperature- 
sensitive mutant of avian sarcoma virus 
(ASV) when grown at permissive tempera- 
ture. Smith and collaborators6 reported that 
physiological concentrations of insulin 
enhanced the incorporation of 32Pi into ri- 
bosomal protein S6 in 3T3-Ll adipocytes. 
Thomas et al.26 found that the ability of 
serum, epidermal growth factor (EGF), 

391 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



prostaglandin F, (PGF2J and insulin in 
eliciting S6 phosphorylation paralleled their 
ability to activate protein and DNA synthe- 
sis. Blenis et aLS9 reported that S6 appeared 
to be highly phosphorylated in cell cultures 
transformed with RNA or DNA tumor vi- 
ruses in the absence of the mitogen, whereas 
the parental cell lines required the presence 
of serum. Moreover, the tumor promoter 
12-0-tetradecanoyl-phorbol- 13-acetate, or 
PMA, when added to serum-starved chicken 
embryo fibroblasts resulted in increased 
phosphorylation of S6.60 Employing ex- 
traction conditions similar to those de- 
scribed by Novak-Hofer and Thomass7 a 
number of these workers subsequently dem- 
onstrated the existence of an apparently 
equivalent S6 kinase activity in other sys- 
terns.6I4 

VII. IDENTIFICATION OF THE 
~ 7 0 ~ ~ ~  

purification of the mitogen-activated 
S6 b a s e  to homogeneity was achieved by 
Jeno et al.67168 following treatment of Swiss 
3T3 cells with vanadate, a protein tyrosine 
phosphatase inhibitor. Activation by vana- 
date was chosen because it appeared to be 
as efficient as the most potent mitogens 
tested, including serum and platelet-derived 
growth factor (PDGF), and activation was 
persistent rather than transient. The proto- 
col for purification of the mitogen-acti- 
vated S6 kinase was based on the finding 
by Ballou et al.69 that the active form of the 
enzyme could be resolved from putative 
inactivating phosphatases on cation ex- 
change columns. That inactivation was due 
to phosphatases was suggested by a num- 
ber of observations: (1) the kinase was 

stable in preparations lacking phosphatase 
activity; (2) the inactivating agent co-eluted 
with phosphorylase A phosphatase activity 
during anion exchange- and gel filtration- 
chromatography; (3) phosphatase inhibi- 
tors protected the kinase from inactivation; 
and (4) the pure catalytic subunits of phos- 
phatase 2A and 1 catalyzed the inactiva- 
tion of the kinase. Therefore, the first of 
the eventual five steps employed in the 
pwification was cation-exchange chroma- 
tography to remove phosphatases. The 
purified molecule appeared to be a single 
polypeptide chain with an apparent M, of 
70,000 as judged by SDS polyacrylamide 
gel electrophoresis,68 and was subsequently 
termed ~ 7 0 " ~ .  When corrected for losses at 
each step of the purification, the amount of 
protein present revealed that ~ 7 0 " ~ ~  is a rare 
molecule.68 The kinase was clearly distinct 
from the CAMP-dependent protein base ,% 
protein kinase Cs152 and the protease-acti- 
vated kinases PAK and H4PK.s6 The 
pure enzyme had a final specific activity 
toward S6 of -1 .O pmol per min per mg of 
protein, underwent autophosphorylation, 
was inactivated by phosphatase 2A, and 
incorporated 4 to 5 mol of phosphate into 
S6 in vitro in the same tryptic phos- 
phopeptides as observed in vivo. 

VIII. ACTIVATION OF ~ 7 0 ~ ~ ~  IS 
ASSOCIATED WITH 
PHOSPHORY LATlON 

The results above demonstrated that 
phosphorylation was required for mainte- 
nance of the activated state, but did not 
demonstrate that p7OSa activation by mito- 
gens was associated with phosphorylation. 
To test this possibility, Ballou et aL70 puri- 
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fied the enzyme from quiescent or 60-min 
serum-stimulated Swiss 3T3 cells labeled 
with 3zPi. A single radioactively labeled 
protein of M, 70,000 that displayed kinase 
activity toward S6 and autophosphorylated, 
was obtained from serum-stimulated cells 
but not from quiescent cells. These results 
suggested that p70dk from quiescent cells 
had a low basal activity which was greatly 
enhanced following mitogenic stimulation 
and that th is increased activity was associ- 
ated with increased phosphorylation of the 
kinase. Phosphoamino acid analysis re- 
vealed that the enzyme contained predomi- 
nantly phosphoserine, to a lesser extent 
phosphothreonine, and no phosphotyrosine. 
Moreover, treatment of the in vivo labeled 
material with the free catalytic subunit of 
phosphatase 2A led to a loss of b a s e  
activity concomitant with the release of 
"Pi from the kinase and a stepwise in- 
crease in its electrophoretic mobility on 
SDS-PAGE. These results clearly indicated 
that phosphorylation at multiple sites in vivo 
is associated with p 7 P  activation. They 
also indicated that if the p70hk lies on a 
signaling pathway initiated by activation of 
the tyrosine kinase receptor there has to be 
at least one additional kinase in the cascade 
that is activated by tyrosine phosphoryla- 
tion but which phospharylates serine/threo- 
nine residues. However, it has not yet been 
demonstrated that phosphorylation induces 
kinase activation (see below). 

IX. OTHER MITOGEN- 
ACTIVATED S6 KINASES 

As previously mentioned, numerous 
systems have been reported to contain ki- 
nases that phosphorylate S6.  However, 

based on their modes of activation and their 
ability to generate S6 phosphopeptide maps 
equivalent to those observed in vivo, only 
two other kinases appear to be comparable 
to the p70F" enzyme: a M, 90,OOO kinase 
(referred to as S6 kinase 11 or p9Pk, rsk = 
ribosomal S6 kinase) initially isolated from 
unfertilized Xenopus eggs62.71 and a y 
67,000 b a s e  from bovine liver.72 Both 
enzymes have been purified to apparent 
homogeneity but display a lower specific 
activity toward S6 in 40s ribosomal sub- 
units than ~ 7 0 " ~ .  The p9W is a member of 
the rsk family of kinases and was fust desig- 
nated S6K II since it elutes as the second 
peak of S6 kinase activity from the initial 
column used in its purification.62~~~ The first 
peak, S6K I, is related to S6K II and also 
has a M, 90,000.73 Based on partial amino 
acid sequences of tryptic peptides from 
p90*, oligonucleotide probes were de- 
signed in order to clone the gene from a 
Xenopus cDNA library. The sequences of 
the cDNAs obtained predicted a M, 83,000 
molecule, though only four of the eight 
tryptic peptides sequenced were found in 
this clone. The existence of the four addi- 
tional peptides may be due to the fact that 
the p 9 P  appears to be one member of a 
large gene family.74 The p90" displays the 
novel feature of having two apparent cata- 
lytic domains: the amino-temzinal half of 
the molecule is related to the catalytic sub- 
unit of the CAMP-dependent protein ki- 
nase, whereas the carboxyl-terminal half is 
related to the catalytic subunit of phospho- 
rylase k i n a ~ e . ~ ~  Despite the homology 
in the carboxyl-terminal domain with phos- 
phorylase kinase, p 9 W  is not able to 
phosphorylate phosphorylase b. Likewise, 
phosphorylase b kinase is unable to phos- 
phorylate S6.76 This finding led to the sug- 
gestion that it may only be the amino-ter- 
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mind domain that is catalytically active. 
Complementary cDNA clones predicted 
similar gene families in chicken, mouse, 
and humans, suggesting that the rsk family 
of kinases is highly conservedn Antise- 
rum to recombinant Xenopus Zuevis p9Pk 
protein was employed to identify p 9 P  in 
chicken embryo fibroblasts, Swiss mouse 
3T3 fibroblasts, and human HeLa cells.78 
The y 67,000 S6 b a s e  has been purified 
from bovine liver.72 The purification pro- 
tocol yielded an amount of kinase compa- 
rable to that obtained for the p7Wa from 
liver of cycloheximide-injected rats (see 
below) but displayed a low specific activ- 
ity toward S6. It seems likely that this en- 
zyme was equivalent to p70dk and that its 
low activity was due to the fact that ani- 
mals were not pretreated with any agents 
that would have induced activation of the 
b a s e  invivo prior to purification. The 
bovine enzyme was partially characterized 
with regard to its substrate specificity and 
ion req~irements,~~ but no further studies 
have been reported. 

X. ~ 7 0 ~ ~ ~  FROM RAT LIVER 

The ~ 7 0 " ~  appeared to be much less 
abundant than the p9Wk, leading to the 
speculationn that it may have been a deg- 
radation product of the p9W. To resolve 
this question, a more abundant source of 
the enzyme was required to generate pro- 
tein sequence data. In preliminary experi- 
ments it was shown that liver extracts from 
partially hepatectomized rats contained 
two- to eightfold more S6 kinase activity 
than extracts from sham-operated ani- 
m a l ~ . ~ ~ . ~ ~  This treatment was not suitable 
for purification purposes because of the 

inherent loss of tissue. To circumvent this 
problem, the potency to stimulate S6 ki- 
nase activity in rat liver was tested by 
refeeding starved animals or injecting them 
with either cycloheximide, insulin, or 
vanadate.81 The most potent method for 
eliciting ~ 7 0 " ~  activation appeared to be 
cycloheximide injection of rats. This find- 
ing allowed purification of ~ 7 0 ~ ~ ~  to ho- 
m ~ g e n e i t y . ~ ' ~ ~  The strategy employed by 
Kozma and collaborators was largely 
based on the protocol established for pu- 
rification of the 3T3 cell enzyme. How- 
ever, the initial protocol for purifkationgl 
was subsequently facilitated by the addi- 
tion of two affinity steps.83 The advantage 
of the modified protocol described by Lane 
and Thomass3 is that the purification can 
be carried out in 2 to 3 d  with a final 
recovery of 4%. The specific activity of 
the fmal preparation is =1 pmol/min/mg 
protein. The large-scale purification was 
also facilitated by the use of preparative 
columns that could be used at high flow 
rates.S4 In combination the two a f f ~ t y  
steps of threonine-Sepharose and a 32 
amino acid peptide, based on the S 6  sub- 
strate sites of phosphorylation, coupled to 
Sepharose, gave a 1000-fold purifi~ation.~~ 
The purified kinase preparation yielded a 
single band migrating at M, 70,000. In 
contrast, Price et aL8* detected in addition 
to the y 70,000 protein a second band of 
y 93,000/95,000. This higher molecular 
weight band did not react with azido-ATP, 
contrary to the y 70,000 protein. There- 
fore, the authors concluded that the M, 
93,000/95,000 kDa polypeptide was a 
contaminating protein that is structurally 
and functionally unrelated to the ~ 7 0 " ~  
(see below). The M, 70,000 enzyme puri- 
fied from the liver of rats injected with 
cycloheximide had the identical y as the 
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Swiss 3T3 cell kinase and could undergo 
autophosphorylation on serine/threonine 
residues. The two enzymes were judged to 
be the same based on their equivalent sen- 
sitivity to phosphatase type 2A and their 
phosphopeptide maps.81 

XI. CHARACTERIZATION OF 
~ 7 0 ~ ~ ~  

The homogeneously purified rat liver 
~ 7 0 " ~  was further characterized in terms 
of substrate specificity, following the de- 
velopment of optimal conditions for S6 
phosphorylati~n.~~ These studies took into 
account the effects of different cations as 
well as the effect of autophosphorylation 
on b a s e  activity. The ~ 7 0 " ~  is depen- 
dent on Mg2+ for activity and no other 
cation can be substituted for Mg2+. In- 
deed, all other divalent cations tested were 
potent inhibitors of ~ 7 0 " ~  activity in the 
nanomolar to micromolar range. Auto- 
phosphorylation was found to be intramo- 
lecular and led to a modest 25% reduction 
in kinase activity toward S6. Employing 
optimal conditions for S 6  phosphoryla- 
tion in vitro, four sites of phosphorylation 
were identified, s235, s236, S240, and s,. 
These are equivalent to four of the five 
sites observed in vivo,43,48 with no phos- 
phate detectable in S247. However, analy- 
sis by isoelectric focusing of the endo- 
proteinase Lys-C phosphopeptide, which 
contained all of the radioactivity incorpo- 
rated into S6, revealed the presence of a 
minor isoform of the peptide that con- 
tained 5 mol of phosphate. This result sup- 
ported the existence of a fifth site, possi- 
bly S247, which was phosphorylated at low 
stoichiometry, but whose location could 

not be unambiguously assigned due to the 
presence of two additional serines in the 
endopro teinase L y s -C pep tide. 85 Interest- 
ingly, in agreement with the above data, 
Wettenhall et al.86 recently reported that 
the four sites phosphorylated in vitro by 
p9OrSk in S6 are equivalent to those de- 
scribed for the ~ 7 0 " ~  and that no phos- 
phate was detectable in S,. 

In an attempt to understand the phos- 
phorylation reaction mechanism and why 
S247 is such a poor substrate in vitro, the 
primary structure surrounding the sites of 
phosphorylation was examined.85 No con- 
sensus motifs for phosphorylation could be 
detected at this level. Therefore, a number 
of secondary structural models of S6 were 
constructed beginning with K23, and ex- 
tending through K%9. The structure that,  
best fit the order of phosphorylation was 
an a-helix refined by energy minimiza- 
tion. Support for this model came from 
examination of the X-ray crystal structures 
of known proteins such as s~bt i l is in .~~ Sub- 
tilisin contains a stretch of sequence that is 
almost identical to a large portion of the S6 
peptide. Employing energy minimization, 
the a-helix appeared to be stable from K230 
through h5, with no possibility of assign- 
ing a definitive structure to the last four 
amino acids that included s247. However, 
in the 40s subunit it may be that this last 
stretch of amino acids is held in the helix 
by interaction with neighboring proteins or 
with 18s rRNA. Examination of the model 
shows that s236, s,, s,, and Sa7 would 
all lie on the same side of the helix. Al- 
though the aliphatic backbone of S235 is not 
on the this side of the helix, its hydroxyl 
group does face to this side in the same 
direction as the others. In contrast, S242 and 
S2, lie on the opposite side of the helix. 
Based on this structure, a progressive model 
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of phosphorylation was postulated in which 
the enzyme fitst catalyzes the phosphory- 
lation of s236 and S235 and then moves 
along the helix phosphorylating Sue, S,, 
and S247. The order of phosphorylation is 
also consistent with the presence of three 
arginines at the amino terminus of the 
peptide, which create a positively charged 
environment around the first two serines. 
The electropositive amino terminus of 
the peptide and the permanent dipole gen- 
erated by the helix introduce strong cou- 
lombic interactions that render the first 
sites of phosphorylation very favorable; 
in contrast, S247 becomes less accessible. 
The model is also consistent with recent 
studies aimed at defining the ~ 7 0 " ~  rec- 
ognition determinants.88 The ~ 7 0 " ~  has 
an apparent K, for 40s ribosomal sub- 
units of 0.25 pM. Moreover, employing 
a synthetic peptide derived from the car- 
boxyl terminus of S6, it was possible to 
narrow down the substrate recognition 
determinants for the preferred site of 
phosphorylation, s236, to a block of basic 
residues lying just upstream of the S6 
phosphorylation sites. Interestingly, the 
K, for this peptide was almost as good as 
it was for S6 in intact ribosomes, arguing 
that all the recognition determinants for 
~ 7 0 " ~  resided in this sequence. Based on 
this study, the ~ 7 0 " ~  consensus recogni- 
tion sequence was determined to be 
RXRXXSX. All the other kinases tested 
that are known to partially phosphorylate 
S6 displayed considerably higher K, val- 
ues toward this peptide, except for p9OrSk 
whose affinity for this peptide was sur- 
prisingly much higher than for 40s ribo- 
somal subunits. Although this model is 
consistent with in vivo and in vitro data, 
its validity must be tested by means of 
physical chemical  technique^.^^ 

XII. CLONING OF ~ 7 0 ~ ~ ~  

To obtain protein sequence data from 
the p70s6k, it was first treated with cyano- 
gen bromide, as the amino terminus was 
apparently blocked. The cyanogen bromide 
cleavage products were resolved on a poly- 
acrylamide gradient gel and electroblotted 
onto PVDF. Two of the resulting peptides 
were subjected to microsequencing using a 
sequencer equipped with a miniaturized 
reaction cartridge, employing rapid cycle 
chemistry and on-line analysis pro- 
gran-1s.~~9 A second approach took advan- 
tage of trypsin digestion and a totally inert 
HPLC system fitted with a glass-lined c18 
reverse phase More than 50 tryp- 
tic peptides were resolved with 18 of them 
undergoing microsequencing, either di- 
rectly or following further purification. 
Three of the initial peptides sequenced had 
evident homology to subdomains VI, IX, 
and XI of the conserved catalytic domain 
of the Ser/Thr kinase~.~l Degenerate oligo- 
nucleotides based on the peptide sequence 
in subdomains VI and XI were synthesized 
and a 0.4-kb DNA fragment was generated 
by PCR using rat embryo cDNA as tem- 
plate. This DNA fragment was then la- 
beled to high specific activity in a PCR 
reaction and used as a probe to screen a rat 
liver poly(A)+ mRNA Northern blot, which 
revealed the presence of four transcripts of 
2.5,3.2,4.0, and 6.0 kb. Based on the com- 
plexity of this blot, it was initially pre- 
dicted that p7OS'jk might represent a 
multigene family.89 

To isolate cDNA clones encoding the 
S6 kinase, a rat liver cDNA library was 
screened with the same labeled cDNA frag- 
ment as described above. Five positive 
clones were obtained with two being full- 
length and identical in size, probably re- 
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flecting the fact that the library had been 
amplified once. The full-length clones were 
2.8 kb in size. This cDNA is referred to as 
Clone 1,89 or 70~xI I .~~  The two first ATGs 
encountered at the 5' end of Clone 1 were 
followed by stop codons. The third ATG 
from the 5' end of Clone 1 was assumed to 
be the translation start site since it had a G 
in positions -3 and 4, indicative of a strong 
Kozak translation start sequence.93 The 5' 
untranslated region was 133 nucleotides 
long, which was also consistent with the 
average size found in mRNA sequenced to 
date.93 The open reading frame was 1506 
nucleotides long, coding for a protein of 
502 amino acids, and was terminated by 
two consecutive translation stop codons. 
This clone would encode a protein of 56,160 
Da, which is substantially smaller in size 
than the M, 70,000 obtained by SDS-PAGE 
for the ~70". However, this anomaly could 
be explained in part by the gel system used 
for separating the ~ 7 0 " ~  and by phospho- 
rylation, which retarded the migration of 
the protein on SDS-PAGE.89 The cDNA 
clone appeared to have been initiated by 
random priming since sequencing from the 
3' end of the gene did not reveal a poly(A)+ 
tail. After aligning the 17 internal peptides 
sequenced, all but one were found in the 
cDNA sequence.89 

In parallel studies, an almost identical 
cDNA was cloned in two independent labo- 
r a t ~ r i e s . ~ ~ . ~ ~  One clone, isolated from an 
H4 hepatoma cDNA library, was 2.3 kb in 
size. The first ATG is at position 22 and it 
is followed by an open reading frame en- 
coding a protein of 525 amino acids, termi- 
nating with a tandem pair of TGA stop 
codons. In contrast to the clone isolated 
from the rat liver library, this clone con- 
tained a polyadenylation signal at nucle- 
otide 2259 followed by a poly(A)+ tail start- 

ing 27 base pairs downstream. This same 
clone was found by screening a rabbit 
cDNA library at low stringency with a probe 
based on the sequence of phosphorylase 
k i r~ase .~~  These two cDNAs are referred to 
as Clone 295 or 7OaLg6 Comparison of Clone 
1 and Clone 2 revealed that they are iden- 
tical except that (1) Clone 2 from rat H4 
hepatoma cells contains one amino acid 
difference in the common coding region as 
compared to Clone 1 from rat liver or Clone 
2 from rabbit liver, (2) Clone 2 contains a 
23 amino acid extension at its amino termi- 
nus, and (3) both Clones 1 and 2 from rat 
contain distinct 5' untranslated sequences. 
By using specific probes to the 5' un- 
translated region it was shown that both 
Clones 1 and 2 are present in the 6.0 kb 
transcript, only Clone 1 is present in the 
4.0 and 3.2 kb transcripts, and only Clone 
2 is present in the 2.5 kb tran~cript .~~ Fur- 
thermore, Southern blots combined with a 
genomic PCR analysis argued that (1) both 
clones are derived from a common gene, 
(2) the untranslated region of Clone 2 is 
contiguous with the common coding re- 
gion, and (3) transcripts for Clone 1 must 
be generated by differential splicing.95 
These indications have recently been con- 
f m e d  in mouse by carrying out a genomic 
Southern blot analysis employing as a probe 
an exon spanning part of the 5' untranslated 
region of Clone 2 and the beginning of the 
common coding region (Y. Chen, G. Tho- 
mas, and S. C. Kozma, unpublished data). 
Consistent with the data mentioned above, 
these two cDNA clones have also been 
isolated from a human cDNA library.96 
Clone 1 and Clone 2 products from hu- 
mans differ from the rat proteins only by 
two amino acids, one in the amino-termi- 
nal extension and one in the common cod- 
ing region of the More recently, 
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a homologous sequence was shown by 
polymerase chain reaction to be present as 
a maternal transcript in stage VI Xenopus 
o o ~ y t e s . ~ ~  The sequence appears to be 97% 
identical at the amino acid level. The au- 
thors suggested that considering the pres- 
ence of activated ~ 7 0 " ~  in Xenopus oo- 
cytes following progesterone induction, the 
lower affiity of p9VSk for S6 compared to 
~ 7 0 " ~  88198 and the finding that full S6 phos- 
phorylation can be obtained by ~ 7 0 " ~  acti- 
vation without p9Wk p7OS6k 
may be the sole enzyme responsible for S6 
phosphorylation during meiotic maturation 
(see below, Rapamycin). 

XIII. A NOVEL ISOFORM OF 
THE p70s6k, THE p8Vk  

To determine which of the two clones 
was responsible for encoding the P~O"~, 
both clones were translated in vitro and the 
products immunoprecipitated with specific 
antibodie~.~~ The results demonstrated that 
Clone 1 yielded a protein identical in size 
to the purified-dephosphorylated ~ 7 0 ~ ~ ~ ~  
whereas Clone 2, with a larger open read- 
ing frame, gave rise to a product of M, 
85,000 in addition to the p70s6k.95,96 A 
monospecific polyclonal antibody gener- 
ated against the 23 amino acid extension of 
Clone 2 specifically immunoprecipitated 
the y 85,000 product, leading to the con- 
clusion that the M, 85,000 protein is gener- 
ated from the first translational start site of 
Clone 2 and the M, 70,000 S 6  kinase is 
derived from the second translational start 
site. To determine whether the M, 85,000 
exists in ~ i v o ,  this same monospecific 
polyclonal antibody was used to probe 
Western blots of highly purified ~ 7 0 " ~ .  The 
results showed that the M, 85,000 was 
present, albeit in very low mounts. More- 

over, in an immunocomplex assay the M, 
85,000 displayed activity toward S6.95 More 
strikingly, it was also activated following 
mitogenic stimulation of quiescent cells in 
culture.95 Therefore, there appear to be two 
isoforms of the enzyme, the ~70"" and a 
second form, now termed the ~ 8 5 " ~ .  Closer 
inspection of this 23 amino acid extension 
reveals that it contains all the hallmarks of 
a nuclear targeting sequence, consistent 
with the fact that S6 becomes phosphory- 
lated in the nucleus following stimulation 
of pituitary cells with phorbol esters or 
EGF.37 Immunofluoresence studies employ- 
ing a specific antibody to the 23-amho- 
acid extension of ~ 8 5 " ~  showed exclusive 
localization in the nucleus.Im This finding 
was supported by three independent lines 
of evidence. First, microinjection into cells 
of a mammalian expression vector encod- 
ing only the ~ 8 5 " ~  isoform led to its exclu- 
sive accumulation in the nucleus. Second, 
microinjection of an expression vector con- 
taining the 23-amino-acid extension of 
~ 8 5 ~ ~ ~  fused to the bacterial protein CAT 
also led to exclusive accumulation of the 
chimeric protein in the nucleus. Finally, 
microinjection of p W k  affinity-purified 
antibodies into the nucleus, but not the 
cytoplasm, blocked GI progression. This 
last effect could be rescued by co-injection 
of the ~ 7 0 " ~  isoform.120 Indeed, in contrast 
to recent suggestions,121 this last result, 
combined with quantitative confocal mi- 
croscopy,IZo strongly supports the argument 
that ~ 7 0 " ~  is a resident cytoplasmic pro- 
tein. 

XIV. TOPOGRAPHY OF p70ek/ 
p8Wk 

Excluding the 23 amino acid extension 
at the amino terminus of the p85s6k, the 
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p70s6k/p85"6k can be roughly divided into 
three domains: (1) An amino-terminal 
stretch of 65 amino acids containing only a 
single basic residue and a high content of 
acidic residues, ~40%.  Given that S6 is a 
highly basic protein, this domain may be 
involved in substrate recognition*892; (2) A 
catalytic domain spanning the region from 
E, to 1332, which displays all the highly 
conserved motifs typical of a number of 
the second messenger family of SeriThr 
protein k ina~es .~~  Among the five major 
subfamilies defined by such an amino acid 
sequence comparison, ~ 7 0 ~ ~  would appear 
to belong to the protein b a s e  C subfam- 
ily. An obvious exception to the general 
trend of this subfamily is the presence of a 
tyrosine at position 79 instead of phenyl- 
alanine. A similar tyrosine in this position 
has only been found in the ~ 3 4 " ~ " ~  subfam- 
ily, where phosphorylation of this site keeps 
the protein in an inactive state. Within the 
second messenger subfamily, p7Wk appears 
to be closely related to the first catalytic 
domain of the a-form of p9VSk from 
Xenopus (56%),75 yeast protein kinase 1 
from Saccharomyces cerevisiae (49%),99 
and protein kinase C, (44%)lo0; (3) A 
carboxy-terminal domain from N333 to Lsoz 
that, due to the three-fold higher density of 
phosphorylatable residues and the presence 
of a putative autoinhibitory was 
initially presumed to be the regulatory do- 
main. This hypothesis was strengthened by 
the finding that all the phosphorylation sites 
associated with mitogen-activation of the 
b a s e  apparently reside in this domain.g0 
The strategy employed to identrfy these 
sites was based on the observation of 
Roach*oi that enzymes whose activity is 
under the control of multiple phosphoryla- 
tion tend to have their sites of phosphory- 
lation closely clustered near one another. 

After activating ~ 7 0 " ~  with serum in the 
presence of 32Pi, the immunoprecipitated 
32P-labeled ~ 7 0 ~ ~  was selectively cleaved 
with cyanogen bromide followed by 
endoproteinase Lys-C. This protocol local- 
ized all the phosphorylation sites within a 
small endoproteinase Lys-C peptide of M, 
2,400. Subsequent digestion of the endo- 
proteinase Lys-C peptide by trypsin was 
followed by the separation of the tryptic 
peptides by two-dimensional thin-layer 
electrophoresis/ chromatography. Analysis 
of their migration patterns, employing a 
computer program developed by Hunter 
and colleagues,lo2 revealed a single candi- 
date for the endoproteinase Lys-C peptide 
fragment within the ~ 7 0 ~ ~ ~  protein sequence. 
Synthetic peptides based on the sequence 
of three tryptic peptides derived from the 
M, 2,400 fragment were phosphorylated 
either chemically or enzymatically and 
found to comigrate in two-dimensional thin- 
layer electrophoresis/chromatography with 
the four major in vivo-labeled tryptic 
phosphopeptides, with one peptide either 
singly or doubly phosphorylated. Three of 
the phosphorylation sites were equivalent 
to those identified by direct sequencing89 
of internal tryptic peptides of rat liver ~70". 
All four sites displayed the motif SerA'hr- 
Pro typical of cell cycle-regulated sites. 
Moreover, this same endoproteinase Lys- 
C peptide contained part of the putative 
pseudosubstrate sequence for the ~ 7 0 " ~ /  
p W k .  This hypothesis was based on ~ 3 0 %  
homology of this sequence to the C-termi- 
nus of SCig2 Banerjee and colleaguesg2 ini- 
tially envisioned that this sequence binds 
to the negatively charged amino terminus 
of the p7W6k/p85s6k, occluding the substrate- 
binding site and maintaining the b a s e  in 
its basal inactive state. Following phos- 
phorylation of sites surrounding the 
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pseudosubstrate regulatory domain, the 
negative constraint is released, allowing 
the catalytic site to interact with the sub- 
strate. Subsequently it was found that a 
peptide spanning residues 400432 of the 
~ 7 0 " ~  is not phosphorylated by the ki- 
nase,88*92 but inhibits the phosphorylation 
of S6, displaying a K, =30 pM. By align- 
ing peptide 400432 with S6, Flotow and 
Thomas88 showed that it lacks an arginine 
in position 233, one of the essential recog- 
nition determinants for phosphorylation of 
S6. They suggested that this could explain 
the 60-fold difference in inhibition observed 
with this peptide as compared to the S6 
peptide containing R,, and A,,,. The re- 
sults support the model of regulation of 
p7Q6k by an autoinhibitory domain, which 
itself is regulated by phosphorylation. How- 
ever, it seems more likely that in the inac- 
tive state this domain does not interact with 
the amino terminus of ~7Os6~ as initially 
predicted?, but with the catalytic site. 

XV. BlPHASlC ACTIVATION OF 
~ 7 0 ~ ~ ~  

Early data had suggested that activa- 
tion of ~ 7 0 " ~  and S6 phosphorylation fol- 
lowing addition of EGF were rapid and 
transient events.lo3 We found that S6 phos- 
phorylation increased more slowly than 
p7OS" activity and remained at its maximal 
level for up to 4 h post-induction when the 
kinase activity had already decayed to basal 
levels.103 In these studies, ~ 7 0 ~ ~  activity 
reached a maximum between 5 and 15 min 
before slowly returning to basal levels by 
120 min. However, more detailed kinetic 
studies indicated that the time course of 
activation was more complicated, reveal- 

ing two phases of activation. An early peak 
at 10 to 15 min was followed by a longer, 
late phase reaching a maximum between 
30 and 45 min before returning to basal 
levels by 120 min.'04 This same behavior 
was observed following stimulation of qui- 
escent cells to proliferate with other mito- 
gens such as PDGF or insulin.Io5 The pos- 
sibility that two different enzymes could 
be activated sequentially or that a single 
kinase could be activated by tyrosine 
phosphorylation in the first phase and by 
serine/threonine phosphorylation in the 
second was investigated by purifying and 
characterizing the b a s e  activity from the 
two peaks following treatment with EGF.'" 
Irrespective of the activation period, both 
activities displayed the same behavior on 
anion-, cation-, or hydrophobic-exchange 
interaction chromatography columns and 
both forms were equally sensitive to treat- 
ment with phosphatase 2A. These results 
strongly suggested that the same S6 kinase 
was responsible for both phases of activa- 
tion, and indicated that a single mitogen 
acting through its corresponding receptor 
activated two signaling pathways that con- 
verge on ~ 7 0 " ~  at different times.lM 

Previous studies carried out by Blenis 
and colleaguesat61 had shown that long- 
term pretreatment of cells with the phorbol 
ester PMA leads to down-regulation of 
protein kinase C and a partial attenuation 
of the serum-induced S6 kinase response. 
The results obtained were consistent with 
part of the ~ 7 0 " ~  response being regulated 
by a protein b a s e  C-dependent signaling 
pathway. To test this possibility, cells were 
pretreated for 24 h with PMA and 
rechallenged with EGF. Under these con- 
ditions, the second phase of S6 kinase re- 
sponse was almost totally abolished.1M This 
finding was also consistent with the obser- 
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vation that stimulation of quiescent cells 
by PMA only results in a late-phase ~ 7 0 " ~  
response. Thus, the second phase of ~ 7 0 " ~  
activation induced by EGF appeared to be 
largely under the control of protein kinase 
C. Down-regulation of this second phase 
also led to a significant reduction in the 
ability of EGF to induce S6 phosphoryla- 
tion, increase protein synthesis, (as mea- 
sured by percentage of inactive 80s ribo- 
somes shifting into polysomes), and 
stimulate cell growth. The authors showed 
that the effects observed were not due to 
loss of high-affinity EGF receptor binding 
sites through phosphorylation of the recep- 
tor by protein kinase C, as these sites re- 
turned within 2 h post-stimulation. 

To ensure that the effects of PMA on 
~ 7 0 " ~  activation were through protein ki- 
nase C105, a specific inhibitor of protein 
kinase C modeled on the structure of 
staurosporin was employed, as well as the 
growth factors PDGF, which is known to 
be strongly coupled to the protein kinase C 
signaling pathway, and insulin, which is 
not. It was found that the abolition of the 
second phase of EGF-induced S6 kinase 
activation was mimicked by pretreatment 
of cells with the active analog of stauro- 
sporin, termed CGP 41 25 1, supporting the 
hypothesis that the second phase is under 
the control of protein b a s e  C. In the case 
of PDGF and insulin, no inhibitory effect 
of CGP 41 25 1 was elicited on either phase 
of ~ 7 0 " ~  activation. In the case of PDGF, 
this was a surprising finding, as this growth 
factor is known to be linked to the protein 
kinase C signaling pathway. To establish 
the validity of this result, cells were pre- 
treated with PMA to down-regulate pro- 
tein kinase C and then rechallenged with 
PDGF. Under these conditions, no inhibi- 
tory effect was seen on either phase of 

~ 7 0 " ~  activation, supporting the studies 
with CGP 41 25 1. Thus, unlike EGF, PDGF 
does not appear to activate ~ 7 0 " ~  through 
a protein kinase C-dependent pathway. In 
fact, this result is consistent with the find- 
ing that down-regulation of protein kinase 
C inhibits EGF'" but not PDGF-induced 
cell growth,lo5 suggesting that PDGF in- 
duces mitogenesis via pathways alterna- 
tive to protein b a s e  C activation or that 
PDGF activates a different protein kinase 
C isoform that is not down-regulated by 
PMA and is insensitive to the inhibitor 
CGP 41 251. Although the mechanisms 
controlling the two phases of p 7 W  activa- 
tion have not been clearly identifed, the 
observation that all mitogens to date in- 
duce a biphasic response implies a basic 
biological principle in the activation of cell 
growth whose importance must still be 
evaluated. 

XVI. IDENTICAL ~ 7 0 ~ ~ ~  IN BOTH 
PHASES OF THE BlPHASlC 
RESPONSE 

The finding that p90nk, originally de- 
scribed in extracts of Xenopus eggs by 
Erikson and Maller,62.71 was also activated 
within minutes of EGF stimulation in A431 
cellsIo7 raised again the question of the 
identity of the S6 kinase activity in both 
phases and the point at which the early and 
late signaling pathways converge to induce 
S6 kinase activation. To address this ques- 
tion, SuSa and Thomas106 purified the en- 
zymes present in the two phases of the S6 
kinase response induced by EGF. In both 
cases, a single 32P-labeled protein was ob- 
served at Iv& 70,000. Moreover, the authors 
showed by autophosphorylation of their 
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peak fractions that the only kinase present 
was ~ 7 0 " ~  and that the autophosphorylated 
M, 70,000 band purified from both phases 
gave rise to the same cyanogen bromide 
cleavage products. They also analyzed the 
phosphoamino acid content of the in vivo- 
labeled M, 70,000 protein and showed that 
in both cases phosphoserine and to a much 
lesser extent phosphothreonine were 
present, but no phosphotyrosine. Finally, 
they showed that the same tryptic 
phosphopeptide map was generated from 
the two preparations of in vivo 32P-labeled 
M, 70,000 protein, with the exception of 
one phosphopeptide that was present only 
in the M, 70,000 protein isolated from the 
late phase. From these data, the authors 
concluded that both the early and late sig- 
naling pathways converge on the same 
kinase, though the site of activation may 
in part be distinct. These results appear to 
rule out the phosphorylation and direct 
activation of the ~ 7 0 " ~  by the EGF recep- 
tor tyrosine kinase in the first phase and 
again support a model where at least one 
kinase couples the EGF receptor with 
~ 7 0 " ~  during the early phase of activa- 
tion. 

Although in the studies mentioned 
above no p9Pk enzyme was detected un- 
der the conditions described, others have 
clearly shown that this protein is also rap- 
idly activated following mitogenesis. How- 
ever, from the studies of Chen and B l e n i ~ ~ ~  
as well as those of Ahn and co-workers,108 
it is clear that it is difficult to detect p9Pk 
activity in fibroblasts when employing 40s 
ribosomal subunits as substrate. Recently, 
two lines of evidence suggest that the p9Pk 
is not involved in regulating S6 phospho- 
rylation; (1) Cycloheximide treatment of 
fibroblasts leads to activation of the ~ 7 0 " ~  
with no apparent effect on p9Pk or p42"@/ 

p44"vk, the enzymes involved in activat- 
ing ~ 9 0 " ~ .  Under these conditions cyclo- 
heximide induces complete S6 phosphory- 
Iationa; and (2) The immunosuppressant, 
rapamycin, has been shown to selectively 
inactivate p70s6k/p85s6k with no effect on 
p74'&, p42mapk/p44mqk, or p9Pk. Under the 
last conditions S6 phosphorylation is to- 
tally abolished (see below, Rapamycin). It 
will be of interest to determine the effect of 
rapamycin on S6 phosphorylation and 
meiotic maturation in progesterone-treated 
Xenopus oocytes where the time course of 
p9Pk activation more closely fits the ki- 
netics of S6 phosphorylation than does the 
time course of ~ 7 0 " ~  activation. 

XVII. S6 KINASE KINASE 

Metabolic labeling of mitogen-stimu- 
lated cells yields ~ 7 0 " ~  phosphorylated only 
at serine and threonine residues, suggest- 
ing that an intervening kinase transduces 
the signal from receptor-associated tyrosine 
kinases. Cytosolic serine/threonine protein 
kinases activated at an early stage by phos- 
phorylation on tyrosine, such as raf-1 and 
p42""pk were at first considered to be strong 
candidates for p70dk kinase. Sturgill et al.'09 
reported that p42""Pk could partially reacti- 
vate phosphatase-treated p90rsk from 
Xenopus unfertilized eggs. In quiescent 
Swiss 3T3 cells, serum or EGF cause a 
rapid and transient activation of p42""Pk 
activity, with activation of ~ 7 0 " ~  follow- 
ing more slowly. These kinetics of activa- 
tion are consistent with a role for the p42maik 
in the activation of ~ 7 0 " ~ ~ .  To test this pos- 
sibility, p42""Pk was purified from Swiss 
3T3 cells*1o and appeared to be identical to 
the enzyme first described in insulin-treated 
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adipocytes by Ray and Sturgilllll based on 
antibody cross-reaction studies.lI0 The 
p42"Wk isolated from Swiss 3T3 cells was 
unable to reactivate or phosphorylate ~ 7 0 ~ ~  
treated with phosphatase 2A, suggesting 
that p4Zmapk was not involved in regulating 
~ 7 0 " ~  activation.110 The failure of p42""pk 
to reactivate the ~ 7 0 " ~  in vitro led Ballou 
and colleagues110 to search for corroborat- 
ing in vivo evidence. Based on the assump- 
tion that p42""Pk lies directly upstream of 
P~O"~, it was reasoned that the ability of 
different mitogenic agents to activate both 
kinases should be equivalent. However, this 
was not the case. A number of agents were 
tested, among which PDGF, bombesin, 
EGF, PMA, and serum appeared to be the 
most potent with respect to p42""Pk activa- 
tion. However, the order of effectiveness 
was distinct for ~ 7 0 " ~  activation. More 
surprisingly, insulin had no effect on p42"Vk 
in 3T3 cells, although it led to a potent 
activation of the ~ 7 0 " ~ .  Together these re- 
sults supported the argument that p42""Pk 
did not appear to be the ~ 7 0 ~ ~  kinase, and 
further indicated that activation of the two 
enzymes is accomplished through distinct 
signaling pathways. Recently Mukho- 
padhayay et a l . l I2  identified four peaks of 
kinase activity toward a ~ 7 0 " ~  peptide 
(Km-D432) after fractionation of cell ex- 
tracts from insulin-treated hepatoma cells 
on a Mono Q column. By a number of 
criteria, they argued that three of the peaks 
contained p42mapk/p44mqk and the fourth 
contained an activated cdc2-like kinase. 
Based on this data, they tested the ability 
of purified p42mvk/p44mVk and p34cdc2 to 
phosphorylate recombinant ~ 7 0 " ~  from 
COS cells and from bacteria. In addition, 
they compared the two-dimensional tryptic 
phosphopeptide maps generated in vitro 
with the in vivo maps of p7Wk. In brief, the 

authors showed that: (1) p42mqk/p44mqk 
does not phosphorylate the rat liver ~ 7 0 ~ ~ ~  
in vitro regardless of whether or not it is 
first treated with phosphatase 2A; (2) 
p42""Pk/ p44"Vk phosphorylates recombi- 
nant ~ 7 0 " ~  in vitro, but does not activate it; 
(3) ~ 3 4 ~ ~ " ~  kinase phosphorylates rat liver 
~ 7 0 " ~  in vitro but does not activate it; (4) 
both p42mapk/p44mapk and ~ 3 4 ~ ~ ~  generate a 
pattern of ~ 7 0 " ~  tryptic phosphopeptides 
in vitro that could partially account for the 
in vivo pattern. The authors argued from 
these studies that p42""Pk is involved in the 
regulation of the ~ 7 0 ~ ~ ~ .  

In contrast to the conclusions of 
Mukhopadhayay,112 the results with cyclo- 
hexhide& along with those of Ballou et 
al.,Ilo argued against p42mqk/p44mapk play- 
ing a role in ~ 7 0 " ~  activation. A principal 
pathway leading to has been 
established in the last year that involves 
the seqential activation of GDP-GTP ex- 
change factor Sos, the GTP binding pro- 
tein p21" and protein kinases ~74"' and 
~47""~.  122-126 Since H-ras transformed cells 
contain increased levels of S6 phosphory- 
l a t i ~ n , ' ~ ~  this fmdhg suggested that the 
p42mapk/p44mapk pathway bifurcates from 
that of the ~ 7 0 " ~  at some point between 
~21'" and p42mwk/p44mapk. To test this pos- 
sibility Ming et al.I2* employed interfering 
mutants of p74& and p21" co-expressed 
with epitope-tagged p44""pk and ~ 7 0 " ~  as 
well as specific mutants of the platelet de- 
rived growth factor (PDGF) receptor. In 
brief, they found that (1) interfering mu- 
tants of ~ 7 4 ' ~  and p21" blocked mitogen 
activation of ern@ but had no effect on 
p70s6k, (2) that bifurcation of these path- 
ways was at the level of the receptor, and 
(3) the critical docking site in the PDGF 
receptor for ~ 7 0 " ~  activation was tyro- 
sine(Y) 751.1B In parallel studies, Chung 
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et al.129 demonstrated that the double point 
mutant of the PDGF receptor, Y740 and 
Y75 1, failed to bind phosphatidyl-inositol- 
3-OH b a s e  (PI3K) and in parallel failed 
to activate ~ 7 0 " ~  in response to PDGF. 
They next demonstrated that the antibiotic 
wortmannin, which ablates PI3K activity, 
also blocked ~ 7 0 " ~  activation. The conclu- 
sion from these studies was that activated 
receptor recruits PI3K to the membrane 
where it is activated and then signals to 
p7Wk. However, in analyzing the individual 
point mutants Y740 and Y751, Ming et 
al.128 found that, although both were se- 
verely depressed in PI3K binding, only the 
Y75 1 mutant blocked ~ 7 0 " ~  activation. 
Thus, they concluded receptor associated 
PI3K was not critical for ~ 7 0 " ~  activation 
They also concluded that PI3K activity 
downstream of p21m, was not implicated 
in p70dk activation based on the use of 
interfering mutants of p2lrS.l3O The obvi- 
ous challenge at this juncture is to establish 
the identity of the molecule that binds at 
tyrosine 751 leading to p70dk activation. 

XVIII. RAPAMYCIN 

In lymphocytes, progression through 
the Go and GI phases of the cell cycle can 
be blocked by specific complexes between 
three distinct microbial products interact- 
ing with the endogenous immunophilins, 
cyclophilin, or FK506-binding protein@) 
(FKBP). The natural products, termed im- 
munosuppressants, are cyclosporin A, 
FK506, and rapamycin.'I3 Cyclosporin A 
is used after transplantation surgery as an 
immunosuppressant to inhibit graft rejec- 
tion. Cyclosporin A activity is thought to 
block the ability of T cells to exit Go and 

enter GI, or the activated state, which is 
required to initiate the immune response. 
This effect is elicited through the inhibi- 
tion of T cell receptor-activated early gene 
products.lI4 The cytosolic target of the 
cyclosporin A-cyclophilin and FK506- 
FKBP complexes appears to be the Ca2+/ 
Calmodulin-dependent protein phosphatase 
calcineurin, termed protein phosphatase 2B, 
or PP2B. However, this is not the case for 
the rapamycin-FKBP complex. In contrast 
to cyclosporin and FK506, this complex 
exhibits its inhibitory effects during GI or 
at the time of T cell clonal expansion, after 
the genes encoding IL-2 and IL-2 receptor 
have been expressed.*I3 Recently it was 
shown that rapamycin, but not FK506, in- 
hibits the IL-2-stimulated phosphorylation 
and activation of p70s6k.115J*6. Moreover, 
Price et al.Il7 and Chung et al.lI8 provided 
evidence for inhibition of insdin-stimu- 
lated ~ 7 0 ~ ~ ~  in a hepatoma cell line and 
serum-stimulated p 7 W  in fibroblasts fol- 
lowing rapamycin treatment, without block- 
ing the activation of p42maPk/p44maPk, p74"f. 
or p9W. The latter group also showed that 
rapamycin can deIay the onset of DNA 
synthesis and severely inhibit the rate of 
cell growth in Swiss 3T3 cells. From in vitro 
studies, ~ 7 0 " ~ ~  does not appear to be a di- 
rect target of rapamycin. Instead, it would 
appear that the target is a M, 220,000 pro- 
tein, termed FRAP or mTOR which has 
structural homology to P13K.134 Recent re- 
sults from this laboratory show that 
rapamycin treatment leads to a selective 
dephosphorylation of a novel set of phos- 
phorylation sitesllg in the ~ 7 0 " ~  that were 
not detected in the initial analysis.go The 
results would suggest that rapamycin elic- 
its its inhibitory effects through the activa- 
tion of a phosphatase or inhibition of a 
b a s e  that is not only specific for the p70dk 
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but for a subset of sites in the enzyme.11g 
Recent studies also suggest that the 
rapamycin sensitive sites as well as the 
initially identified mitogen activated sites 
represent two independent pathways re- 
quired for ~ 7 0 ~ ~ ~  activation (R. B. Pearson, 
J-W. Han, P. Dennis and G. Thomas, un- 
published data). 

In parallel studies it was recently shown 
that rapamycin also inhibits the upreg- 
ulation of a family of mRNAs which are 
characterized by a polypyrimidine tract at 
their 5' transcriptional start site.131 Earlier 
studies had shown that these mRNAs are 
under translational and that 
mitogenic stimulation leads to their selec- 
tive translational u~regulationl~~ in parallel 
with increased p7OS" activation131 and S6 
phosphorylation. Preliminary data employ- 
ing mutants of the PDGF receptor, as well 
as chimeric mRNAs in which the poly- 
pyrimidine tract has been altered, support 
the hypothesis that rapamycin exerts its 
inhibitory affects on cell growth by se- 
quentially blocking p7OS'jk activation, 56 
phosphorylation and the translational 
upregulation of the polypyrimidine tract 
mRNAs (C.  Reinhard, H. B. J. Jefferies, 
C .  B. A. Berry, S .  Shama, 0. Meyuhas and 
G. Thomas, unpublished data). 

XIX. INHIBITORY ANTIBODIES 
TO ~ 7 0 ~ ~ ~  BLOCK G, 
PROGRESSION 

The availability of inhibitory mono- 
specific polyclonal antibodies raised against 
mammalian ~ 7 0 " ~  in conjunction with 
microinjection techniques has recently led 
to functional studies on the role of ~ 7 0 " ~  
during cell cycle progression. Lane et al." 
found that serum-induced entry into S phase 

was severely depressed by microinjection 
of any one of three distinct, affinity puri- 
fied, monospecific polyclonal antibodies 
to the p7OSa, into quiescent rat embryo 
 fibroblast^.^^ Consistent with the finding 
that ~ 7 0 " ~  activity remains high through- 
out G,, the inhibitory effect could be elic- 
ited at any time before entry into S phase. 
These antibodies also depressed the activa- 
tion of protein synthesis, whereas no effect 
was observed after microinjection of the 
corresponding negative IgG, which had 
passed through the peptide affinity column. 
These data are consistent with the effect of 
rapamycin on cell growth, suggesting that 
~ 7 0 " ~  plays an important role in mito- 
genesis both at the early GdG, transition 
and throughout G, .  

XX. FUTURE PERSPECTIVE 

Studies to date on S6 phosphorylation 
and the ~ 7 0 " ~  have revealed a complex 
network of phosphorylation events which 
are strongly implicated in mitogenesis 
through the activation of protein synthesis. 
However, many questions remain unre- 
solved concerning, (1) the signaling path- 
way leading to p70s6k/p85s6k activation, (2) 
the role of the p 8 P k  in the nucleus, (3) the 
mechanism by which multiple phosphory- 
lation leads to b a s e  activation, and (4) 
the role of S6 phosphorylation in exerting 
the mitogenic effects of the kinase through 
the translational upregulation of poly- 
pyrimidine tract mRNAs. Obviously this 
will be a fi-uitful area for young researchers 
in the coming years. 
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