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ABSTRACT The dominant insulin-stimulated ribosomal
protein S6 kinase activity was purified to near homogeneity from
insulin-treated 32P-labeled rat H4 hepatoma cells and found to
copurify with a 70-kDa 32P-labeled polypeptide. The dominant
S6 kinase purified from livers of cycloheximide-treated rats is
also a 70-kDa polypeptide. Antiserum raised against rat liver S6
kinase specifically immunoprecipitates the purified 32P-labeled
H4 hepatoma insulin-stimulated S6 kinase. This antiserum also
specifically precipitates insulin-stimulated S6 kinase activity
directly from cytosolic extracts of H4 cells. Immune complexes
prepared from the cytosol of32P-labeled H4 cells contain several
32P-labeled polypeptides; only a 70-kDA 32P-labeled peptide,
however, is specifically displaced by preadsorption of the anti-
serum with nonradioactive rat liver S6 kinase. Insulin treatment
increases the 32p content of the immunoprecipitated 70-kDa S6
kinase polypeptide 3- to 4-fold over basal levels; 32P-labeled
serine, some 32P-labeled threonine, but no 32P-labeled tyrosine
are detected after partial acid hydrolysis. Tryptic peptide maps
indicate that the insulin-stimulated S6 kinase purified from
32P-labeled H4 cells is phosphorylated at multiple sites distinct
from those which participate in autophosphorylation in vitro.
Autophosphorylation of rat liver S6 kinase in vitro does not
modify S6 kinase activity. The S6 kinases purified from liver of
cycloheximide-treated rat and H4 hepatoma insulin-stimulated
enzyme are each completely deactivated by incubation with
protein phosphatase type 2A in both autophosphorylating and
40S S6 phosphorylating activities. The phosphatase 2A-deacti-
vated 70-kDa S6 kinase is neither reactivated nor phosphoryl-
ated by partially purified insulin-stimulated microtubule-
associated protein 2 kinase, in experiments where Xenopus S6
kinase II undergoes phosphorylation and partial reactivation.
Thus insulin activates the 70-kDa S6 kinase by promoting
phosphorylation of specific serine/threonine residues on the
enzyme polypeptide, probably through activating an as-yet-
unidentified serine/threonine protein kinase distinct from mi-
crotubule-associated protein 2 kinase.

Insulin rapidly stimulates the serine/threonine phosphoryla-
tion of an array of proteins in target cells (1). This phenom-
enon, due to activation of several serine/threonine protein
kinases, presumably reflects intermediate signaling reactions
in effector pathways for insulin action (2, 3). Although this
idea is now widely accepted, evidence supporting a regula-
tory role for these modifications remains largely indirect in
that few examples have been established where insulin-
stimulated serine/threonine phosphorylation alters enzyme
activity or protein function (4).
An early and well-studied example is insulin-stimulated

phosphorylation of 40S ribosomal protein S6 (5, 6); although
the functional consequences of S6 phosphorylation remain
uncertain, the modification ofS6 is clearly catalyzed by one or

more insulin-activated "S6" protein kinase (7-9). The major
insulin-stimulated S6 kinase purified from Xenopus oocytes is
a 92-kDa polypeptide, called S6 kinase II (10). This enzyme is
regulated through serine/threonine phosphorylation in the
oocyte (11); moreover, S6 kinase II, deactivated by protein
phosphatase treatment, can be phosphorylated in vitro and
partially reactivated by another insulin-stimulated serine/
threonine protein kinase, called microtubule-associated pro-
tein 2 (MAP-2) kinase (12). Although a homolog of S6 kinase
I (13) is expressed in avian and mammalian cells (14), most
studies examining mitogen-stimulated S6 kinase activity from
these sources have detected 70-kDa polypeptides as the major
form of stimulated S6 kinase (15-17). We previously purified
and characterized an hepatic S6 protein kinase that is the
dominant Ca2+/cyclic nucleotide-independent S6 kinase acti-
vated in livers ofcycloheximide-treated rats (18). This enzyme
is a 70-kDa polypeptide unreactive with antisera raised to
purified or recombinant Xenopus S6 kinase II. The 70-kDa
hepatic S6 kinase exhibits chromatographic properties indis-
tinguishable from the dominant S6 kinase activity that ap-
peared during liver regeneration in the rat or in insulin-treated
H4 hepatoma cells (19). We present immunochemical and
structural evidence that (i) the 70-kDa S6 kinase purified from
rat liver is closely related, perhaps identical, with the major
insulin-stimulated S6 kinase in H4 hepatoma cells and (ii)
insulin activates the catalytic function of the H4 hepatoma
70-kDa S6 kinase by phosphorylating the enzyme polypeptide
at serine/threonine residues.

MATERIALS AND METHODS
Antiserum to Cycloheximide-Stimulated Rat Liver S6 Ki-

nase. Mice were immunized with rat liver S6 kinase purified
through the Mono Q step as described (18), emulsified in Ribi
Immunochem adjuvant, and injected i.p.; booster injections
were also in Ribi adjuvant. Serum was screened by immu-
noprecipitation of native rat liver S6 kinase, 32P-labeled in an
autophosphorylation reaction by incubation with Mg2l plus
[y-32P]ATP. Approximately 10 ng of the 32P-labeled enzyme
was incubated with 1 ,ul of serum in a total volume of 0.12 ml.
Serum from one of three immunized mice was reactive;
5-10% of 32P-labeled enzyme was recovered in the immune

complex, harvested with protein A-Sepharose. Precipitation
of the 32P-labeled enzyme was prevented completely by
preincubating the antiserum with nonradioactive S6 kinase.
Nonimmune mouse serum did not immunoprecipitate the
32P-labeled 70-kDa band. Assay of protein A-Sepharose
pellets for S6 kinase activity was positive only for the serum
that precipitated labeled 70-kDa polypeptide. The S6 kinase
measured in the immunoprecipitate was "-10% that obtained
from the same mass of 32P-labeled S6 kinase assayed in free
solution. Adding SDS (0.1%) to the immunoprecipitation
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reaction abolished recovery of labeled 70-kDa enzyme poly-
peptide. Moreover, the sera (at 1:100 dilution) did not im-
munoblot 10-20 ng of purified S6 kinase transferred to
nitrocellulose after SDS/PAGE. Thus, this antiserum only
interacts with native nondenatured 70-kDa S6 kinase, the
activity of which is expressed in the immunoprecipitate,
although in a substantially inhibited way.

32P-Labeling of Cultured Cells. H4 hepatoma cells were
grown to confluence in Swim's S77 medium (Sigma)/15%
horse serum/5% fetal calf serum. Cells were placed in
serum-free medium for 24 hr before hormone treatment. Cells
were incubated for 2 hr with 0.55 mCi of 32P04 per 10-cm plate
(1 Ci = 37 GBq) in phosphate-free medium before hormone
exposure; these conditions provide steady-state labeling of
endogenous 32P-labeled polypeptide (19, 20).

Purification of S6 Kinase from 32P-Labeled, Insulin-Treated
H4 Cells. 32P-labeled H4 cells (20 plates) and nonradioactive
cells (40 plates) were treated with insulin (10-7 M, 15-20 min);
all subsequent procedures were at 0-40C. Cells were rinsed
with ice-cold phosphate-buffered saline and scraped into 10
mM KPj, pH 6.5/1 mM EDTA/5 mM EGTA/10mM MgCl2/2
mM dithiothreitol/1 mM vanadate/50 mM f-glycerophos-
phate/2 ,u M leupeptin/2 ,M pepstatin/100 nM okadaic acid/1
mM diisopropylfluorophosphate (homogenization buffer).
Cells were homogenized in an Ultra Turrax homogenizer (at
full speed); the supernatants (100,000 x g for 1.5 hr) from
nonradioactive and 32P-labeled cells were combined and ap-
plied to a DEAE-Sephacel column (1 x 5 cm) equilibrated with
homogenization buffer. After gradient elution with NaCl, the
S6 kinase activity was further purified by chromatography on
SP-Sephadex, heparin-Sepharose, S6 peptide affinity, and
Mono Q HR 5/5 column, as described (18).

Immunoprecipitation of S6 Kinase from Crude Extracts.
32P-labeled H4 cells (as above) were solubilized in homoge-
nization buffer (0.5 ml per two plates) containing aprotinin at
100 units/ml and 0.4% Triton X-100. Extracts were centri-
fuged at 100,000 x g for 30 min. Supernatants were incubated
with antiserum or normal serum (1:100, final dilution) for 30
min at 5°C; protein A-Sepharose was then added [50-100 ul
of a 1:1 slurry in phosphate-buffered saline/2% (vol/vol)
Tween 20]. Incubation continued at 5°C with agitation for 3
hr. The immune complexes were sedimented, washed 3-5
times with phosphate-buffered saline/2% Tween 20 and
suspended in SDS containing sample buffer for SDS/PAGE.
In some experiments, S6 kinase was extracted and immuno-
precipitated as above from nonradioactive cells, and the S6
kinase assay was done with the immune complex, using 40S
ribosomes as substrate, as described (9, 18).

Tryptic Peptide Mapping of 32P-Labeled S6 Kinase. 32p_
labeled S6 kinase eluted from SDS/PAGE was precipitated in
chloroform/methanol with added unlabeled carrier (rabbit
skeletal muscle phosphorylase b, 25-100 ,g), dried, and
resuspended in 150 Al of 0.1 M ammonium bicarbonate, pH
8.3. Tosylphenylalanine chloromethyl ketone (TPCK)/
trypsin, 1:10 (wt/wt) was added; after incubation at 37°C for
18 hr, further TPCK/trypsin, 1:10 was added, and digestion
continued for 8 hr. The digests were dried, resuspended in
H20, dried again twice, redissolved in a small volume of
deionized H20, and applied to a cellulose acetate plate.
Two-dimensional separation by electrophoresis at pH 3.5
(pyridine/acetic acid/H20, 10:100:1890) or at pH 6.5 (pyri-
dine/acetic acid/H20, 50:2:450) was followed by chroma-
tography (butanol/acetic acid/pyridine/H20, 15:3:10:12).
Xylene cyanol FF was used as a marker (0.5 Al of 1 mg/ml
of solution).

RESULTS

Purification of the Insulin-Stimulated S6 Kinase from 32p-
Labeled H4 Hepatoma Cells. Insulin treatment activates S6

kinase activity 3- to 10-fold as measured in H4 hepatoma
cytosolic extracts. This S6 kinase activity was purified ex-
tensively by using the steps described (18) for isolating the
major S6 kinase activated from livers of cycloheximide-
treated rats. The elution profile of H4 hepatoma S6 kinase
activity and 32P-labeled polypeptides from the final Mono Q
chromatography are shown in Fig. 1. A single peak of S6
kinase activity coelutes precisely with 32P-labeled 70-kDa
polypeptide; the latter exhibits the same mobility in SDS/
PAGE as 32P-labeled rat liver S6 kinase, autophosphorylated
after purification with Mg2+ and [y-32P]ATP. Moreover,
murine antiserum raised against rat liver S6 kinase immuno-
precipitates part of H4 hepatoma 70-kDa 32P-labeled poly-
peptide (Fig. 1 Bottom) as well as part of H4 hepatoma S6
kinase activity (data not shown). Two-dimensional peptide
maps of tryptic digests, prepared from rat liver and insulin-
stimulated H4 hepatoma 70-kDa S6 kinase, each 32P-labeled
by autophosphorylation in vitro with [y-32P]ATP, exhibit a
similar pattern of 32P-labeled peptides (see Fig. 6). From
these findings, we conclude that the 70-kDa 32P-labeled
polypeptide is the quantitatively dominant insulin-stimulated
H4 hepatoma S6 kinase, which in turn is immunochemically
and structurally related (possibly identical) to the 70-kDa rat
liver S6 kinase activated by cycloheximide. Electroelution
and partial acid hydrolysis of the 70-kDa 32P-labeled poly-
peptide, purified from insulin-stimulated 32P-labeled H4 cells,
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FIG. 1. Purification of the insulin-stimulated S6 kinase from
32P-labeled H4 hepatoma cells. The elution profile of the Mono Q
column is shown. (Top) S6 kinase activity; this activity represents
16% of the S6 kinase activity in the initial homogenate. (Middle) An
aliquot of each fraction was subjected to SDS/PAGE; autoradio-
graph of the gel is shown. (Bottom) An aliquot of each fraction was
incubated with murine anti-rat liver S6 kinase antiserum. Immune
complexes were subjected to SDS/PAGE; an autoradiograph of the
gel is shown. An aliquot of rat liver S6 kinase, autophosphorylated
in vitro with [y-32P]ATP, was included in the Middle and Bottom gels
and is marked by arrows.
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FIG. 2. [32P]Phosphoamino acid analysis of S6 kinase. Insulin-

stimulated S6 kinase purified from 32P-labeled H4 cells was subjected
to partial acid hydrolysis, followed by two-dimensional, thin-layer
electrophoresis (21).

yielded 32P-labeled serine as the predominant phosphoamino
acid; a minor component of labeled threonine but no labeled
tyrosine was detected (Fig. 2).

Immunoprecipitation of Insulin-Stimulated S6 Kinase from
H4 Hepatoma Cytosol. Immunoprecipitates prepared from
cytosolic extracts of control- and insulin-stimulated H4 hep-
atoma cells, using the murine anti-rat liver S6 kinase antise-
rum, contain S6 kinase activity, which is 3- to 9-fold greater
in the immunoprecipitates prepared from insulin-stimulated
H4 cells, as compared with control cells. By contrast, im-
munoprecipitates prepared with nonimmune mouse serum
contain no S6 kinase activity (Fig. 3). This reinforces iden-
tification of rat liver S6 kinase as an insulin-stimulated S6
kinase and shows that even without insulin, at least some of
the basal S6 kinase in H4 cells is from the 70-kDa S6 kinase
polypeptide. Immunoprecipitates prepared from 32P-labeled
H4 cells with anti-rat liver S6 kinase antiserum contain
several prominent 32P-labeled polypeptides (Fig. 4A); most of
these labeled polypeptides are also visualized with nonim-
mune sera. Preincubation of the anti-rat liver S6 kinase
antiserum with nonradioactive, purified rat liver S6 kinase
selectively abolishes immunoprecipitation of 70-kDa 32p_
labeled polypeptide (Fig. 4A); this H4 polypeptide, which
comigrates with 32P-labeled rat liver 70-kDa S6 kinase auto-
phosphorylated in vitro, is thus identified as the H4 hepatoma
S6 kinase. Insulin increases the 32p content of the 70-kDa
polypeptide by 3- to 4-fold, estimated by densitometry of
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FIG. 3. Immunoprecipitation of S6 kinase activity from H4 cell
cytosol. H4 cells were treated with insulin (I) (lanes 3, 4, 6, 9, 10, 12,
15, 16, and 18) (10-7 M x 15 min) or diluent (C) (lanes 1, 2, 5, 7, 8,
11, 13, 14, and 17). Cytosolic extracts were prepared and incubated
with normal mouse serum (lanes 5, 6, 11, 12, 17, and 18) or mouse
anti-rat S6 kinase antiserum (lanes 1-4, 7-10, and 13-16) at a 1:100
dilution. The immune complexes were harvested with protein
A-Sepharose, resuspended in 50 mM Mops, pH 7.2/1 mM dithio-
threitol/10 mM MgCI2/0.1% Triton X-100/2 mM EGTA (buffer C)
and divided into three aliquots. Each aliquot was incubated at 30'C
with either phosphatase 2A (1 unit/ml) (lanes 1-6); phosphatase 2A
plus okadaic acid (100 nM) (lanes 7-12); or okadaic acid alone (lanes
13-18). After 30 min okadaic acid was added to 100 nM to the samples
of lanes 1-6, and S6 kinase activity of the immune complex was
assayed by using [y-32P]ATP and 40S subunits. The reaction was
terminated by adding SDS, and the solubilized proteins were sub-
jected to SDS/PAGE. Position of 32P-labeled S6 in the autoradio-
graphed gel is indicated by the arrow. Insulin stimulation of S6 kinase
detected in the immune complex assays is 9-fold as determined by
densitometry of the 31-kDa band; two other experiments with insulin
gave 2.6- and 3.7-fold increases. Phosphatase treatment yields a 50%6
decrease in the level of insulin-stimulated kinase; basal activity was
too low to quantify.

autoradiographs (Fig. 4B; 32p content is too low for reliable
estimate by liquid scintillation counting).

Role of 70-kDa S6 Kinase Phosphorylation in Enzyme Ac-
tivity. Incubation of the purified rat liver S6 kinase with
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FIG. 4. Immunoprecipitation of 32P-labeled S6
kinase from cytosol of control- and insulin-
stimulated 32P-labeled H4 cells. (A) The two lanes
at left exhibit the 32P-labeled polypeptides immu-
noprecipitated from cytosol of insulin-stimulated
cells by anti-rat liver S6 kinase antiserum. The right
lane demonstrates the effect of preincubating anti-
serum with nonradioactive rat liver S6 kinase. No-
tice the selective inhibition of immunoprecipitation
of the 70-kDa H4 32P-labeled polypeptide. (B) 32P_
labeled H4 cells were exposed to insulin (10-7 M x
15 min) or diluent, and a cytosolic extract was
prepared as described. Immunoprecipitation was
done by adding mouse anti-rat liver S6 kinase
antiserum at 1:100 dilution. The immune complexes
were solubilized into SDS and subjected to SDS/
PAGE. An aliquot of 32P-autophosphorylated rat
liver S6 kinase is shown in the far right lane.
Densitometry indicated that the 32P-labeled 70-kDa
band contained 3 times more 32P after insulin treat-
ment; two additional experiments yielded 2.9- and
4.3-fold stimulation.
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highly purified serine/threonine/specific protein phos-
phatases markedly inhibits S6 kinase activity. Incubation
with phosphatase 2A can abolish completely both the 40S
phosphorylating (Fig. 5) and autophosphorylating activities
of the S6 kinase (data not shown). This activity loss is solely
due to the phosphatase action, as kinase inactivation is
completely prevented by okadaic acid, a potent, selective
inhibitor of phosphatase 1 and 2A. Phosphatase 1 can also
inactivate rat liver S6 kinase in a reaction prevented by highly
purified protein phosphatase inhibitor 2. Compared at equal
phosphorylase A phosphatase units, phosphatase 1 is only
5% as potent as phosphatase 2 in inactivating S6 kinase (Fig.
SB). The S6 kinase purified from insulin-stimulated H4 hep-
atoma cells is also deactivated by protein phosphatase 2A,
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FIG. 5. Deactivation of purified S6 kinase by phosphatase treat-
ment. (A) Time course of S6 kinase deactivation by phosphatase 2A
(PP-2A): S6 kinase from rat liver (20 units/ml) was incubated at 30°C
with phosphatase 2A (1 unit/ml) (o) in buffer C (see Fig. 3). At time
points indicated, okadaic acid (OKA) was added to 200 nM, and
aliquots were taken for S6 kinase assay. Controls included S6 kinase
plus phosphatase 2A plus okadaic acid (200 nM) (0), S6 kinase alone
(o), and S6 kinase plus okadaic acid (*). (B) Concentration depen-
dence of S6 kinase deactivation by phosphatase 1 versus phosphatase
2A. S6 kinase from rat liver (25 units/ml) was incubated in buffer C
at 30°C with various concentrations of phosphatase 2A (o), phos-
phatase 1 (o), and phosphatase 1 plus inhibitor 2 (20 ,ug/ml) (o). For
phosphatase 1, deactivation was terminated by adding inhibitor 2 to
a final concentration of 16 ,g/ml, whereas phosphatase 2A action
was terminated by adding p-nitrophenyl phosphate (final concentra-
tion, 20 mM). (C) Concentration dependence of phosphatase 2A
deactivation of insulin-stimulated H4 hepatoma S6 kinase (A, A)
versus rat liver S6 kinase: each S6 kinase was incubated at 10
units/ml for 30 min at 30°C with phosphatase 2A as indicated.
Phosphatase action was terminated by adding okadaic acid to 0.1
,uM. S6 kinase assays were done by using S6 peptide (18) as
substrate.

although 4- to 5-fold higher concentrations of phosphatase
activity are necessary than for deactivating rat liver S6 kinase
purified from cycloheximide-treated rats (Fig. SC). Finally,
treatment of the immunoprecipitates from control- and insu-
lin-treated H4 hepatoma cells with phosphatase 2A signifi-
cantly reduces S6 kinase activity in both, in an okadaic-
sensitive manner (Fig. 3).
These findings indicate that the catalytic activity of both

the rat liver 70-kDa and the insulin-stimulated H4 hepatoma
70-kDa S6 kinases depends on one or more Ser(P)/Thr(P)
residues. Inasmuch as insulin stimulates serine/threonine
phosphorylation of the 70-kDa S6 kinase polypeptide, the
insulin-induced activation is probably caused by the insulin-
stimulated serine/threonine phosphorylation. More rigorous
proof will require identification of the specific residues phos-
phorylated in response to insulin and the demonstration that
phosphorylation of one or more of these residues stimulates
enzyme activity.

Several lines of evidence indicate that increased phosphor-
ylation of enzyme activity seen after insulin treatment is not
from an insulin-stimulated autophosphorylation of S6 kinase:
autophosphorylation in vitro of the enzyme purified in an
"activated" state from livers of cycloheximide-treated rats,
under conditions that incorporate -0.3 mol of phosphorus
per subunit, does not further activate kinase activity toward
40S subunits (data not shown). S6 kinase inactivated with
phosphatase 2A cannot be reactivated by incubation with
Mg2+ and ATP; in fact, as indicated above, prior phosphatase
treatment of S6 kinase reduces autophosphorylation compa-
rably with 40S S6 phosphorylation. These observations in-
dicate that the autophosphorylating activity of S6 kinase seen
after purification only reflects the extent of prior activation
and does not itself further stimulate catalytic activity of the
kinase; presumably autophosphorylation (at least in vitro)
does not involve the serine residues responsible for enzyme
activation. This conclusion is supported by examining tryptic
digests of H4 hepatoma S6 kinase, autophosphorylated with
Mg2+ plus [Yy-32P]ATP in vitro after purification, as compared
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FIG. 6. 32P-labeled peptide maps of S6 kinase after complete
tryptic digestion. (A) Rat liver 70-kDa S6 kinase autophosphorylated
in vitro with Mg2+ plus [y-32P]ATP. (B) H4 hepatoma S6 kinase (see
Fig. 1) purified from 32P-labeled insulin-stimulated cells and auto-
phosphorylated in vitro with [y-32P]ATP; overall 32p incorporation in
vitro exceeded endogenous 32P by 400-fold. (C) Insulin-stimulated
70-kDa S6 kinase purified from 32P-labeled H4 hepatoma cells. (D)
Mixture of equal cpm Of 32p from digests in B and C. Samples were
subjected to thin-layer electrophoresis (TLE) at pH 3.5, followed by
TLC. The origin and location of xylene cyanol marker are indicated
by dashed circles on the autoradiographs.
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with digests prepared from the 70-kDa S6 kinase 32P-labeled
in situ and purified from insulin-stimulated 32P-labeled H4
hepatoma cells. The 32P-labeled peptide maps show the
labeled peptides in the digest of insulin-stimulated labeled
enzyme isolated from labeled cells that are not detected in the
enzyme autophosphorylated in vitro with [_y-32P]ATP after
purification (Fig. 6). These tryptic 32P-labeled peptides in the
insulin-stimulated enzyme probably contain the "activating"
phosphorylation sites.
An obvious candidate for the protein kinase mediating

insulin activation of the 70-kDa S6 kinase is the insulin-
stimulated MAP-2 kinase, based on the ability of the latter
enzyme to phosphorylate and partially reactivate Xenopus S6
kinase 11 (12). We, therefore, examined the ability of MAP-2
kinase (prepared by J. Kyriakis in this laboratory or supplied
by T. Sturgill, Univ. of Virginia) to phosphorylate and
reactivate rat liver 70-kDa S6 kinase, in comparison with
Xenopus S6 kinase II (a gift from J. Maller and E. Erikson,
Univ. of Colorado), after both S6 kinases have been deacti-
vated by phosphatase 2A. Although reactivation of Xenopus
S6 kinase II by MAP-2 kinase was readily confirmed, rat liver
70-kDa S6 kinase was not a substrate for the insulin-
stimulated MAP-2 kinase.

DISCUSSION
These results demonstrate that a major insulin-stimulated S6
kinase in H4 hepatoma cells is immunochemically and struc-
turally related (possibly identical) to the 70-kDa rat liver S6
protein kinase, initially purified from livers of cycloheximide-
treated rats. This enzyme depends completely on Ser(P)/
Thr(P) residues for its catalytic activity, as witnessed by
complete deactivation of both H4 hepatoma and rat liver S6
kinases by treatment with phosphatase 2A. Moreover, the
ability of insulin to stimulate serine/threonine-specific phos-
phorylation of the enzyme polypeptide, concomitant with
activation of its catalytic function, strongly supports the
conclusion that insulin-stimulated phosphorylation underlies
enzyme activation.
The mechanism of insulin-stimulated enzyme phosphory-

lation/activation is of considerable interest. Failure of auto-
phosphorylation in vitro to modify enzyme activity, together
with the presence of different 32P-labeled peptides on the
70-kDa S6 kinase purified from insulin-stimulated 32P-labeled
H4 cells, as compared with H4 hepatoma 70-kDa S6 kinase
autophosphorylated in vitro (Fig. 6 C vs. B) both indicate that
phosphorylation of the activating sites on the 70-kDa S6
kinase is catalyzed by another protein kinase. It is tempting
to conclude that this "kinase-kinase" is itself activated by
insulin. Nevertheless, alternative explanations, such as in-
hibition of an S6 kinase phosphatase, or substrate-level
effects (e.g., binding of a ligand that allows S6 kinase to be
phosphorylated), cannot be confidently discarded until a
candidate insulin-activated S6 kinase-kinase is identified that
can phosphorylate S6 kinase at the "insulin"-directed sites
and activate S6 kinase catalytic function.
We have surveyed several purified protein kinases for their

ability to phosphorylate/activate the 70-kDa S6 kinase, with or
without prior deactivation by phosphatase 2A. Negative re-
sults were obtained with kinase A catalytic subunit, casein
kinase II, glycogen synthase kinase 3 (with and without prior
incubation of the 70-kDa S6 kinases with casein kinase II and
Mg2+ and ATP) and several preparations of insulin-stimulated
MAP-2 kinase. In addition, insulin treatment of H4 cells does
not alter the 32p content of c-raf protein as visualized in
immunoprecipitates, suggesting that c-raf protein does not
mediate the insulin activation of S6 kinase (J.R.G., J.A., and
U. Rapp, unpublished work).

We have analyzed cDNA of rat origin corresponding to the
70-kDa S6 kinase and an 85-kDa homolog of Xenopus S6
kinase a (22). The deduced amino acid sequences of the 70-
and 85-kDa enzymes, although 56% identical in their catalytic
domains, differ extensively outside of the catalytic domain.
The inability of the 70-kDa rat liver S6 kinase to be phos-
phorylated by the insulin-stimulated MAP-2 kinase further
distinguishes the 70-kDa enzyme from the 85-kDa Xenopus
S6 kinase II and its homologs. It appears likely that these two
types of S6 protein kinases, 85-kDa versus 70-kDa, although
both hormonally regulated by phosphorylation of the enzyme
polypeptide, are independently regulated.
The multiple S6 kinases detected thus far appear to reflect

the existence of a family of enzymes related by structural and
regulatory features as well as substrate specificity. These
enzymes function as intermediate signaling molecules in
hormone action, even though their precise role in the pro-
gram remains uncertain. Identification of the kinases that
regulate the catalytic function of the 70-kDa rat liver S6
kinase described herein may clarify the nature of the targets
of the activated insulin receptor.
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