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Mitogen-activated protein (MAP) kinase is a serine/threonine-specific protein kinase which is activated in
response to various mitogenic agonists (e.g., epidermal growth factor, insulin, and the tumor promoter
tetradecanoyl phorbol acetate [TPA]) and requires both threonine and tyrosine phosphorylation for activity.
This enzyme has recently been shown to be identical or closely related to pp42, a protein which becomes
tyrosine phosphorylated in response to mitogenic stimulation. Neither the kinases which regulate MAP
kinase/pp42 nor the in vivo substrates for this enzyme are known. Because MAP kinase is activated and
phosphorylated in response both to agents which stimulate tyrosine kinase receptors and to agents which
stimulate protein kinase C, a serine/threonine kinase, we have examined the regulation and phosphorylation of
this enzyme in 3T3-TNRY cells, a variant cell line partially defective in protein kinase C-mediated signalling.
In this communication, we show that in the 3T3-TNR9 variant cell line, TPA does not cause the characteris-
tically rapid phosphorylation of pp42 or the activation and phosphorylation of MAP kinase. This defective
response is not due to the absence of the MAP kinase/pp42 protein itself because both tyrosine phosphorylation
of MAP Kkinase/pp42 and its enzymatic activation could be induced by platelet-derived growth factor in the
3T3-TNR9 cells. Thus, the defect in these variant cells apparently resides in some aspect of the regulation of
MAP kinase phosphorylation. Since the 3T3-TNR9 cells are also defective with respect to the TPA-induced
increase in ribosomal protein S6 kinase, these in vivo results reinforce the earlier in vitro finding that MAP
kinase can regulate S6 kinase activity. These findings suggest a key role for MAP kinase in a kinase cascade

involved in the control of cell proliferation.

Activation of tyrosine kinase transmembrane receptors
results in stimulation of a diverse array of cellular activities,
such as glycolysis, protein synthesis, and transcription.
However, in most cases in which the regulation of these
cellular activities has been adequately investigated, critical
phosphorylations of regulatory proteins occur not only on
tyrosine but on serine and threonine as well. Thus, it seems
likely that ‘‘switch kinases’’, which are regulated by tyrosine
phosphorylation but function as serine/threonine kinases,
are pivotal elements in the hormonal control of growth and
metabolism. Elucidation of the pathways by which cell
surface receptors control growth and metabolism will re-
quire analysis of the regulation of these switch kinases and
determination of their downstream substrates.

Mitogen-activated protein (MAP) kinase was the first
switch kinase to be so identified (35). This enzyme was
originally described by Ray and Sturgill (34) as a serine/
threonine-specific protein kinase which was activated by
treatment of 3T3-L1 cells with insulin and which could be
partially purified by sequential DEAE and hydrophobic-
interaction chromatography (36). Subsequently, it was found
that this enzymatic activity could be stimulated by various
mitogenic agents, including the tyrosine kinase agonists
epidermal growth factor (EGF) (23, 37) and platelet-derived
growth factor (PDGF) (this article), as well as the tumor
promoter tetradecanoyl phorbol acetate (TPA) (23, 37),
whose receptor is the serine/threonine protein kinase, pro-
tein kinase C (PK-C). That MAP kinase activity can be
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stimulated either by tyrosine kinase agonists or by serine/
threonine Kinase agonists suggests that this enzyme func-
tions in vivo to integrate physiological responses involving
both tyrosine and serine/threonine phosphorylations. This
suggestion is supported by the finding that MAP kinase must
be phosphorylated on both threonine and tyrosine in order to
be active (2).

Recently, MAP kinase was shown to be identical or
closely related to pp42, a cellular protein known to become
phosphorylated on tyrosine in response to various mitogens
including EGF, PDGF, and TPA (24, 37). The dual control
over pp42 phosphorylation by both tyrosine phosphorylation
and PK-C was demonstrated not only by the fact that TPA
could stimulate tyrosine phosphorylation of this protein (6,
16, 21) but also by the fact that down-modulation of PK-C by
chronic TPA treatment could blunt the ability of EGF (42),
PDGF (26), or serum (19) to stimulate this tyrosine phos-
phorylation. We have found that the activation of MAP
kinase activity in response to EGF displays a similar partial
dependence on cellular PK-C (37a), and evidence that this is
also true for the case of serum stimulation has been pre-
sented by Ferrell and Martin (19). However, the proximal
kinases which phosphorylate MAP kinase remain unidenti-
fied.

The important in vivo substrates for MAP kinase also have
not been identified with certainty. MAP kinase can phos-
phorylate a variety of in vitro substrates, including microtu-
bule-associated protein 2 (23, 32, 34), myelin basic protein
(1, 17), and ribosomal protein S6 kinase II (22, 39). All of
these substrate proteins are known to become phosphory-
lated in vivo (3, 31, 33, 41), but it is uncertain whether MAP
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kinase is the enzyme responsible for these in vivo phospho-
rylations. Only in the case of S6 kinase-II has phosphoryla-
tion by MAP kinase been shown to have functional conse-
quences. This ribosomal protein kinase, when inactivated by
phosphatase treatment, can be partially reactivated by phos-
phorylation with MAP kinase (22, 39). Thus, one of the in
vivo functions of MAP kinase may be in the regulation of
protein synthesis.

To gain insight into the regulation and function of MAP
kinase we have made use of 3T3-TNR9 cells, a variant
derived from the Swiss 3T3 line on the basis of its mitogenic
nonresponsiveness to TPA (11). These cells have normal
levels of PK-C and display many of the early phosphoryla-
tion and metabolic responses to TPA treatment (7, 12, 18)
which occur in the parental 3T3 cells. However, unlike the
parental 3T3 cells, they do not show an increase in ornithine
decarboxylase activity or DNA synthesis in response to TPA
(11, 12). Thus, they appear to be defective in some aspect of
PK-C-mediated intracellular signalling. Because of the ex-
pected role of MAP kinase in integrating tyrosine kinase and
PK-C-stimulated signals, we felt that this was an appropriate
line to use for these investigations.

In this article, we show that rapid TPA-induced phosphor-
ylation and activation of MAP kinase/pp42 are defective in
3T3-TNR9 cells. On the other hand, PDGF is able to
stimulate both tyrosine phosphorylation and enzymatic ac-
tivation of MAP kinase in the 3T3-TNR9 cells, indicating
that these cells do not lack MAP kinase but that their defect
resides in the regulation of this kinase. The variant cells have
also been shown to be defective in the TPA-induced increase
in S6 kinase activity (18). Thus, our results provide in vivo
support for the in vitro finding that MAP Kinase regulates the
activity of S6 kinase and raise the possibility that this kinase
cascade is important for mitogenic stimulation.

MATERIALS AND METHODS

Materials. TPA was purchased from Sigma Chemical Co.,
St. Louis, Mo.; PDGF was purchased from Collaborative
Research, Inc., Bedford, Mass.; DE52 was purchased from
Whatman Biosystems Ltd., Maidstone, England; phenyl
Superose column from Pharmacia; Ampholines were pur-
chased from LKB; Tween 20 was purchased from Bio-Rad,
Richmond, Calif.; bovine serum albumin (BSA) fraction V
was purchased from Boehringer Mannheim; and fetal calf
serum was purchased from GIBCO, Grand Island, N.Y.
[*2*T]labeled protein A and 32P; were purchased from Amer-
sham, Arlington Heights, Ill. Specific antiphosphotyrosine
antibodies were generated and affinity purified in this labo-
ratory as described previously (37).

Cell culture. Swiss 3T3 and TNR9 cells were cultivated at
37°C in a humidified atmosphere of 7.5% CO, with Dulbecco
modified Eagle medium supplemented with 10% fetal calf
serum until confluence. Cells were never passaged more
than 15 times before being discarded. Unless specified,
2-day-confluent cells were starved for 2 h in fetal calf
serum-deprived Dulbecco modified Eagle medium before
activation.

Immunoblotting. Whole-cell lysates (typically 100 to 150
wng of protein per lane) or purified material (1 to 3 mg of
protein per fast protein liquid chromatography [FPLC] run)
were electrophoresed on sodium dodecyl sulfate (SDS)-10%
polyacrylamide gels at 25 mA for 4 h and electroblotted
overnight onto nitrocellulose (BA83; Schleicher & Schuell)
in 25 mM Tris-192 mM glycine-20% methanol-0.03% SDS.
Ponceau S-stained filters were preblocked in 3% BSA-0.15
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M NaCl-50 mM Tris (pH 7.4)-0.5% Nonidet P-40-0.1%
Tween 20 before addition of affinity-purified antiphosphoty-
rosine antibodies at 4 to 8 wg/ml for 3 h. Filters were washed,
probed with [*2°I]protein A (1 pnCi/ml), washed again, and
autoradiographed on Kodak X-Omat RP film.

Two-dimensional gel electrophoresis. Cells in 100-mm-di-
ameter dishes (0.2 to 0.5 mg of protein per dish) were starved
in serum-deprived, phosphate-free Dulbecco modified Eagle
medium for 1 h before the addition of 32P; at 3 mCi/ml for 2
h. Cell lysates were prepared as previously described (37).
Two-dimensional (2-D) gel electrophoresis followed the
methods of Garrels (20). All 2-D gel samples were loaded in
the first dimension onto isoelectric focusing gels containing a
1:2:2 mixture of pH 3.5 to 10, 5 to 7, and 6 to 8 Ampholines.
The resolving gels were SDS-10% polyacrylamide gels for
the second dimension. Proteins were blotted onto Immo-
bilon membranes (Millipore) as described earlier in this
paper except that the blotting buffer was without SDS. Blots
were then treated with 1 M KOH at 56°C for 2 h. Autorad-
iograms were performed on Kodak XAR films.

Phosphoamino acid analysis of blotted proteins was essen-
tially as described previously (15, 25).

Purification of MAP kinase/pp42. The MAP kinase/pp42
protein was partially purified by sequential DEAE-cellulose
and phenyl Superose chromatography and assayed for its
activity according to the procedures of Ray and Sturgill (35,
36). Briefly, a fraction containing the MAP kinase activity
present in nucleus-free cell lysates was eluted from DES2 at
350 mM NacCl and loaded onto a phenyl Superose column (1
to 3 mg of protein per run). In a 0 to 60% linear gradient of
ethylene glycol, the peak of MAP kinase activity is typically
recovered at 37% ethylene glycol as assessed by the in vitro
phosphorylation of microtubule-associated protein 2. Micro-
tubule-associated protein 2 was purified from bovine brain
by the method of Kim et al. (27).

Aliquots (one-third each) of fractions eluted through the
phenyl Superose step were precipitated as described by
Bensadoun and Weinstein (4) with deoxycholate-trichloro-
acetic acid and reconstituted with hot SDS sample buffer
before electrophoresis and phosphotyrosine antibody immu-
noblotting.

RESULTS

Phosphorylation of pp42. Acute TPA treatment (300 ng/ml)
rapidly induced tyrosine phosphorylation of a‘42-kDa pro-
tein in parental Swiss 3T3 but not in 3T3-TNR9 cells, as
detected by immunoblotting with antiphosphotyrosine anti-
bodies of whole-cell extracts separated by gel electrophore-
sis (Fig. 1A). We previously have identified this tyrosine-
phosphorylated protein as the pp42 protein and have
described its relatedness to MAP kinase (37).

The absence of rapid phosphorylation of pp42 in TPA-
treated 3T3-TNR9 cells is specific to this agent since PDGF
was able to induce this phosphorylation in both the parental
and the variant cell lines (Fig. 1B). In addition, the time
courses for PDGF-induced phosphorylation of pp42 were
very similar over this period in 3T3 and in TNR9 cells,
although the magnitude of the phosphorylation was generally
more pronounced in the parental cell line. EGF also induced
pp42 tyrosine phosphorylation in the TNR9 cells to a lesser
extent than in the 3T3 cells (data not shown). This blunted
phosphorylation of pp42 in the TNR9 cells treated with
peptide mitogens presumably reflects the fact that this phos-
phorylation is partially dependent on PK-C even when the
stimulating agent is PDGF or EGF (26, 42). These results
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FIG. 1. Immunoblotting of whole cell lysates from Swiss 3T3 and
TNR9 cells with antiphosphotyrosine antibodies. Serum-starved
cells were treated with TPA (300 ng/ml for 10 min) (A) or with PDGF
(10 ng/ml for 1, 3, and 15 min) (B). Immunoblots of 3T3 cell lysates
are displayed in the left half of each panel, and immunoblots of
TNRS9 cell lysates are in the right half of each panel. A total of 120
g of protein per lane was loaded for each cell line. The results are
characteristic of more than four independent experiments. Autora-
diography of the immunoblot of the PDGF-stimulated cells repre-
sents an overexposure, so as to reveal the phosphorylation at the

1-min time point. Numbers on the left are molecular masses (in
kilodaltons).

o

indicate that pp42 is present in the TNR9 cells but that the
portion of its tyrosine phosphorylation which is dependent
on PK-C signalling is defective.

To determine whether the TNR9 cells were specifically
defective in the PK-C-dependent component of pp42 stimu-
lation, we determined the effects of chronic TPA treatment
on the ability of PDGF to stimulate pp42 phosphorylation in
these cells. Chronic treatment with TPA prevents any fur-
ther TPA-induced change in pp42 tyrosine phosphorylation,
as expected if PK-C has been down-modulated in these cells
(Fig. 2). However, although induction of pp42 phosphoryla-
tion by PDGF was reduced about twofold by chronic TPA
treatment of the 3T3 cells, which is in agreement with

previous results (19, 26, 42), PDGF-induced phosphorylation

of pp42 was not changed by TPA treatment of the TNR9
cells (Fig. 2). (A protein of approximately 55 kDa whose
tyrosine phosphorylation is coregulated with pp42 is also
revealed in these immunoblots. The identity of this protein is
not known.) These results support the idea that in TNR9
cells the PK-C-independent portion of the pp42 phosphory-
lation pathway is still functional, even though the PK-C-
dependent component is defective. However, since pp42 in
these experiments is resolved only on 1-D gels, it is also
possible that the tyrosine-phosphorylated band we observe
has two components which are regulated by different path-
ways.

The results in Fig. 1, which show an absence of TPA-
induced pp42 tyrosine phosphorylation in TNR9 cells, are in
apparent conflict with our earlier conclusion (7), based on
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FIG. 2. Effect of chronic TPA treatment of 3T3 and TNRY cells
on pp42 tyrosine phosphorylation. Confluent cells were (+) or were
not (—) pretreated for 26 h with 1 pg of TPA containing 1% serum
per ml before a 10-min addition of PDGF (10 ng/ml) or TPA (300
ng/ml). Antiphosphotyrosine immunoblots of whole-cell lysates are
shown. For each cell line, 90 pg of protein per lane was loaded the
position of the pp42 protein is indicated. Numbers on the right are
molecular masses (in kilodaltons).

different methods, that TPA could induce an increase in
tyrosine phosphorylation on proteins of 42 to 45 kDa in the
TNRY cell line. Initially we suspected that differences in cell
culture conditions could explain this discrepancy. In the
work described here, cells were stepped down in serum-free
medium prior to stimulation, whereas in the previous work,
cells were stimulated in conditioned medium containing
serum factors. However, we have repeated the TPA stimu-
lation of 3T3-TNR9 cells in the presence of conditioned
medium and still find that these cells do not display pp42
phosphorylation, as detected with Western immunoblotting
(data not shown). Thus, cell culture conditions are not
responsible for the differences with our earlier work.

The other possibility we considered is that the discrepancy
results from the different techniques used to detect tyrosine-
phosphorylated proteins. In our previous work, 1-D gels
were divided into a limited number of slices and the phos-
phoamino acid composition of each slice was determined.
This technique does not adequately resolve between pro-
teins with molecular masses of 42 and 45 kDa, and it is now
known that tyrosine phosphorylation of a group of 44- to
45-kDa proteins is also stimulated by mitogen stimulation
(13, 28, 28b). Since phosphorylation of these 44- to 45-kDa
proteins has been best characterized by 2-D gel electropho-
resis, we turned to this technique to determine whether TPA
could stimulate tyrosine phosphorylation of at least one of
these proteins in the TNR9 cells, a finding which would
resolve the discrepancy with our earlier report.

TNR9 cells were labeled with 32P; and stimulated for 10
min with TPA. Cell proteins were separated by two-dimen-
sional gel electrophoresis, transferred to Immobilon, and
treated with KOH, to enrich for tyrosine phosphorylations
(15, 25). TPA treatment of TNR9 cells induced the alkali-
stable phosphorylation of a whole set of proteins in the 44- to
45-kDa area (Fig. 3B, arrows). Direct phosphoamino acid
analysis of the spots cut from the alkali-treated filter re-
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FIG. 3. 2-D gel analysis of 3?P-labeled proteins. (A) Control gel
(no TPA). (B and C) TPA was added at 1 pg/ml for 10 min to 3T3 (C)
and TNRY (B) cells before lysis. Fifty micrograms of protein was
loaded onto the first-dimension gels for each cell line. Overnight
exposures of alkali-treated blots are shown and are representative of
three experiments. Arrows indicate the phosphoproteins taken for
phosphoamino acid analysis. Note that the incorporation of **P into
the 44- to 45-kDa proteins is comparable to the incorporation of 2P
into pp42 in the 3T3 cells. By contrast, the immunoblotting proce-
dure detects tyrosine-phosphorylated pp45 only weakly, compared
with its ability to detect pp42 (Fig. 1). Apparently, the contexts of
these tyrosine phosphorylations and/or the presence of other pro-
teins at the same M, dramatically affects the ability of the antisera to
bind to the tyrosine-phosphorylated epitopes, as we have shown in
other cases (28a). Because the recognition of specific tyrosine
phosphorylations by antiphosphotyrosine antisera can be highly
dependent on the specific phosphotyrosine-containing protein ex-
amined, it is important to recognize that the signals obtained in these
immunoblots are not necessarily quantitatively proportional to the
chemical amount of phosphotyrosine present in a protein. Indeed,
we have no evidence that the tyrosine-phosphorylated 45-kDa
protein recognized by the immunoblotting procedure shown in Fig.
1 corresponds to any of the 32P-labeled 44- to 45-kDa proteins shown
here. Numbers on the left of the gels are molecular masses (in
kilodaltons).

vealed that over half the phosphoamino acid was present as
phosphotyrosine (data not shown). By contrast, TPA treat-
ment of 3T3 cells induced the alkali-stable phosphorylation
not only of a series of 44- to 45-kDa proteins but also of pp42.
We confirmed that the protein spot designated pp42 in Fig. 3
had the appropriate position by mixing it with purified MAP
kinase, which (as shown previously [37]) migrated at the
same M, as the pp42 spot (data not shown). We conclude
that the TPA-induced tyrosine phosphorylation of pp42 is
defective in the 3T3-TNR9 cell variant but that tyrosine
phosphorylation of at least some 45-kDa proteins occurs in
these cells, a result which explains the apparent discrepancy
with our earlier report (7). However, as discussed in the
legend to Fig. 3, there is not a one-to-one correspondence
between the alkali-stable 3?P-labeled proteins revealed in
Fig. 3 and the proteins detected by blotting with antiphos-
photyrosine antibodies (Fig. 1 and 2).

Phosphorylation and activation of MAP kinase. MAP ki-
nase can be partially purified from EGF-stimulated 3T3 cells
by anion exchange and hydrophobic-interaction chromatog-
raphy and has been shown to copurify with the pp42 de-
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tected in whole-cell immunoblots (37). MAP kinase can
similarly be purified from TPA-treated 3T3 cells and likewise
copurifies with pp42 (Fig. 4). As we have previously re-
ported for EGF activation (37), the only TPA-inducible
tyrosine-phosphorylated protein found by immunoblotting
the MAP kinase preparation with phosphotyrosine antibod-
ies was the pp42 protein (Fig. 4B). The differential effect of
TPA on MAP kinase phosphorylation in 3T3 versus TNR9
cells can be seen in this partially purified MAP kinase
preparation. Applying the same purification and blotting
procedure which reveals tyrosine-phosphorylated pp42 in
the 3T3 cells, we failed to detect any tyrosine-phosphory-
lated MAP kinase in TNR9 cell homogenates even after a
20-fold-longer exposure (Fig. 4B). Thus, just as whole-cell
lysates failed to reveal a rapid tyrosine phosphorylation of
pp42 in the TPA-stimulated 3T3-TNR9 cells, so the purifi-
cation procedure for MAP Kkinase failed to yield any 42-kDa
tyrosine-phosphorylated protein from this source under the
same conditions of activation.

We have considered the possibility that this poorly abun-
dant protein (14) was differentially lost during purification
from 3T3-TNR9 cells. However, even after loading twice as
much TNR9 total lysate protein onto the FPLC phenyl
Superose column and electrophoresing the entire fractions,
we were unable to detect any tyrosine-phosphorylated pp42
protein in the TNR9 cell line stimulated by TPA for 10 min.
(28b). We also considered the possibility that a variant form
of pp42 might display a different elution profile on FPLC.
However, we have also analyzed the tyrosine phosphoryla-
tion pattern of the 3T3-TNRY fractions eluting before and
after the elution position of the 3T3 MAP kinase without
finding any pp42 detectable with the phosphotyrosine anti-
bodies (not shown).

The absence of pp42 tyrosine phosphorylation in TPA-
stimulated 3T3-TNR9 cells was not due to the absence of the
protein itself in these cells, since the addition of PDGF to
TNRO cells led to the appearance of a tyrosine-phosphory-
lated protein of 42 kDa which possessed the same elution
profile from phenyl Superose (Fig. 5) as the partially purified
protein visualized in Fig. 4 from 3T3 cells or as the purified
enzyme detected in 3T3-L1 cells (35, 36).

The defect in TPA-induced phosphorylation of pp42 in the
3T3-TNROI cells is mirrored in defective enzymatic activa-
tion of MAP kinase (Fig. 4). Addition of TPA to Swiss 3T3
cells induced a large increase in phenyl Superose-purified
MAP kinase activity as determined by phosphate incorpora-
tion into the microtubule-associated protein 2 substrate. By
contrast, TPA treatment of TNR9 cells did not induce
detectable MAP kinase activity either in the normal elution
position of 3T3 MAP kinase or in any other fraction eluted
through the phenyl Superose chromatography step. Even
when we used a more sensitive assay method to assess this
enzymatic activity (17), namely, the phosphorylation of
myelin basic protein, no MAP kinase activity was detected
in TPA-activated TNR9 cells (data not shown).

Since the MAP kinase showed the same elution profile
from phenyl Superose whether the kinase had been isolated
from EGF- or TPA-stimulated 3T3 cells (37; this study),
from PDGF-stimulated 3T3-TNR9 cells (Fig. 5), or from
insulin-stimulated 3T3-L1 adipocytes (35), and since pp42 is
the only tyrosine-phosphorylated protein detectable in each
of these fractions, we believe that the same protein is being
studied in all these cases.
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FIG. 4. Absence of TPA-stimulated MAP kinase activity and of purified tyrosine-phosphorylated pp42 in TNR9 cells. TPA was added at
300 ng/ml for 10 min to both 3T3 and TNR9 cells. A total of 0.5 mg of protein was loaded for the FPLC run. (A) MAP kinase activity in
fractions from 3T3 and TNR9 cell lysates separated by phenyl-Superose FPLC was assayed with the microtubule-associated protein 2
substrate (**P-MAP2). (Inset) Antiphosphotyrosine immunoblot of pp42 in the phenyl Superose fractions from 3T3 cells which displayed MAP
kinase activity. Note the excellent correspondence between the peak of enzyme activity and the tyrosine-phosphorylated protein. (B)
Autoradiogram of a phosphotyrosine immunoblot of the partially purified MAP kinase preparations from 3T3 and TNR9 cells shown in panel
A, with a 20-fold-longer exposure. Numbers on the left are molecular masses (in kilodaltons).

DISCUSSION

Regulation and phosphorylation of MAP Kkinase/pp42.
TNRY cells were derived from Swiss 3T3 cells on the basis of
their mitogenic nonresponsiveness to the tumor promoter
TPA (11). Since these cells possess normal levels of func-
tional PK-C, they presumably are defective in some aspect
of PK-C-dependent intracellular signalling and thus provide
a suitable system for studying this signalling system. We
have found that tyrosine phosphorylation of pp42 and phos-
phorylation and activation of MAP Kkinase are both defective
in TPA-treated TNR9 cells. These findings strengthen our
earlier suggestion that MAP Kkinase is identical or closely
related to pp42: not only do the two proteins copurify, as
shown previously (37), but also their phosphorylation is
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FIG. 5. Tyrosine phosphorylation and enzymatic activation of
MAP kinase by PDGF in TNR9 cells. Samples from PDGF-treated
TNROI cells were processed and assayed as for Fig. 4. One milligram
of protein was loaded onto the phenyl Superose column. MAP
kinase activity is displayed graphically as microtubule-associated
protein 2 phosphorylation by partially purified MAP kinase, and the
antiphosphotyrosine immunoblot of this material is also shown
(inset). PDGF was added at 10 ng/ml for 10 min.

coregulated. This is shown by the facts that the same
agonists stimulate both pp42 phosphorylation and MAP
kinase phosphorylation and activation and that in the TNR9
cells both are defective when TPA, but not PDGF, is the
agonist.

The fact that MAP kinase can be activated by treatment of
TNRO9 cells with PDGF indicates that the protein is present
in these variant cells. This finding has been confirmed by
immunoblotting with an antibody raised against a protein
which is related to MAP kinase and which was purified from
sea star oocytes (38). These results indicate similar levels of
the pp42 protein in 3T3 and TNRY cells (28b, 36a).

Thus, the TNRY cells possess MAP kinase but are defec-
tive in the PK-C-dependent portion of its regulation. This
suggestion is based not only on the fact that TPA is unable to
activate MAP kinase in these cells but also on the observa-
tion that down-modulation of PK-C blunts the ability of
PDGF to induce pp42 phosphorylation in 3T3 but not in
TNRO cells. These results could be explained if there exists
a family of closely related pp42 proteins responsive to
differing signalling pathways and if the TNR9 cells lack one
of these family members. However, we favor the hypothesis
that TNR9 cells are defective at some step upstream of MAP
kinase, perhaps in the regulation of a ‘“‘MAP kinase kinase’’
protein.

TNR9 cells possess normal levels of PK-C, and the
activity and translocation of this enzyme in response to TPA
appear to occur normally (7, 18). A more recent report from
Biemann and Erikson (5) indicates that the TPA-induced
down-modulation of PK-C does not persist in TNR9 cells
which are allowed to overgrow and form multilayers. How-
ever, neither the original TNR9 cells (11) nor the clones we
work with overgrow and form multilayers, suggesting that
the cells utilized in the studies of Biemann and Erikson may
have undergone some additional changes. Thus, it is difficult
to assess the relevance of their interesting result to the
findings reported here.

Cellular functions of MAP kinase. The in vivo results
described here support the in vitro findings which suggest
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that MAP kinase is an important regulator of the activity of
S6 kinase, since the TNRY cells have previously been found
to be defective in TPA-induced (but not serum-induced)
activation of ribosomal S6 kinase (18). Thus, we suggest that
MAP Kkinase is an enzyme which functions upstream of S6
kinases to control protein synthesis in response to diverse
physiological signals involving either PK-C or tyrosine phos-
phorylation.

Tabarini et al. (40) and Blenis and Erikson (8) have
demonstrated that TPA-stimulated S6 kinase possesses the
same chromatographic properties as S6 kinase stimulated by
peptide mitogens. However, the TPA-dependent activation
pathway(s) for S6 kinase clearly differs from those triggered
by serum factors since the down-modulation of PK-C by
TPA did not completely block the stimulation of S6 kinase
by serum (9). Since the down-modulation of PK-C has
similar effects on the activation of MAP Kkinase, i.e., aboli-
tion of TPA response and partial preservation of EGF
response (36b), it can be argued that MAP kinase has the
diversity of control mechanisms required to explain the
various S6 kinase responses without invoking the conver-
gence of signalling pathways on S6 kinases themselves.

On the other hand, TPA treatment of TNRY cells results in
a normal induction of most of the measured changes in gene
transcription, including fos and the TIS genes (TPA-induced
sequences) (29, 30). Therefore, activation of MAP kinase
appears not to be essential for these transcriptional changes.

Recently, Boulton et al. (10) reported the cloning and
sequencing of a gene encoding a protein related to MAP
kinase. This gene sequence has significant homology with
the yeast kinases KSS1 and FUS3, two mediators of the
pheromone-induced response in yeast. In addition, signifi-
cant homology with the CDC28/cdc2 family of serine/threo-
nine kinases exists. These results demonstrate the evolution-
ary conservation of a kinase family which plays a crucial role
in controlling the entry into and exit from the cell cycle. The
use of genetic variants such as the 3T3-TNR9 cells should
help to further elucidate the regulation and function of this
kinase family in animal cells.

ACKNOWLEDGMENTS

We thank Anthony Rossomando and D. Michael Payne for
antibodies against phosphotyrosine and for a great deal of help and
advice. Steve Pelech generously provided antiserum against the sea
star myelin basic protein kinase.

This study was supported by NIH grants CA 39076, CA 47815,
CA 40042 (to M.J.W.) and DK 41077 (to T.W.S.); American Cancer
Society grant BC-546 (to T.W.S.); and Juvenile Diabetes Founda-
tion International Grant 188-311 (to T.W.S.). Gilles L’Allemain is a
Fogarty postdoctoral fellow (TW04196).

REFERENCES

1. Ahn, N. G., J. E. Weiel, C. P. Chan, and E. G. Krebs. 1990.
Identification of multiple epidermal growth factor-stimulated
protein serine/threonine kinases from Swiss 3T3 cells. J. Biol.
Chem. 265:11487-11494.

2. Anderson, N. G., J. L. Maller, N. K. Tonks, and T. W. Sturgill.
1990. Requirement of integration of signals from two distinct
phosphorylation pathways for activation of MAP kinase. Nature
(London) 343:651-652.

3. Ballou, L. M., M. Siegmann, and G. Thomas. 1988. S6 kinase in
quiescent Swiss mouse 3T3 cells is activated by phosphoryla-
tion in response to serum treatment. Proc. Natl. Acad. Sci.
USA 85:7154-7158.

4. Bensadoun, A., and D. Weinstein. 1976. Assay of proteins in the
presence of interfering materials. Anal. Biochem. 70:241-250.

5. Biemann, H.-P. N., and R. L. Erikson. 1990. Abnormal protein
kinase C down regulation and reduced substrate levels in

MAP KINASE ACTIVITY IN A 3T3 CELL VARIANT

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

1007

non-phorbol ester-responsive 3T3-TNR9 cells. Mol. Cell. Biol.
10:2122-2132.

. Bishop, R., R. Martinez, K. D. Nakamura, and M. J. Weber.

1983. A tumor promoter stimulates phosphorylation on ty-
rosine. Biochem. Biophys. Res. Commun. 115:536-543.

. Bishop, R., R. Martinez, M. J. Weber, P. J. Blackshear, S.

Beatty, R. Lim, and H. R. Herschman. 1985. Protein phosphor-
ylation in a tetradecanoyl phorbol acetate-nonproliferative vari-
ant of 3T3 cells. Mol. Cell. Biol. 5:2231-2237.

. Blenis, J., and R. L. Erikson. 1985. Regulation of a ribosomal

protein S6 kinase activity by the Rous sarcoma virus transform-
ing protein, serum, or phorbol ester. Proc. Natl. Acad. Sci.
USA 82:7621-7625.

. Blenis, J., and R. L. Erikson. 1986. Stimulation of ribosomal

protein S6 Kinase activity by pp60¥-=™ or by serum: dissociation
from phorbol ester-stimulated activity. Proc. Natl. Acad. Sci.
USA 83:1733-1737.

Boulton, T. G., G. D. Yancopoulos, J. S. Gregory, C. Slaughter,
C. Moomaw, J. Hsu, and M. H. Cobb. 1990. An insulin-stimu-
lated protein Kinase similar to yeast kinases involved in cell
cycle control. Science 249:64-67.

Butler-Gralla, E., and H. R. Herschman. 1981. Variants of 3T3
cells lacking mitogenic response to the tumor promoter tetrade-
canoyl-phorbol-acetate. J. Cell. Physiol. 107:59-67.
Butler-Gralla, E., and H. R. Herschman. 1983. Glucose uptake
and ornithine decarboxylase activity in tetradecanoyl phorbol
acetate non-proliferative variants. J. Cell. Physiol. 114:317-320.
Cooper, J. A., D. F. Bowen-Pope, E. Raines, R. Ross, and T.
Hunter. 1982. Similar effects of platelet-derived growth factor
and epidermal growth factor on the phosphorylation of tyrosine
in cellular proteins. Cell 31:263-273.

Cooper, J. A., and T. Hunter. 1985. Major substrate for growth
factor-activated protein-tyrosine kinases is a low-abundance
protein. Mol. Cell. Biol. 5:3304-3309.

Cooper, J. A., B. M. Sefton, and T. Hunter. 1983. Detection and
quantification of phosphotyrosine in proteins. Methods En-
zymol. 99:387-405.

Cooper, J. A., B. M. Sefton, and T. Hunter. 1984. Diverse
mitogenic agents induce the phosphorylation of two related
42,000-dalton proteins on tyrosine in quiescent chick cells. Mol.
Cell. Biol. 4:30-37.

Erickson, A. K., D. M. Payne, P. Martino, A. J. Rossomando, J.
Shabanowitz, M. J. Weber, D. F. Hunt, and T. W. Sturgill.
1990. Identification by mass spectrometry of Thr-97 in bovine
myelin basic protein as a specific phosphorylation site for MAP
(mitogen-activated protein) kinase. J. Biol. Chem. 265:19728-
19735.

Erikson, R. L., D. Alcorta, P.-A. Bedard, J. Blenis, H.-P.
Biemann, E. Erikson, S. W. Jones, J. L. Maller, T. J. Martins,
and D. L. Simmons. 1988. Molecular analyses of gene products
associated with the response of cells to mitogenic stimulation.
Cold Spring Harbor Symp. Quant. Biol. 53:143-151.

Ferrell, J. E., Jr., and G. S. Martin. 1990. Identification of a
42-kilodalton phosphotyrosyl protein as a serine(threonine) pro-
tein kinase by renaturation. Mol. Cell. Biol. 10:3020-3026.
Garrels, J. 1. 1979. Two-dimensional gel electrophoresis and
computer analysis of proteins synthesized by clonal cell lines. J.
Biol. Chem. 254:7961-7977.

Gilmore, T., and G. S. Martin. 1983. Phorbol ester and diacyl-
glycerol induce protein phosphorylation at tyrosine. Nature
(London) 306:487—490.

Gregory, J. S., T. G. Boulton, B.-C. Sang, and M. H. Cobb.
1989. An insulin-stimulated ribosomal protein S6 kinase from
rabbit liver. J. Biol. Chem. 264:18397-18401.

Hoshi, M., E. Nishida, and H. Sakai. 1989. Characterization of a
mitogen-activated, Ca2*-sensitive microtubule-associated pro-
tein-2 kinase. Eur. J. Biochem. 184:477-486.

Hunter, T., and J. A. Cooper. 1984. Rapid tyrosine phosphory-
lation of a 42,000 dalton protein is a common response to many
mitogens, p. 61-68. In G. Vande Woude, A. Levine, W. Topp,
and J. Watson (ed.), Cancer cells, vol. 2. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Kamps, M. P., and B. Sefton. 1989. Acid and base hydrolysis of



1008 L’ALLEMAIN ET AL.

phosphoproteins bound to Immobilon facilitates analysis of
phosphoamino acids in gel-fractionated proteins. Anal. Bio-
chem. 176:22-27.

26. Kazlauskas, A., and J. A. Cooper. 1988. Protein kinase C
mediates platelet-derived growth factor-induced tyrosine phos-
phorylation of p42. J. Cell Biol. 106:1395-1402.

27. Kim, H., L. Binder, and J. Rosenbaum. 1979. The periodic
association of MAP-2 with brain microtubules in vitro. J. Cell
Biol. 80:266-276.

28. Kohno, M. 1985. Diverse mitogenic agents induce rapid phos-
phorylation of a common set of cellular proteins at tyrosine in
quiescent mammalian cells. J. Biol. Chem. 260:1771-1779.

28a.Kozma, L. M., A. J. Rossomando, and M. J. Weber. Methods
Enzymol., in press.

28b.L’Allemain, G., T. W. Sturgill, and M. J. Weber. Unpublished
data.

29. Lim, R. W,, B. C. Varnum, and H. R. Herschman. 1987. Cloning
of tetradecanoyl phorbol ester-induced ‘‘primary response’’
sequences and their expression in density-arrested Swiss 3T3
cells and a TPA non-proliferative variant. Oncogene 1:263-270.

30. Lim, R. W., B. C. Varnum, T. G. O’Brien, and H. R. Her-
schman. 1989. Induction of tumor promotor [sic]-inducible
genes in murine 3T3 cell lines and tetradecanoyl phorbol ace-
tate-nonproliferative 3T3 variants can occur through protein
kinase C-dependent and -independent pathways. Mol. Cell.
Biol. 9:1790-1793.

31. Martenson, R. E., M. J. Law, and G. E. Deibler. 1983. Identi-
fication of multiple in vivo phosphorylation sites in rabbit myelin
basic protein. J. Biol. Chem. 258:930-937.

32. Miyasaka, T., M. V. Chao, P. Sherline, and A. R. Saltiel. 1990.
Nerve growth factor stimulates a protein kinase in PC-12 cells
that phosphorylates microtubule-associated protein-2. J. Biol.
Chem. 265:4730-4735.

33. Murthy, A. S., G. T. Bramblett, and M. Flavin. 1985. The sites
at which brain microtubule-associated protein 2 is phosphory-
lated in vivo differ from those accessible to cAMP-dependent
kinase in vitro. J. Biol. Chem. 260:4364—4370.

MoL. CELL. BioL.

34. Ray, L. B., and T. W. Sturgill. 1987. Rapid stimulation by
insulin of a serine/threonine kinase in 3T3-L1 adipocytes that
phosphorylates microtubule-associated protein 2 in vitro. Proc.
Natl. Acad. Sci. USA 84:1502-1506.

3S. Ray, L. B., and T. W. Sturgill. 1988. Insulin-stimulated micro-
tubule-associated protein kinase is phosphorylated on tyrosine
and threonine in vivo. Proc. Natl. Acad. Sci. USA 85:3753-
3757.

36. Ray, L. B., and T. W. Sturgill. 1988. Characterization of
insulin-stimulated microtubule-associated protein kinase. J.
Biol. Chem. 85:12721-12727.

36a.Rossomando, A. Unpublished results.

36b.Rossomando, A. Personal communication.

37. Rossomando, A. J., D. M. Payne, M. J. Weber, and T. W.
Sturgill. 1989. Evidence that pp42, a major tyrosine kinase
target protein, is a mitogen-activated serine/threonine protein
kinase. Proc. Natl. Acad. Sci. USA 86:6940-6943.

37a.Rossomando, A. J., T. W. Sturgill, and M. J. Weber. Unpub-
lished observations.

38. Sanghera, J. S., H. B. Paddon, S. A. Bader, and S. L. Pelech.
1990. Purification and characterization of a maturation-activated
myelin basic protein kinase from sea star oocytes. J. Biol.
Chem. 265:52-57.

39. Sturgill, T. W., L. B. Ray, E. Erikson, and J. L. Maller. 1988.
Insulin-stimulated MAP-2 kinase phosphorylates and activates
ribosomal protein S6 kinase II. Nature (London) 334:715-718.

40. Tabarini, D., J. Heinrich, and O. Rosen. 1985. Activation of S6
kinase activity in 3T3-L1 cells by insulin and phorbol ester.
Proc. Natl. Acad. Sci. USA 82:4369-4373.

41. Tsuyama, S., G. T. Bramblett, K.-P. Huang, and M. Flavin.
1986. Calcium/phospholipid-dependent kinase recognizes sites
in microtubule-associated protein 2 which are phosphorylated in
living brain and are not accessible to other kinases. J. Biol.
Chem. 261:4110-4116.

42. Vila, J., and M. J. Weber. 1988. Mitogen-stimulated tyrosine
phosphorylation of a 42kD cellular protein: evidence for a
protein kinase C requirement. J. Cell. Physiol. 135:285-292.



