Met is constitutively activated in those
cells.

The coordination of differentiation and
proliferation is an essential feature in the
successful development or replacement of
tissues, but it is not clear how the decline of
proliferation is related to the onset of dif-
ferentiation. The expression of Met in lu-
men border cells in vivo and in vitro and
the colocalization of Met and anti-P-Tyr
immunofluorescence suggest that the Met
receptor may be involved in differentiation
toward lumen formation. Spatial organiza-
tion might be dictated by the restricted
distribution of the receptor (Fig. 3) (4). Itis
possible that the motogenic (scattering)
activity of HGF/SF (28) is a fundamental
part of this formation.
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Regulation of Protein Serine-Threonine
Phosphatase Type-2A by Tyrosine Phosphorylation

Jian Chen, Bruce L. Martin, David L. Brautigan*

Extracellular signals that promote cell growth activate cascades of protein kinases. The
kinases are dephosphorylated and deactivated by a single type-2A protein phosphatase.
The catalytic subunit of type-2A protein phosphatase was phosphorylated by tyrosine-
specific protein kinases. Phosphorylation was enhanced in the presence of the phospha-
tase inhibitor okadaic acid, consistent with an autodephosphorylation reaction. More than
90% of the activity of phosphatase 2A was lost when thioadenosine triphosphate was used
to produce a thiophosphorylated protein resistant to autodephosphorylation. Phospho-
rylation in vitro occurred exclusively on Tyr°?. Phosphorylation was catalyzed by p60v-s
p56'k, epidermal growth factor receptors, and insulin receptors. Transient deactivation of
phosphatase 2A might enhance transmission of cellular signals through kinase cascades

within cells.

Protein phosphatase type-2A (phosphatase
2A) is one of the two predominant enzymes
that hydrolyze phosphoserine and phospho-
threonine residues in proteins in all eukary-
otic cells (1). The catalytic subunit of
phosphatase 2A is highly conserved among
eukaryotic species. There is more than 70%
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identity in the amino acid sequences of
phosphatase 2A from humans and the bud-
ding yeast Saccharomyces cerevisiae. The
309-residue protein is found in several spe-
cies as two isoforms, which differ at eight
positions (2). Phosphatase 2A is thought to
exist in animal cells primarily as a hetero-
trimer (3), composed of three subunits,
with A = 60 kD, B = 55 kD, and C
(catalytic) = 36 kD. However, the AC
heterodimer is specifically complexed with
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the middle T protein in polyomavirus-
transformed cells (4). Other regulatory sub-
units of 70 kD and 50 kD have been
reported as alternative components of het-
erotrimers (5). Although subunit-subunit
interactions modulate the substrate speci-
ficity of phosphatase 2A, there are no ac-
cepted mechanisms for acute regulation of
activity.

We purified the monomeric catalytic
subunit of phosphatase 2A from rabbit skel-
etal muscle and the dimeric AC form from
human erythrocytes (6). To test for in vitro
phosphorylation, we isolated the Tyr kinase
p60¥-* by immunoprecipitation from IV5
cells (7) overexpressing the v-src gene (8)
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Fig. 1. Phosphorylation and inactivation of pro-
tein phosphatase type-2A by p60v-s°. (A) In-
corporation of 32P into 36-kD catalytic subunit
of phosphatase 2A (PP-2A) in the presence
(closed circles) and absence (open circles) of
okadaic acid (OA) (100 nM). Tyrosine kinase
p60v-sre immunoprecipitated from IV5 cells was
incubated with purified phosphatase 2A and
[y-22P]ATP. During incubation, samples were
withdrawn at timed intervals, were heated with
SDS sample buffer, and were resolved by SDS-
PAGE. Dried gels were exposed to Kodak X-AR
film at room temperature for 7 hours. (B)
Changes in phosphorylase phosphatase activ-
ity of phosphatase 2A after thiophosphorylation
on the catalytic subunit of phosphatase 2A.
Closed squares are the AC heterodimer form of
phosphatase 2A, closed circles are the catalyt-
ic subunit. Shown in the graph are the averages
of two independent experiments, each done in
duplicate.
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and incubated it with purified phosphatase
2A and y-3?P-labeled adenosine triphos-
phate (ATP) (9). Recovery of the 36-kD
phosphatase 2A catalytic subunit after the
kinase reactions was the same at each time
point on the basis of Coomassie staining of
the gels. Autoradiography and densitome-
try of the 36-kD band showed that 32P-
labeling increased in a nearly linear fashion
over time (Fig. 1A, open circles). Inclusion
of okadaic acid (100 nM) to inhibit the
activity of phosphatase 2A resulted in more
rapid phosphorylation of the 36-kD catalyt-
ic subunit. Maximal phosphorylation oc-
curred within 60 min (Fig. 1A). Calcula-
tions, based on Coomassie staining of pro-
tein and optical density of film exposure by
32P with a standard curve, gave a stoichi-
ometry of 0.82 to 0.92 phosphates per mole
of phosphatase. Incorporation of *?P after
60 min was 2.5-fold higher in the presence
than in the absence of okadaic acid. Phos-
phorylation of the catalytic subunit was
replicated in more than 12 independent
experiments with five different phosphatase
2A preparations.

The activity of p60¥** was apparently
unaffected by phosphatase 2A, because the
32P-labeling of serum albumin and of immu-
noglobulin heavy chain in every reaction
was the same, whether or not okadaic acid
was added (10). Increased 3?P-labeling of
phosphatase 2A in the presence of okadaic
acid probably resulted from decreased au-
todephosphorylation rather than from
changes in kinase activity. In other reac-
tions we found that a longer incubation

Fig. 2. Phosphoamino

acid analysis  of )
phosphatase 2A cat- Pi
alytic subunit phos-
phorylated in vitro by
p60v-se. Phosphoryl-
ated phosphatase 2A
was acid-hydrolyzed,
phosphoamino  acid
standards [phospho-
serine, Ser(P); phos-
phothreonine, Thr(P);
and phosphotyrosine,
Tyr(P)] were added,
and separation was
accomplished by elec-
trophoresis at pH 3.5
as described (74). The
plate was stained with £
ninhydrin  and  was - 2»&73
photographed (A). The |
plate was exposed to " —g
Kodak X-AR fim at ~ Ondin *

—70°C for 3 days with Cronex Lightning-plus
(DuPont) enhancing screens, and a photograph
of the film is shown in (B). Some 32P inorganic
phosphate (Pi) was detected near the top of the
plate, and some incompletely hydrolyzed 32P-
peptides were detected near the bottom, but
Tyr(P) was the only phosphoamino acid detected.
SCIENCE
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time or a higher amount of p60Y-=" yielded
identical labeling of the 36-kD catalytic
subunit, with or without okadaic acid.
Therefore, okadaic acid affected the rate of
accumulation of 2P in the protein, not the
amount of >2P-labeled phosphatase 2A pro-
duced. It is possible that binding of okadaic
acid changed the conformation of the phos-
phatase into a better substrate for p60v-=r.
However, we favor the conclusion that
autodephosphorylation occurs and that the
increased labeling in the presence of
okadaic acid is due to inhibition of phos-
phatase activity during the kinase reaction.
We have observed loss of 32P from the
isolated catalytic subunit after transfer onto
nitrocellulose, consistent with an intramo-
lecular dephosphorylation. The results also
predict that phosphatase activity was di-
minished as a result of the phosphorylation.

Changes in phosphatase 2A activity
caused by phosphorylation by p60¥-" could
not be determined as long as the potent
inhibitor okadaic acid was present in the
reactions. However, when vy-thioATP is
substituted for ATP, kinases form thiophos-
phorylated residues in proteins, which are
relatively resistant to protein phosphatases
(11). Reaction mixtures containing -y-thio-
ATP were sampled at various times. We
determined phosphatase activity by measur-
ing the release of 3’P from Ser'* in the
exogenous substrate phosphorylase a (12).
Under these conditions the phosphatase 2A
catalytic subunit or AC heterodimer was
progressively inactivated. More than 90%
of phosphorylase phosphatase activity was
lost within 1 hour (Fig. 1B). Phosphatase
2A activity was unchanged and fully sensi-
tive to okadaic acid (100 nM) in reactions
that were otherwise identical, except for
omission of y-thioATP or omission of the

Fig. 3. Removal of the
tyrosine  phosphoryla-
tion site by digestion of

the protein phospha- A e aanad
tase type-2A COOH-
terminus with trypsin.
Samples of phospha-
tase 2A undigested (left
B e

lanes) or digested 15
min at 30°C with trypsin
(0.1 png) at pH 8 (right
lanes) were compared.
(A) Coomassie-stained
polyacrylamide gel. (B)
Protein immunoblot
with affinity-purified an-
tipeptide antibody to
the COOH-terminal 12 amino acids of phospha-
tase 2A. (C) Autoradiogram of catalytic subunit
after phosphorylation by p60v-s in the pres-
ence of [y-32P]ATP (8). The Coomassie staining
and the autoradiogram represent the same
lanes of a single gel. The same results were
obtained in three independent experiments
with different phosphatase 2A preparations.
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Fig. 4. Phosphorylation of protein phosphatase
type-2A catalytic subunit by protein tyrosine
kinases. Reactions were carried out as de-
scribed (8), except that different kinases were
substituted for the p60v-s. Samples 1 and 3
contained no added phosphatase 2A. Labeling
of phosphatase 2A (PP-2A) by receptors for
insulin (Ins-R) and EGF (EGF-R) (lanes 4 and 6,
respectively) was enhanced by addition of cog-
nate hormones (1 pg/ml) (lanes 5 and 7, re-
spectively). Results similar to this representa-
tive experiment were observed in three other
experiments.

p60v=r kinase (Fig. 1B, open square and
open circle).

Although p60Y= is a Tyr-specific kinase
(13), it was important to demonstrate that
Tyr was phosphorylated in phosphatase 2A
and to establish the site of phosphorylation
within the protein. The catalytic subunit of
phosphatase 2A was 2P-labeled, was ex-
cised from a polyacrylamide gel, and was
digested with trypsin. Only one >2P-labeled
tryptic peptide was detected after two-di-
mensional thin-layer electrophoresis and
chromatography (10). Acid hydrolysis and
high-voltage electrophoresis on cellulose
thin-layer plates (14) showed that all of the
phosphorylation of phosphatase 2A oc-
curred on Tyr residues (Fig. 2). The high
yield of phosphotyrosine compared to inor-
ganic phosphate and the instability in acid
of phosphotyrosine relative to phospho-
serine or phosphothreonine (15) reinforce
this conclusion.

The site of p60¥=" phosphorylation lies
within a peptide which can be removed by
trypsin from the COOH-terminus of phos-
phatase 2A, thus identifying it as Tyr*°’.
No Tyr residues are near the NH,-terminus,
the first being at position 80 in the se-
quence (16). However, at two residues from
the COOH-terminus, there is a Tyr residue
within the sequence Arg-Arg-Thr-Pro-Asp-
Tyr-Phe-Leu that is conserved among all
eukaryotic phosphatase 2As, but it is com-
pletely different from the COOH-terminus
of type-1 phosphatases.

Digestion of heteromeric phosphatase
2A or free C subunit monomer with trypsin
resulted in cleavage at one dominant site in
the C subunit, with a reduction in size from
36 to 35 kD that was discernible by poly-
acrylamide gel electrophoresis (PAGE)
(Fig. 3). Only the full-length, 36-kD C

subunit, but not the 35-kD, trypsin-trun-
cated form of phosphatase 2A, was phos-
phorylated by p60-=* (Fig. 3C). Consistent
with the loss of phosphorylation, the tryp-
sin-truncated form was not inactivated like
the full-length phosphatase 2A by reaction
with ATP plus p60°. Cleavage was at the
tandem arginines at residues 302 and 303 or
10 residues earlier at arginines residues 293
and 294 (17); in either case only one Tyr
residue is removed. The same amount of
full-length and truncated protein was visu-
alized with Coomassie staining (Fig. 3A).
Antibodies were raised to a peptide corre-
sponding to 12 COOH-terminal residues of
phosphatase 2A. This antibody bound less
efficiently to the trypsin-truncated, 35-kD
subunit than to the 36-kD, full-length pro-
tein (Fig. 3B). In another study partial
trypsin digestion of phosphatase 2A did not
reduce binding of an antibody to the
COOH-terminal 20 residues but did elimi-
nate binding of antibody to the COOH-
terminal 10 residues (17).

Phosphatase 2A also was phosphorylated
by other receptor and nonreceptor protein
Tyr kinases. The src-related kinase p56'%k
from transformed T cells, insulin receptors
purified from human placenta, and epider-
mal growth factor (EGF) receptors purified
from human epidemoid carcinoma A431
cells (18) all catalyzed phosphorylation of
the 36-kD phosphatase 2A catalytic subunit
(Fig. 4). Phosphorylation was quantitated
by densitometry of autoradiograms after
SDS-PAGE. Appearance of a 3?P-labeled
band at 36 kD was dependent on addition
of phosphatase 2A (Fig. 4) and was en-
hanced by the -addition of either insulin or
EGF, showing that the phosphorylation was
dependent on hormone activation of the
receptors.

Several protein kinases that participate
in mitogenic and hormone signaling, such
as ribosomal protein S6 kinases (RSKs)
(19) and mitogen-activated protein (MAP)
kinases (p42MAP, p54MAP and p44™ek)
(20), kinases that activate MAP kinases
(21), and other insulin-stimulated kinases
(22), -all are inactivated by phosphatase
2A. The Tyr phosphorylation of phospha-
tase 2A might enhance the cascade of
phosphorylation in response to cell stimu-
lation. Because removal of the COOH-
terminal segment did not affect phosphatase
2A activity, but phosphorylation of Tyr*%?
diminished phosphatase 2A activity, it is
possible that phosphorylated Tyr*®7 occu-
pies the active site. Autodephosphorylation
of phosphatase 2A provides a mechanism
for quantitative reactivation of the phos-
phatase without requiring additional pro-
teins. If temporary inactivation of phospha-
tase 2A is involved in mitogen activation of
cells, this might explain the tumor-promot-
ing effects of phosphatase inhibitors such as
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okadaic acid (23). The 36-kD catalytic
subunit was phosphorylated in vivo on Tyr
in IV5 cells overexpressing p60¥=™, in pe-
ripheral blood lymphocytes activated by
antibody cross-linking of surface markers,
and in middle T immunocomplexes from
transformed cells (10). Transformation of
cells by proteins such as middle T and
p60¥=" may require in vivo Tyr phosphor-
ylation of phosphatase 2A.
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Role of 3y Subunits of G Proteins in Targeting the
B-Adrenergic Receptor Kinase to
Membrane-Bound Receptors

Julie A. Pitcher, James Inglese, Joyce B. Higgins,
Jeffery L. Arriza, Patrick J. Casey, Chong Kim,
Jeffery L. Benovic, Madan M. Kwatra, Marc G. Caron,
Robert J. Lefkowitz*

The rate and extent of the agonist-dependent phosphorylation of B,-adrenergic receptors
and rhodopsin by B-adrenergic receptor kinase (BARK) are markedly enhanced on addition
of G protein By subunits. With a model peptide substrate it was demonstrated that direct
activation of the kinase could not account for this effect. G protein By subunits were shown
to interact directly with the COOH-terminal region of BARK, and formation of this BARK-By
complex resulted in receptor-facilitated membrane localization of the enzyme. The By
subunits of transducin were less effective at both enhancing the rate of receptor phos-
phorylation and binding to the COOH-terminus of BARK, suggesting that the enzyme
preferentially binds specific By complexes. The By-mediated membrane localization of
BARK serves to intimately link receptor activation to BARK-mediated desensitization.

The efficacy with which receptors cou-
pled to G proteins mediate stimulation in
response to extracellular signals is modu-
lated by dynamic processes. In most sys-
tems, persistent stimulation is followed by
diminished responsiveness, a phenome-
non generally termed desensitization. Re-
ceptor phosphorylation .is one mechanism
whereby receptor function may be regulat-
ed (I). In particular, agonist-dependent
phosphorylation of G protein—coupled re-
ceptors is thought to participate in ago-
nist-specific or homologous desensitization
(2). The two systems in which this process
has been most extensively characterized
are B,-adrenergic receptor (B,AR) phos-
phorylation by BARK (3) and rhodopsin
phosphorylation by rhodopsin kinase (RK)

J. A. Pitcher, J. Inglese, J. Arriza, M. M. Kwatra, M. G.
Caron, R. J. Lefkowitz, Howard Hughes Medical Re-
search Institute, Departments of Medicine, Biochem-
istry, and Cell Biology, Duke University Medical Cen-
ter, Durham, NC 27710.

J. B. Higgins and P. J. Casey, Section of Cell Growth,
Regulation, and Oncogenesis and Department of Bio-
chemistry, Duke University Medical Center, Durham,
NC 27710.

C. Kim and J. L. Benovic, Department of Pharmacol-
ogy, Jefferson Cancer Institute, Thomas Jefferson Uni-
versity, Philadelphia, PA 19107.

*To whom correspondence should be addressed.

1264

(4). In each case receptor phosphorylation
is stimulus-dependent and contributes to
receptor desensitization (4, 5). BARK
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ic cholinergic (7), and rhodopsin (8) re-
ceptors in an agonist-dependent manner.
Similarly, RK phosphorylates agonist-oc-
cupied B,AR (8). Both BARK and RK are
cytosolic enzymes that rapidly translocate
to the plasma membrane on receptor stim-
ulation (9); however, the molecular
mechanisms underlying this process have
remained obscure.

The By subunits of G proteins have
recently been shown to activate a partially
purified enzyme preparation that phospho-
rylates muscarinic cholinergic receptors and
has properties similar to those of BARK
(10). We now demonstrate that By sub-
units interact directly with recombinant
BARK-1 and that this interaction serves to
target the enzyme to membrane-bound re-
ceptors.

The agonist-dependent phosphorylation
of reconstituted purified B,AR by a purified
preparation of BARK was enhanced when
phosphorylation occurred in the presence of
By subunits purified from bovine brain.
Addition of B+y subunits enhanced both the
initial rate and the maximal extent of phos-
phorylation (Fig. 1). At a molar ratio of

By:BARK of 10:1, both the initial rate and
the maximal extent of phosphorylation of
agonist-occupied B,AR were about 13

phosphorylates a number of other G pro-
tein—coupled receptors, including purified
reconstituted o,-adrenergic (6), muscarin-

Fig. 1. Enhancement of BARK-mediated B,AR
phosphorylation by bovine brain gy. Human
B,AR and bovine BARK were expressed in Sf9 o
cells and were purified with modifications of
published procedures (11, 12). The partially
purified receptor was reconstituted into phos-
pholipid vesicles (15, 16) and was phospho-
rylated. Reconstituted B,AR (20 nM) was incu-
bated with BARK (30 nM) in 20 mM tris-HCI (pH
8.0), 2.mM EDTA, 10 mM MgCl,, 1 mM dithio-
threitol (DTT) (buffer A) containing 100 pM ATP
(~3000 cpm/pmol) and (—)isoproterenol (100
rM) in a total volume of 25 pl (O). Alternatively,
150 nM By (molar ratio By:BARK, 5:1) (), 300 _ o "
nM By (molar ratio By:BARK, 10:1) (O), or 150 P, SRR b .
nM By, 1.5 pM a;, (molar ratio By:BARK:a,, 20 40 60 80 100
5:1:50) (@) was included in the phosphoryl- Time (min)

ation incubation. By was purified from bovine brain as described in (74). At the times indicated, we
stopped reactions by the addition of an equal volume of SDS sample-loading buffer. We subjected
samples to electrophoresis on SDS-polyacrylamide gels and determined phosphorylation stoichi-
ometries by excising and by counting the bands corresponding to the phosphorylated B,AR
receptor. We determined phosphorylation stoichiometries on the assumption that all reconstituted
receptor was accessible to kinase.
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