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Human prostatic acid phosphatase (PAcP) has been found to have phosphotyrosyl-protein phosphatase
activity (H. C. Li, J. Chernoff, L. B. Chen, and A. Kirschonbaun, Eur. J. Biochem. 138:45-51, 1984; M.-F.
Lin and G. M. Clinton, Biochem. J. 235:351-357, 1986) and has been suggested to negatively regulate
phosphotyrosine levels, at least in part, by inhibition of tyrosine protein kinase activity (M.-F. Lin and G. M.
Clinton, Adv. Protein Phosphatases 4:199-228, 1987; M.-F. Lin, C. L. Lee, and G. M. Clinton, Mol. Cell.
Biol. 6:4753-4757, 1986). We investigated the molecular interaction of PAcP with a specific tyrosine kinase, the
epidermal growth factor (EGF) receptor, from prostate carcinoma cells. Of several proteins phosphorylated in
membrane vesicles from prostate carcinoma cells, PAcP selectively dephosphorylated the EGF receptor. The
prostate EGF receptor was more efficiently dephosphorylated by PAcP than by another phosphotyrosyl
phosphatase, potato acid phosphatase. Further characterization of the interaction of PAcP with the EGF
receptor revealed that the optimal rate of dephosphorylation occurred at neutral rather than at acid pH. Thus,
the enzyme that we formerly referred to as PAcP we now call prostatic phosphotyrosyl-protein phosphatase.
Hydrolysis of phosphate from tyrosine residues in the immunoprecipitated EGF receptor catalyzed by purified
prostatic phosphotyrosyl-protein phosphatase caused a 40 to 50% decrease in the receptor tyrosine kinase
activity with angiotensin as the substrate. In contrast, autophosphorylation of the receptor was associated with
an increase in tyrosine kinase activity.

Tyrosine phosphorylation of cellular proteins is instru-
mental in the control of cell proliferation mediated by several
oncogene protein products and growth factor receptors (5,
26, 30, 52, 53). Multiple mechanisms for enhanced tyrosine
phosphorylation levels have been revealed. Binding of
growth factors to their receptors (26, 29), alterations in
regulatory regions (2, 15, 50, 60), phosphorylation and
dephosphorylation (7, 13, 14, 46, 48, 62, 65, 66), and ampli-
fied levels (18, 61) of tyrosine kinases may all lead to
elevated tyrosine phosphorylation and to stimulated growth
of cells.

Tyrosine phosphorylation may also be elevated when
cellular protein phosphatases are inhibited. When orthovan-
adate, a phosphotyrosyl phosphatase inhibitor, is added to
NRK-1 cells, phosphotyrosine levels are elevated up to
40-fold coincident with the induction of several parameters
of cell transformation (32). Vanadate also causes accumula-
tion of phosphotyrosine in polyomavirus-transformed cells
(64). Although cellular pp60src has stimulated tyrosine kinase
activity when complexed to middle tumor antigen, enhanced
cellular phosphotyrosine levels can only be detected when
phosphatases are inhibited by the introduction of vanadate
to cells (64). Inhibition of phosphatases may also affect the
phosphorylation state of the tyrosine kinases. Viral pp6OSrc
(9) and the insulin receptor (58) have both been reported to
have increased tyrosine phosphorylation following vanadate
treatment of cells.

Tyrosine phosphorylation of the tyrosine kinases has been
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reported to stimulate (3, 7, 48, 65, 66), to inhibit (13, 14), or
to have no effect (21, 25) on the enzyme activity, depending
on the particular tyrosine kinase and the site on the kinase
that is phosphorylated. For the growth factor receptors,
autophosphorylation at tyrosine residues is stimulated by
binding of the specific ligand and is generally followed by
stimulation of the rate of phosphorylation of exogenous
substrate proteins (26). Autophosphorylation of the insulin
receptor has been mechanistically coupled to enhanced
kinase activity (48, 65, 66). The results are controversial for
the epidermal growth factor (EGF) receptor with reports that
autophosphorylation either enhances (3, 59) or does not
affect (21, 25) the kinase activity. If autophosphorylation is
directly responsible for stimulation of tyrosine kinase activ-
ity, then removal of the phosphate by an appropriate phos-
phatase should dampen the kinase activity.

Indeed, there is evidence that the EGF receptor may be
accessible to phosphotyrosyl phosphatase activity in the
human tumor cell line A431. An activity that is inhibited by
Zn2+ (8) and by vanadate (57) has been found to remove
phosphate from the autophosphorylated EGF receptor in
solubilized membrane vesicles. The identity of this phospha-
tase(s) is not yet established. Moreover, the effect of this
phosphatase(s) on the kinase activity of the EGF receptor or
its specificity for the EGF receptor have not been explored.

Despite the potential importance of the phosphotyrosyl
phosphatases, they are poorly understood. Available infor-
mation indicates that there are several distinct enzymes that
are expressed in different tissues (1, 6, 23, 34, 37, 38). While
most of the phosphotyrosyl phosphatase activity in different
cell types and tissues has been recovered in the cytosol (24,
37, 44, 54), it has been suggested that cytosolic forms are
derived by proteolysis of membrane-bound phosphatases
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(49). The different phosphotyrosyl phosphatases are distin-
guished by size, pH optima for activity, and rates of dephos-
phorylation of and apparent affinities for various phosphoty-
rosine-containing proteins and peptides (1, 23, 34, 39, 55). A
general property of most phosphotyrosyl phosphatases, in
contrast to phosphatases that are more active toward phos-
phoserine and phosphothreonine, is their inhibition by van-
adate (1, 23, 39, 57). Because there are several different
forms of phosphotyrosyl phosphatases that have been as-
sayed under a variety of conditions, it is difficult to make
further definite statements about their general properties and
their effectors. A clearer understanding of their properties
should develop when purified enzymes and sufficient quan-
tities of physiological substrates become available.
One of the best described phosphotyrosyl phosphatases

and one with an exceptionally high affinity (Km 10' M)
for phosphotyrosine-containing proteins is the prostate-spe-
cific enzyme, prostatic acid phosphatase (PAcP) (37, 38; for
a review, see reference 39). This phosphatase contains two
50-kilodalton subunits and exists in several isozyme forms
(39). The molecular differences between the different forms
have not been determined. Interestingly, PAcP is regulated
in prostate cells. It is found at low levels in rapidly growing
embryonic tissue (47, 63) and in prostate carcinoma cells (22,
43, 47) and is elevated up to 100-fold in nondividing, well-
differentiated tissue (47, 63). Prostate carcinoma cell lines
that have different levels of PAcP are available (27, 40, 56).
The activity of PAcP in cells can be further regulated by
androgens (27, 28, 40, 63). Studies on cells with different
PAcP activities have indicated an inverse correspondence
with cellular phosphotyrosine levels and tyrosine kinase
activity levels (40). Moreover, PAcP has been observed to
inhibit overall tyrosine kinase activity, but only from pros-
tate cells with low endogenous PAcP activity (40).
We investigated the molecular interactions of PAcP with a

specific tyrosine kinase-the EGF receptor-from prostate
carcinoma cells. We show that PAcP selectively dephos-
phorylated the EGF receptor in membrane vesicles from the
prostate carcinoma cell line DU145. The effect of dephos-
phorylation appeared to be a reduction of the EGF receptor
tyrosine kinase activity.

MATERIALS AND METHODS

Cells. The DU145 cells were derived from metastatic
lesions of human prostatic adenocarcinoma and were main-
tained in RPMI 1640 medium (GIBCO Laboratories, Grand
Island, N.Y.) supplemented with 5% (vol/vol) fetal bovine
serum (GIBCO) as described previously (40). The A431 cells
were obtained from the American Type Culture Collection
(Rockville, Md.).

Preparation of plasma membrane vesicles. The plasma
membrane-enriched fractions of DU145 and A431 cells were
prepared by the method described by Cohen et al. (12). Cells
were induced to vesiculate in a hypotonic buffer, and the
shed membrane vesicles were collected by centrifugation.
The pelleted vesicles were suspended in 10 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH
7.6) containing protease inhibitors including 1.0 trypsin
inhibitor unit of aprotinin per ml, 2 mM phenylmethylsulfo-
nyl fluoride, and 4 ,uM leupeptin (all from Sigma Chemical
Co., St. Louis, Mo.). The suspended vesicles were stored in
aliquots at -70°C.

Preparation of antibodies. The membrane vesicles pre-
pared from A431 cells, which contain high levels of the EGF
receptor, were used to produce the anti-EGF receptor anti-

serum by a previously described procedure (10). The first
subdermal injection was in complete Freund adjuvant. Four
booster subdermal injections were given at 2-week intervals
with incomplete Freund adjuvant. The antiserum was heat
inactivated at 56°C for 1 h to remove residual serum tyrosine
kinase activity (40).

Immunoprecipitation of the EGF receptor. To bind the
immunoglobulin G, 5 p.1 of heat-inactivated EGF receptor
antiserum was mixed with 80 p.l of a 20% slurry of protein
A-Sepharose CL-4B (Sigma) in saline containing 0.1% Non-
idet P-40. The mixture was rotated end-over-end at room
temperature for 30 min, and the complex was washed three
times with buffer A (20 mM HEPES [pH 7.4], 1% Triton
X-100, 0.05% sodium dodecyl sulfate [SDS], 150 mM NaCl,
10% glycerol) and two times with HEPES-saline (20 mM
HEPES [pH 7.4], 0.9% NaCl). A sample of DU145 mem-
brane vesicles (40 jig of protein) was suspended into an equal
volume of membrane buffer (20 mM HEPES [pH 7.4], 5%
Triton X-100, 10% glycerol), vortexed, and centrifuged at
13,000 x g for 10 min at 4°C. The supematant was diluted
fivefold with 10 mM HEPES [pH 7.4] containing protease
inhibitors including 1 trypsin inhibitor unit of aprotinin per
ml, 2 mM phenylmethylsulfonyl fluoride, and 4 p.M leupeptin
and mixed with the anti-EGF receptor antibody complexed
to protein A-Sepharose. The mixture was incubated with
rotation at 4°C for 2 h. The immune complex was washed
two times with 1 ml of buffer A and two times with 1 ml of
buffer B (20 mM HEPES [pH 7.6], 10 mM MnCI2, 1 mM
dithiothreitol, 0.5% Nonidet P-40, 25 p.M sodium orthova-
nadate [Fisher Scientific Co., Fair Lawn, N.J.]).

Autophosphorylation of the EGF receptor. The washed
immune complex containing the EGF receptor was incu-
bated with 10 pLI of 1 p.M EGF (Collaborative Research, Inc.,
Waltham, Mass.) at room temperature for 10 min and then
phosphorylated by the addition of the tyrosine kinase reac-
tion mixture (described below) containing 20 p.M ATP in the
absence of angiotensin. After incubation on ice for 10 min,
the immune complex was removed from the reaction mixture
by centrifugation and was washed twice with buffer A and
twice with HEPES-saline at 4°C. The autophosphorylated
EGF receptor was then ready for dephosphorylation by
prostatic phosphotyrosyl-protein phosphatase (PrPYP) or
for tyrosine protein kinase assays with angiotensin as the
substrate.

Dephosphorylation of EGF Receptor by PrPYP. A sample
of highly purified PrPYP (38) dissolved in 5 p.l of saline was
added to the EGF receptor-antibody complex which was
suspended in 50 p.l of HEPES-saline, pH 7.0. After incuba-
tion at 20°C, the PrPYP was removed from the complex by
being washed twice with ice-cold buffer A and twice with
buffer B containing 50 p.M sodium orthovanadate at 4°C. For
determination of the phosphorylation state of the EGF
receptor, SDS-gel sample buffer (33) was added to a portion
of the immune complex and the suspended mixture was
incubated in a boiling-water bath for 3 min. After centrifu-
gation, the supernatant was electrophoresed in an SDS-gel
(7.5% acrylamide). The region of the gel containing the EGF
receptor was excised and Cerenkov counted to quantitate
the 32P label remaining in the EGF receptor. An adjacent gel
piece was excised, counted, and used as the background.

Tyrosine protein kinase assay. The EGF receptor-antibody
complex was suspended in kinase reaction mixture contain-
ing 20 mM HEPES (pH 7.6), 1 mM dithiothreitol, 0.5%
Nonidet P-40, 40 p.Ci of [-y-32P]ATP (3,000 Ci/mmol; Dupont,
NEN Research Products, Boston, Mass.), 1 p.M ATP, 50
p.M sodium orthovanadate, 10 mM MnCl2, and 200 p.g of
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FIG. 1. Dephosphorylation of membrane vesicles by PAcP. Membrane vesicles prepared from DU145 cells which had been preincubated
with EGF (1 F.M) at 200C for 5 min were phosphorylated in a kinase reaction mixture containing [y-32P]ATP at 24°C for 10 min. The kinase
reaction was stopped by the addition of EDTA (0.2 M, pH 7.2) to a final concentration of 70 mM. Purified PAcP was added to the reaction
mixture. (A) Experiments 1 and 2 represent duplicate experiments with 17 p.g of membrane proteins incubated with 0.1 and 0.5 ,ug of PAcP.
Dephosphorylation was performed by incubation at 24°C for 15 min. (B) Proteins from a separate batch of membrane vesicles (35 ,ug) were
incubated with 1.0 ,ug of PAcP. At different time points, a sample of reaction mixture was removed, boiled with an equal volume of 2x SDS
sample buffer, and electrophoresed in a 7.5% polyacrylamide gel containing SDS. The protein was quantitated with protein dye (Bio-Rad
Laboratories, Richmond, Calif.), and bovine serum albumin was used as the standard. The sample that was immunoprecipitated with antibody
to the EGF receptor is designated a-EGFR. PI designates the sample immunoprecipitated with preimmune serum. 170, 125, and 57 mark
regions of the gel corresponding to a molecular size of 170, 125, and 57 kDa.

angiotensin II (Sigma) and incubated at 34°C for 1 min, that
is, at the initial rate of reaction (data not shown). The
reaction was stopped by incubation in a boiling-water bath
for 3 min, and the insoluble material was removed by
centrifugation. The phosphorylated angiotensin in the super-
natant was separated from other reaction components by
paper electrophoresis at pH 4.4 (42).

Purification of PrPYP. PrPYP, formerly referred to as
PAcP (37-40), was purified from human seminal plasma as
described previously (41). The homogeneity of the enzyme
was confirmed by polyacrylamide gel electrophoresis and
high-performance liquid chromatography (38). Para-nitro-
phenyl phosphate (PNPP) was used as a substrate to monitor
the phosphatase activity (38, 40, 41). The A410 was used to
quantitate the formation of the product, para-nitrophenol.

RESULTS

PAcP dephosphorylates a 170-kDa phosphoprotein in
plasma membrane vesicles of prostate carcinoma cells. We
initially looked to the plasma membrane for potential sub-
strates of PAcP because a form of the enzyme is associated
with the plasma membrane (17, 35, 39). We chose the DU145
prostate carcinoma cell line because it contains repressed
levels of PAcP and tyrosine kinase activity that can be
inhibited by the addition of PAcP to cell extracts (40).
Plasma membrane vesicles from DU145 cells were phos-
phorylated in a kinase reaction mixture containing [y-32P]
ATP, and the kinase reaction was terminated by the addition
of EDTA. Phosphoamino acid analysis indicated that the in
vitro phosphorylated membranes contained 50 times as
much phosphoserine as phosphotyrosine (data not shown).
Purified PAcP was added and incubated with the phosphor-

ylated proteins to identify potential substrates. Analysis of
the products from this reaction by gel electrophoresis fol-
lowed by autoradiography indicated that PAcP caused the
removal of 32P mostly from one protein of 170 kDa (data not
shown). However, the dephosphorylation rate was very
slow. We initially considered the possibility that the 170-kDa
protein was the EGF receptor because the EGF receptor is
a 170-kDa protein that has been found in plasma membrane
vesicles (12) and because EGF stimulates the growth rate of
prostate carcinoma cells, indicating the presence of the
receptor (45; unpublished observations). We therefore phos-
phorylated the membrane vesicles in the presence ofEGF to
stimulate tyrosine phosphorylation (12) of the EGF receptor
and then treated the phosphorylated proteins with purified
PAcP. The 170-kDa protein was increased in phosphoryla-
tion by EGF treatment, and the rate of dephosphorylation of
the 170-kDa protein by PAcP was stimulated (data not
shown). The increase in the rate of dephosphorylation may
be due to the stimulation of tyrosine phosphorylation by
EGF. Moreover, the extent of dephosphorylation of the
170-kDa protein was proportional to both the concentration
ofPAcP (Fig. 1A) and the time of incubation with PAcP (Fig.
1B). The 170-kDa protein was the protein most visibly
dephosphorylated for up to 30 min of incubation (Fig. 1B).
At higher PAcP concentrations (0.5 Rg/100 ,ul), there was an
additional protein of 125 kDa sometimes observed to be
dephosphorylated (Fig. 1A).
To examine the specificity of PAcP, we quantitated the

extent of dephosphorylation of 170-, 125-, and 57-kDa pro-
teins at different time points. The rate of dephosphorylation
of the 170-kDa protein by added enzyme was about threefold
faster than those of the 125- and 57-kDa phosphoproteins,
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FIG. 2. Extent of dephosphorylation of the 170-, 125-, and 57-

kDa proteins by PAcP. The proteins in membrane vesicles were
phosphorylated in a kinase reaction and then dephosphorylated in
the presence ( ) or absence (- --) of purified PAcP. At different
time points, the 170-kDa (0), 125-kDa (A), and 57-kDa (L) proteins
(Fig. 1B) were separated on an SDS-gel and localized by autoradi-
ography. The gel pieces were excised and Cerenkov counted. An
adjacent gel piece which did not contain phosphorylated protein was
excised, counted, and used as the background. Each point is an
average of four independent experiments in which the range is -<5%.

while there was no apparent difference in their dephosphory-
lation rates in the absence of PAcP (Fig. 2).
Although the 170-kDa protein was selectively dephos-

phorylated by PAcP, it was not the predominant protein in
the membrane vesicles. When the gel containing the vesicles
was stained for protein, multiple bands were observed, but a
170-kDa protein was not detected (data not shown). Further-
more, the 170-kDa protein was not the major protein phos-
phorylated in the membrane vesicles (Fig. 1). Thus, PAcP
appeared to selectively dephosphorylate the 170-kDa protein
among the membrane proteins phosphorylated in vitro.
Another commonly used phosphotyrosyl phosphatase,

potato acid phosphatase, has been used to hydrolyze the
phosphate from tyrosine 527 of cellular pp6Osrc (13) and has
been shown to dephosphorylate phosphotyrosyl histones
about 50-fold faster than bovine PAcP (36). We therefore
compared the reactivity of these two phosphatases at neutral
pH with the phosphorylated membrane vesicle proteins from
DU145 cells compared with a control sample incubated
without added enzyme. PAcP dephosphorylated the 170-kDa
protein about threefold faster than an equal amount of potato
acid phosphatase (Fig. 3). In contrast, a similar proportion of
the 125-kDa phosphoprotein was dephosphorylated by PAcP
(23%) and potato acid phosphatase (19%) during a 30-min
reaction (data not shown).
The 170-kDa protein has properties of the EGF receptor.

EGF stimulates the autophosphorylation and tyrosine kinase
activity of its specific receptor (12, 29). Similarly, EGF
stimulated the phosphorylation of the 170-kDa protein in
DU145 membrane vesicles (Fig. 4A), and this caused a two-
to fivefold stimulation of the tyrosine kinase activity in the
membrane vesicles (data not shown). To further test whether
the 170-kDa protein from DU145 cells was related to the
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FIG. 3. Dephosphorylation of the 170-kDa protein by potato acid
phosphatase and PAcP. The proteins in membrane vesicles (35 ,ug)
from DU145 cells were phosphorylated in the presence of [y-32p]
ATP and EGF as described in the legend to Fig. 1. A 1-,ug sample of
PAcP (0) and of potato acid phosphatase (U) was added for different
time periods. A sample of phosphorylated membrane proteins in the
absence of an additional phosphatase (x) was incubated for 30 min
to indicate the phosphatase-specific dephosphorylation. The 170-
kDa protein was localized in the gel by autoradiography, and the gel
piece was excised and Cerenkov counted.

EGF receptor, we tested antibodies to the EGF receptor
from A431 cells for reactivity. A 170-kDa protein was
specifically immunoprecipitated from DU145 as well as from
A431 membrane vesicles (Fig. lB and 4B). To determine
whether the 170-kDa phosphoprotein was heterogeneous in
composition, we examined the material remaining following
immunoprecipitation of the DU145 membranes. Greater
than 80% of the 32P-labeled protein in the 170-kDa region
was immunoprecipitated by antibody specific for the EGF
receptor (data not shown). Moreover, phosphorylation of
the 170-kDa protein from DU145 cells in the immune com-
plex was stimulated in the presence of EGF (data not
shown). Thus, the 170-kDa protein that was dephosphoryla-
ted by PAcP appeared to be the authentic EGF receptor.
PrPYP dephosphorylates the EGF receptor more efficiently

at neutral pH. PAcP was previously found to hydrolyze
small phosphomonoesters optimally at an acidic pH (39, 41).
However, dephosphorylation of the EGF receptor in mem-
brane vesicles by PAcP occurred at neutral pH (Fig. 1 and
3). We therefore examined the pH optimum of dephosphory-
lation of the EGF receptor by PAcP. The EGF receptor in
the solubilized membrane vesicles from DU145 cells was
immunoprecipitated and autophosphorylated at tyrosine res-
idues in the presence of EGF and [-y-32P]ATP. (Phosphoami-
no acid analysis indicated that greater than 90% of the label
was in phosphotyrosine, consistent with previous observa-
tions [12].) PAcP was incubated with the immune complex at
several pH values. Surprisingly, the EGF receptor was
dephosphorylated by PAcP up to ninefold faster at neutral
pH compared with pH 6.0. In comparison, PNPP, a small
compound commonly used as PAcP substrate, was hydro-
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FIG. 4. Comparison of the 170-kDa protein from prostate carci-
noma cells with the EGF receptor from A431 cells. (A) Preincuba-
tion with EGF stimulated the phosphorylation of the 170-kDa
protein (170). The membrane vesicles prepared from DU145 (13 ~Lg)
and A431 (10 ~Lg) cells were preincubated with 1 taM EGF or H20 at
room temperature for 5 mini and then incubated in a kinase reaction
at O0C. The reaction was stopped by the addition of an equal volume
of 2x SDS-sample buffer, and the proteins were electrophoresed in
an SDS-gel. The dried gel was autoradiographed for 16 h at -700C.
(B) The anti-EGF receptor antibody specifically precipitated the
170-kDa protein (170). Proteins in membrane vesicles (40 ~±g) from
DU145 cells were precipitated by anti-EGF receptor antibody as
described in Materials and Methods. The washed immune complex
was incubated in a kinase reaction in the presence of EGF and
[y-32P]ATP and then electrophoresed in an SDS-gel. a-EGF-R and
PI are defined in the legend to Fig. 1.

lyzed severalfold more rapidly at pH 6.0 (Table 1). We
therefore propose that the name PAcP be changed to PrPYP
to more accurately reflect the activity of this enzyme at
physiological pH.

Dephosphorylation of EGF receptor causes decreased tyro..
sine kinase activity. To determine the effects of PrPYP on the
kinase activity, we treated the autophosphorylated EGF
receptor in an immune complex with phosphatase for 10 min

TABLE 1. Effect of pH on dephosphorylation by PrPYP'Z

Activity of PrPYPb
Substrate

pH 6.0 pH 7.0 pH 8.0

PNPP 0.85 (65) 0.35 (27) 0.013 (1)
EGF receptor 140 (1) 1,200 (8.6) 800 (5.7)

a The autophosphorylated EGF receptor in the immune complex was
suspended in 50 p1 of 0.1 M HEPES buffer (pH value as indicated) and a
sample of purified PrPYP (0.5 pLg) in 5 .1d of saline. After incubation at 20°C for
10 min, the phosphorylation state of the EGF receptor and the hydrolysis of
PNPP by PrPYP were quantitated. The phosphatase activity with PNPP as the
substrate was quantitated as para-nitrophenol formation (A410 per micro-
gram). The phosphatase activity with EGF receptor as the substrate was
counts per minute of 32P removed per microgram of PrPYP.

b The number in parentheses represents the fold increase.
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FIG. 5. Effect of PrPYP concentration on dephosphorylation and

the kinase activity of the EGF receptor. The autophosphorylated
EGF receptor in the immune complex was treated with PrPYP in the
absence (-) or presence ( - -) of vanadate (100 ,uM) at 200C for
10 min. The phosphorylation state of the PrPYP-treated receptor
was quantitated after SDS-gel electrophoresis, and the tyrosine
kinase activity was determined by angiotensin phosphorylation as
described in Materials and Methods.

at 200C. (Autophosphorylated kinases, such as the insulin
receptor [65, 66] and cellular pp60Yrc [13], have been effec-
tively dephosphorylated in solid-phase complexes.) The
immune complex was washed extensively to remove resid-
ual phosphatase, and the phosphorylation state was deter-
mined by quantitating the 32p label associated with a sample
of the receptor following SDS-gel electrophoresis. Under
these conditions of maximum autophosphorylation at high
ATP levels, we have calculated that about 2.4 to 2.5 mol of
phosphate are incorporated per mol of EGF receptor. This is
consistent with previous observations showing three sites of
tyrosine phosphorylation in the autophosphorylated recep-
tor from A431 cells (20). Moreover, preliminary observa-
tions on trypsin-digested receptor indicate three separate
tyrosine phosphorylation sites on the EGF receptor from the
DU145 cells (data not shown). The tyrosine kinase activity in
a second sample was quantitated by measuring the phos-
phorylation of the exogenous substrate, angiotensin, in the
presence of vanadate to inhibit any remaining PrPYP. PNPP
was incubated with the immune complex without vanadate
to detect residual phosphatase activity. No detectable PNPP
hydrolysis was measured at pH 6.0 in a 10-min reaction (data
not shown). The extent of dephosphorylation increased with
the concentration of PrPYP and closely corresponded to the
extent of the decrease in tyrosine kinase activity (Fig. 5).
To test whether the phosphotyrosyl phosphatase activity

of PrPYP caused inhibition of the EGF receptor kinase, we
added 100 ,uM vanadate, an inhibitor of PrPYP, to the
immune complex together with the purified phosphatase.
Dephosphorylation of the receptor did not occur, and the
tyrosine kinase activity was not significantly affected beyond
the loss in activity that occurred during incubation in buffer
(Fig. 5). To test whether contaminating cellular phosphoty-
rosyl phosphatases were in the immune complex, we incu-
bated the autophosphorylated receptor in 20 mM HEPES
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FIG. 6. Phosphorylation level and kinase activity of the EGF
receptor following increasing time of incubation with PrPYP. The
autophosphorylated EGF receptor in an immune complex was
treated with PrPYP (1 ,ug) at 20°C for various times. The phosphor-
ylation state and the tyrosine kinase activity of the PrPYP-treated
receptor were quantitated. The percent activity remaining was
normalized to the control incubated without PrPYP.

(pH 7.0) for 10 min without vanadate and without PrPYP.
Under these conditions, we detected little dephosphoryla-
tion of the EGF receptor (less than 5%) (data not shown).
To quantitate the phosphatase-specific effects on the ki-

nase activity, we incubated the autophosphorylated EGF
receptor in the absence of PrPYP simultaneously with a
sample that was incubated with PrPYP. Although little
dephosphorylation of the EGF receptor from DU145 cells
occurred in the absence of PrPYP, there was an approximate
50% loss of kinase activity following incubation for 30 min at
20°C. This loss, which was observed at longer incubation
times, probably reflected thermolability of the enzyme.
Immunoprecipitated pp6Osrc (13) and the insulin receptor
(65) were also found to lose about 50% of their kinase
activity upon incubation without phosphatase. Neverthe-
less, there was an additional phosphatase-specific loss in
kinase activity that occurred with increasing time of incuba-
tion that closely paralleled loss of 32p from the EGF receptor
(Fig. 6). Phosphatase treatment brought the tyrosine kinase
activity to about 30% higher than the basal activity.

Autophosphorylation of EGF receptor causes increased
tyrosine kinase activity. Because inhibition of the kinase
activity was caused by dephosphorylation by PrPYP, then
addition of phosphate to tyrosines should enhance kinase
activity. To test this possibility, we measured the initial rate
of angiotensin phosphorylation by the autophosphorylated
EGF receptor. The immunoprecipitated EGF receptor in the
presence of EGF was first incubated for 10 min at 0°C in the
absence or presence of various concentrations of ATP, and
a sample was removed and analyzed in SDS-containing gels
to assess the level of phosphorylation. In a separate sample,
the ATP was washed from the immune complex, and the rate
of angiotensin phosphorylation was measured at low ATP
concentrations (1 ,uM) in a 1-min reaction to limit additional
autophosphorylation (3, 19). There was up to a sixfold
increase in the kinase activity of the EGF receptor, and
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FIG. 7. Effect of ATP concentration during autophosphorylation

on the tyrosine kinase activity. The EGF receptor in the immune
complex was autophosphorylated in the presence of EGF with
different concentrations of ATP and 10 ,uCi of [y-32P]ATP. The
immune complex was washed to remove the reaction mixture, and
the phosphorylation state and tyrosine kinase activity of the recep-
tor were determined. The angiotensin phosphorylation activity of
the receptor at the zero ATP concentration was quantitated after
incubation with EGF in the absence of ATP.

about one-half of the increase (threefold) in both kinase
activity and extent of autophosphorylation occurred at ATP
concentrations of 1 ,uM or less (Fig. 7). This may be
explained by preferential phosphorylation of regulatory sites
on the EGF receptor at low ATP concentrations (3). At
higher ATP concentrations of 1 to 100 ,uM, the increased
kinase activity continued to parallel the increased autophos-
phorylation of the EGF receptor.
As an alternative approach for examining the effect of

autophosphorylation, the immunoprecipitated EGF receptor
was incubated with ATP (20 ,uM) at 0°C for various time
periods to phosphorylate the receptor to different extents.
One sample was removed to measure the level of autophos-
phorylation, and a second sample was used to measure the
rate of angiotensin phosphorylation. Because some auto-
phosphorylation occurred very rapidly and at very low ATP
concentrations, we could not obtain a zero time point. The
major increase in autophosphorylation (about 3.5-fold) was
paralleled by increased tyrosine kinase activity (-40%)
within the first 5 min (data not shown). Autophosphorylation
of the EGF receptor continued, however, for up to 30 min of
incubation with only a 20% increase in kinase activity.
Possibly the initial phosphorylation occurred at sites that
more strongly affected the kinase activity. Bertics and Gill
(3) also observed that the initial autophosphorylation had a
greater effect on the EGF receptor kinase activity. Because
stimulation of tyrosine kinase activity occurred whether or
not the receptor was incubated with EGF, the stimulation of
tyrosine kinase activity was independent of EGF.

DISCUSSION

In the present study, PrPYP was found to selectively
dephosphorylate the EGF receptor among several proteins
phosphorylated in solubilized membrane vesicles from the
DU145 prostate carcinoma cell line. The EGF receptor may
have been preferentially dephosphorylated because it was a
major tyrosine-phosphorylated protein in the membrane
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vesicles. Substrate specificity was unexpected, however.
Biochemical studies have shown that PyPYP dephosphory-
lates phosphoserine in casein at about the same rate as it
dephosphorylates phosphotyrosine in casein, although the
Km for the former is about 50-fold higher (38). The nearly
50-fold-higher concentration of phosphoserine in the phos-
phorylated membrane vesicles should have compensated for
effects caused by a lower affinity for PrPYP. This was not the
case, and even after 30 min of incubation, the 170-kDa
protein was the only protein to be significantly dephosphory-
lated by PrPYP (Fig. 1 and 2).

Corresponding to dephosphorylation of the EGF receptor
catalyzed by PrPYP, we observed a proportional decrease in
the receptor kinase activity using the substrate angiotensin.
The following results indicated that inhibition of kinase
activity was caused by phosphotyrosine dephosphorylation.
(i) The extent of inhibition using different concentrations of
PrPYP paralleled the removal of phosphate from tyrosine.
(ii) The extent of inhibition following increasing time of
incubation with PrPYP corresponded to the extent of re-
moval of phosphate from tyrosine. (iii) Inhibition did not
occur when the phosphotyrosyl phosphatase inhibitor vana-
date was added to the reaction simultaneously with PrPYP.
(iv) Addition of phosphate to tyrosine by autophosphoryla-
tion stimulated the kinase activity of the EGF receptor.

It is also possible that PrPYP dephosphorylated constitu-
tively phosphorylated serine and threonine residues in the
EGF receptor (21, 29), thereby causing kinase inhibition. We
doubt that this is the case. The extent of inhibition of kinase
activity closely paralleled removal of phosphate from tyro-
sine. Moreover, under the conditions of our assays, little
phosphoserine or phosphothreonine was dephosphorylated
by PrPYP in the DU145 membranes. Finally, it seems more
likely that removal of phosphate from the serine and threo-
nines in the constitutively phosphorylated EGF receptor
would stimulate kinase activity. Most of the same sites that
are constitutively phosphorylated on the EGF receptor are
enhanced in their phosphorylation after treatment of cells
with tumor promoters, which results in inhibition of kinase
activity (11, 16, 31).
Although phosphatases have been used to probe the

function of tyrosine phosphorylations in pp6Osrc (13) as well
as in the insulin receptor (65), this approach has not yielded
consistent information on the function of autophosphoryla-
tion of the EGF receptor. There are several differences in
our approach which may have allowed detection of inhibi-
tion of kinase activity by a phosphatase. (i) One possibility is
the difference in the cell source of the EGF receptor. Other
studies have consistently been conducted on the EGF recep-
tor from A431 cells. Our unpublished observations and the
work of others (8, 57) indicate that the membrane vesicles
from A431 cells contained relatively high levels of phos-
photyrosyl phosphatase, some of which appeared to be
associated with the EGF receptor. The DU145 cells used in
our studies, on the other hand, have repressed levels of
PrPYP, which is the major phosphotyrosyl phosphatase in
prostate epithelial cells (37, 39). This cell difference is borne
out by the observation that with the EGF receptor immuno-
precipitated from DU145 cells, less than 5% of the phosphate
was hydrolyzed in a 10-min incubation with buffer, whereas
under the same conditions 35% dephosphorylation occurred
in the EGF receptor from A431 cells (unpublished observa-
tion). Contaminating phosphatase activity may confound
attempts to determine the small effects of added exogenous
phosphatase on kinase activity. (ii) The choice of phospha-
tase may also be important to obtain significant inhibition of

kinase activity since it may be necessary to remove phos-
phates from critical tyrosines. PrPYP was particularly effec-
tive in catalyzing hydrolysis of phosphates from the auto-
phosphorylated EGF receptor. The initial rate of hydrolysis
was about three- to fourfold more rapid than that with
another commonly used phosphotyrosyl phosphatase, po-
tato acid phosphatase. (iii) Another detail of our experimen-
tal protocol that may have been important for detection of
small changes in the kinase activity was the method used to
quantitate the phosphorylated product. In our assays, the
phosphorylated angiotensin was separated by high-voltage
paper electrophoresis from the unincorporated [-y-32PIATP
and other phosphorylated compounds (42). We found that
acid precipitation or binding of the phosphorylated angioten-
sin to charged paper resulted in high backgrounds caused by
trapped radioactive compounds that may obscure small
changes in activity.

Although a greater than fivefold stimulation of kinase
activity was observed as a result of autophosphorylation of
the EGF receptor (Fig. 7), there was only about a 40 to 50%
decrease in kinase activity following dephosphorylation of
the receptor by PrPYP (Fig. 6). Similarly, inhibition of the
insulin receptor tyrosine kinase activity by a phosphotyrosyl
phosphatase was only about 50% and was disproportionate
to the level of stimulation of kinase activity following auto-
phosphorylation (65). One possibility is that ATP served to
stabilize as well as to autophosphorylate the receptor kinase.
It is also possible that some autophosphorylated sites were
inaccessible to phosphatases in the solid-phase immune
complex. Another factor that may have interfered with
determination of the effect of PrPYP treatment was auto-
phosphorylation of the receptor during assays of the kinase
activity. As reported by Bertics and Gill (3), we observed a
small amount of phosphorylation of the EGF receptor during
the kinase reaction (data not shown). This may have re-
turned some of the phosphate removed by PrPYP, thus
restoring some of the kinase activity. Thus, the extent of
phosphatase-specific inhibition may have been underesti-
mated.
The stimulation of kinase activity that we observed fol-

lowing autophosphorylation of the EGF receptor from pros-
tate carcinoma cells is in agreement with the results of
Bertics and Gill (3), who observed stimulation using the EGF
receptor from A431 cells. While they used the purified
receptor in a soluble assay, we used receptor that was
immobilized in an immune complex. Regardless of these
differences in receptor preparations, our results are also
similar in that the major extent of enhancement was ob-
served at very low ATP concentrations (Fig. 7) and after
very short periods of autophosphorylation (data not shown).
These results indicate that the initial sites of phosphorylation
are the most important in influencing kinase activity. While
it cannot be completely ascertained why others have failed
to see this stimulation, one possibility is that the rate of
phosphorylation may have been determined when the reac-
tion rate was not linear (21). It is at the initial rate of the
reaction when the enzyme activity is most accurately deter-
mined (19). Another possibility is the use of peptide sub-
strates with identical sequences to the autophosphorylation
sites of the receptor (21, 25). If the model of Bertics and Gill
(3, 59) is correct in that the autophosphorylation site(s) on
the carboxy terminus of the receptor serves to block the
active site, the kinetics of phosphorylation of these peptides
may be different from those of other substrates.
PrPYP has previously been categorized as an acid phos-

phatase based on the pH optimum of dephosphorylation of
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organic phosphomonoesters (37, 39, 41, 51). Results pre-
sented here show that the PrPYP pH optimum depends on
the substrate. When tyrosine-phosphorylated EGF receptor
was used as the substrate, the rate of dephosphorylation was
greatly accelerated at neutral pH compared with that at acid
pH (Table 1). In marked contrast, hydrolysis of PNPP was
more rapid at acid pH. A similar result has been obtained
with a phosphatase purified from bovine cortical bone matrix
which exhibited an acid pH optimum with PNPP as the
substrate and a neutral pH optimum when phosphotyrosine-
containing proteins were used as substrates (34). Thus, the
division of phosphotyrosyl phosphatases into the categories
of acid, alkaline, or neutral phosphatases and the determi-
nations of their maximum velocities and Km values may not
be meaningful since the pH optima may change depending
on the substrate used.
An inverse correlation between PrPYP (formerly PAcP)

and tyrosine protein kinase activity in prostate carcinoma
cells has been observed (40). In addition, PrPYP inhibits the
overall tyrosine kinase activity in lysates from cells with low
levels of PrPYP (40). The possibility that the EGF receptor
is an authentic substrate of PrPYP in prostate carcinoma
cells is currently under investigation.
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ADDENDUM

After submission of this manuscript, Bertics et al. (4)
reported that mutation of tyrosine to phenylalanine at the
major tyrosine phosphorylation site (Tyr-1173) of the EGF
receptor blocked phosphorylation at this site. This mutation
resulted in reduced kinase activity, particularly at nonsatu-
rating levels of substrate. This finding further supports the
concept that autophosphorylation of the EGF receptor pos-
itively modulates its kinase activity.
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