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Cells transformed with the middle tumor antigen (mT) of polyomavirus were treated with sodium
orthovanadate (Na;VOy), an inhibitor of phosphotyrosine phosphatases, to enhance for the detection of cellular
proteins which are phosphorylated on tyrosine. Na;VQ, treatment of mT-transformed rat F1-11 cells resulted
in a 16-fold elevation in the level of phosphotyrosine associated with total cellular proteins. Parental F1-11 cells
displayed only a twofold increase in phosphotyrosipne following Na3;VO, treatment. The abundance of
phosphotyrosine in Na;VOQg-treated mT-transformed F1-11 cells was twofold higher than in untreated Rous
sarcoma virus (RSV)-transformed F1-11 cells and 3.5-fold lower than in Na3;VOg-treated RSV-transformed
F1-11 cells. Tyrosine phosphorylatlon of many cellular proteins, including p36, the major substrate of the RSV
pp60'~*" protem, was detected in Na;VO,-treated mT-transformed F1-11 cells at levels comparable to those
observed in RSV-transformed cells. Some of the major protein species recognized by antiphosphotyrosine
antibodies in Na3;VO,-treated mT-transformed cells displayed electrophoretic mobilities similar to those
detected in RSV-transformed F1-11 cells. Tyrosine phosphorylation of p36 was also detected in fibroblasts
infected with polyomavirus. There was no detectable difference in the kinase activity of pp60°*“:mT extracted
from untreated and Na3;VOj-treated mT-transformed cells; however. Na;VO, treatment of F1-11 and
mT-transformed F1-11 cells was shown to inhibit the activity of phosphotyrosine phosphatases in a crude assay
of total cellular activity with pp60*** as the substrate. Thus, Na;VO, treatment may allow the detection of
phosphotyrosine-containing proteins in mT-transformed cells by preventing the turnover of phosphate on
substrates phosphorylated by activated cellular protein-tyrosine kinases associated with mT. These results
suggest that tyrosine phosphorylation of cellular proteins may be involved in the events that are responsible for
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mT-induced cellular transformation.

Oncogenic transformation of immortalized rodent cell
lines by polyomavirus (PY) requires the expression of the
middle tumor antigen (mT) (43, 47. 50). It has been demon-
strated that mT is associated with pp60°*" (5, 16, 17), the
cellular homolog of pp60¥~*, the transforming protein of
Rous sarcoma virus (RSV) (3, 4, 29). The association of mT
with pp60°*" has been shown to cause an enhancement in
the tyrosyl kinase activity of pp60°*", as detected by the
phosphorylation of exogenous substrates in an immune
complex kinase reaction (5, 9). While the nature of the
activation of the mT-associated pp60°*" protein kinase
activity is not known, characterization of these mT-
complexed pp60°*" molecules has shown that they contain
an altered site of tyrosine phosphorylation in vivo (10) and
that they are phosphorylated on a novel tyrosine residue(s)
within their amino-terminal domain in the immune complex
kinase reaction in vitro (54).

The specific role of activated pp60°~*'“ in transformation by
PY has not been established. The analysis of mutant variants
of mT has indicated that the ability of mT to activate
pp60°~" may be necessary but not sufficient for mT-induced
transformation; all transformation-competent forms of mT
are capable of pp60°* activation. but some mutants which
induce partial transformation appear to fully activate
pp60°*" protein kinase activity in vitro (5, 9, 17, 34).
Recently Amini et al. (1) have examined the role of pp60<*"
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activation in mT transformation by suppressing pp60< '
synthesis through the expression of complementary
antisense c-src RNA molecules in mT-transformed cells.
Under conditions which resulted in an 8- to 10-fold reduction
in the mT-activated pp60°*'“ protein kinase activity in vitro.
the mT-transformed cells possessed a decreased capacity to
form colonies in soft agar and foci on monolayers of
untransformed cells as well as a diminished growth rate of
tumors in vivo. Therefore. although the activation of
pp60°*"* may not be solely responsible for transformation by
mT. these results support the contention that it is an impor-
tant facet of mT function.

The evidence that mT activates the protein kinase activity
of pp60<*“ in vitro provides a possible mechanism for
mT-induced transformation: however, there is no direct
evidence that tyrosine phosphorylation of cellular proteins is
involved in transformation by mT. PY mT transformation
does not result in a detectable increase in total cellular
phosphotyrosine (46). and no transformation-specific
phosphotyrosine-containing cellular proteins have been
identified in mT-transformed cells. In an attempt to enhance
the detection of proteins phosphorylated on tyrosine in
mT-transformed cells. we used sodium orthovanadate
(Na3VOy,), a potent inhibitor of purified cellular phospho-
tyrosine phosphatases (6, 23. 41). Na,VO, treatment of cells
has been shown to allow the detection of tyrosine phosphor-
ylation of viral and cellular proteins that are not detected in
untreated cells (7, 11, 48. 54). We have examined Na;VO;-
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treated mT-transformed and control cells and found a signif-
icant increase in the abundance of total cellular phospho-
tyrosine in mT-transformed cells. In addition, the 34,000- to
36,000-molecular-weight (34-36K) protein, a known
phosphotyrosine-containing substrate in RSV-transformed
cells, was shown to be phosphorylated on tyrosine in
Na;VO,-treated PY mT-transformed and -infected cells.
Finally, multiple species of phosphotyrosine-containing pro-
teins were detected in Na;VO,-treated mT-transformed cell
lysates by using a solid-phase immunoblot assay with anti-
phosphotyrosine antibodies (anti-PTYR Abs).

MATERIALS AND METHODS

Cells and cell culture. The rat F1-11, FSV-2A2, and PY
mT-transformed F2MTS2 and F3MTS1 cell lines (30) (the
generous gift of Parmjit Jat, Massachusetts Institute of
Technology) were maintained in Dulbecco modified Eagle
medium supplemented with 10% (vol/vol) fetal calf serum.
The rat RSV-transformed F1-11 (RSV-F1-11) and the mouse
RSV-transformed 3T3 (RSV-3T3) cells were derived by
transformation of F1-11 and NIH-3T3 cells, respectively, by
RSV (Schmidt Ruppin D strain) and maintained in Dulbecco
modified Eagle medium supplemented with 5% calf serum.

Virus infection. Primary mouse embryo fibroblasts (MEF)
were prepared from 12- to 14-day-old embryos and infected
with serial dilutions of an NG5S9RA stock, a wild-type PY
revertant of the transformation-defective mutant NG59 (22),
kindly provided by Tom Benjamin (Harvard Medical
School).

Radiolabeling and sodium orthovanadate treatment of cells.
Cells were labeled with 32P, (carrier-free; ICN, Irvine, Calif.)
for 16 h in Dulbecco modified Eagle medium lacking phos-
phate and supplemented with 10% complete medium and 5%
dialyzed calf serum. Cells were treated with 50 uM Na;VO,
(Sigma Chemical Co.) for 16 h in complete or phosphate-
minus Dulbecco modified Eagle medium as indicated in the
figure legends.

Phosphoamino acid analysis. Total cellular phosphoamino
acid analysis was performed as described by Sefton et al.
(46) except that all samples were lysed by boiling in 1%
sodium dodecyl sulfate (SDS)-10 mM Tris (pH 7.2)-2 mM
EDTA and then extracted immediately with phenol. Hydro-
lysis was performed in 6 N HCI (Pierce Chemical Co.) for 2
h at 110°C. Separation of the phosphoamino acids was
performed by electrophoresis on 3MM paper (Whatman) at
pH 3.5 in the first dimension for 2 h and electrophoresis at
pH 1.9 in the second dimension for 4 h. The phosphoserine,
phosphothreonine, and phosphotyrosine standards were de-
tected by staining with ninhydrin. The radioactive phospho-
amino acids were detected by autoradiography and quanti-
tated by cutting out the phosphoamino acid standards and
scintillation counting.

Antisera and antibodies. The mouse monoclonal antibody
(MADb) 327, which recognizes pp60**"“ and pp60°°", was
prepared as previously described (36). Rabbit antisera
against p36 were Kkindly provided by Ray Erikson (20)
(Harvard University) and Gerald Edelman (27) (Rockefeller
University). Rabbit anti-PTYR Abs were purified on a
phosphotyramine-Sepharose affinity column as described
previously (51).

Immunoprecipitation and in vitro kinase reactions. Im-
munoprecipitations and in vitro kinase reactions were per-
formed as described previously (36), except that the
exogenous substrate enolase was used in the immune com-
plex kinase reactions (5 pCi of [y-?P]ATP [carrier-free,
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ICN] and 1 uM unlabeled ATP per reaction). The im-
munoprecipitated proteins and in vitro kinase reaction prod-
ucts were analyzed by electrophoresis on 7.5 or 10% SDS-
polyacrylamide gels (30:0.8, acrylamide-bisacrylamide) as
noted. In the analysis of p36, the SDS-polyacrylamide gels
were subjected to alkali treatment with 1 N KOH at 55°C for
1.5 h (13). All gels were dried, and autoradiography was
performed with XAR-S film (Kodak) and Cronex Lighting-
Plus intensifying screens at —70°C for the time indicated in
each figure legend.

Phosphotyrosine-specific phosphatase assays. Crude lysates
from Na;VO,-treated and untreated cells were prepared by
lysing the cells in buffer C (10 mM Tris [pH 7.2], 10 mM
NaCl, 0.5 mM EDTA, 0.2% 2-B-mercaptoethanol) with
0.05% Nonidet P-40. The cell lysates were homogenized four
to five times and clarified at 8,000 x g for 20 min at 4°C.
Protein determination of the clarified lysate was performed
by the method of Lowry et al. (37). Radiolabeled,
phosphotyrosine-containing substrate for the phosphatase
assay was prepared from unlabeled RSV-3T3 cell lysates by
immunoprecipitation of pp60° and autophosphorylation in
vitro with [y-*?P]JATP as described above. The immune
complexes were then washed once with RIPA buffer and
twice with buffer C. The major radiolabeled products of the
reaction are pp60*~*< and a 130-kilodalton (kDa) protein,
p130, both of which are phosphorylated only on tyrosine in
vitro (L. A. Lipsich and J. S. Brugge, unpublished results).
Various amounts of crude cell lysates were incubated with a
constant amount of radiolabeled, phosphotyrosine-
containing substrate at 30°C for 20 min. The reactions were
stopped with the addition of 2x sample loading buffer and
analyzed by electrophoresis on a 7.5% SDS-polyacrylamide
gel. The gel was dried and exposed for autoradiography. The
radioactive bands were excised and quantitated by scintilla-
tion counting.

Immunoblot analysis with anti-PTYR Abs. Lysates for
immunoblot analysis were prepared from Na;VO,-treated
and untreated cell lines by scraping cells into lysis buffer 2%
SDS, 66 mM Tris [pH 6.8], 10 mM EDTA, and 0.3%
2-B-mercaptoethanol) and boiling for 10 min as described
previously (51). Equal amounts of protein from cell lysates,
determined by the method of Lowry et al. (37), were added
to 2Xx sample loading buffer and subjected to electrophoresis
on 10% SDS-polyacrylamide gels. The total cellular proteins
were then electrophoretically transferred to nitrocellulose
filters at 0.5 A for 2 h as described previously (49). The filters
were incubated with a blocking buffer (5% bovine serum
albumin [Pentex; Worthington Diagnostics], S0 mM Tris [pH
7.2], 150 mM NaCl) overnight at room temperature and
subsequently probed with a 1:2,000 dilution (0.3 pg/ml) of
anti-PTYR Abs in buffer (3% bovine serum albumin, S0 mM
Tris [pH 7.2], 150 mM NacCl, 2% Nonidet P-40) for 1 h. The
filters were washed three times and then incubated with
125L_protein A (1 pnCi/ml; Amersham Corp.) for 1 h. The
filters were rewashed three times, dried, and subjected to
autoradiography.

RESULTS

Sodium orthovanadate treatment of PY mT-transformed
cells allows detection of increased levels of total cellular
phosphotyrosine. To examine the effect of Na;VO, treatment
on the level of total cellular phosphotyrosine in PY mT-
transformed cells, rat F2MTS2 (F1-11 cells transformed with
mT expressed on a pZipNeoSV(X)1 vector) and control,
nontransformed FSV-2A2 (F1-11 cells containing only the
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backbone pZipNeoSV(X)1 vector) (30) were labeled for 16 h
with 3?P; in the presence and absence of 50 uM Na;VO,. The
cells were then harvested and assayed to examine the total
cellular phosphoamino acid content (Fig. 1 and Table 1).
RSV-F1-11 and the parental F1-11 cell lines were also
included in this analysis. In the absence of Na;VO, treat-
ment, the levels of phosphotyrosine observed in the PY
mT-transformed F2MTS52 cells were comparable to those of
the control FSV-2A2 and parental F1-11 cell lines. Following
Na;VO, treatment, there were increases in the percentage of
total cellular phosphotyrosine as well as minor variations in
the level of total cellular phosphoserine and phospho-
threonine in each cell line analyzed. Both the FSV-2A2 and
F1-11 cell lines showed only a twofold increase in total
cellular phosphotyrosine after Na; VO, treatment for 16 h. In
contrast, the mT-transformed F2MTS2 cells displayed a
15-fold increase in the level of phosphotyrosine (from 0.117
to 1.832% total cellular phosphotyrosine) following 16 h of
Na;VO, treatment. The increase in phosphotyrosine levels
in F2MTS52 cells was linear over the first 0 to 12 h of Na;VO,
treatment. Similar results were obtained from analysis of
another PY mT-transformed F1-11 cell line (F3MTS51) de-
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FIG. 1. Effect of sodium orthovanadate treatment on the
phosphotyrosine content of FSV-2A2, F2MTS2, and RSV-F1-11
cells. The cells were radiolabeled for 16 to 18 h with **P; in the
presence or absence of S0 uM Na;VO, and processed as described
in Materials and Methods. (A) Autoradiograms of the two-
dimensional analysis of Na;VO,-treated and untreated mT-
transformed F2MT52 cells (top two panels, exposed for 7 h at
—70°C) and control FSV2A2 cells (lower two panels, exposed for 12
h at —70°C). The origin was in the upper left. Electrophoresis in the
first dimension was from left (cathode) to right at pH 3.5 and in the
second dimension from top (cathode) to bottom at pH 1.9. Only the
region of the autoradiogram displaying the phosphoamino acids is
shown. (B) Quantitation of the abundance of phosphotyrosine
following treatment with and without Na;VO,. The radioactive
spots corresponding to the ninhydrin-stained phosphoamino acid
standards were excised from the paper and quantitated by scintilla-
tion counting. The height of the bars represents the percentage of
total cellular phosphotyrosine present in Na;VO;-treated (+) and
untreated (=) FSV-2A2, F2MTS2, and RSV-F1-11 cell lines. The
percentage of total cellular phosphotyrosine in Na;VO,-treated and
untreated parental F1-11 cells was similar to the values found for
FSV-2A2 (see Table 1).
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TABLE 1. Relative abundance of acid-stable phosphoamino acids
in sodium orthovanadate-treated and untreated control and mT-
and RSV-transformed cell lines*

Increase in
abundance of
phosphotyrosine
after Na:VO,

Phosphoamino acid content

%
Cell Na:VO, (% of total)

line treatment

Phospho- Phospho- Phospho-

tyrosine threonine  serine  treatment (fold)

F1-11 + 0.297 6.685 93.018 2.26

- 0.131 5.298  94.571
FSV2A2 + 0.306 6.154  93.539 1.95

- 0.157 6.609  93.234
F2MTS2 + 1.832 9.274 88.894 15.66

- 0.117 10.591 89.291
RSV-F1-11 + 6.333 5.545 88.122 7.11

- 0.891 7.498 91.611

@ Cells were labeled with **P; for 16 h in the presence or absence of 50 pM
Na:VO,, and total cellular phosphoamino acid analysis was performed as
described in Materials and Methods.

rived from an independent PY mT vector transfection (data
not shown). These results provide evidence that Na;VO,
treatment of PY mT-transformed cells leads to a significant
increase in total cellular phosphotyrosine compared with
control, nontransformed cells and that the rise in the abun-
dance of cellular phosphotyrosine in F2MTS2 cells corre-
lates with the expression of PY mT.

The pp60'~"“-transformed RSV-F1-11 cells displayed a
sevenfold increase in phosphotyrosine compared with con-
trol and mT-transformed cells in the absence of Na;VO,
treatment, similar to the analysis reported by Sefton et al.
(46). Sodium orthovanadate treatment of RSV-F1-11 cells
resulted in a further sevenfold increase in the abundance of
phosphotyrosine, from 0.891 to 6.333% total cellular
phosphotyrosine. The level of phosphotyrosine in RSV-F1-
11 cells following Na;VOQ, treatment was 21- and 3.5-fold
greater than the levels of phosphotyrosine in Na3;VO,-
treated F1-11 and F2MTS2 cells, respectively.

In vivo treatment with sodium orthovanadate inhibits cellu-
lar phosphotyrosine phosphatases. Two possible effects of
sodium orthovanadate treatment in vivo that could account
for the observed increases in total cellular phosphotyrosine
in the F2MT52 and RSV-F1-11 cell lines are that (i) Na;VO,
treatment could stimulate the protein kinase activity of
cellular or viral tyrosyl protein kinases and (ii) Na;VO,
treatment could inhibit cellular phosphotyrosine phos-
phatases, allowing the accumulation and detection of tyro-
sine phosphorylations on cellular proteins that normally turn
over rapidly. There are several examples of tyrosyl protein
kinases whose activity is enhanced following Na;VO, treat-
ment; both pp60*~*" and the insulin receptor have previously
been shown to possess enhanced protein kinase activity
following Na;VO, treatment (7, 11, 48). Lysis in the pres-
ence of Na;VOj also has been reported to have an effect on
the cellular src protein; however. in this case it appears that
the preservation of tyrosine phosphorylation has an inhibi-
tory effect on pp60°*“ protein kinase activity (15). To
determine whether orthovanadate treatment of F2MTS52
cells in vivo affected the mT-associated pp60“*“ protein
kinase activity, F2MTS52 and RSV-3T3 cells were treated
with Na; VO, for 16 h and lysed with RIPA buffer, and equal
amounts of protein from the cell lysates were im-
munoprecipitated with either anti-pp60°“ MAb 327 or rabbit
anti-mouse immunoglobulins. The protein kinase activity of
the immuonprecipitated pp60°~*" was examined with enolase
as an exogenous substrate (Fig. 2). A small increase in the
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FIG. 2. Protein kinase activity of pp60** from sodium ortho-
vanadate (VAN)-treated and untreated RSV- and mT-transformed
cells. RSV-3T2 (lanes 1 to 4) and F2MTS2 (lanes S to 8) cells were
treated with S0 pM Na:VO, for 16 h (lanes 1. 2. 5. and 6) or
untreated (lanes 3. 4. 7. and 8). Cell lysates were prepared and
proteins were immunoprecipitated with MAb 327 (odd-numbered
lanes) or rabbit anti-mouse immunoglobulin G (IgG) alone (even-
numbered lanes). Immune complex kinase reactions were per-
formed with the exogenous substrate enolase, as described in
Materials and Methods. Autoradiograph exposure was for 60 h.

amount of enolase phosphorylation was observed in pp60¥~*"
immunoprecipitates of RSV-3T3 cells treated with Na;VO,
compared with that in untreated RSV-3T3 cells (Fig. 2, lanes
1 and 3). This result is consistent with the findings of Collett
et al. (11) and Brown and Gordon (7) that Na3;VO, treatment
in vivo can stimulate the in vitro protein kinase activity of
pp60“~". In contrast, no difference in the amount of enolase
phosphorylation in vitro was observed in pp60°*" immuno-
precipitates from Na;VOg-treated and untreated F2MTS52
cells (Fig. 2, lanes 5 and 7). While these results provide
evidence that the elevation in phosphotyrosine in sodium
orthovanadate-treated F2MTS52 cells is not due to a further
enhancement in the mT-associated pp60°*"* protein kinase
activity, these results do not rule out that (i) Na;VO,
treatment could stimulate the activity of other cellular
tyrosyl protein kinases in mT-transformed cells or (ii)
Na;VO, treatment could modulate the activity of serine- or
threonine-specific protein kinases which might indirectly
influence the activity of different cellular tyrosyl protein
kinases.

To examine whether the Na;VOy-induced elevation in the
level of total cellular phosphotyrosine in PY-transformed
F2MTS52 cells was accompanied by the inhibition of cellular
phosphotyrosine phosphatases. we assayed the ability of
crude cell lysates from treated and untreated cells to hydro-
lyze tyrosine phosphate with pp60**“ as the substrate.
Although previous investigators have shown that Na;VO,
could inhibit purified phosphotyrosine-specific phosphatases
in vitro (6, 23, 41), the effects of Na;VO, treatment in vivo
on cellular phosphotyrosine phosphatases had not been
examined directly. Figure 3 shows the results of an assay of
phosphotyrosine phosphatases in crude cell lysates from the
control parental F1-11 and PY mT-transformed F2MT352 cell
lines. Increasing amounts of lysate from untreated F1-11
(Fig. 3, lanes 1 to 4) and F2MTS2 (lanes 9 to 12) cells
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displayed increasing levels of phosphatase activity as mea-
sured by the dephosphorylation of pp60'~*" and pl130, a
phosphotyrosine-containing cellular protein which has been
shown to coimmunoprecipitate with anti-pp60¥~*" antibody
from RSV-transformed cells. Parallel experiments with a
[**SImethionine-labeled pp60*~" substrate showed little or
no decrease in the amount of radiolabeled pp60*~*" substrate
from the same crude cell extracts containing up to 100 pg of
protein (data not shown). These results suggest that the
dephosphorylation of **P-labeled pp60¥-*"* substrate is due to
the action of phosphotyrosine phosphatases present in the
crude cell lysates. There appeared to be more phospho-
tyrosine phosphatase activity per microgram of crude cell
extract in the parental F1-11 cells than in the PY-
transformed F2MTS2 cells; however, this result varied
slightly with each preparation of crude cell extracts.
Treatment of either F1-11 (Fig. 3, lanes 5 to &) or F2MTS52
(lanes 13 to 16) cells with Na;VO, caused a significant
reduction in the phosphatase activity detected in this assay.
Dephosphorylation of pp60**"“ was not detected in lysates
containing less than 25 pg of cell protein. There was also a
significant reduction in the dephosphorylation of p130.
These results suggest that Na;VO, treatment of nontrans-
formed F1-11 and mT-transformed F2MT52 cell lines in vivo
can depress the activity of cellular phosphotyrosine
phosphatases. Although three phosphotyrosine-specific
phosphatases have been purified from chicken brain (23) and
fibroblasts (41), the contribution of individual phosphatases
cannot be distinguished in this crude assay. In addition, this
assay was not designed to test the inhibition of every
potential phosphotyrosine phosphatase, since autophos-
phorylated pp60¥*"“ may not be a universal substrate for all
cellular phosphotyrosine phosphatases. Despite the limita-
tions of this assay, these results, coupled with those from the
total cellular phosphoamino acid analysis of Na;VO,-treated
mT-transformed cells, suggest that sodium orthovanadate
treatment causes a stabilization and elevation of the relative
percentage of total cellular phosphotyrosine, due at least
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FIG. 3. Effect of sodium orthovanadate (VAN) treatment on
phosphotyrosine-specific phosphatase activity from crude cell ex-
tracts. F1-11 (lanes 1 to 8) and F2MTS52 (lanes 9 to 16) cells were
treated with 50 uM Na;VO, for 16 h (lanes S to 8 and 13 to 16) or
untreated (lanes 1 to 4 and 9 to 12). The phosphotyrosine phospha-
tase activity from 0. 1, 5, and 25 pg of protein from cell lysates was
assayed with **P-labeled pp60*** and pl30 as substrates as de-
scribed in Materials and Methods. Autoradiograph exposure was for
16 h.
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partly to the inhibition of phosphotyrosine-specific protein
phosphatases within the cell.

p36 substrate of tyrosine protein kinases is phosphorylated
in PY-transformed cells following treatment with sodium
orthovanadate. Since the elevation of total cellular phospho-
tyrosine in F2MTS2 cells following Na;VO, treatment was
consistent with the possibility that the activation of pp60°*"
tyrosyl protein kinase activity in mT-transformed cells could
result in an increase in tyrosine phosphorylation of cellular
proteins, it was of interest to examine the phosphorylation of
a known cellular substrate of the viral src protein in Na;VO,-
treated mT-transformed cells. We chose to examine the
34-36K protein (p36), the most abundant phosphotyrosine-
containing protein identified in RSV-transformed cells (21,
42). Tyrosine phosphorylation of p36 has never been re-
ported in PY-transformed or -infected cells. To examine the
phosphorylation of p36. parental F1-11. mT-transformed
F2MTS2, and pp60'~*'“-transformed mouse RSV-3T13 cell
lines were radiolabeled in vivo with **P; in the presence (Fig.
4A, even-numbered lanes) or absence (Fig. 4A., odd-
numbered lanes) of Na3;VO,. The cells were harvested.
lysed, and clarified in RIPA buffer. and immunoprecipitated
with anti-p36 serum (Fig. 4A. lanes 1 to 8) or preimmune
rabbit antiserum (Fig. 4A. lanes 9 to 16). Without treatment
with Na;VO,, **P-labeled p36 was detectable only in the
immunoprecipitates from RSV-3T3 cells (lane 7): however.
following Na;VO, treatment. p36 phosphorylation was de-
tected in the mT-transformed F2MTS2 and F3MTS1, and
pp60¥*"“-transformed RSV-3T3 cells (lanes 4 and 8). No
detectable p36 phosphorylation was observed in Na;VOy-
treated or untreated parental F1-11 cells (lanes 1 and 2).
Phosphoamino acid analysis of the radiolabeled p36 revealed
mainly phosphotyrosine, with minor amounts of
phosphoserine (data not shown). These results indicate that
Na;VO, treatment of **P;-labeled mT-transformed cells sta-
bilizes the phosphorylation of p36, a known cellular
phosphotyrosine substrate of pp60*~"“-transformed cells.

To further examine the mT specificity of p36 tyrosyl
phosphorylation, we examined the phosphorylation of p36 in
cells after infection with PY. It has previously been shown
that the enhancement in the mT-associated pp60“*" protein
kinase activity also occurs during productive infection with
PY (5). MEF infected with different dilutions of a wild-type
revertant PY stock, NG59RA (22), were radiolabeled with
32p,, treated with 50 uM Na3;VO, for 12 h, and examined for
phosphorylation of p36. Figure 4B shows the results of
analysis of the anti-p36 immunoprecipitations from the
Na;VOy-treated PY-infected MEF cells and mock-infected
MEEF cells. Phosphorylated p36 was readily detected in the
PY-infected MEF cells treated with Na:VOy: the level of p36
phosphorylation correlated with the concentration of PY
virus stock used for each infection (Fig. 4B. lanes 2. 4, 6. and
8). Very slight p36 phosphorylation was detected in the
mock-infected MEF treated with Na;VO, (Fig. 4B, lane 10).
No phosphorylation of p36 was detected in PY-infected or
mock-infected MEF in the absence of Na;VO, treatment
(data not shown). These results support the evidence from
the experiment on the mT-transformed F2MTS52 cells (Fig.
4A) indicating that expression of PY mT results in the
tyrosine phosphorylation of a cellular protein, p36. whose
phosphorylation is detectable only after treatment with
Na3V04.

Detection of phosphotyrosine-containing proteins in PY
mT-transformed cells with anti-PTYR Abs. The phosphory-
lation of p36 in PY-transformed cells suggested that there
may be similarities between the phosphotyrosine-containing

TYROSINE PHOSPHORYLATION IN mT-TRANSFORMED CELLS 909

A IMMUNE PREIMMUNE
F1-11  F2MT52 F3MT51 RSV-3T3 F1-11 F2MT52 F3MT51 RSV-3T3
— e - . - - - - - .—-'

bl - — e

She e - Lol
1.2 38 8 857 78 79 30231192148 1415 4B
0 -1 -2 -3 MOCK-
B 10 10 10 10~ \recTeD
= ==
b
p36 ~ . - - -

12 o8 5 7 800

FIG. 4. Effect of sodium orthovanadate treatment on phosphor-
ylation of p36 in mT-transformed and PY-infected cells. (A) Rat
F1-11 (lanes 1. 2. 9. and 10). F2MTS2 (lanes 3, 4. 11. and 12). and
F3MTS1 (lanes S. 6. 13. and 14) and mouse RSV-3T3 (lanes 7. 8. 15.
and 16) cells were radiolabeled in vivo with *P; for 16 h in the
presence (even-numbered lanes) and absence (odd-numbered lanes)
of S0 uM Na,VO,. Cell lysates were prepared. and equal amounts of
protein from cell lysates were immunoprecipitated with rabbit
anti-p36 antiserum (lanes 1 to 8) or preimmune serum (lanes 9 to 16).
The immunoprecipitates were analyzed on 10% SDS-polyacryl-
amide gels. followed by alkali treatment as described in Materials
and Methods. Autoradiograph exposure was for 48 h. (B) Primary
MEF that were infected with serial dilutions (10°. 10°!. 10 *, and
10 ) of a wild-type PY stock. NG5S9RA (lanes 1 to 8). or mock-
infected (lanes 9 and 10) were radiolabeled with P, at 24 h
postinfection for 16 h in the presence of 50 uM Na;VO,. The cells
were harvested at 40 h postinfection. and cell lysates were prepared
and immunoprecipitated with rabbit anti-p36 antiserum (even-
numbered lanes) or preimmune serum (odd-numbered lanes). The
immunoprecipitates were analyzed as for panel A. Autoradiograph
exposure was for 72 h.

cellular substrates found in pp60**"“-transformed cells and in
Na;VOy-treated mT-transformed cells. To compare the
phosphotyrosine-containing proteins from Na;VO,-treated
and untreated F2MTS52, RSV-F1-11. and F1-11 cells, these
cell lines were subjected to solid-phase protein immunoblot
analysis with anti-PTYR Abs. These antibodies have been
useful in the identification and characterization of phos-
photyrosine-containing substrates of several retrovirus
transforming proteins and growth factor receptors which
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FIG. 5. Anti-PYTR Ab immunoblot analysis of lysates from
sodium orthovanadate-treated and untreated cell lines. F1-11 (lanes
1 and 2), F2MTS52 (lanes 3 and 4). and RSV-F1-11 (lanes 5 and 6)
cells were treated with 50 uM Na;VO, for 16 h (even-numbered
lanes) or untreated (odd-numbered lanes). The cells were lysed in
boiling SDS buffer, and 250 (lanes 1 to 4) or 125 (lanes S and 6) pg
of protein from the cell lysates were subjected to electrophoresis on
a 10% SDS-polyacrylamide gel. The total cell proteins were trans-
ferred to a nitrocellulose membrane and probed with anti-PTYR Abs
and S. aureus '**I-protein A as described in the text. Autoradiograph
exposure was for 36 h. kd, Kilodaltons.

possess tyrosyl protein kinase activity (12, 19, 24, 35, 44,
51). Cell lysates from parental, mT-transformed, and RSV-
transformed cell lines, treated with Na;VO, and untreated,
were subjected to one-dimensional SDS-polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes,
and probed with anti-PTYR Abs and !*’I-protein A from
Staphylococcus aureus as described previously (Fig. 5). In
the absence of Na;VO, treatment, phosphotyrosine-
containing cellular proteins were detected only in the RSV-
F1-11 cells (Fig. S, lane S). No phosphotyrosine-containing
proteins were detected in the untreated parental F1-11 or
mT-transformed F2MTS52 cell lines (Fig. 5, lanes 1 and 3).
Following Na;VQ, treatment, there were a few proteins of
approximately 170, 130, and 80 kDa which were detected in
the lysates of all three cell lines examined (Fig. 5, lanes 2, 4,
and 6). These protein bands were very faint in the im-
munoblot analysis of parental F1-11 cells and much more
prominent in the analysis of F2MT52 and RSV-F1-11 cells.
This increase in intensity of the 170-, 130-, and 80-kDa bands
in Na;VO,-treated mT- and RSV-transformed cells could be
due to an increase in the tyrosine phosphorylation of these
proteins as well as to tyrosine phosphorylation of other
cellular proteins with similar molecular weights. There were
a number of other immunoreactive proteins found specifi-
cally in lysates from both the F2MT52 and RSV-F1-11 cell
lines following Na; VO, treatment (Fig. 5, lanes 4 and 6). The
profile of phosphotyrosine-containing proteins detected in
Na3VO,-treated F2MTS52 cells resembled that in untreated
RSV-F1-11 cells both quantitatively and qualitatively; auto-
radiographic bands were detected in both mT- and RSV-

MoL. CELL. BioL.

transformed cells representing proteins of approximately
210, 116, 90, 72, and 32 kDa. There were also prominent
immunoreactive proteins of approximately 65, 55, 48, 25,
and 23 kDa observed exclusively in lysates of RSV-
transformed cells.

Other investigators had previously found the majority of
phosphotyrosine-containing proteins in RSV-transformed
cells in the 30-kDa to 68-kDa size range (2, 39). Our results
with the anti-PTYR Ab immunoblot analysis primarily de-
tected larger phosphotyrosine-containing proteins, from 68
up to 210 kDa. These results suggest that the affinity of the
anti-PTYR Abs used in this study may vary for different
phosphotyrosine-containing substrates, as reported previ-
ously (51). Although it appears that the anti-PTYR Ab
immunoblot analysis of Na;VO,-treated F2MTS2 cells does
not detect every phosphotyrosine-containing protein with
equal efficiency, these results corroborate those obtained
from the phosphoamino acid analysis and the examination of
p36 phosphorylation, indicating that there is an increase in
phosphotyrosine-containing proteins in mT-transformed
cells and that the detection of these substrates requires the
use of Na3;VO,, a phosphotyrosine phosphatase inhibitor.

DISCUSSION

In this report we have attempted to determine whether the
activated form of pp60°*“ that is associated with PY mT
causes a detectable increase in phosphotyrosine-containing
cellular proteins following treatment with Na;VOy,, an inhib-
itor of phosphotyrosine phosphatases. We have shown that
there is a marked increase in the level of phosphotyrosine-
containing proteins following Na;VQ, treatment in mT-
transformed cells compared with treated untransformed con-
trol cells. Three lines of evidence support this conclusion:
first, there was an eightfold-higher elevation in the level of
total cellular phosphotyrosine following Na;VO, treatment
in mT-transformed cells than in control cells (Table 1);
second, p36, a known cellular substrate of pp60'~"c, was
significantly phosphorylated on tyrosine in Na;VO,-treated
mT-transformed cells and was not phosphorylated in treated
control cells (Fig. 4A); third, multiple phosphotyrosine-
containing proteins were detected in the anti-PTYR Ab
immunoblot analysis of lysates of Na;VOs-treated mT-
transformed cells, while no proteins were detected in the
absence of Na;VO, treatment (Fig. 5).

The Na;VO,-dependent increase in the abundance of
phosphotyrosine-containing proteins specifically correlated
with the expression of mT and did not appear to represent a
unique response of F2MTS52 cells to Na;VO, treatment.
Na3VO, treatment of an independently selected mT-
transformed F1-11-derived cell line, F3AMTS51, also resulted
in significant increases in the abundance of total cellular
phosphotyrosine and in the level of phosphotyrosine-
containing proteins, similar to those detected in F2MT52
cells (unpublished results). Furthermore, the procedures
involved in transfection and neomycin treatment of the
F2MTS52 cell line did not select for cells that displayed a
similar Na;VO,-dependent increase in the abundance of
phosphotyrosine since FSV-2A2 cells, which carry the mT-
minus pZipNeoSV(X)1 vector and were subjected to the
same selection protocol, responded to Na; VO, treatment in
the same way as the parental F1-11 cell line. In addition, the
evidence that PY infection of primary MEF resulted in
significant phosphorylation of p36 following treatment with
Na;VO, further supports the mT specificity of the Na;VO,-
dependent elevation of phosphotyrosine-containing pro-
teins.
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The increases in the abundance of phosphotyrosine ob-
served following sodium orthovanadate treatment could be
due to either Na;VOy-induced activation of tyrosyl protein
kinases or inhibition of cellular phosphotyrosine-specific
phosphatases or both. Na;VO, treatment of mT-transformed
cells did not appear to stimulate the protein kinase activity of
the mT-associated pp60°*"© molecules, as assayed by the
phosphorylation of the exogenous substrate enolase. Al-
though we cannot rule out the effect of Na; VO, treatment on
other cellular protein-tyrosine kinases, the evidence pre-
sented in this report that Na; VO, treatment of cells causes
an inhibition of phosphotyrosine phosphatases suggests that
this inhibition could be responsible for the increases in the
level of cellular phosphotyrosine by stabilizing tyrosine
phosphorylations that normally turn over rapidly in vivo.

The identification of cellular proteins phosphorylated on
tyrosine is an important step in defining the function of
pp60°~* in transformation by mT. We have been able to
detect the tyrosine phosphorylation of p36 and many other
uncharacterized cellular proteins following Na;VO, treat-
ment. p36 is an abundant protein of the submembranous
cortical cytoskeleton (14, 53) that is able to bind phospho-
lipid, actin, and spectrin in a Ca’>*-dependent manner (25,
26, 31). Recently it has been proposed that p36 is a member
of the family of lipocortinlike molecules that inhibit phos-
phorylase A, activity in vitro (8, 28, 45, 52). Despite this
extensive characterization, the exact role of p36 in cell
function and transformation is still unclear; examination of
the effect of tyrosine phosphorylation on the activities of p36
should prove useful in determining its function. Although the
other phosphotyrosine-containing proteins detected in the
immunoblot analysis from Na3;VO,-treated mT-transformed
cells have not been rigorously characterized, many of these
protein bands displayed electrophoretic mobilities similar to
those of proteins identified in RSV-transformed cells. This
result suggested that the phosphotyrosine-containing sub-
strates detected in mT-transformed cells following Na;VO,
treatment may be a subset of those previously identified in
pp60¥"*-transformed cells. Immunoprecipitation with anti-
PTYR Abs and peptide mapping of the phosphotyrosine-
containing proteins from Na3;VO,-treated mT- and RSV-
transformed cells will allow a more direct comparison of
these putative cellular substrates.

In summary, the results presented in this report show a
strong correlation between the expression of mT and an
increase in the abundance of total cellular phosphotyrosine
following Na; VO, treatment. Recently it has been found that
pp617¢*, the cellular homolog of the transforming protein of
Y-73 sarcoma virus (4), interacts with mT in PY-transformed
cells, in a unique complex analogous to the pp60“*“:mT
complex (S. Kornbluth, M. Sudol, and H. Hanafusa, unpub-
lished results). It is currently not known how many different
cellular protein-tyrosine kinases interact with mT or how
each of these mT-associated protein-tyrosine kinases con-
tributes to the elevation in total cellular phosphotyrosine
reported here. Nevertheless, it is tempting to speculate from
the results presented in this paper that the activation of
tyrosyl protein kinase activity by mT is intimately involved
in the elevation of phosphotyrosine-containing proteins in
Na;VO,-treated mT-transformed cells and that this activa-
tion therefore plays an essential role in mT-induced trans-
formation.

We analyzed the abundance of phosphotyrosine in other
PY- and mT-transformed cell lines following treatment with
Na3;VO,. In all cases, there was an increase in the level of
phosphotyrosine following Na;VO, treatment that was sim-
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ilar to or greater than the increase reported here for F2MT52
cells. However, some of the control and parental cells of
these other mT-transformed cell lines also displayed signif-
icant increases in the abundance of phosphotyrosine. Previ-
ously Klarlund (35) reported that growth of normal rat
kidney cells in the presence of Na;VO, also causes an
elevation in the level of phosphotyrosine and, in addition,
the acquisition of some phenotypes of transformation. Since
little is known about the distribution and activity of cellular
protein-tyrosine kinases and phosphotyrosine phosphatases
in different cell lines, it is difficult to predict the effect of
Na;VO, treatment on the level of total cellular phospho-
tyrosine and the growth properties of cells. Variations in the
abundance of phosphotyrosine-containing proteins following
Na; VO, treatment could reflect differences in the composi-
tion of cellular protein kinases and phosphatases or in the
modulation of the activity of these enzymes by Na;VO,.
These findings stress the importance of the selection of cell
lines for analysis with Na;VOy. The control cell line must
display a relatively small increase in the level of
phosphotyrasine in response to Na;VO, treatment for the
effect of a protein tyrosine kinase on the abundance of
phosphotyrosine to be assessed. The control FSV 2A2 and
parental F1-11 cell lines provided a useful system for analy-
sis of the effect of transformation by mT on tyrosine phos-
phorylation, since they exhibited a comparatively small
increase in phosphotyrosine levels following Na;VO, treat-
ment.

Analysis of the pp60¥-*"*-transformed RSV-F1-11 cell line
following Na;VO, treatment indicated that there was also a
significant increase in the level of total cellular phospho-
tyrosine compared with untreated cells. The anti-PTYR Ab
immunoblot analysis indicated that there was an increase
both in the number of phosphotyrosine-containing proteins
and in the level of phosphorylation of substrates detected in
Na;VO,-treated and untreated cells. Although many
phosphotyrosine-containing proteins have been identified in
RSV-transformed cells in the absence of Na;VO, treatment,
there is no direct genetic or physiological evidence correlat-
ing tyrosine phosphorylation of these substrates with any
phenotypic changes associated with oncogenic transforma-
tion (14, 53). Analysis of a transformation-defective mutant
of pp60¥~" (18. 32) which retains full protein kinase activity
has shown that there was no qualitative difference in the
tyrosine phosphorylation of the eight most prominent sub-
strates previously identified in RSV-transformed cells, al-
though there were minor quantitative differences in the
phosphorylation of some of the substrates (33). It is possible
that the pp60**"“-mediated phosphorylation of many of these
putative substrates represents incidental phosphorylation
events and that the cellular substrates relevant to transfor-
mation have yet to be discovered.

The results presented here raise the question of whether
treatment with sodium orthovanadate can be useful in iden-
tification of the physiologically important cellular substrates
of tyrosine-specific protein kinases. Unfortunately, no sim-
ple conclusion can be drawn from the experiments presented
in this report. If treatment with a protein phosphatase
inhibitor, such as Na3;VQ,, increases the background signal
of phosphotyrosine-containing proteins which are inconse-
quential to transformation, then Na;VO, treatment could
further complicate the search for and identification of the
crucial substrates of tyrosyl protein kinase-induced transfor-
mation. Alternatively, Na;VO, treatment might be useful in
the identification of substrates of protein tyrosine kinases
which have so far escaped detection. Sodium orthovanadate
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inhibition of phosphotyrosine phosphatases could aid in the
detection of rare cellular phosphoproteins or of proteins on
which the tyrosine phosphate turns over rapidly. by allowing
the stabilization and accumulation of phosphotyrosine-
containing cellular proteins in vivo. The experiments pre-
sented here indicate that the use of phosphatase inhibitors
may be the only technique currently available to aid in the
detection of phosphotyrosine-containing substrates involved
in mT transformation. Indeed., while the mechanism of
sodium orthovanadate action and its effects on cell growth
and metabolism in vivo are complex (38. 40). Na:VO, should
prove to be a powerful tool to those searching for cellular
substrales of tyrosvl protein kinases.
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