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GTPase-activating protein (GAP), a protein capable of regulating the activity of p21/aS
Erotein, is phosphorylated on tyrosine residues following the activation of tyrosine
inase(s) associated with several growth factor receptors. The present study was
designed to examine potential role of phosphotyrosine phosphatase in tyrosne
hosphorylation of GAP. Addition of orthovanadate, a phosphate analogue known to
inhibit phosphotyrosine phosphatase, to cultured liver macrophages induced tyrosine
ghosphorylation of numerous cellular proteins with a range of molecular weights
otween 30-130 kDa; one tyrosine-phosphorylated protein was identified as the 120
kDa GAP. The effect of orthovanadate on the tyrosine phosphorylation of GAP was
time- and concentration-dependent. Quantitated data indicated that approximately 4% of
the total content of cellular GAP was tyrosine-phosphorylated upon orthovanadate
treatment. These observations suggest a potential regulatory role of phosphotyrosine
phosphatase in the tyrosine phosphorylation of GTPase-activating protein in cellular
signaling mechanisms in the hepatic macrophages. 1993 acadenic press, Inc.

It is well established that the low molecular weight GTP-binding proteins encoded
by ras proto-oncogenes (e.g., p21/8S) play an important role in growth factor-stimulated
cell proliferation (1,2). The biological activity of the p21/8S protein relies upon its ability
to maintain an active, GTP-bound form rather than an inactive GDP-bound state {3-5).
The intrinsic GTPase activity of the p21/@S protein is low but can be enhanced by a 120
kDa GTPase-activating protein (GAP) which directly interacts with the cellular p21/3S
protein (3,6). Numerous lines of evidence have indicated that GAP plays an important
role in growth factor signaling mechanisms (6). GAP is tyrosine-phosphorylated upon
activation of receptor tyrosine kinase and becomes physically associated with such
growth factor receptors (7-9). It has been speculated that tyrosine phosphorylaiton of
GAP leads to its functional alteration and which ultimately causes activation of p21as
(10,11).

" To whom correspondence should be addressed.

Abbreviations used: GAP, GTPase-activating protein; P-Tyr, phosphotyrosine; SDS,
sodium dodecyl sulfate.
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Pulse experiments have suggested that the turnover of the phosphate in
phosphotyrosine is rapid (12,13). It is possible that a dynamic balance exists between
phosphorylation (by tyrosine kinase) and dephosphorylation (by phosphotyrosine
phosphatase) reactions. It is probably this type of dynamic balance that determines the
phosphorylaion status and ultimate functional utility of a signaling molecule. Therefore, it
is logical to examine whether the tyrosine phosphorylation status of GAP is regulated by
phosphatase that removes phosphate from phosphotyrosine.

Vanadate, an oxidized form of vanadium, has a wide range of biological and
biochemical effects. Vanadate is widely distributed, in fact, all cells examined contain
vanadium compounds [14]. Most of biological effects of vanadate are due to its
properties as a phosphate analogue capable of inhibiting enzymes involved in
phosphate transfer and release reactions. For example, vanadate has been shown to
inhibit ATP-dependent ion pumps such as Na*/K*-ATPase (14,15). Vanadate-induced
inhibition of phosphotyrosine phosphatase (16-18) leads to an accumulation of
phosphotyrosine in various cellular proteins including the B-subunit of the insulin
receptor and insulin-like growth factor receptor (19,20). Also, vanadate induces cellular
transformation (21). In the present study, the effect of vanadate on tyrosine
phosphorylation of GAP has been characterized in rat Kupffer cells.

MATERIALS AND METHODS

Isolation and Culture of Rat Kupffer Cells - Rat Kupffer cells were isolated by
centrifugal-elutriation and cultured as described previously (22,23). The viability of the
Kupffer cell preparation was greater than 95% as determined by trypan blue exclusion.
The purity of the culltured Kupffer cells is between 90-95% based on the assay of
peroxidase activity.

Subcellular Fractionation - Cultured cells were suspended in 3 ml ice-cold
hypotonic lysis butfer (24), collected into a homogenizer tube with a tight-fitting pestie,
and lysed with 60 strokes of the homogenizer. After centrifugation at 1000 g for 5 min,
the supernatant fraction was ultracentrifuged at 100,000 g for 50 min. The cytosolic
supernatant fraction (S-100) was collected and concentrated to 1 mi by ultrafiltration
using a Centricon-30 concentrator. The resultant pellet was resuspended and
solubilized in 1 ml Nonidet P-40 lysis buffer (7). Under these conditions, cell protein
concentrations in P-100 and S-100 were approximately the same. Samples (50 pl) of
each fraction were used for anti-GAP immunoblot analyses. The remainder of the
lysates were collected and incubated with anti P-Tyr antibody followed by
immunoblotting with anti-GAP antibody.

Immunoprecipitation - Cultured cells were lysed with 1 m! ice-cold Nonidet P-40
lysis bufter. The cell lysate was then transferred to an Eppendorif tube and rocked on a
platform at 4 OC for another 20 min. The lysate was centrifuged at 10,000 X g for 10 min
at 4 9C. The supernatant (or the subcellular fractions described above) was used for
subsequent immunoprecipitation assays. Immunoprecipitation was performed by
incubating 1 ml of the supernatant or 950 pl of the subcellular fractions (S-100 and P-
100) with 30 pl of agarose-monoclonal anti P-Tyr antibody for 3-4 h at 4 °C. The
immune complex was washed 3 times with 1 ml NP-40 lysis buffer and once with 1 ml of
10 mM Tris-HCI, pH 7.4. Finally, the immune complex was lysed in 40 ul NP-40 lysis
buffer and 40 ul SDS sample buffer (2X) (0.125 M Tris-HCI, pH 6.8, 4% SDS, 20%
glycerol, and 10% mercaptosthanol). The mixture was heated at 95 °C for 5 min before
being subjected to SDS polyacrylamide gel electrophoresis.

Immunoblotting - Immunoblotting experiments were performed as described
previously (24).
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RESULTS

Cultured Kupffer cells were either left untreated or treated with 10 mM vanadate
for 30 min followed by immunobiloting with anti P-Tyr antibody. As shown in Fig.1, left
panel, vanadate treatment resulted in tyrosine phosphorylation of numerous cellular
proteins with molecular masses ranging between 30 and 130 kDa. In order to
determine whether GAP was phosphorylated on tyrosine residues in response to
vanadate, cell lysates were incubated with anti P-Tyr antibody to immunoprecipitate
tyrosine-phosphorylated proteins. The precipitated proteins were resolved in SDS
polyacrylamide gels and probed with anti-GAP antibody. As indicated in Fig.1, right
panel, a significant amount of GAP was recovered from the immunoprecipitates
prepared from the vanadate-treated cells but not from the control cells. The 58 kDa
protein bands are IgG heavy chains. The vanadate-induced tyrosine phosphorylation of
GAP was time- and concentration-dependent. Compared with tyrosine phosphorylation
of GAP induced by other agonists such as platelet-derived growth factor [7] and platelet-
activating factor!, the vanadate-induced phosphorylation of GAP was relatively slow,
the stimulatory eftect of vanadate (5 mM) was observed after 20 min of incubation
reaching a maximal level within 30 min (Fig.2). A significant increase in tyrosine
phosphorylation of GAP was observed when the concentration of vanadate exceeded 1
mM following a 30 minute-incubation (Fig.3). However, a much lower concentration
(e.g., 5-30 uM) of vanadate was capable of inducing tyrosine phosphorylation of GAP
when the incubation period was prolonged to 24 h (data not shown).

To determine the subcellular localization of cellular GAP as well as the tyrosine
phosphorylated GAP, cells were lysed with hypotonic buffer without detegent and the
subcellular fractions (membrane and cytosol fractions) were prepared. As indicated in
Fig.4, lanes 1-4, nearly all of the cellular GAP was associated with the cytosolic fraction
(8-100). However, when the amount of sample applied to each gel lane was increased,
it was apparent that approximately ~ 15% of the cellular GAP was located in the
membrane fraction (data not shown). Vanatate seemed to have no significant effect on
the subcellular distribution of GAP. In contrast to the predominant cytosolic location of
cellular GAP, the tyrosine phosphorylated GAP in vanadate-treated cells was equally
distributed in the cytosolic and membrane fractions (Fig.4, /anes 7 and 8). By comparing
the relative signal intensity of anti-GAP immunoblots of precipitates recovered from anti
P-Tyr immunoprecipitation versus total cellular lysate, it was estimated that
approximately 4% of cellular GAP was tyrosine-phosphorylated upon vanadate
treatment {Fig.4).

DISCUSSION

Recent studies have suggested that GTPase-activating protein plays an important role
in signaling mechanisms induced by growth factors (6-8,11) and T-lymphocyte

1 Chao, W., Liu, H., and Olson, M.S. Manuscript submitted.
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Figure 1.  Tyrosine phosphorylation of GAP in vanadate-treated cells. Left panel,
mmunoblots of whole cell lysate using anti P-Tyr antibody; Right panel, Immunoblots of
anti-P-Tyr-recovered precipitates using anti-GAP antibody. The numbers on the left side
of the autoradiogram indicate the molecular weight of standard proteins in kDa.

Figure 2. Time course of GAP tyrosine phosphorylation in vanadate-treated cells. Cells

were incubated with § mM sodium orthovanadate for the indicated time intervals. The

cell lysates were immunoprecipitated using anti- P-Tyr antibody foliowed by

immunoblotting with anti-GAP antibody as described in "Materials and Methods". The

blots were quantitated using a computer imaging system. The results are presented in

grbjtra(;y units. The inset contains the autoradiogram from which the graphics were
arived.
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Figure 3. Concentration dependence of vanadate-stimulated tyrosine phosphoryiation
of GAP. Cells were incubated with various concentrations of vanadate for 30 min
followed by cell lysis and anti-P-Tyr immunoprecipitation. The precipitates were resolved
in SDS polyacrylamide gels, transferred to membranes, and probed with anti-GAP
antibody. Autoradiograms were analyzed and expressed in arbitrary units. /nset. the
autoradiogram from which the graphics were derived.
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Figure 4. Subcellular localization of GAP in control and vanadate-treated celis. Cells
were lysed and subcellular fractions [membrane (P-100) and cytoso! (S-100) fractions
were prepared. Left panel, 50 pl fractions were pipetted and resolved using SD

polyacrylamide gels, transferred to membranes, and probed with anti-GAP antibody.
Right panel, 950 pl fractions were incubated with anti P-Tyr to immunoprecipitate
tyrosine-phosphorylated proteins foliowed by immunabiotting with anti-GAP.

activation (10). In response to growth factors, GAP is phosphorylated on tyrosine
residues following the activation of the respective receptor-associated tyrosine kinase(s)
and becomes physically associated with the receptors (7,8). The present study was
designed to examine potential role of phosphotyrosine phosphatase in tyrosine
phosphorylation of GAP. Vanadate has been shown to inhibit specifically
phosphatase(s) acting on phosphotyrosine both in intact cells and in cell-free systems
(17,21). The finding that vanadate induces tyrosine phosphorylation of GAP in a time-
and concentration-dependent fashion suggests an involvement of a phosphotyrosine
phosphatase in this event. This observation may indicate the existence of another
mechanism for tyrosine phosphorylation of GAP since all previous studies have
indicated that GAP is tyrosine-phosphorylated by activation of receptor-associated
tyrosine kinases. it seems both likely and logical that the tyrosine phosphorylation status
of GAP is balanced by phosphorylation and dephosphorylation. It is equally important to
identify such phosphotyrosine phosphatase involved in receptor-mediated signal
transduction mechanism(s).

It may be appropriate to speculate as to the significance of vanadate-induced tyrosine
phosphorylation of GAP. In intact NRK-1 cells, vanadate was shown to stimulate
tyrosine phosphorylation of several proteins and to induce a cellular transformation (21).
Although the exact mechanism for the transformation is not clear, it was suggested that
the vanadate-stimulated protein tyosine phosphorylation was causative in the cellular
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transformation (21). Whether a relationship exists between cellular transformation and
the tyrosine phosphorylation of GAP is not known. However, the potential role of GAP in
cellular transformation has been suggested by the observation that in celis
overexpressing GAP, the cellular transformation induced by pp60S/C is supressed (25).
The inhibitory effect of GAP is probably a function of its negative regulatory action on
endogenous ras activity. For this reason it would be most interesting to determine
whether tyrosine phosphorylation of GAP has any effect on the GAP function and
p217aS activity and ultimately on the cellular transformation.
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