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A. Abstract

Protein phosphorylation by a tyrosine-spe-
cific kinase is now recognized as a common
event in retrovirus-transformed cells. We
report in this communication that the feline
sarcoma virus (FeSV) encoded transforma-
tion-specific proteins (gag-fes fusion pro-
teins) and their associated protein kinases
are also found in the FeSV in vivo induced
tumor preparations, either in the form of
fresh tumor homogenate or in the form of
cultured cells. With the combined use of
subcellular fractionation and detergent ex-
traction we found that the protein kinase
activity was present in both the membrane
fraction (P100) and the cytosol (S100). The
gag-fes proteins of two different strains of
FeSV were found to associate with the cell
framework to different degrees, suggesting
that the specific conformational presen-
tation of these proteins may be dictated by
the unique portion of each polyprotein.
The same gag-fes transformation related
proteins could be immunoprecipitated with
antiserum to phosphotyrosine.

B. Introduction

Retroviruses that transform cultured fibro-
blasts usually contain an oncogene which is
believed to encode for a protein kinase ac-
tivity [10]. Such oncogenes are highly con-
served across species barriers [4]. As as-
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sayed in cells transformed in vitro, such
putative oncogene products generally have
kinase activity that autophosphorylates
and/or heterophosphorylates specifically at
tyrosine residues [17]. Tyrosine-specific ki-
nase activities have also been found as-
sociated with such diverse proteins as the
middle T antigen of polyoma virus [24] and
the epidermal growth factor-receptor mol-
ecule [30]. Despite the rapidly accumulat-
ing information on the function of this class
of molecule in cultured cells transformed in
vitro by different agents, relatively little at-
tention has been given to the study of such
proteins in tumor cells. In the current study
we examined cells obtained from tumors
induced in vivo with feline sarcoma virus
(FeSV) for such activities. We also evalu-
ated the practicability of using antisera spe-
cific for phosphotyrosine to detect such
proteins.

C. FeSV-Specific Transformation
Proteins

FeSV, a potent tumor-causing agent, in-
duces rapidly proliferating fibrosarcomas
in young kittens. FeSV has been isolated
from numerous naturally occurring cat fi-
brosarcomas [15], but only three isolates
(Snyder-Theilen-ST, = Gardner-Arnstein-
GA, and McDonough-SM) have been stud-
ied in great detail. These three FeSV
isolates share common features in their ge-
nomic structure. As is the case with many
other replication-defective retroviruses, the
FeSV genome consists of a partially deleted
gag gene, and onc gene insert, and a sub-
stantially deleted env gene. Only the gag-
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Table 1. Presence of gag-fes transformation related proteins in preparations derived from feline

tumors
Tumor type No.of  Inoculum Method of detection gag-fes
cats protein

Fibrosarcoma 4 ST-FeSV Immunoprecipitation: pp 85
in vivo **S-methionine or
$2P-orthophosphate labeled short-
term cultured cells

Fibrosarcoma 5 ST-FeSV In vitro protein kinase assay pp85
on fresh tumor homogenate

Fibrosarcoma 6 GA-FeSV Immunoprecipitation; pl10
in vivo *S-methionine labeled
cultured cells

Melanoma 3 GA-FeSV Immunoprecipitation; ppll0
in vivo **S-methionine and
32P_orthosphosphate labeled short-
term cultured cells

Melanoma 5 Unknown, but ~ Immunoprecipitation; -

Fibrosarcoma no FeLV ex- in vivo **S-methionine labeled

Neurofibrosarcoma posure history short-term cultured cells

Osteosarcoma

Chondrosarcoma

onc region has been shown to be tran-
scriptionally active. The onc portion, which
represents the transforming gene of FeSV
[21, 26], was acquired from the cell se-
quence [13]. Recent studies by nucleic acid
hybridization demonstrated that the onc
portion of ST-FeSV and GA-FeSV share
more than 50% homology. This homology,
however, was not found in the specific por-
tion of SM-FeSV [14]. The onc portion of
ST- and GA-FeSV is now designated as fes
while that of SM-FeSV is designated fms,
denoting their distinct cellular origin [9].
The translation product from the gag-fes or
gag-fms is a fusion polyprotein containing
the antigenic moieties of p15, p12 and part
of p27 from the gag protein, and the fes or
fms protein. The sizes of polyproteins as
measured from SDS-PAGE are 85,000 dal-
tons, 110,000 daltons, and 180,000 daltons
for ST-, GA-, and SM-FeSV, respectively
[1].

The gag-fes or gag-fms polyproteins were
detected, using metabolic labeling with **S-
methionine or *2*P-orthophosphate, in cells
transformed or transfected in vitro with
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FeSV. Cells from a broad range of species
that were transformed with ST-FeSV and/
or GA-FeSV, such as mink [29], goat [1],
rat [23], cat [7], and mouse [21], were all
shown to contain the gag-fes polyprotein.
In recent studies we found that the same
gag-fes polyproteins are present in both
fresh tissue homogenate prepared from
FeSV-induced firbosarcomas (Table 1) and
in tumor cells grown for varying periods
of time from a few hours to more than a
year [8]. While fibrosarcomas arise when
FeSV is inoculated subcutaneously or in-
tramuscularly, the intracutaneous inocu-
lation of GA-FeSV causes the preferential
development of melanomas [19]. Although
these tumors arise from different embry-
onic germ layers they express the same gag-
fes polyprotein when induced by the same
virus [7].

Anti-fes serum was generated by repeat-
edly immunizing young adult cats with
their own cells that were biopsied and
transformed in culture with FeSV in a non-
productive manner. After the removal of
those antibodies reactive to the virus struc-



tural proteins by extensive adsorption with
gradient-purified FeLV, the cat anti-fes
serum retained specificity for the “fes” de-
terminants on both P8584 and P11082-fes

[7].

D. Gag-fes Protein Kinase Activity
in Tumor Cells

Gag-fes polyproteins of both p85 and p110
were easily phosphorylated when in vitro
protein kinase assays were carried out with
the respective immunoprecipitates [2, 5,
28]. The gag-fes protein-associated kinase
seems to autophosphorylate the gag-fes
molecules and also to be capable of
phosphorylating the heavy chain of the im-
mune IgG. The gag-fes protein associated
kinase prefers the manganese cation (Mn?**)

to the magnesium cation (Mg?*) and has an
optimal pH for enzymatic reaction of about
7.0 [28]. By phosphoamino acid analysis,
the in vivo phosphorylated gag-fes poly-
proteins contain phosphotyrosine as well as
phosphoserine residues. The phosphoserine
appears to reside in the p12 moiety of the
gag protein [5]. When analyzed by in vitro
phosphorylation, the molecule contains pri-
marily phosphotyrosine.

To determine whether or not the protein
kinase activity was also found in tumor
cells, as opposed to transformed fibroblasts,
we examined preparations from FeSV-in-
duced fibrosarcomas. These preparations
included fresh tumor homogenates, tumor
cells grown for less than 1 day in culture,
and long-term cell lines that were originally
established from FeSV-induced tumors.
Fresh tissue homogenates were examined

anti-FelLVp15
1 2 3 4

ppB5—-

55—
S50-

Fig. 1. The gag-fes polyproteins prepared from fresh cat tumors are phosphorylated in the in vitro
protein kinase assay. ST-FeSV-induced fibrosarcomas in young kittens were examined. The fresh fi-
brosarcoma tissues were minced in cold Hanks balanced salt solution immediately after excision. The
minced tissues were then washed with cold PBS and once with washing buffer containing 0.02 M Tris-
HCI, pH 6.8, 0.137 M NaCl, 0.001 M CaCl,, 99 kallikrein inhibitor unit/ml aprotinin, and 1 mM
phenylmethylsuflonyl fluoride. Subsequently, the minced tumor tissue was resuspended in the wash-
ing buffer supplemented with 1% (v/v) NP40 and 10% glycerol and then subjected to homogenization
in the Sorvall Omnimix at speed 6 for 3 min (on ice). The final homogenate was clarified once at low-
speed centrifugation and then at 100,000 g for 30 min. The clarified lysates were then processed for in
vitro protein kinase assay [24]. Three FeLV-positive fibrosarcomas from two kittens were examined in
this experiment. Lanes 2 and 4 were prepared from two primary fibrosarcomas that occurred on the
site of inoculation. Lane 3 was obtained from a secondary fibrosarcoma or metastatic tumors that ap-
peared at a site distant from the original inoculation. Lane 1 was prepared from cat fibroblasts trans-
formed in vitro with ST-FeSV. Goat anti-FeLV pl5 serum was used to immunoprecipitate the gag-fes
polyproteins. PP85 represents the phosphorylated gag-fes protein encoded by ST-FeSV. Fifty-five de-
picts a phosphorylated protein that comigrates with the IgG heavy chain (superimposed with Coo-
massie blue stained IgG heavy chain). Fifty is another phoshorylated protein. The molecular weight
standards are **C-labeled phosphorylase b (94,000), bovine serum albumin (68,000), and ovalbumin
(46,000)
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from five different tumors induced with
ST-FeSV, and all were positive for the ap-
propriate kinase activity (Fig.1). Three
proteins were found to be phosphorylated:
the P8583&1% the heavy chain of immune
IgG, and a 50,000-dalton protein of un-
known identity.

P858%&-fs is apparently the most pre-
ferred acceptor molecule for this enzymatic
reaction. Phosphorylation of the tyrosine
residue was confirmed by phosphoamino
acid analysis (Fig. 2). Phosphoproteins pre-
pared from this in vitro kinase reaction of-

P-ser» = ' .

. <P -ser
P-thr=
P-tyr-» . ‘ ’ *pP-tyr

f

ten also contain low levels of phospho-
serine, but it is possible that the latter could
be due to a contaminating cellular kinase
present in the immunoprecipitation. Simi-
lar results have been observed by other in-
vestigators [5]. In the phosphorylated pro-
teins recovered from both tumor prep-
arations and in vitro transformed cells, the
tyrosine is always the most intensely la-
beled amino acid. It thus seems apparent
that the gag-fes protein-associated protein
kinase exists in its active form in the ST-
and GA-FeSV induced tumors.

Fig. 2. Phosphoamino acid composition of in vitro labeled phosphoproteins. Phosphoproteins ob-
tained by the in vitro protein kinase assay were electroeluted and hdrolyzed in 6 N HCI for 2 h at
110 °C according to Beemon et al. [3]. Phosphoamino acids were separated by one dimensional paper
electrophoresis in pyridine-acetic acid (0.5:5, at pH 3.5) at 2000 V for 2 h. Markers for phosphoserine
(p-ser), phosphothreonine (p-thr), and phosphotyrosine (p-tyr) were located by ninhydrin staining.
The phosphoproteins analyzed, and approximate radioactive cpm were: 1, pp85 from a primary cul-
ture of an ST-FeSV induced fibrosarcoma, 4800; 2, pp110 from GA-FeSV transformed fibroblasts,
6700; 3, pp110 from a cultured GA-FeSV induced melanoma, 2020; 4, IgG heavy chain from a GA-
FeSV induced melanoma, 1300; 5, IgG heavy chain from a primary culture of a ST-FeSV induced
fibrosarcoma, 1090; 6, ppS0 from the same culture as in / and 5, 410
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E. Cellular Localization of the
Tyrosine Kinase Activity

Studies with transformation-defective (1d)
mutants of several transforming re-
troviruses showed that the ability of such
viruses to transform cells was closely cor-

GA-mink

related with the presence of tyrosine-spe-
cific protein kinase activity [5, 20, 27].
However, the subcellular localization or
cellular compartmentalization of this en-
zyme activity has not been conlusively es-
tablished. To address this issue with cells
containing the gag-fes protein kinase two

GA-cat tumor

S100 NP

NP 5100

WCL P100

Fig. 3. Subcellular localization of gag-fes polyproteins from GA-FeSV induced cat tumor cells and in
vitro transformed cells. The protocol for cell fractionation was modified from Hay [16] and Court-
neidge et al. [12]. Briefly, cells were collected by scraping into cold PBS and spun at 1000 g for 5 min.
Washed cells were resuspended in 5 mM KC1, 1 mM MgCl,, and 20 mM Hepes, at pH 7.0 for 40 min
on ice. Cells treated with the hypotonic buffer were homogenized with 20—50 strokes in a tight-fitting
Dounce homogenizer, which resulted in more than 90% disruption of cells without apparent damage
to the nuclei as examined under the phase-contrast microscope. The clear supernatant was obtained
by repeated low-speed centrifugation to remove nuclei and partially broken cells. The clear super-
natant was spun at 100,000 g for 45 min to separate the supernatant (S100) and pellet (P100). S100
represents the cytosol fraction while P100 is the crude membrane fraction. The nuclear pellet was
washed once with 20 mM KC1, 20 mM NaCl, 0.1 mM EDTA, and 20 mM PIPES at pH 6.8, re-
suspended in 20 ml of 60% (w/w) sucrose in the above washing buffer, overlaid on a 10-ml 60% su-
crose cushion and spun at 50,000 g for 60 min. The final pellet (NP) is 9% composed of nuclei and is
free of visible contamination with membranes or broken cells as checked in the phase-contrast micro-
scope. WCL is whole cell lysate extracted with NP40-containing lysing buffer. All the fractions were
processed by the in vitro protein kinase assay. Goat anti-FeSV p15 serum was used throughout the
whole experiment. G4 mink, GA-FeSV transformed mink cells; GA-cat tumor, GA-FeSV induced cat
melanoma cells
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Fig. 4A. Immunoprecipitation of phosphorylated gag-fes polyproteins from the soluble fraction and
the cytoskeletal fraction. Cells were labeled with 200 uCi/ml of *?P-orthophosphate in phosphate-free
Dulbecco-MEM supplemented with 10% dialyzed fetal calf serum for 2 h. The monolayers were then
washed four times with cold PBS and twice with cell framework washing buffer containing 0.01 M
PIPES, pH6.8, 0.1 M KCl, 0.3 M sucrose, 0.0025 M MgCl,, and 0.001 M CaCl,. Subsequently,
monolayers were treated with washing buffer containing 1% Triton X-100 at 4°C for 1 min. The
supernatant was collected as the Triton-soluble fraction (lane B). The remaining monolayer was
washed twice with washing buffer and immediately lysed with NP40-containing lysing buffer (0.02 M
Tris-HCl, pH 6.8, 0.137 M NacCl, 0.001 M MgCl,, 0.001 M CaCl,, 10% glycerol, and 1% NP40). The
lysate was collected as the Triton-insoluble fraction (lane C). As a positive control, whole cell lysate
prepared from NP40 extraction was also included (lane A). All the lysate preparations were clarified
at 100,000 g for 20 min and were preclarified with normal serum before immunoprecipitation with
goat anti-FeLV p15 (5 pl) or guinea pig antiphosphotyrosine serum (2 ul). The cells examined were
ST-FeSV transformed mink cells (S7-mink), GA-FeSV transformed mink cells (GA-mink) and GA-
FeSV induced cat melanoma cells (GA-cat tumor). Pp110 is a phosphorylated gag-fes polyprotein en-
coded by GA-FeSV, pp85 is gag-fes encoded by ST-FeSV, and Pr60 represents the phosphorylated
precursor molecule of gag. The molecular weight markers are labeled on the right

approaches were used: subcellular fraction-
ation and the in situ labeling of cells from
the exterior.

Cells were fractionated into a soluble
fraction (S100), a crude membrane fraction
(P100), and a nuclear pellet (NP) according
to Hay etal. [16] and Courtneidge et al.
[12]. In vitro protein kinase activity was de-
tected in both the soluble fraction and the
membrane fraction of both transformed fi-
broblasts and the tumor cells (Fig. 3). A
nonionic detergent, Triton X-100, when us-
ed at low concentrations (0.5%—1%), ex-
tracts approximately 80% of the total cell
proteins, leaving 20% with the cytoskeleton
[6]. This detergent appeared to disrupt the
plasma membrane and release the cell con-
tents without rearranging the Triton cy-
toskeleton.
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As shown in Fig. 4 A, more than 80% of
the in vivo labeled pp85 was extracted in
the Triton-soluble fraction (lane B) while
less than one-fifth was tightly associated
with the Triton cytoskeleton (the insoluble
fraction — lane C) in ST-FeSV transformed
mink cells. In contrast, equal amounts of
ppl10 from the GA-FeSV induced tumor
cells and the GA-FeSV transformed cells
were found in Triton-soluble and insoluble
fractions. The profile of in vitro kinase ac-
tivity correspond to the concentration of
phosphorylated gag-fes proteins found in
each fraction. For example, the Triton-sol-
uble fraction of ST-mink cells contained
most of the in vivo phosphorylated pp85
(lane B of Fig. 4 A) as well as the majority
of the protein kinase activity (lane A of
Fig. 4B). An analogous pattern was found
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Fig. 4B. Phosphorylation of gag-fes polyproteins in situ compared with phosphorylation in the solu-
ble fraction. Cells were grown to a density of 3 X 10° cells per 6.0-cm tissue culture dish, and washed
as described in the legend of Fig. 4A. The cells were either treated with Triton X-100 (1%) in washing
buffer for 1 min or untreated. The supernatant from Triton X-100 treated cells was saved as the Tri-
ton-soluble fraction (lane A) for the in vitro protein kinase assay. Both Triton-pretreated (lane B) and
untreated (lane C) culture dishes were incubated with 250 uCi y-3?P-ATP (ICN, Irving, CA) and
2X107° M ATP in the cell framework washing buffer at room temperature for 15 min. The cell
monolayers were then carefully washed with cold PBS washing buffer and finally were lysed in 0.5 ml
of NP40-lysing buffer. Five microliters of goat anti-FeLV p15 serum was used in the immunoprecipi-
tation. The results obtained with ST-FeSV transformed mink cells (S7T-mink) and GA-FeSV induced
melanoma cells (GA-cat tumor) are presented. The nonspecific reactivity of the ST-mink cell prep-
aration of goat serum is indicated by dots (..). Pp/10 and pp85 are the phosphorylated gag-fes poly-

proteins of GA-FeSV and ST-FeSV, respectively

for GA-FeSYV transformed cells as observed
in both in vivo and in vitro assays (compare
Fig. 4A and 4B).

Attempts to label the cellular protein
with exogenously supplied y-*?P-ATP from
the cell exterior were unsuccessful (lane C
of Fig. 4B), suggesting that the active site
of this kinase is not exposed to the exterior
of cells and that the plasma membrane is
not permeable to y-32P-ATP. Treatment of
the cells for 1 min with Triton X-100 allows
the entry of y-3?P-ATP to encounter those
cytoskeleton-associated proteins and to al-
low the active transfer of phosphorus to the
substrate, P110g28-fes (lane B of GA tumor
in Fig. 4 B). Such activity was not detected
in ST-FeSV transformed cells, since more

than 80% of the pp85 was extracted with
Triton X-100 in the soluble fraction (lane B
of ST mink in Fig. 4 B).

Our results indicate that the gag-fes poly-
proteins are found in both cytosol and
membrane fractions and are linked to the
cell framework. It seems likely that there
are two pools of gag-fes proteins: one mem-
brane-bound, and the other cytoskeleton
associated and subsequently fractionated in
the cytosol (S100). Alternatively, it seems
possible that the gag-fes polyprotein might
be anchored partly in the cytoplasmic side
of the plasma membrane and partly with
the cytoskeleton. Our current evidence,
however, cannot distinguish between these
two possibilities.
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F. Detection of Transformation
Proteins Using Antisera to
Phosphotyrosine

As mentioned earlier, phosphorylation at
tyrosine residues appears associated pri-
marily with transformation-related pro-
teins. Some phosphotyrosine-containing
proteins represent the autophosphorylated
enzyme molecule itself, while others rep-
resent an independent substrate species |3,
11, 18]. Because of the unusual transform-
ation-associated nature of the phosphotyro-
sine reaction and the relative conservation
of the retrovirus-encoded genes which me-
diate this activity, we reasoned that an anti-
serum directed specifically to phosphotyro-
sine might be a useful tool for the detection
of other proteins of this same class. in a
previous attempt of this type, Ross etal.
[22] used an antiserum to azobenzyl
phosphonate to detect the ppl20 of cells
transformed by the Abelson murine leu-
kemia virus and also a previously un-
described protein designated pp110 which
was found in mouse fibroblasts tranformed
with the Schmidt-Ruppin strain of Rous
sarcoma virus.

We used antiserum made against
phosphotyrosine coupled to bovine gamma
globulin by means of the carbodiimide
method (a generous gift from Drs. Schaff-
hausen and Benjamin, Harvard Medical
School). the antiphosphotyrosine serum
specifically interacts with the in vivo 32P-
labeled pp8582fes and ppl10&6Tes of
FeSV as well as with the middle T antigen
of polyoma virus (Schaffhausen and Ben-
jamin, personal communication). A speci-
ficity control for this serum is shown in
Fig.4A. Antiphosphotyrosine-containing
serum recognized only the pp11082&T but
not the phosphoserine-containing precur-
sor molecule of the gag protein (Pr60). The
antiphosphotyrosine  also immunopre-
cipitated several other proteins at molecu-
lar weights of approximately 50,000 daltons
and 140,000 daltons (data not shown). Our
preliminary results demonstrated the po-
tential of this specific antiserum. Sub-
sequent applications may facilitate the
identification of phosphoproteins in the
context of either distinct substrate(s) for
transforming proteins or kinase molecules
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themselves which have autophosphorylat-
ing potential.
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