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The Harvey murine sarcoma virus has been cloned and induces focus formation on NIH 3T3 celis.
Recombinants of this virus have been constructed which include the thymidine kinase gene of herpes simplex
virus type 1 in a downstream linkage with the p21 ras gene of Harvey murine sarcoma virus. Harvey murine
sarcoma rtk virus rescued from cells transfected with this construct is both thymidine kinase positive and focus
inducing in in vitro transmission studies. The hypoxanthine-aminopterin-thymidine selectability of the
thymidine kinase gene carried by this virus has been exploited to develop three mutants defective in the p21 ras
sequence. All three are focus negative and thymidine kinase positive when transmitted to suitable cells. Of
these, only one encodes a p22 that is immunologically related to p21. This mutant has been used to explore the
relationship between the known characteristics of p21 and cellular transformation. Data presented herein
indicate that the p21 of Harvey murine sarcoma virus consists of at least two domains, one which specifies the
guanine nucleotide-binding activity of p21 and the other which is involved in p21-membrane association in

transformed cells.

That the 21,000-molecular-weight (M.W.) p21 protein of
Harvey murine sarcoma virus (HaMSYV) is associated with
cellular transformation has been known for some time (7, 19,
42); together with other ras-encoded proteins it has been
implicated in the ontogeny of bladder, lung, and colon
cancer as well as in neuroblastoma (11, 26, 29, 44, 45).
Furthermore, activation of the normal cellular ras homolog
by bringing it under the control of the HaMSV viral promo-
tor results in cellular transformation in transfection studies
(5, 10). It has been suggested that the transformation phe-
nomenon is a result either of increased expression of ras
gene products (5, 6, 10, 14, 35, 46) or of conformational
changes induced by the alteration of a single amino acid in
the transforming gene product due to a point mutation within
the encoding DNA sequence (12, 27, 48, 49, 51, 53).

Attempts at developing HaMSV mutants with which to
explore the transformation of cells as mediated by the
expression of the 21,000-dalton viral protein (p21) have been
limited. The difficulty encountered in looking for this type of
mutant has been that there was no easy way to monitor for
the presence of inactive HaMSV genes or genes exhibiting
low levels of expression in this system; as HaMSV possesses
no characteristic features other than the expression of p21,
loss or alteration of p21 expression has therefore meant loss
of viral identity in infected cells.

Wei et al. (52) reported the construction of a derivative of
HaMSV which incorporates a functional thymidine kinase
gene from herpes simplex virus type 1 in a downstream
linkage with the transforming or p2l-encoding region of
HaMSV; this derivative is HaMSVtkS5. In this paper we
report both the use of the HaMSVtk virus to develop
transformation-defective mutants in the ras gene with 5-
bromodeoxyuridine and the nature of the resultant muta-
tions.

* Corresponding author.
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MATERIALS AND METHODS

Cells and viruses. Fibroblasts were grown in Dulbecco-
Vogt modified Eagle minimal essential medium containing 10
U of penicillin per ml and 100 pg of streptomycin per ml
(DMEM) and 10% fetal calf serum. Transformed cells were
grown initially in DMEM-Ham F12 (1:1)-7.5% horse serum.
All cells were grown in incubators maintained at 37°C and
10% CO,. Cells containing the viral thymidine kinase gene
were grown in hypoxanthine-aminopterin-thymidine (HAT)
medium (DMEM-10% fetal calf serum supplemented with
1073 M hypoxanthine, 4 x 10~7 M aminopterin, and 1.6 X
1073 M thymidine [47]).

The following cells were used in this study: NIH 3T3, a
highly contact-inhibited fibroblast line derived from NIH
Swiss mouse embryo cultures (22); NIH 3T3 (TK"), a
thymidine kinase-deficient clonal NIH 3T3 cell line obtained
from Robert Goldberg, Merck Sharp & Dohme Research
Laboratories, West Point, Pa.; B21, a second contact-inhib-
ited thymidine kinase-deficient cell line derived from BALB/c
embryo cultures (20); and 543 C19, a subclone of the original
NIH 3T3 cell line nonproductively transformed by HaMSVtk
(52).

Viruses used were 21-1S, an ecotropic Moloney murine
leukemia virus provided by Char-mer Wei, formerly of the
National Cancer Institute, Bethesda, Md.; 543 C19 21-1S, a
subclone of the original HaMSVtk virus derived by superin-
fection of 543 C19 cells and rescue of HaMSVtk from these
cells with 21-1S; FMuLV 543 C19, HaMSVtk rescued by the
Friend strain of murine leukemia virus (50); and FMuLV
Ha821, HaMSV rescued by the Friend strain of murine
leukemia virus (40). Titers of transforming virus were deter-
mined by the focus formation assay on freshly infected NIH
3T3 cells as described by Jainchill et al. (22). Leukemia virus
titers were determined by the XC plaque test reported by
Rowe et al. (28).

Viral mutagenesis. NIH 3T3 cells seeded in DMEM-10%
fetal calf serum plus 5 pg of polybrene were infected with the
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543 C19 21-1S virus at a multiplicity of 0.1. Included in the
medium for viral infection were various concentrations of
S-bromodeoxyuridine (0, 10, 20, 50, 100, and 200 pg/ml).
After 72 h, all plates were exposed to white light for 1 h
before the medium was replaced with fresh DMEM-10%
fetal calf serum. Viral harvests were made at 24 and 48 h and
stored at —70°C until they were used (37).

Selection for viral mutants. NIH 3T3 (TK—-) cells were
infected with potentially mutagenized 543 C19 21-1S viral
stocks at log-scale dilutions (10! through 10™%). After 24 h,
infected cells were fed with HAT selective medium (47).
Conditions were chosen that would give rise to 10 thymidine
kinase CFU/60-mm plate. Mutagenized viral clones were
isolated by using the following conditions: (i) adsorption of
potentially mutagenized virus onto B21 cells was allowed for
1 h at 37°C; (ii) cultures were fed with DMEM-10% fetal calf
serum; (iii) 24 h later, infected cells were treated with 0.1%
trypsin-1 mM EDTA for 10 min at 37°C and plated in 96-well
microtiter plates; (iv) single cells were grown up in
DMEM-10% fetal calf serum; and (v) clonal selection was
then based on flat morphology and continued growth when
transferred into HAT medium.

Cell labeling and lysate immunoprecipitation. Cell lines for
labeling were grown to approximately 80% confluency in
either HAT medium or DMEM-10% fetal calf serum. Label-
ing conditions with L-[**S]methionine or 3?P; have been
described elsewhere (43). The labeling medium was re-
moved, and the cells were washed twice with cold phos-
phate-buffered saline. Lysis was carried out in situ with 1 ml
of BW buffer without sodium dodecyl sulfate (SDS) (1%
Triton X-100, 0.5% deoxycholate, 0.01 M sodium phosphate
[pH 8.0], 0.1 M NaCl, 1 mM EDTA). Lysates were centri-
fuged at 4°C for 30 min at 100,000 X g. The supernatant was
recovered and incubated with 250 ul of coated Staph A
(16)-15 pl of normal rat serum at 4°C. After 2 to 4 h, the
mixture was centrifuged at 10,000 X g for 10 min at 4°C.
Trichloroacetic acid-precipitable counts were determined on
a sample of the supernatant, and the remainder was stored at
—20°C. This procedure has been described with minor
modifications by Shih et al. (42). Radiolabeling with
[9,103H(N)]palmitic acid was performed for a minimum of
15 h in accordance with Sefton et al. (38).

The immunoprecipitation protocol was modified from that
of Furth et al. (16). Monoclonal antibody (10 wl) made to
HaMSV p21 (YA6-238 or Y13-172) was mixed with 5 x 106
to 20 x 10° trichloroacetic acid-precipitable cpm of labeled
cell lysate in a 1.5-ml Eppendorf microfuge tube and ad-
justed to 300 pl with BW buffer without SDS. The reaction
mixture was incubated for 2 h at 4°C. The addition of 50 wl
of coated Staph A was followed by an additional 1 h of
incubation at 4°C. The reaction mixture was centrifuged at
10,000 rpm for 1 min in an Eppendorf 5413 microfuge to
collect the immune complex. The resultant Staph A pellet
was suspended, washed five times with 1.0 ml of cold BW
buffer, and centrifuged. After the final wash, pellets were
suspended in 25 ul of SDS sample buffer (100 mM Tris-hy-
drochloride [pH 6.8], 2% SDS, 2% 2-mercaptoethanol, 40%
glycerol, 0.004% bromphenol blue), boiled for 3 min, and
centrifuged for 5 min to remove dissociated Staph A. Dis-
continuous slab gel electrophoresis of proteins was carried
out by the method of Laemmli (23) with 12% SDS-
polyacrylamide separating gels. Gels were fixed in 10%
acetic acid-25% 2-propanol overnight at room temperature.
Gels containing proteins labeled with L-[**S]methionine were
soaked twice in dimethyl sulfoxide for 30 min each. Gels
then were impregnated with 2,5-diphenyloxazole by soaking
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in a solution of 22% 2,5-diphenyloxazole in dimethy! sulf-
oxide for 2 h at 37°C. Finally the gels were washed in cold
water for 1 h and dried. Gels containing 3?P-labeled protein
were simply fixed and dried. Dried gels then were autoradio-
graphed (1).

Protein size designations were made in reference to the
mobilities of “C-labeled protein standards (Bethesda Re-
search Laboratories, Rockville, Md.).

Subcellular localization of viral gene products. Subcellular
fractionation of infected and uninfected cells was performed
essentially by the method of Courtneidge et al. (9). Labeled
and unlabeled cell extracts were treated identically. Cells
were scraped into phosphate-buffered saline and washed.
Packed cells were suspended in 10 volumes of 0.01 M
Tris-hydrochloride (pH 8.0)-0.1 mM dithiothreitol. They
were disrupted with 20 strokes with a Wheaton overhead
stirrer to propel a Dounce homogenizer. The nuclear frac-
tion was removed by centrifugation at 600 X g for 15 min at
4°C, and the supernatant was centrifuged at 100,000 X g for
30 min at 4°C. Recovered supernatant or S100 was adjusted
to 1.0% Triton X-100. The pellet or P100 fraction was
suspended in 0.01 M Tris-hydrochloride (pH 8.0)-0.1 mM
dithiothreitol-1% Triton X-100 and disrupted by passage
three times through a 22.5-gauge needle. Particulate matter
was removed by centrifugation for 10 min at 10,000 X g.
Extracts then were concentrated and purified by precipita-
tion with an equal volume of saturated ammonium sulfate at
4°C. The precipitate was centrifuged at 100,000 X g for 30
min at 4°C. The precipitate (found on the walls of the
centrifugation tubes) was suspended in 0.01 M Tris-hydro-
chloride (pH 7.5)-0.1% Triton X-100 and dialyzed exten-
sively against 0.01 M Tris-hydrochloride (pH 7.5).

Enzymatic analysis of protein products. The tryptic peptide
mapping procedure described by Shih et al. was followed
precisely (40). Samples for Staphylococcus aureus V8 cleav-
age were excised from gels and digested with 1 or 5 ug of S.
aureus V8 protease (Miles Laboratories, Inc., Elkhart, Ind.)
at 25°C for 90 min. Products of enzymatic cleavage were
analyzed on 15% SDS-polyacrylamide gels and autoradio-
graphed (8, 40).

Phosphoamino acid analysis. Phosphate-labeled protein
electrophoresed on SDS-polyacrylamide gels was eluted
from unfixed gels as described previously (40). Eluted pro-
tein was hydrolyzed at 110°C for 3 h in 6 N HCI. Samples
were lyophilized twice and suspended for the first dimension
in 5 pl of the electrophoresis buffer (glacial acetic acid:formic
acid:water, 78:25:897). Unlabeled internal markers included
in this mixture (phosphothreonine, phosphoserine, and
phosphotyrosine) were supplied by Thomas Shih, National
Cancer Institute. Samples were spotted on Schleicher &
Schuell G 1440 thin-layer chromatography plates and elec-
trophoresed at 950 V for 90 min. Ascending chromatogra-
phy, the second dimension, was carried out in 0.5 M
ammonium hydroxide—isobutyric acid (3:5, vol/vol). The
32p_phosphoamino acids were visualized by autoradiogra-
phy, and the internal markers were visualized by ninhydrin
staining (13).

Guanine nucleotide-binding assay for protein activity. Sam-
ples of p21 and related proteins were purified by subcellular
fractionation as described above. The protein concentra-
tions were determined by the method of Lowry et al. (24).
Up to 1,600 pg of protein was mixed with 5 x 107® M
[8-*HIGDP in 0.6 ml of GDP binding buffer (1% Triton
X-100, 0.1 M NacCl, 0.005 M MgCl,, 0.05 M Tris-hydrochlo-
ride [pH 7.6]) with 7 ul of HaMSV-specific monoclonal
antibody (YA6-238)-65 pl of protein A-Sepharose coated
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with rabbit antibody to rat immunoglobulin G. The last
reagent, protein A-Sepharose C1-4B, had been reconstituted
in 14 volumes of GDP binding buffer and coated in the
manner described for Staph A. Incubation was carried out at
4°C with a Tektator V shaker for agitation. After incubation,
the immune complexes were collected by centrifugation and
washed three times with GDP- and MgCl,-free binding
buffer. The complexes were collected on 0.45-um filters
(Millipore Corp., Bedford, Mass.) and washed an additional
three times with the same buffer at 4°C, and the filters were
dissolved in 15 ml of Filtron-X (National Diagnostics,
Somerville, N.J.). The amount of [8-*H]GDP retained was
determined by liquid scintillation counting. In these experi-
ments 13,100 cpm was equivalent to 1 pmol of [8-°H]GDP
(16, 36).

In vitro 3*P-labeling of proteins by autophosphorylation.
Protein from the S100 or P100 fractions was labeled with 3?P
donated by [y-**P]GTP in the following reaction. Samples
were immunoprecipitated as described above. The Staph A
bound immune complex was washed in GDP binding buffer
and incubated for 30 min at 37°C in 25 ul of 0.1 M
NaCl-0.005 M MgCl,~0.05 M Tris-hydrochloride (pH 8.0).
Included in the mixture was 1 mM [y-*?P]GTP. At the
conclusion of the incubation, an equal volume of SDS-poly-
acrylamide gel sample buffer was added, and the samples
were boiled for 3 min and electrophoresed on 12% SDS-
polyacrylamide gels. Phosphate-labeled proteins were visu-
alized by autoradiography (40).

RESULTS

As described above, 24-h viral harvests from NIH 3T3
cells infected with 543 C19 21-1S were used to infect fresh
NIH 3T3 cells in the presence of various levels of 5-bromo-
deoxyuridine. Cells were exposed to white light and then
refed, and 24- and 48-h viral harvests were made. After
preliminary characterization of potentially mutagenized vi-
rus on NIH 3T3 (TK™) cells, the 48-h viral stock made from
plates subjected to 20 pg of S-bromodeoxyuridine was
judged to result in sufficient infected cell mortality in HAT
medium to make further studies practical. A sufficient mor-
tality rate represented a 2-log reduction in virally induced
thymidine kinase colony-forming and focus-forming activi-
ties in the appropriate cells.

Selection and characterization of viral mutants. As indi-
cated above, B21 cells were infected with potentially muta-
genized 543 C19 21-1S virus at a 1:100 dilution, that condi-
tion established in preliminary studies known to give rise to
10 thymidine kinase CFU/ml of virus applied to a 60-mm
plate. Infected cells were plated in 96-well microtiter plates,
and clones were selected by virtue of their growth in HAT
medium. A total of 400 clones infected with potentially
mutagenized HaMSVtk virus were isolated in this manner.
Of these, three independently derived clones were recov-
ered which had survived in HAT medium and were not
morphologically transformed. These viral clones, designated
729 C19, 729 C120, and 729 C145, were picked and propa-
gated in HAT medium.

Viral supernatants from 729 C19, 729 C120, and 729 C145
were used to infect fresh NIH 3T3 cells and NIH 3T3 (TK™)
cells. This was done both to ensure that transmissible
retrovirus had been recovered and to determine viral titers in
focus formation and thymidine kinase colony formation. The
titer of the Moloney murine leukemia virus helper virus
present in infected cells also was determined by XC plaque
assay of Rowe et al. (28).

The parental or wild-type Moloney murine leukemia vi-
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TABLE 1. Titers of viral activity of transformation-defective
viruses related to HaMSVtk

tk* colonies
FFU per ml
Virus on rzg-llsns P";T“;' (‘;‘;('l‘)m PFU%/ml
cells
543 C19 21-1S 1.0 x 10° to 4.5 x 10° 4 x 107
5.0 x 10®
729 C19 0.0 4.0 X 10° to 1.4 x 107
10.0 x 10°¢
729 C120 0.0 1.5 x 10°® 5.6 x 10°
729 C145 0.0 4.5 x 10° 5.0 x 10°
21-1S 0.0 0.0 1.0 x 10’
Control 0.0 0.0 0.0

“ FFU, Focus-forming units.
® Determined by the XC plaque assay of Rowe et al. (28).

rus-HaMSVtk (543 C19 21-1S) virus expresses approxi-
mately equal levels of thymidine kinase CFU and focus-form-
ing units per milliliter (Table 1). Clones 729 C19, 729 C120,
and 729 C145 have no demonstrable focus-forming activity
but do express similar levels of thymidine kinase colony
formation. All four lines are active in the XC plaque-forming
assay, although disparity is clearly visible between the
numbers of CFU and PFU in some cases. The Moloney
murine leukemia virus control (21-1S) is active only in the
plaque-forming assay as would be expected. Uninfected
cells used as an absolute control for these studies have no
observable activity in any of the assays.

Characterization of recovered viral mutants. Uninfected
B21 cells and cells infected with viral mutants 729 C19, 729
C120, or 729 C145 were pulse-labeled with L-[>*S]methionine
to determine whether p21-related proteins were being syn-
thesized in these cells. Also, to ascertain whether the
parental HaMSVtk cells did indeed produce a transforming
protein identical to that found in HaMSV-infected cells,
pulse-labeling was performed in cells infected with FMuLV
Ha821 as well. Labeling was carried out for 15 h at 37°C.
Lysates were prepared as described above, immunoprecipi-
tated with monoclonal antibody specific for p21 (YA6-238),
and electrophoresed on 12% SDS-polyacrylamide gels for 6
hat 120 V.

Immunoprecipitates of FMuLV Ha821-infected cells
produce the characteristic p21 and pp21 doublet (Fig. 1A,
lane 2). A doublet of the same mobility is also seen in cells
infected with 543 C19 21-1S (Fig. 1B). In cells infected with
clone 729 C19, however, a doublet of slower mobility is seen
(Fig. 1C). This doublet consists of a 22,000-M.W. protein,
p22, and a slower migrating species with a M.W. of 23,000.
No p2l-related protein is seen in immunoprecipitates from
cells infected with clone 729 C120 or 729 C145 or in
uninfected B21 cells (Fig. 1D, E, and F).

In concert with the pulse-labeling of infected cells with
[*SImethionine, a separate but identical study was per-
formed with 32P; (Fig. 2). FMuLV Ha82l-infected cells
produce a phosphoprotein pp21 with a mobility equal to that
of the upper band in the [>**S]methionine-labeled doublet
(Fig. 2A). The same is true for cells infected with 543 C19
21-1S (Fig. 2B). 729 C19-infected cells have a phosphopro-
tein of 23,000 M,. The mobility pattern seen here is like that
of the upper band of the characteristic p21 doublet, and this
phosphoprotein will be called pp22.

Examination of protein synthesis and processing. The p22
encoded by the 729 C19 virus demonstrates a mobility
intermediate to that of the bands representing the character-
istic [**SImethionine p21 doublet of HaMSV. However, it is
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FIG. 1. Immunoprecipitates from [*’S)methionine-labeled cells
infected by transformation-defective viruses. Lysates from cells
labeled with [**S]methionine for 15 h were prepared and analyzed by
electrophoresis on 12% SDS-polyacrylamide gels, followed by au-
toradiography. Lysates (10° cpm) were immunoprecipitated in the
absence (lane 1) and presence (lane 2) of monoclonal antibody
specific for HaMSV p2l. Lysates from cells infected with the
following viruses are shown: A, FMuLV Ha821; B, 543 C19 21-1S;
C, 729 C19; D, 729 C120; E, 729 C145. Section F shows immuno-
precipitates prepared from lysates of uninfected B21 cells. The p21
doublet is indicated. Size markers are indicated in kDa.

known that p21 pulse-labeled with [>*S]methionine for very
short periods of time is detected in a precursor form (pro-
p21) with a M.W. of 22,000. As the duration of labeling
increases, pro-p21 is cleaved to give the mature p21, and at
24 h, phosphorylated pp21 has appeared (41). To determine
whether this is also true of p22 in 729 C19-infected cells,
labeling with [>*SImethionine was carried out for 15 min, for
1, 2, 4, and 24 h. Lysis and immunoprecipitation were
performed as described above, and immunoprecipitates were
analyzed on 12% SDS-polyacrylamide gels. Immunoprecipi-
tates from FMuLV Ha821, 543 C19 21-1S, 729 C19, and 729
C145 were prepared in parallel (Fig. 3). Panels I and II
represent material immunoprecipitated in the presence and
absence, respectively, of monoclonal antibody YA6-238.
Immunoprecipitates from FMuLV Ha821-infected cells dem-
onstrate typical processing of p21 (Fig. 3I, section A).
Pro-p21 is the principal species present in cells labeled for 15
min. At 1 h pro-p21 is still present and p21 has begun to
appear. The proportion of mature p21 increases up to 4 h as
the relative amount of pro-p21 decreases. At 24 h, phospho-
rylated p21 has appeared. Immunoprecipitates from cells
infected with 543 C19 21-1S exhibit the same pattern (Fig. 31,
lane B).

Lysate from 729 C19-infected cells expresses a p22 that is
synthesized as a 22,000-M.W. protein and does not undergo
any detectable change until the phosphorylated form, pp22,
appears within 24 h (Fig. 31, section C). It can be seen that
p22 exhibits the same mobility shown by pro-p21 in adjacent
sections of panel I (Fig. 3). As expected, immunoprecipitates
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of 729 C145 (Fig. 3I, section D) exhibit no p2l-related
species at any time.

Subcellular localization. 543 C19 21-1S-, 729 C19-, and 729
Cl45-infected cells pulse-labeled with L-[>*S]methionine
were homogenized and partitioned into a cytosol fraction
(S100) and a particulate or membrane fraction (P100). Im-
munoprecipitation was carried out on each fraction together
with total cell extracts by using monoclonal YA6-238. Anal-
ysis was performed with 12% SDS-polyacrylamide gels (Fig.
4). Panel A shows the p2l fractionation pattern of cells
infected with 543 C19 21-1S. It is clearly visible that the
p21-pp21 doublet can be detected in total cell lysate and in
the membrane or P100 fraction. Panel B indicates that
p22-pp22 from 729 C19-infected cells is present in total cell
extract and in the S100 or cytosol fraction. It does not
appear in the membrane fraction. When these results are
compared with those of Shih et al. (41), mutant p22 is seen to
demonstrate the cellular fractionation pattern shown by
pro-p21. Panel C represents the 729 C145 cell extracts used
as a negative control.

Analysis of protein cleavage products. Tryptic digestion of
[>*SImethionine-labeled p21 from HaMSVtk-infected cells
yields more than the expected number of peptides. This
conclusion is based on the number of methionine-containing
tryptic peptides predicted from the DNA sequence of v-Ha-
ras (12). Incomplete digestion by trypsin or cleavages at
residues other than arginine and lysine may account for this.
Alterations in the length of incubation or amount of trypsin
used for digestion have been explored as a means to remedy
this effect (40). However, the purpose of this experiment
was to determine that the tryptic peptides generated from

207
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FIG. 2. Immunoprecipitates from *P;-labeled cells infected by
transformation-defective viruses. Lysates from cells labeled with
32p; for 15 h were prepared and analyzed by electrophoresis on 12%
SDS-polyacrylamide gels, followed by autoradiography. Lysates
(0.2% of the total lysate volume) were immunoprecipitated in the
absence (lane 1) and presence (lane 2) of monoclonal antibody
specific for HaMSV p2l. Lysates from cells infected with the
following viruses are shown: A, FMuLV Ha821; B, 543 C19 21-1S;
C, 729 C19; D, 729 C120; E, 729 C14S. Section F shows immuno-
precipitates prepared from lysates of uninfected B21 cells. Phosphor-
ylated p21 is indicated. Size markers are indicated in kDa.
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FIG. 3. Protein processing in cells infected with wild-type and transformation-defective viruses. Immunoprecipitation was performed on
lysates prepared from cells that were labeled with [**S]methionine for 15 min and 1, 2, 4, and 24 h (lanes 1 to 5, respectively) in the presence
(panel I) and absence (panel II) of monoclonal antibody specific for HaMSV p21. Lysates were prepared from B21 cells infected with the
following viruses: A, FMuLV Ha821; B, 543 C19 21-1S; C, 729 C19; D, 729 C145. Analysis was by electrophoresis on 12% SDS-polyacryl-
amide gels, followed by autoradiography. Size markers, in kDa, used in the determination of mobility are indicated, as is the location of p21.

HaMSVtk p21 and those generated by cleavage of 729 C19
p22 under the same conditions were not widely variant. For
this reason, HaMSVtk p21 or mutant p22 partially purified
by SDS-polyacrylamide gel electrophoresis was digested
exactly as described previously (40). This was performed
separately on each protein and on a one-to-one mixture of
both.

Examination of the peptide map produced from 543 C19
p21 or from 729 C19 p22 reveals that there are two major
peptides and a variety of minor peptides whose patterns are

very similar but may not be identical (Fig. SA and C).
Digestion of a mixture of the two proteins, however, reveals
that the peptides generated by each protein do indeed have
the same mobilities in this system (Fig. 5B). This would
indicate that the sequences of these proteins are very
similar, although there may be differences in regions that do
not contain methionine.

A similar study was performed with 32P;-labeled p21 and
p22. In this case there seem to be three principal phosphopep-
tides that have a similar distribution pattern (Fig. 6). Three
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FIG. 4. Localization of p22 by subcellular fractionation. Cells labeled with [**S]methionine were fractionated into an S100 (cytosol) or
P100 (membrane) and immunoprecipitated (5 X 10° cpm) in the absence (lane 1) or presence (lane 2) of HaMSV p21-specific monoclonal
antibody together with total lysate prepared at the same time. Lysates were prepared from B21 cells infected with the following viruses: A,
543 C19 21-1S; B, 729 C19; C, 729 C145. Analysis was by electrophoresis on 12% SDS-polyacrylamide gels, followed by autoradiography.
Size markers, in kDa, used in the determination of mobility are indicated, as is the location of p21. The location of p22 in total extract is shown

by an arrow.

minor species are also visible. All six phosphopeptides
coincide in tryptic digestions of mixtures of pp21 and pp22.

It is known that the carboxy-terminal difference between
p21 and pro-p21 can be demonstrated by differences in the S.
aureus V8 cleavage of these proteins (41). The difference
resides in a 13-kilodalton (kDa) peptide which has been
localized by amino acid sequencing to the carboxy-terminal

half of the p21 molecule. Comparison of such digests of
[>*SImethionine-labeled p21 and p22 with either 1 g or 5 pg of
S. aureus V8 for 90 min at 25°C is shown (Fig. 7). Analysis
with 15% SDS-polyacrylamide gels clearly shows that the
peptide resulting from cleavage of p22 is larger than that
resulting from cleavage of p21. As it has been shown that
there are no extraordinary differences among the tryptic
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FIG. 5. Comparison mapping of [**S]methionine-labeled p21 and p22 by tryptic digestion. 543 C19 cells or B21 cells infected with 729 C19
were labeled with [**S]methionine for 15 h at 37°C and lysed, and 50 X 10° cpm of labeled protein was immunoprecipitated with
HaMSV-specific monoclonal antibody YA6-238. Immunoprecipitates were electrophoresed on 12% SDS-polyacrylamide gels, and p21- or
p22-containing bands were excised from gels after autoradiography. The partially purified protein was digested out of the gel slices with three
portions of 20 pg of trypsin per ml, lyophilized, and applied to thin-layer chromatography plates at the spots marked with an O.
Electrophoresis in the first dimension was from left to right, and chromatography in the second dimension was from bottom to top. (A) 543
C19; (B) 543 C19 mixed with 729 C19 at the time of digestion; (C) 729 C19. Xylene cyanol (XC) and crystal violet (CV) markers are indicated.
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FIG. 6. Comparison mapping of >?P-labeled p21 and p22 by tryptic digestion. 543 C19 cells or B21 cells infected with 729 C19 were labeled
with 32P; for 15 h at 37°C. Lysis and analysis were carried out as described in the legend to Fig. 3. (A) 543 C19; (B) 543 C19 mixed with 729
C19 at the time of digestion; (C) 729 C19. Xylene cyanol (XC) markers are indicated. To facilitate photography, whole thin-layer

chromatography plates are not shown.

peptides of these two proteins, these results imply that the
size difference between p21 and p22 must reside in this
carboxy-terminal peptide (41).

Determination of the protein phosphorylation site. The
phosphorylation site and surrounding amino acid sequence
of HaMSV p21 have been determined by Shih et al. (39, 40).
The phosphorylated residue has been found to be threonine
residue 59 in the p21 amino acid sequence (12, 39).

Protein samples were prepared by immunoprecipitation of
lysate from 543 C19 cells or cells infected with 729 C19 that
had been labeled overnight with 32P;. Phosphoproteins pp21
and mutant pp22 were eluted from SDS-polyacrylamide gels,
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FIG. 7. S. aureus V8 cleavage of p21 and p22. Partially purified
p21 and p22 prepared from lysates of [**S]methionine-labeled cells
by immunoprecipitation (50 X 10° cpm) and electrophoresis on 12%
SDS-polyacrylamide gels were eluted from wet gels after autoradi-
ography. Samples prepared from 543 C19 cells or cells infected with
729 C19 were digested with 1 or 5 ug of S. aureus V8 protease at
25°C for 90 min. Cleavage products were analyzed on 15% SDS-
polyacrylamide gels and autoradiographed for 1 week. (A) 543 C19
p21; (B) 729 C19 p22. Lanes: 1, untreated; 2, 1 pg of S. aureus V8;
3,5 pg of S. aureus V8. Size markers are expressed in kDa.

lyophilized, and hydrolyzed with 6 N HCI at 110°C for 3 h.
By using the two-dimensional analysis system described by
Eckhart et al. (13) and comparing the mobility of the
isotopically labeled amino acids with that of unlabeled
internal phosphoamino acid standards, it can be seen that
the residue phosphorylated in 729 C19-infected cells is also
threonine (Fig. 8). Traces of phosphoserine can be seen in
the mixture of both phosphopeptides (Fig. 8B). This proba-
bly represents phosphorylation of cellular p21 (25). What
appears to be a large residue to the left of phosphothreonine
in Fig. 8 represents incomplete hydrolysis products. The
material migrating toward the positive electrode is inorganic
phosphate.

Examination of fatty acid association. Buss and Sefton (4)
and Sefton et al. (38) have shown that the membrane-asso-
ciated transforming proteins of Rous avian sarcoma virus
(pp60°©), HaMSV (p21’*), and Abelson murine leukemia
virus (P120%28-9%!y contain tightly bound lipid (4, 38). It also
has been shown by Garber et al. that species of Rous avian
sarcoma virus that are temperature sensitive for transforma-
tion are not lipid associated at nonpermissive temperatures
(17). Therefore, to verify that the p21 expressed in HaMSVtk
cells is lipid associated and to explore this aspect in relation
to mutant p22, 543 C19 cells or cells infected with 729 C19 or
729 C145 were labeled in parallel with L-[>*S]methionine and
[9,10-3H(N)]palmitic acid for 15 h. Lysate preparation and
immunoprecipitation were carried out as described above.
Labeled proteins were resolved on 12% SDS-polyacryl-
amide gels (Fig. 9). Panel 1 shows immunoprecipitated p21
and p22 labeled with [3*S]methionine (sections A and B, +).
Panel 2 shows the same material labeled with [*H]palmitate
and autoradiographed for 1 day. When p2l labeled with
[*H]palmitate was autoradiographed for 1 week, it was
clearly visible as a doublet (panel 3, + in section A). The p22
does not appear as a palmitate-labeled species at 1 week or
in longer exposures (panel 3, + in section B). Cells infected
with 729 C145, therefore, do not exhibit any palmitate-la-
beled p21-related proteins.

Guanine nucleotide binding and autophosphorylation. To
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FIG. 8. Phosphoamino acid analysis of p22. Samples of 32P,-labeled p21 or p22 were prepared as described in the text (initial lysate, S0
x 10° cpm), hydrolyzed in 6 N HCI for 3 h at 110°C, lyophilized, and analyzed in two dimensions, with the internal markers indicated.
Electrophoresis in the first dimension is the horizontal direction. Chromatography in the second dimension is from bottom to top. (A) 543 C19
p21; (B) 543 C19 p21 mixed with 729 C19 p22 before hydrolysis; (C) 729 C19 p21. The origin is marked with an O.

ascertain whether the GDP-binding activity associated with
p21™** was also associated with the mutant p22 protein, the
standard binding assay was performed on extracts of NIH
3T3 cells infected with FMuLV 543 C19, 729 C19, or 729
C145 (16). These lysates represented total extract, S100, and
P100 from each cell line. Since preliminary studies showed
that nonspecific binding in these extracts was relatively high,
extracts were partially purified and concentrated with am-
monium sulfate (39). It was assumed that the nucleotide-
binding activity would track with the appearance of associ-
ated proteins in similar fractionations. The results of binding
studies carried out on these preparations are presented (Fig.
10).

It can be seen that extracts of FMuLV 543 C19 do bind
GDP in femtomole quantities when prepared under the
conditions described. Furthermore, it can be seen that GDP
binding by HaMSVtk p21 increases when purified as a P100

&

1 2

cell fraction (Fig. 10). There is no binding activity in an S100
fraction prepared simultaneously.

GDP-binding activity is very low in total extracts of cells
infected with 729 C19. As expected, binding activity in-
creases almost sevenfold in an S100 preparation and is
almost negative in the corresponding P100 membrane frac-
tion. Binding activity is also lacking in extracts of 729
Cl45-infected cells at the levels tested.

The published data on total extracts of HaMSV-infected
NIH 3T3 cells indicates that 0.9 pmol of [P HIGDP is bound
per mg of protein in a total cell extract (39). This translates
into 900 fmol/mg or 0.9 fmol/png. In this assay, the binding
activity of HaMSVtk p21 is therefore within the published
range. It is also clear that unpurified extracts of cells infected
with 729 C19 demonstrate considerably less binding activity.

To verify the specificity of nucleotide binding exhibited by
729 C19 p22, a 20-fold excess (4.1 x 107> M) of cold
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FIG. 9. Labeling of p21 and p22 by [*H]palmitate. Infected B21 cells were labeled with [9,10-*H(N)]palmitic acid for 15 h at 37°C. Lysis
and immunoprecipitation of 0.1% of the total lysate was performed in the presence (+) and absence (—) of monoclonal YA6-238 as described
in the text. Analysis was by electrophoresis on 12% SDS-polyacrylamide gels, followed by autoradiography for 24 h (panels 1 and 2) or 1 week
(panel 3). (A) 543 C19 cell lysate; (B) 729 C19 infected cell lysate; (C) 729 C145 infected cell lysate. Size markers are expressed in kDa.
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nucleotide competitor was incubated with either FMuLV
543 C19 P100 or 792 C19 S100 for 30 min before adding
labeled [PH]GDP. After the isotope was added, the assay
was carried out as usual (Table 2). It can be seen that GDP,
GTP, dGDP, and dGTP are effective competitors for the
nucleotide-binding site in either p21 or mutant p22. It
appears that there are some variations in the effects that
adenine nucleotides have on the binding of [P’H]JGDP by p21
and p22 in this assay, but it cannot be said that adenine
nucleotides prevent binding by either p21 or p22. UTP also
appears to compete for the GDP-binding site in both p21 and
p22. This was also shown by Scolnick et al. (36). GMP,
cGMP, TTP, and CTP do not affect binding (data not
shown).

The upper band of the p21 doublet has been shown to be
phosphate labeled in infected cells and can be labeled in
vitro through phosphate donation by [y->*P]GTP (39, 40). It
is also true that HaMSVtk p21 can be autophosphorylated in
vitro. Immunoprecipitates of 12 pg (lane 1) or 25 pg (lane 2)
of an ammonium sulfate-purified P100 from FMuLV 543
C19-infected cells are shown (Fig. 11A). Samples carried
through immunoprecipitation in the absence of monoclonal
antibody to p21 are not detected in this assay (lane 3). S100
from 729 C19-infected cells phosphorylates p22 visibly only
when immunoprecipitated at the higher concentration (Fig.
11B, lane 2). It is also useful to note that a 30,000-M.W.
protein is phosphorylated under these conditions. Such a
species has been seen among proteins made from a simian
virus 40-HaMSV recombinant that enhances RNA transcrip-
tion from in-phase initiation sites further upstream in the ras
gene (18). In the absence of monoclonal antibody no phospho-

FMulv 543 C19 A
200
100 F
g o
) - B
(@]
[a6]
a
Q
O
F3
)
Q
© 0 el
E 729 C145 c
A Total
200 - ® S100
O P100
100
0 »
0 2550 100 200
ug PROTEIN

FIG. 10. [*H]GDP binding by subcellular protein fractions. Total
lysate and subcellular fractions (S100 and P100) from NIH 3T3 cells
infected with 729 C19 and from cells infected with FMuLV 543 C19
were concentrated, partially purified by ammonium sulfate precipi-
tation, dialyzed extensively, and incubated with [*H]JGDP. Bound
GDP is expressed in femtomoles, where 13,100 cpm = 1 pmol or
1,000 fmol. Protein concentrations are expressed in micrograms.
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TABLE 2. Nucleotide competition: [?’H]JGDP binding

[*HIGDP binding (fmol/ug)
Competitor
FMuLV 543 C19 P100 729 C19 S100

GDP 0.038 + 0.005 0.029 = 0.029
GTP 0.060 = 0.014 0.036 = 0.036
dGDP 0.018 + 0.011 0.001 = 0.0005
dGTP 0.037 = 0.012 0.022 * 0.017
ATP 0.650 = 0.090 0.313 + 0.237
ADP 0.460 = 0.160 0.212 * 0.167
dATP 0.560 = 0.130 0.472 *+ 0.377
dADP 0.825 = 0.175 0.225 + 0.21
UTP 0.320 0.200 = 0.070
No competitor 0.825 + 0.175 0.565 + 0.395

rylation is seen. A P100 prepared from 729 C145-infected
cells does not phosphorylate under these conditions.

DISCUSSION

Development of a ras gene mutant of HaMSVtk producing
p22. It is evident that p22 must possess antigenic determi-
nants intrinsic to p21, as the immunoprecipitability of a p22
doublet when labeled with [>**S]methionine has been con-
firmed. The nonphosphorylated form of this doublet exhibits
a mobility intermediate to those of the standard p21 bands
and is therefore reminiscent of the pro-p21 precursor protein
found in HaMSV-infected cells (41). The possibility that the
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FIG. 11. Autophosphorylation activity of partially purified p21
and p22. Partially purified p21 and p22 were immunoprecipitated in
the presence or absence of monoclonal YA6-238 as described in the
text. Immunoprecipitates were then labeled in vitro with phosphate
donated by [y-**P]GTP by incubation for 30 min at 37°C. Phosphor-
ylated proteins were analyzed by SDS-polyacrylamide gel elec-
trophoresis, followed by autoradiography. (A) FMuLV 543 C19
P100; (B) 729 C19 S100; (C) P100 from 729 C145. Lanes: 1, 12 pg
plus antibody; 2, 25 g plus antibody; 3, 25 pg without antibody.
Size markers are expressed in kDa.
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729 C19 virus is a processing-defective mutant of HaMSVtk
must therefore be considered. In general, the characteriza-
tion of p22 should contribute toward an urderstanding of the
relationship between p21 and cellular transformation by
helping to identify the cellular target and the transforming
functions of p21. ,

Characterization of a mutant of HaMSVtk producing p22.
The development of the p22 mutant of HaMSVtk has several
important implications for the study of transforming proteins
in relation to cell structure and function. In particular, the
characterization of p22 generates certain conclusions about
the relationship between p21 and the maintenance of trans-
formation in cells. Therefore, it is necessary to recapitulate
the known data on p22 in this context.

It is evident that p22 must possess many of the antigenic
determinants intrinsic to p21. Aside from its immunoprecipi-
tability as a doublet when labeled with [**S]methionine,
tryptic digestion of p22 produces multiple peptides that
appear to be identical to those generated for p21 under the
same conditions. Both proteins exist in a phosphorylated
form, and threonine is the amino acid phosphorylated in
each case (40, 43). Furthermore, the kinetics of phosphor-
ylation in pulse-labeling of cells with 32P; are the same.
Tryptic digests of these phosphorylated proteins are highly
related as well. This implies that p21 and p22 must also be
very similar in amino acid composition. However, it is
apparent that p22 demonstrates a reduced mobility with
respect to that of p21. Comparison of protein processing,
when monitored by labeling with [**S]methionine, indicates
that p21 and p22 are both synthesized as ‘‘pro-proteins’’
with an M, of 22,000. However, although pro-p21 is cleaved
to generate the mature p21, the mobility of p22 does not
change. Both proteins still give rise to a second protein
moiety of decreased mobility within 24 h, and this species
comigrates with the band appearing during pulses with 32P;
under the same conditions. This could suggest the presence
of a mutation within the p22-encoding nucleic acid sequence
resulting either in an aberrant cleavage site or in an altered
enzyme recognition site preventing enzymatic cleavage from
occurring. Furthermore, p22 does not bind palmitate, sug-
gesting a defect at the fatty acid binding site or a process-
ing-membrane association-related failure of p22 to be trans-
located to the fatty acid binding locus within the cell.

Pro-p21 is synthesized on free ribosomes in cell cytoplasm
and can consequently be isolated by crude fractionation of
cells into an S100 or cytosol fraction (41). Mature p21l is
membrane associated (16, 41, 54). Mature p2l also can be
isolated as part of the P100 or membrane fraction of cells.
Examination of cells infected with mutant 729 C19 reveals
that p22 is found in the S100 from fractionated cells. Com-
parison of fragments generated from [>*S]methionine-labeled
p21 and p22 cleavage with S. aureus V8 indicates that the
size difference between the two proteins is probably at the
carboxy terminus of p22 as is true for the size difference
between p21 and pro-p2l1 (41). From this it could be con-
strued that p22 is altered at a membrane binding site or that
failure to be cleaved prevents exposure of the necessary
binding site. Therefore, these studies imply that p22 is a
product of the mutagenized ras gene of HaMSV that is
defective for protein processing or membrane association.
This mutant may be comparable to those developed by
Willumsen et al. (55), in which a terminal cysteine residue is
altered. However, it is still not clear whether processing or
membrane association is the initial event.

It is significant to note that, although cells containing p22
do not undergo transformation, p22 demonstrates GDP-bind-
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ing activity and is capable of autophosphorylation with
[vy-**P]GTP as a phosphate donor. However, p22 appears to
differ from p21 in specificity of nucleotide binding. Nucleo-
tide competition studies reveal that p22 has some affinity for
aderiosine nucleotides that contain multiple phosphate moi-
eties. This could be explained by a gene mutation resulting in
amino acid differences in the nucleotide binding site of p22.
Alternatively, the failure of p22 to undergo processing may
interfere with the folding of the protein. This could result in
an altered binding site that possesses the same nucleotide
recognition sites but one in which these recognition sites are
more flexible with respect to one another. As the presence of
trace impurities in the adenine nucleotide stocks used in this
assay cannot be excluded entirely, the data presented should
be viewed as suggestive rather than conclusive.

The appearance of a transient phosphoprotein pp30 during
autophosphorylation of p21 has been noted previously (un-
published data) so its appearance under the same conditions
in cell lysates containing p22 is not unusual. As mentioned
before, it is known that a p30 can result from the transcrip-
tion of an open reading frame further upstream in the ras
gene (12, 18). Phosphorylation of this protein, which may be
present at low levels in infected cells, will give rise to the
pp30 seen in these studies.

Considerations of p21 and p22 in relation to other onc
proteins. In these studies we have examined the biochemical
properties of a mutant of the ras gene that is defective for
transformation. This gene is unique in that it produces a
protein highly related both structurally and functionally to
the transforming protein. The failure of mutant p22 and pp22
to become membrane associated suggests that membrane
association is vital to cell transformation.

Several laboratories have demonstrated that a variety of
murine retroviral structural (gag-gene-encoded) polypro-
teins undergo posttranslational myristylation (4, 21, 33, 34).
The presence of an amino-terminal myristyl-amide linkage
enhances the hydrophobicity of these proteins and is thought
to facilitate their membrane association (17). Since myristyl-
ated amino termini are found in gag precursor and cleavage
proteins, it is suggested that fatty acid association occurs
during protein biosynthesis and must therefore be a prereq-
uisite to membrane association (30-32). A variety of gag-onc
fusion proteins are also myristylated (33). This suggests that
myristylation may play a role (specific membrane attach-
ment) in the transformation process. Palmitate has not been
found in association with any of the gag polyproteins tested,
but palmitate labeling has been used to examine some of the
gag-onc fusion proteins and with other transforming pro-
teins. Among these are Rous sarcoma virus pp60°™, Abelson
sarcoma virus P12089¢-%% and HaMSV p217* (38). Notably,
in the case of pp60°, it has been found that labeled
palmitate is metabolized to myristate which is found in
association with the onc gene protein. Therefore, it has been
suggested that fatty acid association is necessary for mem-
brane association. This is supported by Garber et al., who
found that temperature-sensitive mutants of Rous sarcoma
virus fail to be palmitate or membrane associated at nonper-
missive temperatures (17).

Fatty acid binding in pp60°"© and p21"*° is posttranslation-
al, occurring in approximately the same time frame as
membrane association and cleavage (38). It is not known,
however, whether palmitate binding is a prerequisite to or a
result of membrane association. The results of Schultz and
Oroszlan suggest that lipid binding may be the initial event in
the transformation process (33). If so, the principle defect in
the p22™* mutant may be failure to bind fatty acid. However,
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unpublished data (A. Papageorge, personal communication)
suggest that palmitation of p21 occurs in the carboxy-termi-
nal portion of the cleaved molecule. Although the palmita-
tion site has only been localized to the terminal V8 cleavage
fragment, one cannot rule out the possibility that an altera-
tion of the p21 cleavage site could also prevent palmitation
and interfere with membrane association. That these events
are related and associated with transformation by p21 is not
contested. It is therefore postulated that p21 contains at least
two functional domains, one which is responsible for the
nucleotide binding activity and a second which is affected by
or results in the cleavage and activation of the mature
membrane-bound transforming protein. The mutant protein,
p22, has been altered with respect to the second function.

That p21 may consist of more than one domain is not a
novel idea. The concept of a transforming protein composed
of multiple functional domains (a protein kinase and a
second distinct, but necessary, membrane-associated func-
tion) is also proposed for the avian src protein (2, 3, 15).
Whether these domains are cis acting in the case of HaMSV
p21 is not known for certain at this time (25).

In conclusion, although the time sequence of these events
is still unclear, it does appear that transformation in the
HaMSV system is correlated with protein processing, mem-
brane association, and lipid binding by the ras gene product.
Furthermore, the transformation protein of HaMSV consists
of at least two domains which must function in tandem for
transformation to occur.
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