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In earlier studies, we molecularly cloned a normal cellular gene, c-rasH-1,
homologous to the v-ras oncogene of Harvey murine sarcoma virus (v-rasH). By
ligating a type c retroviral promotor to c-rasH_1, we could transform NIH 3T3
cells with the c-rasH_1 gene. The transformed cells contained high levels of a p21
protein coded for by the c-rasH_1 gene. In the current studies, we have purified
extensively both v-rasH p21 and c-rasH p21 and compared the in vivo and in vitro
biochemical properties of both these p21 molecules. The p21 proteins coded for by
v-rasH and c-rasH_1 shared certain properties: each protein was synthesized as a
precursor protein which subsequently became bound to the inner surface of the
plasma membrane; each protein was associated with guanine nucleotide-binding
activity, a property which copurified with p21 molecules on a high-pressure liquid
chromatography molecular sizing column. In some other properties, the v-rasH
and c-ras p21 proteins differed. In vivo, approximately 20 to 30% of v-rasH p21
molecules were in the form of phosphothreonine-containing pp2l molecules,
whereas in vivo only a minute fraction of c-rasH_1 p21 contained phosphate, and
this phosphate was found on a serine residue. v-rasH pp2l molecules with an
authentic phosphothreonine peptide could be synthesized in vitro in an autophos-
phorylation reaction in which the gamma phosphate of GTP was transferred to v-
rasH p21. No autophosphorylating activity was associated with purified c-rasH-1
p21 in vitro. The results indicate a major qualitative difference between the p21
proteins coded for by v-ras and c-ras -1. The p21 coded for by a mouse-derived
oncogenic virus, BALB murine sarcoma virus, resembled the p21 coded for by c-
rasH_1 in that it bound guanine nucleotides but did not label appreciably with 32p;.
The forms of p21 coded for by other members of the ras gene family were
compared, and the results indicate that the guanine nucleotide-binding activity is
common to p21 molecules coded for by all known members of the ras gene family.

Work in our laboratory has led to the descrip-
tion of a family of normal vertebrate genes,
which have been designated ras genes (7, 9). The
ras gene family has been shown thus far to
contain two distinct members, c-ras Harvey (c-
rasH) and c-ras Kirsten (c-rasK). These two c-
ras genes are named for their nucleic acid ho-
mologies to the oncogene in two retroviruses,
Harvey murine sarcoma virus (MuSV) and Kir-
sten MuSV, isolated originally by passaging
mouse retroviruses through rats. Two other on-
cogenic retroviruses also contain ras genes: the
Rasheed sarcoma virus (RaSV) isolated from
cultured rat cells (19, 27) and the BALB-MuSV
isolated from a chloroleukemia of an aging
BALB/c mouse (18). The ras gene of each of
these latter viruses is closely related to the rasH
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genes. Both the rasH and rasK oncogenes code
for related 21,000-dalton proteins (23).

All of the vertebrate cells that we have thus
far examined contained at least one copy of a c-
ras gene homologous to v-rasH and one copy of
a c-ras gene homologous to v-rasK (9). Cells
from species of vertebrates contain additional
copies of c-ras genes homologous to either v-
rasH or v-rasK (6, 9).

In a variety of normal cells, p21 molecules are
detected at relatively low levels as the products
of c-ras genes (10, 14). Recently, we molecularly
cloned members of the c-rasH gene family from
normal rat DNA. By ligating a murine retrovirus
long terminal repeat (LTR) to the c-rasH_1 gene,
we could transform NIH 3T3 cells with the c-
rasH_1 gene (8). These cells expressed markedly
elevated levels of p21 as compared with most
normal cells, and we thus concluded that in-
creased expression of a normal gene product
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was one way in which malignant transformation
of cells could occur.

Earlier, we noted differences in phosphoryla-
tion between the p21 molecules found in normal
cells and those coded for by the v-ras genes of
Harvey or Kirsten MuSV (14). However, since
the levels of p21 expressed in normal cells are
low, we were not able to compare unambig-
uously the biochemical properties of any p21
coded for by a c-ras gene with those of a p21
coded for by a v-ras gene.

In this manuscript, we report a biochemical
comparison in vivo between the v-rasH p21 and
the c-rasH_1 p21 in transformed NIH mouse
fibroblast cells expressing high levels of each of
these proteins, and in vitro after purification of
each p21 from these cells. Each p21 is a guanine
nucleotide-binding protein, but a major qualita-
tive difference in phosphorylation is apparent
between the p21 proteins coded for by v-rasH
and c-rasH_l. The p21 coded for by the BALB-
MuSV is similar to that coded for by the c-rasH_
1 gene.

MATERIALS AND METHODS
Cells. NIH 3T3 cells are a contact-inhibited mouse

cell line, previously described (12). These cells were
transformed by a DNA clone, H-1 (11), of Harvey
MuSV, and the resulting transformant, expressing v-
rasH p21, is called NIH-13 A clone 2. NIH cells
transformed by c-rasH_1 are called NIH-18 A clone
404 or NIH clone 17; clones 404 and 17 both synthe-
size high levels of c-rasH-1 p21 (8). NIH cells were
also transformed by either BALB-MuSV or RaSV,
and these transformants have been previously de-
scribed (1, 19, 27).
For growing cells from which to purify p21, either

clone 2 or clone 404 was grown in 690-cm2 plastic
roller bottles (Corning) at 37°C in Dulbecco modified
Eagle medium containing 10o fetal calf serum. Each
roller bottle yielded between 1.0 and 2.0 g of cells (wet
weight). For the purification of v-rasH p21 we began
with 600 g of clone 2 cells, and for c-rasH_l p21 we
began with 200 g of clone 404 cells.

Metabolic labeling of cells. Cells were labeled with
[3S]methionine or 2Pi as previously described (23).
However, the method for lysing the labeled cells was
modified from previously published procedures. After
the cells were labeled, the medium containing the
isotopes was aspirated, and the cells were washed
once on the plastic petri dishes at 4°C with phosphate-
buffered saline. The cells were scraped with a rubber
policeman into phosphate-buffered saline and collect-
ed by centrifugation at 1,000 x g at 4°C for 5 min. For
approximately 1 x 106 to 2 x 106 cells, 1.0 ml of lysis
buffer was added, and the cells were blended with a
Vortex mixer to lyse them and to extract the p21. The
lysis buffer contained 1.0%1 Nonidet P-40 (NP40), 20
mM HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid), pH 7.5, 5.0 mM magnesium chlo-
ride, 1% Trasylol, and 1 mm dithiothreitol (DTT).
After the cells were lysed, the extract was spun at
100,000 x g for 45 min at 4°C and the supernatant was
saved. Labeled lysates were either subjected to im-

munoprecipitation immediately or frozen in portions at
-170°C. Lysates thawed more than once were dis-
carded.

Immunoprecipitation. Labeled p21 molecules were
identified by precipitation with monoclonal antibodies
to p21 (10). In these studies, two monoclonal antibod-
ies were used: one, YAG-238, recognizes the p21
molecules coded for by known rasH genes but not
those coded for by rasK genes. The other monoclonal
antibody, YAG-259, recognizes p21 molecules coded
for by known rasH and rasK genes. Although the
specificity of binding in these assays is clear, we have
not yet determined affinity constants for the various
antibodies for different ras gene p21 molecules. The
immunoprecipitations were carried out at 4°C in the
lysis buffer described above without DTT, and the
antibody-p21 complexes were collected with the aid of
Formalin-fixed Staphylococcus aureus containing pro-
tein A, as previously described (13). The p21-S. aureus
pellets were washed five times with 1.0 ml of a buffer
containing 20 mM HEPES (pH 7.5), 1.0 mM EDTA,
1.0o Triton X-100, 0.5% deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), and 0.1 M sodium chloride. The
washed pellets were subjected to SDS-polyacrylamide
gel electrophoresis and fluorography as previously
described on 10.5% acrylamide gels (23).

Purification of p21. The same procedure was used
for purification of v-rasH p21 and c-rasH_1 p21. The
procedure was originally modeled after procedures
published by Spector et al. (24) so that we could
compare the properties of p21 which we found with
various members of his reported protein kinase cas-
cade. Approximately 100 g per week of either clone 2
or clone 404 cells were grown, and the membranes
from these cells were prepared and stored at -170°C.
The membranes were prepared by the polyethylene
glycol (PEG)-dextran two-phase extraction procedure
described by Brunette and Till (5).
The purified membranes from 100 g of cells were

suspended in approximately 10 to 20 ml of the suspen-
sion buffer (0.25 M sucrose, 30 mM imidazole [pH
7.5], and 1 mM DTT) and stored at -170°C before
being used. As detailed below, we later extracted p21
from these membranes. In using the Brunette-Till
procedure, we tried various modifications to achieve
higher yields or greater purity of the p21. These
variations included: performance of the two-phase
extraction procedure with no divalent cations, with 1,
10, or 100 mM CACl2 instead of ZnCl2 or 1.0, 10.0, or
100 mM MgCI2 instead of ZnCl2, and with PEG 8000
versus PEG 6000. None of these variations yielded
substantially more p21 per 1.0 cm3 of packed cells or
per milligram of protein. In addition, no difference in
the yield of p21 extracted was noted whether the
membranes were stored at -170°C or extracted imme-
diately. From 600 g of clone 2 cells, we obtained
approximately 5,000 mg of total membrane protein.
The protein determinations were performed by the
method of Lowry et al. (15) in the presence of 1.0%o
SDS in the phenol reagent to maximize solubilization
of membrane proteins. From 200 g of clone 404 cells
we obtained 2,500 mg of total membrane protein.
For solubilization of p21 we centrifuged the mem-

branes at 100,000 x g for 20 min and washed them
once in 40 mm Tris-hydrochloride (pH 7.5)-6 mM
DTT. Membranes were then suspended at a concen-
tration of 5.0 mg/ml in 20 mM Tris-hydrochloride (pH
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7.5)i.0% NP40-3 mM DTT and solubilized by being
drawn through a 25-gauge needle in a 1.0-ml syringe 10
times. The solubilized material was centrifuged at
100,000 x g for 20 min at 4°C, and the supernatant was
saved. Approximately 40%6 of the protein was recov-
ered.

In the course of defining this procedure, we attempt-
ed several modifications before solubilizing the p21
with NP40. We washed the membranes in 4.0 M
sodium iodide, 2.0 M sodium chloride, or 0.01 or
0.02% deoxycholate. None of these treatments im-
proved the purity of the subsequently solubilized p21,
and the high salt washes did not remove any apprecia-
ble amount (less than 10%o) of the bound p21 molecules
or p21 activity.
The p21 solubilized from membranes with NP40 was

concentrated and purified by adding sufficient saturat-
ed ammonium sulfate to bring the solution to 40%o
saturation, and the suspension was centrifuged at
100,000 x g for 20 min at 4°C. The precipitate floated
to the top of the tube. After the precipitate was
removed, the protein was suspended in approximately
60 to 70%o of the original volume in 0.05% NP40-20
mM Tris (pH 7.5)-3 mM DTT. The resuspended
proteins were dialyzed at 4°C against 100 volumes of
the same buffer with two changes over 24 h and stored
in portions at -170°C.
The dialyzed protein was adsorbed to DEAE-52 by

using 1.0 ml ofDEAE-52 per 10 to 20 mg of protein in a
50-cm3 conical plastic test tube. After shaking the
protein with the DEAE-52 for 10 to 15 min at 4°C, the
resin was washed five times with 0.01% NP40-1 mM
EDTA-20 mM Tris-hydrochloride (pH 7.5). Approxi-
mately 10 ml ofwash buffer was used per 1.0 g of resin.
A second set of five washes was carried out with the
buffer containing 0.01% NP40, 1 mM EDTA, and 25
mM potassium phosphate (pH 6.8). The p21 was
eluted with the same buffer containing 0.2 M potassi-
um phosphate and stored at -170°C after being con-
centrated by dialysis tubing coated with PEG 8000.
The DEAE-52-purified p21 was dialyzed for 4 to 5 h

against 100 volumes of 2 mM EDTA-10 mM HEPES
(pH 6.8) to reduce the phosphate concentration before
the extract was adsorbed to phenyl-Sepharose. No
detergent was added to the p21 samples at this purifi-
cation step; we cannot exclude the possibility that
some NP40 may still have been bound to p21 from the
earlier purification steps. The protein solution, ap-
proximately 10 mg, was brought to 1.4 M ammonium
sulfate, and the solution was then adsorbed to 5.0 to
6.0 cm3 of phenyl-Sepharose. The column was washed
with the same buffer, and the p21 was eluted with 0.1
M ammonium sulfate in the same buffer. Without
dialysis, the p21 was concentrated 5- to 10-fold in
dialysis tubing coated with PEG 8000. The concentrat-
ed protein was brought to 50%6 glycerol concentration
and stored at -20°C, at which temperature it was
stable indefinitely.
The phenyl-Sepharose-purified p21 was applied to a

TSK 2000 sizing column (Beckman), and the proteins
were separated by high-pressure liquid chromatogra-
phy (HPLC). Samples of 0.20 ml were applied to the
column, and fractions of 0.20 ml were collected. The
column was equilibrated and eluted with 4°C buffer
containing 50 mM HEPES (pH 6.8), 0.2 M sodium
chloride, 0.1 mM EDTA, and 5% glycerol. Test tubes
chilled to 4°C until just before use were used, and the

entire column run was completed within 20 to 25 min.
As we collected each set of 10 tubes, the collected
fractions were stored at 4°C in an ice water bath.
Assays for p21 activity were performed immediately.
The p21 activity could be stabilized for 24 to 48 h by
adding glycerol to the fractions to a concentration of
20%o. Activity was not stable after longer storage. For
analyzing the purity of p21 derived from the TSK
column fractions, samples of the column fraction were
lyophilized, and then the dried samples were dissolved
in SDS-containing buffer and subjected to SDS-poly-
acrylamide gel electrophoresis. The SDS (Pierce
Chemicals) was filtered through a 0.45-,um ifiter (Mill-
pore) before use. Gels were analyzed after being
stained with silver nitrate by the procedure of Morris-
sey (16).
Guanine nucleotde-binding assay. The [3H]GDP

binding assay to detect p21 was performed as previ-
ously described (20) with a few modifications. Mono-
clonal antibody YAG-238 was used as a source of
antibody to p21, and protein A Sepharose coated with
rabbit immunoglobulin prepared against rat immuno-
globulin G (Cappel Laboratories) was used. All sera
were heated for 30 min at 56°C before use. A 1-pmol
amount of [3H]GDP or [3H]GTP equalled 8,200 cpm.
Autophosphorylation of p21 with y-32P-labeled GTP
(ICN) was done as previously described (22) at 37°C in
0.10-ml reaction mixtures containing 50 mM Tris-
hydrochloride (pH 7.5), 2 mM magnesium chloride,
0.01% NP40, and 5 x 10-6 M y-32P-labeled GTP (300
Ci/mmol). The reaction was terminated by adding
0.020 ml of 50% trichloroacetic acid (TCA) to a final
concentration of 8%; 10 ,ug of bovine serum albumin
was added as carrier. The samples were spun in an
Eppendorf centrifuge at 17,000 x g for 20 min. The
tubes were drained, and the samples were subjected to
SDS-polyacrylamide gel electrophoresis and autoradi-
ography. 32P-labeled bands were cut and counted by
Cerenkov counting in an LS-250 Beckman scintillation
counter.

RESULTS
In vivo studies. In earlier experiments, we

showed that v-rasH p21 is first synthesized as a
prop2l molecule in the cytoplasm of Harvey
MuSV-infected cells (22). The prop2l is proc-
essed to p21 and to a phosphothreonine form of
p21, designated pp2l. The p21 and pp2l are
bound to the inner surface of the cellular plasma
membrane of cells (22, 26). We examined the
biosynthesis of c-rasH_1 p21 in similar experi-
ments (Fig. 1). Two foci independently induced
by c-ras -1 were examined. When cells from
each focus were labeled with [35S]methionine for
various periods of time, we observed both
prop2l and p21 molecules. In other experiments
(data not shown), the prop2l was found in the
supernatant fraction of centrifuged, non-deter-
gent-treated cell extracts, whereas the p21 re-
mained bound to membranes. These results are
similar to what we observed (22) for v-rasH
prop2l and p21. We next labeled transformed
cells with [35S]methionine or 32Pi and then exam-
ined the lysates for p21 by immunoprecipitation
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FIG. 1. Biosynthesis of c-rasH-1 p21
cells transformed by c-rasH_l (8) were la
min (lanes 1, 2, 7, and 8), 4.0 h (lanes 3, 4
or 24 h (lanes 5, 6, 11, and 12) wit}
methionine-free Dulbecco medium contai
lyzed fetal calf serum and ["5S]methionine
tration of 200 ,Ci/ml (specific activity, 5(

Extracts of whole cells were prepared, ani
each extract, containing approximately 10
precipitable cpm, were subjected to immu
tion as previously described (21). Immun(
were analyzed by electrophoresis in SD
amide gels, and bands were visualized by
raphy for 18 h. Lanes 1-6, Clone 18A;
clone 17, an independently derived focus
fections with LTR-linked c-rasH-1 DI
prop2l; C, p21. Odd-numbered lanes wer

ed with control antiserum; even-numbere4
precipitated with monoclonal antibod'
against rasH p27 (16).

(Fig. 2). The p21 and pp2l forms of
apparent (Fig. 2, lanes 4). Only one [
nine band was seen in cells transfo
ras"-1 or BALB-MuSV (Fig. 2A, lan
In phosphate-labeled cells (Fig. 2B)
nent v-rasH pp2l was seen (lane 4
only small amounts of pp2l were see
1 cells (lane 6), and no pp2l was
BALB-MuSV cells (lane 8). The pp2
transformed cells represented 20 to
mass of the labeled p21 molecules, v
pp2l to p21 ratio in c-rasH-1-transfi
was at least 10-fold less. There was
p21 in cells transformed by BA
which may account for our inabilit
any pp2l. However, it is clear that th
for by BALB-MuSV incorporated mt
than did the p21 coded for by v-ra
respect, the p21 coded for by B)
resembled that coded for by c-rasH_i

10 1112 The phosphoamino acid(s) labeled in the c-rasH_1 p21 was examined (Fig. 3). The phos-
phoamino acid comigrated with the phosphoser-
ine marker in a two-dimensional analysis. We
previously showed and have reconfirmed (data
not shown) that the phosphoamino acid of v-
rasH pp21 is phosphothreonine. Thus, these
results indicate a clear qualitative difference
between the p21 proteins coded for by v-rasH
and c-rasH_1. In other studies (data not shown),
we examined the phosphoamino acid in the p29
of RaSV and again detected only phosphoserine.
Thus, the p21 coded for by the v-rasH and v-
rasK genes can be converted to a phospho-
threonine, pp2l, which represents a high propor-
tion of p21 molecules in cells transformed by
Harvey or Kirsten MuSV. In contrast, this form
of p21 was not detected in cells transformed by

0# c-ras -1 BALB-MuSV or RaSV. We have not
yet been able to obtain sufficient c-rasH_1 pp21
to compare its labeled serine phosphopeptide

be fr13T3 with the phosphothreonine peptide of v-rasH
Ibelandl)fo5p21.
h30 ml of In vitro properties of v-ras Hp2l. To under-
mning 2% dia- stand the basis for the difference in phosphoryla-
at a concen- tion observed between v-rasH and c-ras -l p21,
65 Ci/mmol). we undertook purification of each p21 from NIH
d samples of 3T3 cells transformed by each of these two
x 106 TCA- genes.

ioprecipita- As p21 represents a relatively small percent-oprecipitates age of the total cell protein (see below), we'S-polyacryl- elected to purify membranes from cells trans-
lades 7-12, formed by v-ras , since virtually all of the p21
from trans- molecules have been detected in association
NA (8). A, with the plasma membrane. Putative p21 mole-
re precipitat- cules were solubilized with nonionic detergent
d lanes were from whole cells or from membranes prepared
y YAG-238 from an equal portion of cells, and the extracts

were assayed for p21 by the GDP binding assay
with a monoclonal antibody which detects ras

rv-ras are p21 molecules (Fig. 4). The specific binding
35S]methio- activity of p21 solubilized from membranes was
trmed by c- approximately 10-fold higher than that of p21
es 6 and 8). solubilized from whole cells. The total yield of
the promi- p21 prepared from membranes varied from 50 to

I), whereas 80% of that solubilized from a comparable
n in c-rasH - amount of whole cells. Thus, we elected to
detected in prepare and store (see above) membranes from
1 in v-rasH_ large amounts of cells and then to purify v-rasH
30% of the p21 from these membranes.
vhereas the The summary of the purification procedure is
Drmed cells shown in Table 1. We purified v-rasH p21 be-
; much less tween 1,000- and 3,000-fold from whole cells.
LB-MuSV, The overall yield of activity was approximately
y to detect 20%o. We employed a relatively simple purifica-
e p21 coded tion scheme which used batch elutions from
ach less 32Pi resins until the last step of purification. The
is". In this hydroxylapatite step which we had used previ-
kLB-MuSV ously was omitted because of great variability in
1. quantitatively adsorbing p21 to hydroxylapatite.

J. VIROL.

Ap: a



BIOCHEMICAL PROPERTIES OF p27 ras MOLECULES

1 2 3
w -_

i 2 3
41 M:-

A
1 2
.I

1 2

4 5 6 7 8 mw
MrW__
*

7,

-

4 : 6 ls

B
3 4 5 6 7

3 4 a : 6 11

!4. ...
.% V:i :.

8

s

a ( 21 K

a i

FIG. 2. Analysis of p21 and pp2l coded for by v-ras and c-rasH_l genes. NIH 3T3 cells or NIH 3T3 cells
transformed by v-ras', c-rasH_l, or BALB-MuSV were labeled for 24 h at 37°C with [IS]methionine or 32p; as
described in the text. Approximately 10 x 106 TCA-precipitable cpm of each extract was precipitated with 0.005
ml of a control rat monoclonal antibody against a retroviral env gene product (kindly supplied by Linda Wolff,
(National Cancer Institute) or with rat monoclonal antibody 238, which precipitates p21 coded for by rasH genes
(10). (A) Extracts labeled with [35S]methionine; (B) extracts labeled with 32p-. Lanes: 1, NIH 3T3 cells, control
serum; 2, NIH 3T3 cells, antiserum 238; 3, v-rasH cells, control serum; 4, v-rasH cells, antiserum 238; 5, c-rasH_l
cells, control serum; 6, c-rasH_l cells, antiserum 238; 7, BALB-MuSV cells, control serum; 8, BALB-MuSV
cells, antiserum 238. Molecular weight markers (mw) are shown. The markers above and below p21 (21K) are
25,000 and 18,000, respectively.

This step was replaced with a DEAE-cellulose
step. Major purification was achieved with phe-
nyl-Sepharose chromatography; in other studies
(not shown) with octyl-Sepharose, elution of
active p21 was not reproducible. The final step
in the current procedure was an HPLC molecu-
lar sizing column (Fig. 5). We monitored each
fraction of the column for p21 molecules with
silver stain (Fig. SA) and for p21 activity by both
guanine nucleotide-binding activity (Fig. 5C)
and p21-associated, GTP-specific autophosphor-
ylating activity (Fig. SB). In the fractions ob-
tained from this sizing column, the p21 could be
visualized as a doublet on the silver-stained gel
(Fig. 5A, lanes 9, 10, and 11; fractions 9, 10, and
11 represent column fractions 62, 63, and 64
shown in Fig. SC).

The level ofpp2l was greatest in the fractions,
where it was partially separated from the p21.
Two prominent high-molecular-weight bands
(Fig. 5A) were not present in the p21 prepara-
tion, since they were only present in the lane
which contained only sample buffer. We there-
fore believe that they represent contaminants in
the SDS. The molecular weight markers repre-
sent 50 ng of each protein visualized with the
silver stain. Based on the intensity of the stained
marker, we estimate that we were seeing be-
tween 5 and 20 ng of v-rasH p21 (Fig. 5A, lanes
9, 10 and 11). Importantly, all of the GDP-
binding activity detected from the column (Fig.
5C) and all of the p21 GTP-specific phosphor-
ylating activity (Fig. SB) comigrated with the
stained p21 (Fig. 5A). The molecular weight
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FIG. 3. Phosphoamino acid analysis of pp2l coded
for by c-rasH-1. pp21 coded for by c-rasH-1 was eluted
from the polyacrylamide gel shown in Fig. 2 after
immune precipitation of 32P-labeled extracts of c-rasH_
1-transformed cells. The pp2l detectable from approx-
imately 5 x 10' cells was obtained as sufficient for
analysis. The immunoprecipitated and SDS-polyacryl-
amide gel-purified c-rasH_1 pp2l was eluted for 24 h at
24°C from the crushed gel slices into a buffer contain-
ing 0.05 M ammonium bicarbonate. The samples were
centrifuged at 17,000 x g for 15 min at 4°C to remove
the acrylamide and then lyophilized. The samples
were dissolved in 6.0 M HCl, hydrolyzed for 4.0 h at
110°C, and then relyophilized to remove the acid. The
hydrolyzed samples were analyzed on cellulose thin-
layer plates for phosphoamino acids. The radioactive
sample was mixed with unlabeled phosphoserine (P-
Ser), phosphothreonine (P-Thr), and phosphotyrosine
(P-Tyr) markers before the two-dimensional analysis,
and the markers were identified by ninhydrin staining.
Details are given in an earlier publication (23). Electro-
phoresis was from left to right and chromatography
from bottom to top.

calibration of the HPLC column in this region is
not fully linear, and thus we have not shown
molecular weight markers. However, p21 eluted
in the range of 20,000 to 25,000 daltons. It is
difficult to be certain about the relative biochem-
ical activity of p21 versus pp2l, but the binding
and phosphorylating activity peaks seemed to
comigrate with the p21 rather than with the
pp2l. When fractions were assayed for GTP-
binding activity, the activity also comigrated
with the GDP-binding activity (data not shown).
To further quantitate the binding and phos-

phorylation activity, we excised the phosphor-
ylated p21 bands from the gel, and the label
incorporated by the phosphorylated bands was
counted by Cerenkov counting. For each sample
of p21, the ratio of [3H]GDP to 32P, in pp2l was
calculated for each fraction in the peak. The
ratio was 3.6 in fraction 60, 2.9 in fraction 61, 3.4
in fraction 62, and 3.0 in fraction 63. These
results for the HPLC-purified p21 indicate that
the binding and phosphorylating activities are
intrinsic properties of v-rasH p21. We could
detect the autophosphorylating activity in prepa-
rations of p21 that had not been passed through
the DEAE-52 column, but we could not obtain
linear kinetics for autophosphorylation in earlier

crude fractions of p21. However, we quantitated
the binding-to-phosphorylation ratio on p21 mol-
ecules purified through the DEAE-52 and phe-
nyl-Sepharose steps as well, and the ratios were
3.1 and 3.5, respectively.

Since we had so little v-rasH p21, we cannot
be certain of the stoichiometry of nucleotide
binding per molecule of p21. By estimating the
amount of p21 (5 to 10 ng) in the sample of
fraction 62, we can calculate that 1 to 2 mole-
cules of nucleotide are bound per p21 molecule.
The half-maximal extent of binding was ob-
served at 5 x 10-9M GDP or GTP. A Scatchard
plot analysis of this binding was not linear, and
thus we cannot calculate a formal dissociation
constant. We do not understand why the Scat-
chard plot was not linear. However, when GTP
was used as the substrate at 4°C, more than 90%
of the bound nucleotide was GTP, not GDP
(unpublished data).
We further investigated the kinetics of phos-

phorylation by performing the autophosphoryla-
tion reaction in reaction mixtures of various
volumes. Phosphorylation of p21 was in linear
proportion to time for at least 60 min, and a 30-
min time point was chosen for this experiment

2.5-

z 2.0
0
0 5 Membrane Extract
O 1.5

wU 1.0
-j
0
2 ~~~~~~Whole Cells

0.5-_

40 80 120 160 200
MICROGRAMS PROTEIN

FIG. 4. p21 activity in whole cells and membranes.
Clone 2 cells were grown to 90 to 100% confluence in
plastic roller bottles. After the cells were collected, the
p21 was extracted from 2.0 ml of packed cells and the
protein concentration was determined by the method
of Lowry et al. (5). Membranes were prepared by the
PEG-dextran procedure (5) from a parallel sample of
2.0 ml of cells. The p21 was extracted from 25 mg of
membranes, and the protein concentration of the re-
sulting extract was determined. Procedural details for
each step and for the [3H]GDP binding assay carried
out on each extract are described in the text. One
picomole represents 8,200 cpm. Symbols: 0, whole
cells extract; 0, membrane extract.
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TABLE 1. Purification of v-ras p21 and c-ras p21

p21 sourcea and Total Degree Total unitscp2lsource'and amt of Spactofp-(%rcvy
purification step p21 (U) of puin- (%f rectivty)(mg)fiainoaciiy

v-rasH
Membrane extract 2,294 3.4 1.0 7,799 (100)
Ammonium sulfate (0-40o) 816 10.8 3.2 8,812 (110)
DEAE-52 55 56.3 16.5 3,097 (39)
Phenyl-Sepharose -1.5 -1,020 -300 1,530 (20)

c-rasH-1
Membrane extract 1,000 2.0 1.0 2,000 (100)
Ammonium sulfate 480 6.6 3.3 2,948 (130)
DEAE-52 35 51.5 25.7 1,802 (90)
Phenyl-Sepharose <1.0 NDd ND 830 (42)

a The amount of membrane protein used as starting material was 5,000 mg for v-rasH p21 and 2,500 mg for
c-rasH_1 p21.

b The specific activity (1 U) of p21 is expressed as picomoles of [3H]GDP bound per milligram of protein.
c Total units equals total milligrams of protein times units of p21. The total units of c-rasH p21 after the phenyl-

Sepharose step was calculated by the activity per volume and the total volume of p21 recovered.
d ND, Not determined: protein concentration too low.

(Fig. 6). Equivalent rates of phosphorylation
were obtained whether phosphorylation was
performed in a volume of 0.05, 0.2, or 0.8 ml.
The bands were excised and counted by Ceren-
kov counting, and the actual values of incorpo-
ration were 182 cpm/0.05 ml, 215 cpm/0.2 ml,
and 225 cpm/0.8 ml (averages of triplicate deter-
minations). Since p21 migrated as a monomer on
the HPLC sizing column, the results suggest that
the autophosphorylation reaction is an intramo-
lecular reaction. We confirmed that a single
phosphothreonine peptide is phosphorylated in
vitro (22) and that the same peptide carres the
phosphate as in vivo-labeled v-rasH pp2l (21)
(data not shown). Thus, we conclude that the
formation of v-rasH pp2l from v-ras p21 is a
GTP-specific autophosphorylation. Only a small
fraction of p21 was converted to pp2l in vitro,
and we do not understand what the rate-limiting
variable is in this reaction. In addition, we have
not yet found an exogenous substrate for the
GTP autokinase activity of v-rasH p21.

In vivo properties of c-rasH p21. We next
turned our attention to the p21 coded for by the
c-rasH_1 gene. Membranes were prepared from
NIH 3T3 cells or NIH 3T3 cells transformed by
a strain of Rous sarcoma virus or by c-rasH-1
p21. The membranes were solubilized with
NP40 as described above and assayed for GDP-
binding activity (Fig. 7). The p21 of c-rasH_1
could also be detected in the guanine nucleotide-
binding assay by using the monoclonal antibody
to rasH p21. We purified the c-rasH_1 p21
through the ammonium sulfate, DEAE-52, and
phenyl-Sepharose column steps (Table 1) and
found that the c-rasH_1 p21 could be purified by
the same procedure as, and with yields virtually
identical to, v-rasH p21. We had too little c-ras -

1 p21 after phenyl-Sepharose chromatography
to determine the specific activity of binding.
However, the recovery of activity was reason-
ably high. Recovery was calculated based on
activity of p21 per volume of each extract.
We investigated the binding versus autophos-

phorylating activity of v-ras p21 and c-rasH_l
p21 (Fig. 8). Over a range of concentrations of
each p21 which gave equivalent GDP or GTP
binding, no autophosphorylation of c_rasH-1 p21
was observed. When v-rasH p21 and c-ras -1
p21 were mixed in the presence of saturating
levels of GTP substrate, no inhibition of v-ras
p21 autophosphorylation was observed. No
phosphorylation of c-rasH_1 p21 was observed at
0 or 24°C or when [-y-32P]ATP was used. We
conclude that c-rasH_1 p21 does not possess the
autophosphorylating activity of v-rasH p21, al-
though each ras gene product does have guanine
nucleotide-binding activity. These in vitro re-
sults correlated with the in vivo labeling results
in that no phosphothreonine pp2l form of c-
rasH_1 p21 was detected. We do not know what
enzyme phosphorylates c-rasH p21 to form the
small amounts of c-rasH_l phosphoserine pp2l
(Fig. 2B and 3).

DISCUSSION

The transforming ability of many oncogenic
retroviruses has been shown to be due to their
acquisition of normal host cell genes (2, 3, 7).
These viral genes are commonly referred to as
oncogenes, and a number of normal host cell
genes homologous to viral oncogenes have been
molecularly cloned. We will refer to the host cell
homologs of viral oncogenes as protooncogenes
(25) for the rest of the discussion. In two cases,
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the protooncogenes were ligated in vitro to a

retroviral LTR, and this LTR-protooncogene
chimeric molecule can induce malignant trans-
formation of NIH 3T3 cells (4, 8, 17). For the

FIG. 5. Molecular sieve analysis of v-rasH
p21 and its biochemical activities. (A) Silver
stain. An 0.20-ml portion of p21 purified through
the phenyl-Sepharose purification step, contain-
ing approximately 30 ,ug of protein, was applied
to a TSK 2000 molecular sieve chromatography
column, and the column was eluted with 4°C
buffer as detailed in the text. A flow rate of 0.6
ml/min was used, and fractions of 0.2 ml were
collected. The samples were then electrophor-
esed on a 10.5% polyacrylamide gel, and the
proteins were visualized by being stained with
silver nitrate. Samples (0.08 ml) of each of the
fractions were lyophilized and then dissolved at
95°C for 5 min in 0.04 ml of a mixture containing
0.1 M Tris-hydrochloride (pH 6.8), 20% glycer-
ol, 1.0% SDS, 0.14 M P-mercaptoethanol, and
0.1% bromophenol blue. Gel fraction 9 (arrow)
represents fraction 62 from the column run
shown in panel C; the column fractions in lanes 1
through 8 represent fractions 54 through 61, and
those in lanes 10 through 13 represent fractions
63 through 70. Lane 20 had no added sample.
Lane 19 contains molecular weight markers. (B)
Autophosphorylation. Samples of 0.02 ml of the
same fractions were assayed for GTP-specific
phosphorylation as described in the text. The
samples were then electrophoresed on SDS-
polyacrylamide gels, and the bands were identi-
fied by autoradiography. The arrow indicates
fraction 62 from the column shown in panel C.
Lanes 1 through 5 represent column fractions 57
through 61, and lanes 7 through 11 represent
column fractions 63 through 67. (C) [3H]GDP
binding. Samples of 0.05 ml of the same frac-
tions were assayed for [3H]GDP-binding activity
as described in the text. One picomole represents
8,200 cpm.

LTR c-mos, the results showed that a normal pro-
tooncogene can function as an oncogene. How-
ever, normal expression of the c-mos gene has
not been detected. Therefore, the positive re-

B
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FIG. 6. Effect of reaction mixture volume on phos-
phorylation of v-ras p21. Approximately 1.0 to 2.0 jj.g
of protein containing 0.01 ml of v-ras p21 purified
through the phenyl-Sepharose purification step was
assayed for GTP-specific autophosphorylation at 370C
for 30 min in reaction mixtures of either 0.05, 0.2, or
0.8 ml. The phosphorylated pp2l was recovered by
TCA precipitation and centrifugation and then subject-
ed to electrophoresis in an SDS-polyacrylamide gel as
described in the text. Lanes: 1, 2, and 3, pp2l from
0.05-mi reaction mixture; 4, 5, and 6, pp2l from 0.2-mi
reaction mixture; 7, 8, and 9, pp2l from 0.8-mi reac-
tion mixture.

suits obtained with LTR c-rasH_1 have further
implications, since c-raSH_l is expressed as
RNA and p21 molecules in a wide variety of
normal cells. The results with c-rasH_1 thus have
indicated that enhanced expressed of a protoon-
cogene normally expressed at low levels can
lead to malignant transformation. These results,
then, are consistent with a dosage model of
oncogenesis, a hypothesis which argues that an
increased level of a given oncogene product by
itself can cause oncogenesis.

In the current studies, we have examined the
biochemical properties of the p21 gene products
of c-rasH and v-rasH genes to discern what
biochemical properties of p21 are necessary for
its oncogenic activity and to compare the prop-
erties of v-rasH p21 and c-rasH p21. Our results
indicate that the p21 coded for by either v-rasH
or c-rasHis a guanine nucleotide-binding pro-
tein. This conclusion is based on the facts that
the binding activity copurifies with p21 mole-
cules and that the activity is detectable with
monoclonal antibodies to p21. Thus, we have
confirmed our earlier results which relied on
crude preparations of p21 and polyclonal anti-
p21 antibodies contained in rat serum (23). We
can also conclude that the p21 molecules coded
for by each of the cellular or viral ras genes thus
far examined are guanine nucleotide-binding

a
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FIG. 7. [3H]GDP-binding activity of c-rasH_1 p21.
Membranes were prepared from NIH 3T3 cells, Rous
sarcoma virus-transformed NIH 3T3 cells, and c-rasH_
1 transformed NIH 3T3 cells (8), and the p21 was
extracted as described in the text. The Rous sarcoma
virus-transformed NIH 3T3 cells were a gift from
Geoff Cooper, Boston, Mass. The concentration of
protein was determined in each sample, and the sam-
ples were assayed for [3H]GDP-binding activity. One
picomole represents 8,200 cpm. Symbols: A, c-rasH-l
NIH 3T3 membrane extract; 0, Rous sarcoma virus-
transformed NIH 3T3 membrane extract; *, NIH 3T3
membrane extract.

proteins. This list so far includes p21 coded for
by v-rasK, v-rasH, RaSV (20), BALB-MuSV (E.
Scolnick, unpublished data), and rat c-rasH_1.

Earlier studies indicated that a GTP-specific

1 2 3 4 5 6

FIG. 8. Comparison of in vitro phosphorylation of
c-rasH-1 p21 and v-ras p21. Various amounts of each
p21 were assayed for [3H]GDP- or [3H]GTP-binding
activity, and amounts of each p21 which bound 0.25,
0.5, or 1.0 pmol ofGTP or GDP were assayed for GTP-
specific autophosphorylation as described in the text.
The samples were then collected by precipitation with
10%6 TCA and centrifugation and subjected to SDS-
polyacrylamide gel electrophoresis and autoradiogra-
phy. Lanes: 1-3, v-ras p21; 4-6, c-rasH_l p21.
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autophosphorylating activity was associated
with v-rasH p21. The current studies have con-
firmed this and also indicated that the p21-to-
pp2l GTP-autophosphorylating activity is an
intrinsic property of v-rasH p21 and is probably
an intramolecular reaction. The fact that the
same phosphothreonine residue is phosphorylat-
ed both in vivo and in vitro supports the hypoth-
esis that the GTP-specific autophosphorylation
reaction occurs in vivo with v-rasH p21. Howev-
er, the physiological role of the p21-to-pp2l
autophosphorylation reaction and the functional
role of v-ras pp2l remain obscure. The c-rasH
p21 does not carry out the p21-to-pp2l reaction,
and the p21 of BALB-MuSV does not label
appreciably with 32p;. Thus, neither this auto-
phosphorylation reaction nor phosphothreonine
pp2l can be required for the oncogenic activity
of p21. A serine form of p21 representing a very
small molar amount of p21 has been detected on
p21 coded for by rat c-rasH_1 and RaSV and with
v-rasH and v-rasK (unpublished data). The GTP-
specific autophosphorylating activity and phos-
phothreonine form of p21 have only been detect-
ed in v-rasK p21 and v-rasH p21.
Thus, the only biochemical activity presently

known to be common to all ras p21 molecules is
the guanine nucleotide-binding activity. The
binding activity is a convenient assay by which
to measure and purify ras p21 molecules. How-
ever, to assess the biological significance of this
activity we will need to determine the nucleotide
binding site(s) on ras p21 molecules and to
assess their functional significance by genetic
approaches. Such studies are in progress.

ACKNOWLEDGMENTS

We thank Thomas Shih for advice on phosphoamino acid
analysis and Mark Furth for the YAG-238 and YAG-259
antibodies. We acknowledge the invaluable assistance of Jean
Maryak, whose untimely death occurred while this work was
in progress.

LITERATURE CITED

1. Andersen, P. R., D. G. Sushflkumar, S. R. Tronick, R. W.
Ellb, S. A. Aaronson, and E. M. Scolnlck. 1981. Genera-
tion of BALB-MuSV and H-MuSV by type C virus
transduction of homologous transforming genes from dif-
ferent species. Cell 26:129-134.

2. Bishop, J. M. 1978. Retroviruses. Annu. Rev. Biochem.
47:37-88.

3. Bishop, J. M. 1981. Enemies within: the genesis of retro-
virus oncogenes. Cell 23:5-6.

4. Blair, D. G., W. McClements, M. Oskarson, P. Fls-
chinger, G. F. Vande Woude. 1980. Biological activity of
cloned Moloney sarcoma virus DNA: Terminally redun-
dant sequences may enhance transformation frequency.
Proc. Natl. Acad. Sci. U.S.A. 77:3504-3508.

5. Brunette, D. M., and J. E. Till. 1971. A rapid method for
the isolation of L-cell surface membranes using an aque-
ous two-phase polymer systems. J. Membrane Biol.
5:215-224.

6. Chattopadhyay, S. K., E. H. Chang, M. R. Lander, R. W.
Ellb, E. M. Scolnick, and D. R. Lowy. 1982. Amplification

J. VIROL.

and rearrangement of onc genes in mammalian species.
Nature (London) 296:361-363.

7. Coffin, J. M., H. E. Varumus, J. M. Bishop, M. Esex,
W. D. Hardy, Jr., G. S. Mardn, N. E. Rosenberg, E. M.
Scolnlkc, R. A. Weinberg, and P. K. Vogt. 1981. Proposal
for naming host cell-derived inserts in retrovirus genomes.
J. Virol. 40:953-957.

8. DeFeo, D., M. A. Gonda, H. A. Young, E. H. Chang, D. R.
Lowy, E. M. Scolnick, and R. W. Efls. 1981. Analysis of
two divergent rat genomic clones homologous to the p21
coding region of Harvey murine sarcoma virus. Proc.
Natl. Acad. Sci. U.S.A. 78:3328-3332.

9. Elli, R. W., D. DeFeo, T. Y. Shib, M. A. Gonda, H. A.
Young, N. Tsauchida, D. R. Lowy, and E. M. Scolnick.
1981. The p21 src genes of Harvey and Kirsten murine
sarcoma viruses originate from divergent members of a
family of normal vertebrate genes. Nature (London)
292:506-511.

10. Furth, M. E., L. J. Davis, B. Fleurdelys, and E. M.
Scolnk. 1982. Monoclonal antibodies to the p21 products
of the transforming gene of Harvey murine sarcoma virus
and of the cellular ras gene family. J. Virol. 43:294-304.

11. Hager, G. L., E. H. Chang, H. W. Chan, C. F. Garon,
M. A. Israel, M. A. Martin, E. M. Sonklck, and D. R.
Lowy. 1979. Molecular cloning of the Harvey sarcoma
virus closed circular DNA intermediates: initial structural
and biological characterization. J. Virol. 31:795409.

12. Jainchill, J. F., S. A. Aaronson, and G. J. Todaro. 1%9.
Murine sarcoma and leukemia viruses: assay using clonal
lines of contact-inhibited mouse cells. J. Virol. 4:549-553.

13. Kessler, S. W. 1975. Rapid isolation of antigens from cells
with staphylococcal protein A-antibody adsorbent: pa-
rameters of the interaction of antibody-antigen complexes
with protein. A. J. Immunol. 115:1617-1624.

14. Lanbehe, H., T. Y. Shih, and E. M. Scolnlck. 1980.
Identification of a normal vertebrate cell protein related to
the p21 src of Harvey murine sarcoma virus. Virology
106:292-300.

15. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phenol
reagent. J. Biol. Chem. 193:265-275.

16. Morrisey, J. H. 1981. Silver stain for proteins in poly-
acrylamide gels: a modified procedure with enhanced
uniform sensitivity. Anal. Biochem. 117:307-310.

17. Oskarsson, M., W. L. McClements, D. L. BlIr, G. F.
Vande Woude, and J. V. MaIzel. 1980. Properties of a
normal mouse cell DNA sequence (sarc) homologous to
the src sequence of Moloney sarcoma virus. Science
207:1222-1224.

18. Peters, R. L., L. S. Rabstein, S. Louise, S. Van Vleck,
G. F. Keloff, and R. J. Huebner. 1974. Naturally occur-
ring sarcoma virus of the Balb/c CR mouse J. Natl.
Cancer Inst. 53:1725-1729.

19. Rasheed, S., M. B. Gardner, and R. J. Huebner. 1978. In
vitro isolation of stable rat sarcoma viruses. Proc. Natl.
Acad. Sci. U.S.A. 75:2972-2976.

20. Scolnlck, E. M., A. G. Papa ge, and T. Y. Shih. 1979.
Guanine nucleotide-binding activity as an assay for src
protein of rat-derived murine sarcoma viruses. Proc. Natl.
Acad. Sci. U.S.A. 76:5355-5359.

21. Shib, T. Y., A. G. Papaeorge, P. E. Stokes, M. 0. Weeks,
and E. M. Scolnldck. 1980. Guanine nucleotide-binding and
autophosphorylating activities associated with the p21 src
protein of Harvey murine sarcoma virus. Nature (Lon-
don) 287:686-691.

22. Shih, T. Y., M. 0. Weeks, P. Grus, R. Dhar, S. Oroszla,
and E. M. Scoinck. 1982. Identification of a precursor in
the biosynthesis of the p21 transforming protein ofHarvey
murine sarcoma virus. J. Virol. 42:253-261.

23. Sbih, T. Y., M. 0. Weeks, H. A. Young, and E. M.
Scolnlck. 1979. Identification of sarcoma virus-coded
phosphoprotein in nonproducer cells transformed by Kir-
sten or Harvey murine sarcoma virus. Virology 96:64-79.

24. Spector, M., S. O'Neal, and E. Racker. 1981. Regulation of
phosphorylation of the I-subunit of the Ehrlich ascites



BIOCHEMICAL PROPERTIES OF p27 ras MOLECULES 519

tumor Ha' K+ ATPase by a protein kinase cascade. J.
Biol. Chem. 256:4219-4221.

25. Temin, H. M. 1971. The protovirus hypothesis: specula-
tions on the significance of RNA-directed DNA synthesis
for normal development and for carcinogenesis. J. Natl.
Cancer Inst. 46:3-7.

26. Wlllgham, M. C., I. Pasan, T. Y. Shib, and E. M.
Scolnck. 1980. Localization of the src gene product of the

Harvey strain of MSV to plasma membrane of trans-
formed cells by electron microscopic immunocytoche-
mistry. Cell 19:1005-1014.

27. Young, H. A., T. Y. Shlh, E. M. Scolnck, S. Rasheed,
M. B. Gardner. 1979. Different rat-derived transforming
retroviruses code for an immunologically related intracel-
lular phosphoprotein. Proc. Natl. Acad. Sci. U.S.A.
76:3523-3527.

VOL. 44, 1982


