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Recent work has shown that DNA sequences related to the mammalian ras proto-oncogenes are highly
conserved in eucaryotic evolution. A monoclonal antibody (Y13-259) to mammalian p2lr' specifically
precipitated a 23,000-molecular-weight protein (p23) from lysates of Dictyostelium discoideum amoebae.
Tryptic peptide analysis indicated that D. discoideum p23 was closely related in its primary structure to
mammalian p2l1. p23 was apparently derived by post-translational modification of a 24,000-molecular-
weight primary gene product. The amount of p23 was highest in growing amoebae, but declined markedly with
the onset of differentiation such that by fruiting body formation there was less than 10% of the amoeboid level.
The rate of p23 synthesis dropped rapidly during aggregation, rose transiently during pseudoplasmodial
formation, and then declined during the terminal stages of differentiation. There was, therefore, a strong
correlation between the expression of the ras-related protein p23 and cell proliferation of D. discoideum.

The transforming sequences of acutely oncogenic RNA
tumor viruses originate from genes present in normal verte-
brate cells, termed proto-oncogenes (1). The effects of viral
oncogene expression on cellular proliferation and differenti-
ated phenotype suggest an active role for their normal
cellular counterparts in cell growth and development. Some
vertebrate oncogenes are transcribed at very different levels
in distinct adult tissue types and during successive stages of
mammalian embryogenesis (13, 14, 21, 25), implying that
their functions are related to specific processes in vertebrate
differentiation. In contrast, the ras proto-oncogenes are
expressed at similar levels in many mammalian cell types
(13, 14), and a developmental role is less obvious.

ras-related genes have been detected in the insect Drosoph-
ila melanogaster (24), and recently two genomic sequences
closely related to mammalian ras genes have been defined in
the budding yeast Saccharomyces cerevisiae (6). A broadly
cross-reactive monoclonal antibody (Y13-259) originally
raised against the p2lras transforming protein of Harvey
murine sarcoma virus (9) specifically recognizes a yeast
protein which is presumably encoded by one of these yeast
ras genes (16). This conservation of ras genes over such a
wide range of evolution implies that they encode functions
that are essential to all eucaryotic cells.

Dictyostelium discoideuim is a simple eucaryotic organism
in which the relationship of normal ras-encoded proteins to
cellular proliferation and differentiation might be analyzed.
It is unusual among eucaryotic organisms in that the proc-
esses of cell division and differentiation are largely separate.
In the presence of nutrients, D. discoideum amoebae prolif-
erate rapidly and are mutually indifferent, but upon starva-
tion, cell division terminates, and cells aggregate. The ag-
gregate forms a migrating pseudoplasmodium within which
individual cells eventually differentiate into the spore or
stalk cells of a mature fruiting body (11). There is only
limited mitosis during differentiation, apparently restricted
to prespore cells of the early pseudoplasmodial phase of
differentiation (8, 32). We therefore examined D. discoidelum
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for the presence of ras-related proteins with the intention of
investigating their expression during D. discoideum devel-
opment.
(A preliminary report of these data has been presented

elsewhere [17a].)

MATERIALS AND METHODS

Growth of D. discoideum. The V12-M2 strain of D. discoid-
euim was used throughout this study. Amoebae were grown
in suspension cultures in association with Escherichia coli
B23 as previously described (29). Briefly, bacteria were
grown to stationary phase in M9 medium, pelleted by cen-
trifugation at 5,000 x g for 10 min, and suspended in sterile
phosphate buffer (20 mM KH2PO4 plus K2HPO4, pH 6.0) to
an optical density at 660 nm of 6.0. The suspension was
inoculated with D. discoidelum amoebae (2 x 105/ml), and the
amoebae were allowed to proliferate for 17 to 23 h at 220C to
a density of approximately 5 x 106/ml. To induce differen-
tiation, amoebae were separated from bacteria by several
low-speed centrifugations (700 x g for 2 min), and aliquots of
108 cells were plated on Millipore filters resting on Millipore
support pads (26) saturated with sterile phosphate buffer
containing 0.5 mg of streptomycin per ml. Kirsten murine
sarcoma virus (KiMSV)-transformed, nonproducer NIH 3T3
mouse fibroblasts were grown in Dulbecco modified Eagle
medium containing 10% fetal bovine serum at 370C.

Radiolabeling of D. discoideum cells during growth. D.
discoideuim amoebae were labeled by growth on radioactive
bacteria. Conditions were as described above except that the
E. coli were grown in M9 medium supplemented with 2 mCi
of [35S]methionine per liter (1,000 Ci/mmol; Amersham
Corp.), and D. discoidelum was grown on the radioactive E.
coli.
To examine levels of p23 during differentiation, radioac-

tive D. discoideum cells were plated on Millipore filters as
detailed above. Cells were washed from the filters with
phosphate buffer after defined periods of differentiation,
harvested by centrifugation, and suspended in lysis buffer
(100 mM NaCl, 5 mM MgCI2, 5 mM Tris-hydrochloride [pH
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7.5], 1% [vol/voll Triton X-100, 0.5% [wt/vol] sodium dod-
ecyl sulfate [SDS], 0.5 mM phenylmethylsulfonyl fluoride).

Radiolabeling of differentiating D. discoideum and mamma-
lian cells. Nonradioactive D. discoideum cells were spread
on Millipore filters as described above. At the appropriate
times of differentiation, the filters were transferred on to a
droplet containing 250 ,uCi of [35S]methionine to initiate the
labeling (7). At the end of the labeling period, cells were
harvested from the filters into lysis buffer (30). KiMSV-trans-
formed NIH 3T3 cells were labeled for 16 h with
[35S]methionine as described previously (30).

Immunoprecipitation. D. discoideum cells (108) were rou-
tinely lysed in 1 ml of ice-cold lysis buffer, and the cell
lysates were clarified by centrifugation at 15,000 rpm for 30
min at 4°C. Aliquots (0.25 ml) of the resulting supernatants
(approximately 5 x 106 trichloroacetic acid-precipitable cpm)
were immunoprecipitated with Y13-259 anti-p21 rat mono-
clonal antibody as described in detail elsewhere (9, 30)
except that the immunoprecipitates were washed with the
previously described lysis buffer. To ensure that immuno-
precipitation was complete, the supernatants from the pre-
cipitation were reincubated with anti-p21 antibody. Gener-
ally, little or no ras-related protein was precipitated by the
second round of antibody. In most experiments, a rat
monoclonal antibody specific to the transforming protein of
Fujinami avian sarcoma virus (88AG) was used as a control.
Radiolabeled KiMSV-transformed NIH 3T3 cells were lysed
and immunoprecipitated with anti-p21 antibody by the same
protocol.

Cell-free translation. Total cytoplasmic RNA was isolated
from D. discoideum amoebae as described by Blumberg and
Lodish (2) and translated in a messenger-dependent rabbit
reticulocyte lysate prepared as described by Pelham and
Jackson (18). The reticulocyte lysate was incubated with D.
discoideum total cytoplasmic RNA at 0.5 mg/ml and
[35S]methionine at 2 mCi/ml for various periods of time at
30°C. For immunoprecipitation of the cell-free translation
products, portions (0.05 to 0.1 ml) were mixed with 0.7 ml of
lysis buffer on ice and immunoprecipitated with anti-p21 or
control monoclonal antibodies. Polyadenylic acid selection
of total RNA by affinity chromatography on oligodeoxythy-
midylic acid-cellulose, fractionation of polyadenylic acid-
containing RNA by velocity centrifugation through a 15 to
30% glycerol density gradient, and cell-free translation of the
size-fractionated RNA were performed as described previ-
ously (17) and as detailed in the legend to Fig. 5 (see below).

Gel electrophoresis. All immunoprecipitates were heated at
100°C in SDS sample buffer for 3 min and analyzed by
electrophoresis through SDS-polyacrylamide gels (11.25%
[wt/vol] acrylamide) (30). Gels were treated with En3Hance
(New England Nuclear Corp.) and exposed to preflashed
XAR-5 (Kodak) X-ray film at -80°C. Size markers of known
molecular weights were coelectrophoresed, and their mobil-
ities were determined by Coomassie blue staining.
The amount of radioactivity in the ras-related protein

bands was estimated by excision of the appropriate dried gel
slice and scintillation counting in the presence of PCS
scintillant. In some experiments, the amounts of radioactiv-
ity in the ras-related protein bands were determined by
densitometry of the X-ray film.

Tryptic peptide analysis. [35S]methionine-labeled proteins
were eluted from polyacrylamide gels, oxidized, digested
with tolylsulfonyl phenylalanyl chloromethyl ketone-treated
trypsin and analyzed as described previously (30). The
two-dimensional separation of tryptic peptides on thin-layer
cellulose plates employed electrophoresis at pH 2.1 in the
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FIG. 1. Immunoprecipitation of ras-related proteins from D.
discoideum amoebae and pseudoplasmodial cells. Detergent lysates
of [5S]methionine-labeled D. discoideum amoebae (lanes 1) or
pseudoplasmodial D. discoideum cells (lanes 2) were subjected to
immunoprecipitation with Y13-259 anti-p21 rat monoclonal antibody
(a) or with a control rat immunoglobulin G monoclonal antibody (b).
Amoebae were labeled by growth on radioactive E. coli, whereas
the pseudoplasmodial cells were labeled directly with [35S]methio-
nine at between 14 and 16 h of differentiation. Immunoprecipitates
were analyzed by electrophoresis on an 11.25% SDS-polyacryl-
amide gel, and radiolabeled proteins were detected by fluorography.

first dimension followed by chromatography in n-
butanol-acetic acid-water-pyridine (75:15:60:50) in the sec-
ond dimension.

RESULTS
Identification of D. discoideum proteins antigenically related

to p2lras. D. discoideum amoebae (strain V12-M2) were
radiolabeled by vegetative growth for 23 h on [35S]meth-
ionine-labeled E. coli, lysed in a detergent buffer, and
immunoprecipitated with Y13-259 anti-p21 monoclonal anti-
body (Fig. 1). A D. discoideum protein with a molecular
weight of 23,000 (p23) was specifically precipitated by the
antibody together with less intensely labeled polypeptides
with mobilities of 24,000 (p24) and 22,000 (p22). No proteins
were immunoprecipitated from lysates of E. coli alone (data
not shown), indicating that p23 was not a contaminating
bacterial protein. In a further experiment, D. discoideum
amoebae were grown on nonradioactive E. coli and induced
to differentiate by removal of the bacteria; after 14 h of
differentiation, pseudoplasmodial cells were incubated with
[35S]methionine for 2 h, and the labeled cells were then
immunoprecipitated with anti-p21 antibody. The same three
proteins were specifically detected by the Y13-259 antibody
in these radiolabeled differentiating cells (Fig. 1).

Structural relationship between D. discoideum p23 and
mammalian p2lras. The specific precipitation of D. discoid-
eum p23 with anti-p21ras antibody, taken together with its
similarity in size to mammalian p2lras, suggested that p23
might be the product of a D. discoideum ras gene and thus
might be related in primary structure to mammalian p2lr"s.
We therefore compared D. discoideum p23 and the p21r"s
protein encoded by the Ki-ras gene of KiMSV by using
two-dimensional tryptic peptide mapping of immunoprecipi-
tated [35S]methionine-labeled proteins. This form of compar-
ative tryptic peptide analysis is very sensitive to minor
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FIG. 2. Tryptic peptide analysis of D. discoideum ras-related proteins. [35S]methionine-labeled proteins were immunoprecipitated with

anti-p21 antibody from pulse-labeled differentiating D. discoideum cells from a messenger-dependent rabbit reticulocyte lysate programmed
with D. discoideum RNA or from radiolabeled KiMSV-transformed NIH 3T3 mouse fibroblasts. Proteins were digested with trypsin and
analyzed by two-dimensional tryptic peptide mapping. Each tryptic digest was spotted on a thin-layer cellulose plate (Or) and separated by
electrophoresis at pH 2.1 in the first dimension (anode on the left, cathode on the right) and by chromatography in the second dimension (from
bottom to top). Plates were coated with En3Hance spray and exposed to XAR-5 film at -80°C. Comigrating peptides were given the same

numbers; peptides 1 and 2 frequently migrated as doublets. A, p24 from labeled cells; B, p23 from labeled cells; C, p23 synthesized in the
reticulocyte lysate; D, KiMSV p2lras (nonphosphorylated form).

differences between two proteins since a single amino acid
change can have a profound effect on the migration of a

peptide, and changes of lysine or arginine residues or of the
labeled amino acid can yield entirely new radiolabeled
tryptic peptides. Nonetheless, the patterns of[35S]methionine-
labeled peptides obtained after two-dimensional separation
of trypsin digests of p23 and p2lras were very similar (Fig. 2).
KiMSV p2lras yields three strongly labeled methionine-con-
taining tryptic peptides (Fig. 2D, spots 4a, 5, and 9) and four
less-intense spots, some of which may represent differently
modified forms of the major peptides (Fig. 2D, spots 3a and
6 to 8). D. discoideum p23 yielded four major (Fig. 2B, spots
1, 2, 4, and 5) and four minor (Fig. 2B, spots 3, 6, 7, and 8)
methionine-containing tryptic peptides. Four of eight D.
discoideum p23 peptides comigrated with peptides of KiMSV
p2lras (the major tryptic peptide [spot 5] and the minor spots
6 to 8). Peptide 5 was also found in tryptic digests of
immunoprecipitated [35SJmethionie-labeled yeast ras protein
(E. Hinze, unpublished data). In addition, tryptic peptides
3a and 4a of p2lras had similar, although not identical,
migrations to those of peptides 3 and 4 of p23. KiMSV p21ras
apparently lacked peptides 1 and 2 of p23 and possessed a

distinct methionine-containing peptide (peptide 9) with no
obvious relationship to any p23 tryptic peptide. These data
suggested that p23 was closely related in structure to KiMSV
p2lras and indicated that p23 was a ras protein.

Synthesis of D. discoideum p23. D. discoideum grown in the
presence of [35S]methionine-labeled E. coli contains p23 as
the major radiolabeled antigenically ras-related protein (Fig.
1, lane la) with barely detectable levels of p24. In contrast,
when cells were incubated with [35S]methionine for only 2 h,
considerably more label was incorporated into p24 relative
to p23 (Fig. 1, lane 2a). This observation suggested the
possibility that p24 might be a precursor which is post-trans-
lationally modified to yield p23. This hypothesis was con-
sistent with the data shown in Fig. 3, in which nonradioac-
tive amoebae were plated on filters and then radiolabeled for
15 or 120 min before immunoprecipitation with anti-p21
antibody. During the 2-h labeling period, the kinetics of p24
and p23 labeling indicated a precursor-product relationship
since the level of labeled p24 remained relatively constant,
whereas the amount of labeled p23 increased markedly. To
examine the structural relationship between p24 and p23,
labeled proteins were excised from the gel and digested with
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FIG. 3. Synthesis of D. discoideum ras-related proteins during
the first 2 h of differentiation. Nonradioactive D. discoideum amoe-
bae were plated on Millipore filters (108 cells per filter) and pulsed
with 250 1j.Ci of [35S]methionine for 15 min (lanes 1) or 120 min (lanes
2). Cells were lysed and immunoprecipitated with Y13-259 anti-p21
antibody (a) or with control antibody (b). Molecular weights are in
thousands.

trypsin, and the resulting tryptic peptides separated in two
dimensions. The methionine-containing tryptic peptide maps
of p24 and p23 indicated that the two polypeptides were
virtually identical (Fig. 2). All of the labeled tryptic peptides
contained within p23 were represented by comigrating pep-
tides in the map of digested p24 as would be expected if p23
were derived from a p24 precursor.

In vitro translation and sizing of D. discoideum ras-related
messenger RNA. To examine the nature of the primary gene
product in more detail, total cytoplasmic RNA was ex-
tracted from D. discoideum amoebae and translated in a
messenger-dependent rabbit reticulocyte lysate protein-syn-
thesizing system. The translation products were immunopre-
cipitated with anti-p21 antibody (Fig. 4). Two ras-related
proteins were synthesized in vitro corresponding in size to
p23 and p24 from intact cells. A tryptic peptide map of p23
synthesized in the reticulocyte lysate was essentially identi-
cal to that of p23 from labeled cells (Fig. 2), indicating that
the ras-related proteins identified by cell-free translation
were the same as those immunoprecipitated from D. discoid-
eum cell lysates. Since both p23 and p24 were detected by in
vitro translation, we wished to determine their relative
kinetics of synthesis. The reticulocyte lysate and D. discoid-
eum RNA were therefore incubated for various times, and
the products were analyzed by immunoprecipitation with
anti-p21 antibody (Fig. 4, lanes 1 to 4). The larger protein
was detected within 10 min, accumulated during the subse-
quent 60 min, and then remained constant throughout the
remainder of the incubation. In contrast, p23 was not
detectable until 30 min, but was the major component of
immunoprecipitable material after 120 min. For comparison,
ras-related proteins labeled in vivo by extended growth of
amoebae on radioactive bacteria were displayed on the same
gel, with p23 constituting the only strongly labeled band
(Fig. 4, lane 6). These data argued that p24 was a primary ras

gene product which was post-translationally processed both
in cells and in the reticulocyte lysate to yield p23. An
alternative explanation for these results is that p24 and p23
were the products of distinct genes whose mRNAs were
translated with different kinetics. To investigate this possi-
bility, polyadenylic acid-containing RNA was selected from
total D. discoideum vegetative cell RNA and was fraction-
ated by centrifugation through a 15 to 30% glycerol density
gradient. The size-fractionated mRNAs were translated in
the messenger-dependent rabbit reticulocyte lysate, and the
products were immunoprecipitated with anti-p21 antibody
(Fig. 5). There was a single peak of p24-encoding activity
which exactly cosedimented with that of p23. Further anal-
ysis of vegetative cell mRNA failed to reveal any other
mRNA species capable of encoding p23 and p24. The size of
the mRNA encoding p24 and p23 was estimated to be 13S
(approximately 1 kilobase), based on sedimentation of the
mRNAs for D. discoideum actin and of rat tRNA and rRNA
in parallel gradients. These data were consistent with the
notion that there is a single mRNA for p24 in vegetative
cells, and that p23 is a processed form of p24 rather than a
separate gene product.

Levels of ras-related proteins during D. discoideum devel-
opment. If this 23,000-molecular-weight ras-related protein
was involved in specific processes of cell growth or differ-
entiation in D. discoideum, it might be anticipated that p23
expression itself is regulated during the transition from
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FIG. 4. Kinetics of ras-related protein synthesis determined with
rabbit reticulocyte lysate. Total cell RNA from D. discoideum
amoebae was added to a messenger-dependent rabbit reticulocyte
lysate containing [35S]methionine and incubated at 30°C. At 10 (lane
1), 30 (lane 2), 60 (lane 3), or 120 min (lanes 4 and 5) after the start
of incubation, samples were removed and immunoprecipitated with
anti-p21 antibody (lanes 1 to 4) or control antibody (lane 5). For
comparison, D. discoideum amoebae grown for 17 h on [35S]meth-
ionine-labeled E. coli were lysed and immunoprecipitated with
anti-p21 antibody (lane 6) or control antibody (lane 7). The mobili-
ties of size markers and their molecular weights in thousands are
indicated.
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vegetative growth to differentiation. We therefore grew D.
discoideum amoebae for approximately six generations on
[35S]methionine-labeled E. coli, removed residual bacteria,
and induced differentiation by spreading cells on Millipore
filters in the absence of exogenous nutrients. At different
times after the onset of differentiation, cells were lysed and
immunoprecipitated with an excess of anti-p21 antibody.
The amount of p23 dropped markedly during the 24-h period
required for formation of the terminai cell types (Fig. 6). In
this experiment, differentiation occurred in the complete
absence of nutrients; under these conditions, all amino acids
used for protein biosynthesis during differentiation are de-
rived from degradation of preexisting protein synthesized
during amoeboid growth (31). Thus, any de novo-synthe-
sized p23 was labeled with [35S]methionine derived from
protein degradation, and the amount of label represented the
absolute level of p23 in the cell. Since total cellular protein
declines gradually during the course of differentiation as a
consequence of endogenous respiration (31), the amounts of
antigenically ras-related proteins (p22, p23, and p24) were
normalized relative to total radiolabeled cell protein (Fig. 7).
The levels of the ras-related proteins dropped approximately
fourfold during the first 10 h of differentiation, remained
relatively constant between 12 and 16 h, and then declined to
less than 10% of the original value by the end of differenti-
ation. Even at its highest level in vegetative cells p23 is a
minor cellular constituent and represents only 0.02 to 0.03%
of total radiolabeled cell protein as determined by the
immunoprecipitation procedure.

A B

TOTAL
A+ RNA

18S 4S
v V

79 113 117 21 2325
- 205
- 116
-97

- 66

- 45

- 29

-- GRADIENT -.-
FRACTI ONS

FIG. 5. Size fractionation of mRNAs encoding p24 and p23.
Total D. discoideum vegetative cell RNA was polyadenylic acid
selected (A+ RNA), translated in a messenger-dependent rabbit
reticulocyte lysate, and immunoprecipitated with anti-p21 antibody
(A) or with control antibody (B). In addition, 25 ,ug of selected A+
RNA was centrifuged on a 15 to 30% glycerol gradient (40,000 rpm,
10 h, 20°C, SW41 rotor), and the gradient was fractionated into 25
fractions. The sedimentations of 18S and 4S rat RNAs from a
parallel gradient are indicated. RNA was recovered from the gradi-
ent fractions and translated in vitro, and the cell-free products were
immunoprecipitated with anti-p21 antibody. In the experiment shown
here, every other fraction was analyzed. Fraction numbers are
indicated above the corresponding lanes. Immunoprecipitates were
analyzed by SDS-polyacrylamide gel electrophoresis and fluorog-
raphy as described above.
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FIG. 6. Immunoprecipitation of ras-related proteins during the
course of D. discoideum differentiation. D. discoideum amoebae
that had been radiolabeled by growth on [35S]methionine-labeled E.
coli were allowed to differentiate for the indicated times, then
harvested into lysis buffer, and immunoprecipitated with (a) Y13-259
anti-p21 rat monoclonal antibody or with (b) control rat monoclonal
antibody. The immunoprecipitates were analyzed by electropho-
resis on 11.25% SDS-polyacrylamide gels, and radiolabeled proteins
were detected by fluorography by exposure to Kodak XAR-5 X-ray
film for 3 days (A) or 4 weeks (B). The mobilities and molecular
weights in thousands of a number of standard proteins are indicated.

Synthesis of ras-related proteins during differentiation. The
rapid drop in the overall level of the antigenically ras-related
proteins after the onset of differentiation might be explained
by a complete cessation of synthesis. However, labeling of
differentiating cells (Fig. 1) indicated that p23 was synthe-
sized during the pseudoplasmodial stage of development. It
was therefore pertinent to establish whether the rates of
ras-related protein synthesis varied during the differentiation
process. To determine a reliable labeling procedure with
which to quantitate p23 synthesis, cells were incubated with
[35S]methionine after the onset of differentiation, and incor-
poration into p23 was assayed by immunoprecipitation with
anti-p21 antibody. The results revealed that the incorpora-
tion of label into p23 was still increasing after 2 h of
incubation (Fig. 3). Cells were therefore labeled with
[35S]methionine for 2-h periods during differentiation and
were then immunoprecipitated with anti-p21 antibody. The
immunoprecipitates were separated by SDS-polyacrylamide
gel electrophoresis, and the rate of specific ras-related
protein synthesis relative to total cellular protein synthesis
was calculated. The rate declined rapidly during the first 10
h of differentiation, increased between 10 and 14 h (the
period that corresponded to tip and pseudoplasmodium
formation), and then declined again towards the end of
differentiation (Fig. 8). It is noteworthy that the level of p23
during differentiation determined under steady-state labeling
conditions (Fig. 6 and 7) reflected the rate of p23 synthesis
determined by short-term labeling experiments (Fig. 8).
There was a striking correspondence between the transient
elevation of specific ras-related protein synthesis and the
interruption in the general decline of total p23 levels during
pseudoplasmodium formation. It seems probable that the
lowered rates of synthesis accounted at least in part for the
overall drop in p23 levels during development.
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DISCUSSION
D. discoideum cells synthesized a 23,000-molecular-

weight protein which was specifically immunoprecipitated
by an anti-p21raS monoclonal antibody and was closely
related to mammalian p2lras in structure as defined by
tryptic peptide analysis. Like p2lras, D. discoideum p23 was
a relatively minor cellular protein. Normal and transforming
mammalian p2lras proteins are synthesized as 22,000-molec-
ular-weight (pro-p21) primary gene products and undergo
post-translational modification to a 21,000-molecular-weight
species (15, 20, 23). Apparently, D. discoideum p23 was
similarly processed from a 24,000-molecular-weight precur-
sor. The similarities in the size, structure, abundance, and
apparent post-translational processing of D. discoideum p23
and mammalian p2lras argued that p23 is encoded by a D.
discoideum ras gene and provided further evidence that ras
sequences are widely distributed in eucaryotic cells. The
proteins encoded by the yeast rasscl and rassc2 genes have
been predicted to contain 309 and 322 amino acids, respec-
tively, and a 42,000-molecular-weight protein has been ten-
tatively identified as the product of the rassc2 gene (19). The
yeast ras proteins are therefore substantially larger than the
189-amino-acid protein p2lras. Although a direct comparison
between the primary structures of p23 and p2lras must await
isolation and nucleotide sequence determination of the D.
discoideum ras gene(s), it was clear from the experiments
with cell-free translation of amoeboid RNA that the primary
gene product of D. discoideum ras had an apparent molec-
ular weight of 24,000. It therefore seems probable that p23
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FIG. 7. Level of ras-related proteins relative to total cellular

protein during D. discoideum differentiation. The radioactivity in
the ras-related proteins immunoprecipitated from differentiating
cells prelabeled by growth as amoebae on radioactive bacteria (see
legend to Fig. 6) was determined by excision of the dried gel slices
and liquid scintillation counting in PCS scintillant. Background
counts were obtained from the control immunoprecipitations. The
[35S]methionine counts per minute in p24, p23, and p22 relative to
total trichloroacetic acid-precipitable counts per minute in the
original cell lysates were calculated. This relative value averaged
0.022% at the onset of differentiation. The plotted data are from
three independent experiments normalized to 100% for time zero
and represent either a single determination (A), the mean of two
determinations from separate experiments (0), or the mean of three
separate determinations (-). The appearance of the tip, which
marks the onset of pseudoplasmodium formation, occurred at 12 h
in these experiments.
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FIG. 8. Synthesis of D. discoideum ras-related proteins during

differentiation. Differentiating D. discoideum cells (108) were la-
beled for the indicated 2-h periods with 250 ,uCi of [35S]methionine.
Cells were lysed and immunoprecipitated with Y13-259 anti-p21
antibody, and the immunoprecipitates were analyzed by SDS-poly-
acrylamide gel electrophoresis. The label incorporated into ras-re-
lated proteins (p24, p23, and p22) during these 2-h pulses was
determined by optically scanning the resulting fluorograms and
integrating the peaks. The total incorporation into protein was
measured by trichloroacetic acid precipitation of the original cell
lysate. The extent of ras-related protein synthesis for each 2-h
period is expressed as a fraction of the total protein synthesis in
arbitrary units. Tip formation occurred at 10 h of development in the
experiment shown here.

lacks the additional sequences found in the yeast ras pro-
teins.
There was a clear and reproducible down-regulation of ras

protein expression and level during D. discoideum develop-
ment, suggesting that the synthesis and levels of p23 are
closely correlated with the extent of cellular proliferation.
There was a transient elevation in p23 synthesis during the
early pseudoplasmoidal phase of differentiation, and it is
intriguing that the only detectable mitosis that occurs during
differentiation is restricted to this same early pseudoplas-
modial stage (8, 32). We postulate that in D. discoideum the
level of ras-encoded proteins is an important factor in cell
proliferation. This interpretation is consistent with the re-
cent observation that disruption of both yeast rassc genes by
insertional mutagenesis renders resulting haploid spores
nonviable (28). It is interesting in this context to note that
enhanced expression of the normal Ha-ras-J rat or human
cellular genes under control of a retroviral long terminal
repeat can induce the neoplastic proliferation of NIH 3T3
mouse fibroblasts, indicating that mammalian cell growth is
sensitive to changes in p21ras levels (4, 5). In addition,
elevated levels of Ha-ras RNA are expressed in regenerating
rat livers (10), and Ki-ras transcription in mouse BALB/c
3T3 fibroblasts is modulated in a cell cycle-dependent man-
ner consistent with a role for ras genes in mitosis (3). In
general, vertebrate ras gene expression as measured by
RNA levels has shown little variation with differentiation,
although moderate decreases in ras RNA have been re-
ported during terminal differentiation of teratocarcinoma
stem cells (3). This may result from the difficulty in separat-
ing proliferation and differentiation in complex mammalian
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developmental systems. In addition, studies on mammalian
ras expression have relied on measurements of specific RNA
concentrations, which do not necessarily reflect the amounts
of the corresponding proteins since regulation may be ex-
erted at the translational or post-translation level.
Mammalian p2lras proteins bind guanine nucleotides (15),

display GTPase activity (12), and show a familial relation-
ship to the G proteins that regulate adenyl cyclase activity
(12). The extraordinary structural conservation of ras-en-
coded proteins argues that their function is also retained
during eucaryotic evolution. D. discoideum, by virtue of the
simplicity of its developmental pathway, affords a model for
investigating the mechanisms by which expression of ras
proteins are modulated and for elucidating the nature of their
biochemical activities. It will be intriguing to determine
whether the down-regulation of p23 during D. discoideum
development is an active and integral requirement for the
process of cellular differentiation initiated by starvation or
whether it simply represents a passive response to the
cessation of cell division.
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