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ABSTRACT Several findings suggest that signals from ty-
rosine kinases are transduced, at least in part, through ras
proteins. These findings include (i) blockage of the transforming
activity of constitutively active tyrosine kinases by inhibiting ras
function and (i) genetic screens in Caenorhabditis elegans and in
Drosophila that identified ras genes as downstream effectors of
tyrosine kinases. The recently isolated Drosophila gene Son of
sevenless (Sos) is postulated to act as a positive regulatory link
between tyrosine kinase and ras proteins by catalyzing exchange
of GDP for GTP on ras protein. Such exchange proteins have
been reported in extracts of mammalian cells but have not been
previously characterized at a molecular level. As Sos appears to
function in this role in Drosophila, we sought to isolate a
vertebrate counterpart(s). We have characterized two widely
expressed murine genes with a high degree of homology to Sos.
Hybridization with human DNA and RNA indicates a high
degree of conservation of these genes in other vertebrates.

Protein tyrosine kinases (PTKs) are a superfamily of genes
whose protein products regulate many aspects of cellular
proliferation, survival, and differentiation (1). Many of the
extracellular ligands that modulate the activity of individual
PTKs have been identified. However, less is known of the
intracellular factors that interact either directly with the
catalytic domain of tyrosine kinases or form more distal parts
of the tyrosine kinase signaling pathway. There is compelling
evidence (for review, see ref. 1) to suggest that proteins such
as phospholipase C-y and the c-rafl serine threonine kinase
are phosphorylated, and their activity is modulated, as a
result of the activation of tyrosine kinases. Ras proteins have
also been identified as important components in PTK signal
transduction in mammalian cells (2, 3), Caenorhabditis ele-
gans (4), and Drosophila (5, 6). However, these proteins must
represent only some of the components of the tyrosine kinase
signaling pathway.

We have previously attempted to study the mechanism of
signaling by PTKs by conducting a systematic genetic screen
in Drosophila, involving the PTK receptor sevenless (5).
Sevenless is required for the differentiation of R7 photorecep-
tor cells in the Drosophila eye. By creating circumstances
where the sevenless signaling pathway was barely adequate
for R7 formation, we were able to uncover mutations in several
genes probably involved in signal transduction by the seven-
less protein. Genetic analyses suggested that these genes are
involved in additional developmental pathways in Drosophila.
In particular, at least four genes appear to be also involved in
signal transduction by another tyrosine kinase, the epidermal
growth factor receptor. Of the four genes likely to be general
components in tyrosine kinase signaling two have been char-
acterized at a molecular level (5, 6). These are the Drosophila
Rasl gene (7) and Son of sevenless (Sos, ref. 8).
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A region of the Sos gene shows a high degree of homology
with several yeast genes that appear to activate ras proteins
by promoting GDP-GTP exchange (9-11), suggesting an
equivalent role for Sos. Although Sos represents the first
putative metazoan activator of ras protein to be molecularly
characterized, its discovery was anticipated, as (i) the equi-
librium dissociation rate of GDP from ras suggests an oblig-
atory requirement for such exchange-promoting factors (12)
and (i) partially purified proteins that promote that addition
of GTP to ras have been identified in mammalian cells by
several groups (13-16). It seemed plausible that Sos-like
proteins could account for, at least part of, this activity in
mammalian cells. We, therefore, attempted to isolate mam-
malian homologues of the Sos gene by hybridizing the
Drosophila gene to a mouse cDNA library under conditions
of low stringency. We have identified two related, but
distinct, murine genes each with extensive homology to Sos.§
The genes, designated mouse Son of sevenless 1 and 2
(mSos-1 and mSos-2), are widely expressed during develop-
ment and in adult tissues, consistent with a role as positive
regulators of the ubiquitously expressed ras genes.

MATERIALS AND METHODS

Cloning of Murine Son of Sevenless Homologues. An em-
bryonic mouse eye cDNA library (random-bred Swiss at day
17 of gestation, D.B., unpublished work) was screened with
a 32P-labeled fragment of the Drosophila Sos gene that
corresponded to amino acids 841-1303 (5). Approximately 1
X 10 recombinant phage were hybridized in 5x standard
saline citrate (SSC)/5x Denhardt’s solution/5 mM EDTA/
herring testes DNA at 100 ug/ml/0.1% SDS at 65°C for 18 hr
and then washed in 2X SSC/0.1% SDS at 50°C. cDNA clones
that weakly hybridized were purified, and their cDNA inserts
were subcloned into Bluescript II (Stratagene). Partial DNA
sequence was obtained and confirmed the isolation of two
Sos-related genes, mSos-I and mSos-2. Subsequent screen-
ing of the embryonic-eye cDNA library with these clones
identified cDNA of =4.9 kilobases (kb) (clone 2.1) and 5.3 kb
(clone 10) that corresponded to mSos-1 and mSos-2, respec-
tively. cDNA corresponding to mSos-I and mSos-2 were
present in the cDNA library at =~1:150,000 recombinants.

Cloning of 5’ Sequences by PCR. Amplification of the 5’ end
of the mSos-1 mRNA was done as described (17) by using
polyadenylylated RNA derived from an adult mouse brain.
PCR products were subcloned into M13 and phage containing
mSos-1 sequences identified by hybridization to a 32P-labeled
oligonucleotide probe.

Abbreviations: PTK, protein tyrosine kinase; mSos-/ and mSos-2,

murine homologues 1 and 2, respectively, of Drosophila Sos.

1To whom reprint requests should be addressed.

$The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. Z11574, Z11578, and Z11664).
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DNA Sequencing. Double-stranded dideoxynucleotide Alignment of the predicted amino acid sequences was made
chain-termination DNA sequencing was done either on using the CLUSTAL Vv program (19) and displayed using the

nested deletions of cDNA clones 2.1 (mSos-I) and 10 BOXSHADE program (K. Hoffman, obtained from the Euro-
(mSos-2) or by using specific oligonucleotide primers and pean Molecular Biology Library).

standard methods (18). The sequence of both DNA strands RNA Isolation and Amalysis. Polyadenylylated RNA was
was assembled with the IntelliGenetics suite of programs. isolated from tissues and cell lines by disruption in proteinase
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(A) Alignment of the predicted amino acid sequences of the mSos-I, mSos-2, and Drosophila Sos genes. Identical residues are in
blaqk l?oxes; conservative substitutions are in grey boxes. The available mSos-2 sequence extended to within 85-amino acid residues of the
beg!nnlng of the Drosophila Sos sequence. The molecular mass of the predicted mSos-1 protein is =150 kDa. (B) Alternative amino-terminal
godmg regions of the mSos-1 gene identified by PCR. Most PCR products (type 2) terminated before reaching a potential initiating methionine
in a highly G+C region that could not be processed by reverse transcriptase. An alternative PCR product was identified (type 1), which diverged
from this sequence as indicated and extended to a potential methionine initiation codon and 5’ stop codon.
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K and SDS and subsequent oligo(dT) affinity chromatography,
as described (20). Two micrograms of RNA from each source
was subjected to formaldehyde/agarose gel electrophoresis
(18), transferred overnight to Hybond-C super (Amersham) in
20x SSC and then baked at 80°C for 2 hr. Filters were
prehybridized for 4-6 hr in 50% formamide/5x SSC/5x
Denhardt’s solution/5S mM EDTA /herring testes DNA at 100
pugml~1/0.5% SDS at 42°C and then hybridized for 18 hr. The
32p.labeled probes were from nucleotides 299 to 4464 of
mSos-I and from nucleotides 1 to 3801 of the available mSos-2
sequence. Washes were performed in 0.2x SSC/0.3% SDS at
65°C, and the filters were autoradiographed for 3-7 days at
—70°C in the presence of an intensifying screen. Molecular
weights were estimated by using RNA standards (BRL).
Southern Analysis. DNA was isolated from either human
peripheral blood leukocytes, BALB/c mouse liver, or Ore-
gon R strain Drosophila melanogaster by proteinase K
digestion and phenol extraction (18). Ten to fifteen micro-
grams was restricted with either EcoRI or HindIll and
separated on a 1% agarose gel. The DNA was transferred
overnight onto a Hybond-N* filter (Amersham) in 0.5 M
NaOH/1.5 M NaCl, rinsed in 2x SSC, and baked for 2 hr.
The prehybridization solution and the probes used for hy-
bridization were as described above for RNA analysis, ex-
cept that formamide was not used, and the hybridizations
were done at 65°C. Washes were performed in 0.2x SSC/
0.3% SDS at 65°C, and the filters were autoradiographed for
3 days at —70°C in the presence of an intensifying screen.

RESULTS AND DISCUSSION

Identification of Two Murine Homologues of Son of Seven-
less. A fragment of the Drosophila Sos gene was used to
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screen a mouse embryonic-eye cDNA library at low strin-
gency. Complementation analysis of weakly hybridizing
clones identified two cDNA families, and partial DNA se-
quence confirmed that two distinct genes, termed mSos-1 and
mSos-2, with homology to the Drosophila gene had been
isolated. Further screening of the eye and an adult-brain
cDNA library using these clones resulted in the isolation of
several nearly full-length cDNA but failed to identify addi-
tional genes. A complete open reading frame was obtained for
mSos-1, and the predicted amino acid sequence obtained for
mSos-2 extended to within 85 amino acids of the amino-
terminal end of Sos (Fig. 1A). Substantial difficulty was
encountered in the cloning of the 5’ ends of both mSos-/ and
mSos-2. A total of 24 independent cDNAs were isolated for
both genes, and although most exceeded 3 kb in length, none
contained sequences corresponding to the amino-terminal
end of the two genes. Amplification of the 5’ end of the
mSos-1 mRNA by PCR was done to obtain a complete open
reading frame. Clones corresponding to two alternative ami-
no-terminal ends were obtained, one of which (type 1)
extended to an in-frame methionine codon that was preceded
by a stop codon (Fig. 1B). The predicted molecular mass of
this protein is 150 kDa. The other class (type 2) invariably
terminated in a highly G+C-rich region that could not be
processed by reverse transcriptase, even when thermostable
reverse transcriptase or prior denaturation of RNA with
methyl mercury were used. This G+C-rich sequence corre-
sponds to a glycine-rich region close to the initiating methi-
onine codon in the Drosophila Sos-predicted protein (5, 6).

Alignment of the two murine genes showed that they share
~67% amino acid identity, with the lowest degree of simi-
larity residing in the final 270 amino acids (41% identity, Fig.
1A). No significant areas of homology were identified when

TLERIICQDEY SE

Fi1G. 2. Alignment of the predicted Drosophila and mouse Sos proteins with four related yeast proteins CDC25, SDC25, STE6, and BUDS.



6514 Cell Biology: Bowtell et al.

the 3'-untranslated regions of the two genes were compared.
Comparison with Sos showed that both mSos-1 and mSos-2
have an overall amino acid identity of 45% with the Dro-
sophila gene product. Both mSos-1 and mSos-2 remain
colinear with Sos over their coding regions, except at their
carboxyl-terminal ends, where homology between Sos and
the murine gene products is more scattered.

The apparent duplication of the Sos genes to create two
mammalian homologues suggests the potential for some
separation of function of the mSos proteins. One possibility
is that the mSos proteins interact with different targets. In
this respect it is interesting to note that there are three
mammalian genes (H-ras, Ki-ras, and N-ras, ref. 21) related
to the single Drasl gene, the proposed target of Sos in
Drosophila. (Although two other Drosophila genes with ras
protein homology have been identified, Dras2 and Dras3,
these are more closely related to the divergent human RRAS
and RAPIA genes, respectively; refs. 7, and 21-24.)

The most conserved region of the Sos and mSos genes is
a central domain of =430 amino acids, which shows a high
degree of homology to several yeast guanine nucleotide-
exchange factor-encoding genes, including CDC25 (9, 10, 25),
SDC25 (26), STE6 (27), and BUDS (28). This domain is
present in a fragment of the SDC25 gene that can catalyze
nucleotide exchange by either the yeast RAS2 protein or
human c-HRAS (29). Inclusion of the mSosl and mSos2
proteins in an alignment with these yeast proteins further
highlights residues that are highly conserved between mem-
bers of this gene family (Fig. 2). Similarity of the Sos and
mSos genes to those from yeast is limited to this domain.

Both mSos-1 and mSos-2 Are Widely Expressed. Northern
analysis of RNA isolated from various developmental stages
and adult tissues revealed that both mSos-I and mSos-2 have
a broad pattern of expression (Fig. 3). The mSos-1 gene
encodes two major transcripts of 5.4 kb and 8.4 kb that were
present in approximately equal abundance. Additional

Embryonic tissues

Adult tissues

Proc. Natl. Acad. Sci. USA 89 (1992)

smaller transcripts of 4.8 kb and 3.9 kb were detected in RNA
derived from testes (Fig. 3, adult tissues). The mSos-2 gene
appears to encode a single transcript of 5.6 kb (Fig. 3). As the
mSos-2 cDNA that was isolated and sequenced was 5.3 kb in
length, it is likely that most of the coding region has been
obtained for this gene. Expression of both mSos-1 and
mSos-2 was apparent in all the embryonic stages and adult
tissues examined.

To investigate whether there was any lineage restriction in
expression of either gene within a given tissue, we examined
RNA expression in hemopoietic cell lines representative of
early and late lymphoid, myeloid, and erythroid lineages (Fig.
3, cell lines). Expression of both mSos-1 and mSos-2 was
detected in all hemopoietic lineages tested and was compa-
rable to that in BALB/c 3T3 fibroblasts. The broad pattern
of expression observed with the mSos-/ and mSos-2 genes,
in a range of tissues and hemopoietic lineages, is consistent
with their postulated role in regulating the widely expressed
ras proteins (33, 34).

Northern and Southern blot analyses were also done by
using human RNA and DNA. Transcripts corresponding in
size to those seen in the mouse with the mSos-1 and mSos-2
genes were present in RNA from the human erythroleukemic
cell line K-562 (ref. 32, Fig. 3, Cell lines), and mSos-1 and
mSos-2 probes hybridized with human genomic DNA, even
when washed at high stringency (Fig. 4). These findings
indicate the presence of separate human genes closely related
to both mSos-1 and mSos-2.

Concluding Remarks. We have isolated two genes present
in the mouse, which show a high degree of similarity to the
Drosophila Sos gene. Genetic evidence indicates that Sos
participates in the signal-transduction pathway of at least two
tyrosine kinases, sevenless and the Drosophila epidermal
growth factor receptor (5, 6, 8). Amino acid sequence simi-
larity to the Saccharomyces cerevisiae cdc25 gene suggests
that Sos may act as a positive regulator of ras proteins. These
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Fi1G.3. Northern blot analysis of the mSos-1 and mSos-2 genes. Widespread expression of both mSos-1 and mSos-2 was apparent in mouse
embryonic (Left), adult tissues (Middle), and continuous mouse and human cell lines (Right). Transcripts of 5.4 kb and 8.4 kb were detected
with an mSos-1 probe in all tissues and cell lines tested. Variation in signal intensity was mainly due to differences in the amount and quality
of RNA (see control GAPDH probe). Additional smaller transcripts of 4.8 kb and 3.9 kb were apparent in testes RN A (). A single major transcript
of 5.6 kb was detected with an mSos-2 probe and was expressed at apparently comparable levels to mSos-1. Probes used corresponded to the
majority of the coding region of each gene. Identical results were obtained with nonoverlapping probes from the 3’ untranslated region of each
gene (data not shown). Embryonic tissues were from heads and bodies of embryos for which the stage of gestation was estimated from the time
of plugging of donor females. Adult tissues are indicated. Mouse cell lines are as follows: 3T3, BALB/c fibroblast; FN4, erythroid; FDCP1,
myeloid; J774, macrophage; ABLSS, pre-B lymphoid; W279, B lymphoid; MPC11, plasmacytoma; EL4, early T lymphoid, and W7.1, T lymphoid
(30, 31). Transcripts of the same size were also detected in RNA from the human erythroleukemic cell line K-562 (32). GAPDH was used as

a control probe for the amount and quality of RNA.
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FiG. 4. Genomic Southern blot analysis of mSos-/ and mSos-2
genes. Human, mouse, and D. melanogaster DNA, restricted with
either EcoRI (left lanes) or HindIII (right lanes) and subjected to
Southern analysis, was hybridized separately with fragments corre-
sponding to most of the coding regions of the two genes. Strong
hybridization to human DNA was apparent with both genes after
washing under conditions of high stringency. Relatively little cross
hybridization was apparent between mSos-I and mSos-2 when used
to probe mouse DNA under these conditions. Therefore, the large
number of bands apparent in the human DNA lanes probably reflects
hybridization of each cDNA probe to several exons of genes corre-
sponding to mSos-1 and mSos-2, respectively, rather than hybrid-
ization to a larger number of related genes.

findings have suggested a model in which PTKs regulate the
activity of ras proteins by modulating the activity of Sos (5).
However, direct regulation of Sos by PTKs remains to be
demonstrated biochemically. Several components of this
proposed signaling pathway have been identified in the
mouse previously, including the epidermal growth factor
receptor and a number of ras and ras-related proteins. The
identification of murine homologues of Sos provides further
evidence of a conservation of this signaling pathway in
vertebrates.

The biochemical activities of the Sos and mSos proteins
remains to be determined. However, the postulated require-
ment for a factor that stimulates GTP addition on ras proteins
(12) and the detection of such activity in protein extracts
(13-16) or indirectly in permeabilized cells (35) all indicate
the presence of a factor(s) that provides a counterbalance to
the activity of the rasGAP proteins in mammalian cells. The
work described here suggests the presence of at least two
such proteins in the mouse and human. The availability of
these genes provides a valuable tool for further analyzing
biochemical interactions between tyrosine kinases and ras
proteins in vertebrates.
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