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ABSTRACT

The complete 606 amino acid sequence of the human A-raf
oncogene has been deduced from the 2453 nucleotide sequence of a
human T cell cDNA. A cysteine-rich region located near the amino
terminus, which is highly conserved in A-raf and c-raf, shows
significant homology with protein kinase C. A 5' deleted fragment
of the cDNA has been incorporated into a murine retrovirus which
endows the virus with the ability to transform cells in vivo and
in vitro. Functionally, human A-raf is similar to v-raf and v-mos
in that transformation is independent of ras gene function.

INTRODUCTION

There are at least four raf-oncogene related genes in man
(1,2). Two of these, c-raf-1 and A-raf-1, are active genes
(1-8). c-raf-1 encodes a cytoplasmic protein which has an asso-
ciated serine/threonine specific protein kinase activity similar
to the gag-raf fusion protein of 3611-MSV in which the raf
oncogene was originally discovered (4,5,7,9-12). Both raf pro-
teins, c-raf and A-raf, appear to function in the signal trans-
duction pathway of growth factors downstream of ras oncogenes
(3,4,13). One other gene, c-raf-2 is an inactive pseudogene
derived from c-raf-1 which has however gained clinical signifi-
cance as a RFLP probe due to its chromosomal location on the

short arm of chromosome 4, in the vicinity of the gene for Hun-
tingtons Chorea (4). A-raf-1 has probably also given rise to a
pseudogene(s), A-raf-2 which is located on human chromosome
7pl4a-g21 in the wider vicinity of the site implicated in cystic
fibrosis (2,4). The complete coding sequence of c-raf-1 (14), the
structure of the c-raf-1 gene (1,14) and of the c-raf protein
(7,11,12,14) have recently been characterized.

Cytogenetic evidence (15-19), as well as expression studies
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(4,8) and transfection of human tumor DNAs (20-23) have impli-
cated c-raf-1 in a variety of common human and rodent carcinomas
and, less frequently, other neoplasia. In the case of A-raf-1, a
role in human pathology has not yet been established although
incorporation of a 5' truncated mouse A-raf cDNA into a retrovi-
rus genome has established its potential transforming ability
(4).

A-raf was originally discovered by screening a mouse cDNA
library with v-raf as probe and the sequence of an incomplete
murine A-raf cDNA has been described (3). Here we report the
complete coding sequence of human A-raf-1, its comparison with
other raf family oncogenes and its potential transforming func-

tion.
MATERIA D ‘THODS
cDNA Libraries, Hybridization Conditions and DNA Sequencing.

Two human cDNA libraries, one from fetal liver (obtained from
Dr. E.F. Fritsch, Genetics Institute) and one from T cells
(obtained from Dr. Tak Mak, Ontario Cancer Institute) in lamda
gtl0 vectors were screened using a mouse A-raf (3) and
subsequently a human A-raf cDNA as probe. Hybridizations were
carried out in 3X SSC and 1X Denhardts at 60° C and the filters
were washed in 1X SSC at 60° C as described previously (1,14).
cDNA inserts were digested with restriction enzymes and subcloned
into pUC 18/19 or M13mpl8/19 vectors and sequenced by the
dideoxynucleotide chain termination method (1,24).

Construction of Human A-raf-MSV.

The human A-raf-MSV construct virus was prepared as described
previously (3). Briefly, a 1580 nucleotide Nco I/ Eco RI
fragment of the human A-raf cDNA (nucleotides 227 to 2452) encod-
ing amino acids 227 to 606 was inserted in-frame into the Xho I
site of Moloney murine leukemia virus (strain Leuk) DNA by blunt
end ligation.

NA S io i ions

Transfection of plasmid DNA onto NIH 3T3 cells was carried
out by calcium phosphate precipitation as described previously
(3). Cells were labelled, lysed and immunoprecipitated as
described previously (1,3).
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RESULTS

Isolation and Sequencing of human A-raf cDNAs.

A 1.6 kb murine A-raf cDNA was used to screen a human fetal
liver cDNA library which yielded a clone with a 1.92 kb cDNA
insert. Since the size of the most common A-raf hybridizing
transcript was known to be 2.6 kb, a 350 bp fragment from the 5°'
end of the 1.9 kb fetal liver cDNA was used as a probe to screen
a second cDNA library from human T cells. In this second screen
a cDNA insert of 2.45 kb was obtained which presumably represents
a full length copy since addition of a poly A tail of 100-200
nucleotides would yield the apparent size of the A-raf mRNA (2.6
kb) . Both cDNAs were sequenced by the dideoxynucleotide chain
termination method and the resulting cDNA sequences and the pre-
dicted amino acid sequences are shown in figure 1. The T cell
cDNA is 2452 nucleotides in length with a potential initiation
codon located at nucleotide 201. This ATG is preceeded by termi-
nation codons in all three reading frames. The next termination
codon (TTA) is at nucleotide 2019 giving an open reading frame of
1818 nucleotides. Therefore the predicted protein is 606 amino
acids in length and has a calculated molecular weight of 67,530.
Neither a poly(A) tail nor a polyadenylation signal (AATAAA) is
contained in the A-raf cDNA insert. Furthermore, the 3'end of
both clones contain an Eco RI site which is not preceded by the
cCC of the linkers used in making the library. This suggests
that both clones end with an Eco RI site which is located slight-
ly 5' to the poly A addition site. The two cDNA sequences (T
cell and fetal liver) differ by 4 nucleotide substitutions
(nucleotide 653, G to A; 656, C to G; 1070, G to A; 1297, T to C)
which result in 2 changes in the predicted amino acid sequence
(amino acid 154, phe to leu; 368, leu to pro). These differences
may well represent reverse transcription errors, however, if they
are in fact correct, one potentially advantageous consequence
would be restriction site polymorphisms for Rsa 1 (at nucleotide

AIM1NO

=D ) enes a nases.

Figure 2 shows a comparison of the amino acid sequences
between the raf family oncogenes. The human and mouse A-raf
amino acid sequence show 94 percent identity in 438 overlapping

Nl
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217
CCAGGGAGCCAATCTCAGCCCTCCACGCCAAGGAGCCTTGCCCACCAGCCAATCAATGTTCGTCTCTGCCCTGATGCTGCCTCAGGATCCCCCATTCCCCACCCTGGGAGATGAGGGGG

2268
TCCCCATGTGCTTTTCCAGTTCTTCTGGAAT TGGGGGACCCCCGCCAAAGACTGAGCCCCCTGTCTCCTCCATCATTTGGTTTCCTCTTGGCTTTGGGGATACTTCTAAATTTTGGGAG

2387
CTCCTCCATCTCCAATGGCTGGGATTTGTGGCAGGGATTCCACTCAGAACCTCTCTGGAATTTGTGCCTGATGTGCCTTCCACTGGATTTTGGGGTTCCCAGCACCCCATGTGGATTTT

GGGGGGTCCCTTTTGTGTCTCCCCCGCCATTCAAGGACTCCTCTCTTTCTTCACCAAGAAGCACAGAATTC

Figure 1. Human A-raf cDNA and derived amino acid sequence.
Nucleotides are numbered to the right of each line and amino
acids below the corresponding residue. Sequences constituting
the proposed metal/nucleic acid binding domain, the ATP binding
domain and that corresponding to the major phosphorylation site
of src are overlined. The G-X-G-X-X-G sequence is indicated by
asterisks, the conserved lysine by an arrow, the APE sequence by
plus signs, and the position corresponding to Tyr 416 of v-src
by a box.

amino acids. Taking into acount conservative amino acid changes
the homology is 98 percent. Comparison of human c-raf-1 to human
A-raf indicates there is 60 percent identity over 604 overlapping
amino acids with the most extensive homology in the carboxy-
terminal half (kinase domain) of the molecule (75 percent). Con-
sidering conservative amino acid substitutions these two proteins
(human A-raf and c-raf) are 89 percent homologous. The amino
acid sequence of the viral versions of raf (v-raf and v-mil) are
more closely related to c-raf-1 than either murine or human A-raf
indicating that they were transduced from c-raf-1 rather than
A-raf. Outside the kinase domain, there are two blocks of
significant homology located between amino acids 61 to 192 and
253 to 275 of c-raf-1. The former block containing the
cysteine-rich sequence C-X2-C-X9-C-X2-C is of the form recently
proposed to be a characteristic of metal-binding and/or nucleic
acid binding domains (25).

Recently, another protein kinase having specificity for
serine and threonine residues has been found to contain a similar
cysteine-rich sequence (C-X2-C-X13-C-X2-C) as a tandem repeat
(26-28). Figure 3 shows an amino acid sequence comparison of raf
proteins (human A-raf and c-raf) and the multiple species of pro-
tein kinase C (alpha, beta and gamma). The homology between raf
and protein kinase C extends over 46 amino acids (excluding a 4
amino acid insertion to maximize the alignment, roughly one turn
of an alpha helix) and shows 30 percent or more identity. Com-
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Figure 2.
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Amino acid sequence homology among raf family onco-

Solid lines denote truncated sequences, dashed lines
indicate gaps introduced to align sequences, open spaces repre-
sent amino acid identities with respect to c-raf-1, and vertical
lines demarcate the exon structure of c-raf-1.
amino acid abbreviations used are A, alanine; C, cysteine; D,
aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H,
histidine; I, isoleucine; K, lysine; L, leucine; M, methionine;
N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine;
T, threonine; V, valine; W, tryptophan; and Y, tyrosine.

The single letter

600



Nucleic Acids Research

HNFARKTFLKLAFCDICQKFL- - - -LNGFRCQTCGYKFHEHCSTKVPTMC ~ CRAF1 Amino Acids 139 - 184

v fs fL ----fh q s v HARAF Amino Acids 99 - 144
k KIh yGsPt H Gsl YGLIHg mk d dMnV kq Vin sl BPKCA Amino Acids 102 - 151
k KIh ySsPt H Gsl YGLIHq mk d MMnV kr WMn sl BPKCB Amino Acids 102 - 151
k RLhsySsPt H Gsl YGLVHq mk SC eMnV Rr VRd sl BPKCG Amino Acids 101 - 150
r IArFFKgPt sH Td IWGFGKq q v CfVWV kr HeF tFS BPKCA Amino Acids 37 - 86
k tArFFKqPt sH Td IWGFGKq q v CfVV kr HeF tFS BPKCB Amino Acids 37 - 86
k tArfFFKgPt sH Td IWGIGKQ lq v sfVV Rr HeF tFE BPKCG Amino Acids 36 - 85

Figure 3. Comparison of the putative metal/nucleic acid binding
domains of human A-raf-1, c-raf-1 and bovine protein kinase C
alpha, beta and gamma (ref. 27). Amino acid identities with
respect to human A-raf-1 are indicated by open spaces, conserva-
tive amino acid differences by lower case letters, nonconserva-
tive differences by upper case letters and dashed lines as in
figure 2.

parison to src family oncogenes indicates that A-raf and c-src
are related only in the carboxy terminal half of the molecule
with 31 percent identity in 229 overlapping amino acids similar
to c-raf (33 percent identity relative to c-grc). Similarly low
homology scores were obtained in amino acid sequence comparisons
with other protein kinases in the National Biomedical Research
Foundation protein data bank. Functional regions that are highly
conserved in the src family oncogenes are also conserved within
the raf family (29). The putative ATP binding domain which
includes the G-X-G-X-X-G sequence and the V-A-X-K sequence which
is essential for transformation by src (30) is located between
amino acids 351 and 379 of c-raf-1. In this region A-raf shows
21/28 identical amino acids relative to c-raf-1. In the domain
corresponding to the phosphotyrosine acceptor site of src where
the ser/thr specific protein kinases diverge from the tyrosine
specific protein kinases (amino acids 505 to 525 of c-raf-1),
A-raf has 15/20 amino acid identities relative to c-raf-1 (3/20
relative to c-src). The APE sequence which is essential for
transformation by v-src (31) is changed to AAE in human and mouse
A-raf, but not in c-raf-1. Another oncogene having protein
kinase activity in which the APE site was not conserved is v-erb
B which contains the sequence ALE (32).

Potential Transforming Function of human A-raf-1.

To test the transforming potential of human A-raf a recombi-
nant murine sarcoma virus was constructed. A 1.59 kb fragment of
human A-raf cDNA encoding amino acids 227 to 606 was incorporated
such that the A-raf cDNA would be expressed as a gag-A-raf fusion
protein. The specific transforming activity of A-raf-MSV DNA is 6
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TABLE 1. Transforming Efficiency of Human A-raf-MSV.

Transfected DNA Transformation Efficiency
FFU/ug of DNA

- 0
Leuk (helper) 0
Moloney MSV (v-mos) + Leuk 10000
3611-MSV (v-raf) + Leuk 4000
hA-raf-MSV + Leuk 6300

FFU - Focus forming units

X 103 FFU/ug similar to that of 3611-MSV DNA indicating that
point mutations in A-raf DNA are not required for its transform-
ing activity in the context of this virus (Table 1).

To verify that the a gag-A-raf fusion protein was synthes-
iZed, A-raf-MsSV transformed and uninfected control cells were
labelled with 35s-methionine or 3H-myristic acid and cell lysates
were immunoprecipitated with either anti-pl5 gag or anti-A-raf
antisera (figure 4). Both antisera precipitate proteins of 80 kd
and 90 kd proteins in S-methionine labelled A-raf-MSV transformed
cells. In contrast, precipitation of lysates from H-myristic
acid labelled A-raf-MSV transformed cells only identify the 80 kd
protein. Neither the 80 kd, the 90 kd nor the expected normal
size A-raf protein were precipitated from uninfected cells by
these antisera (data not shown). In analogy with the findings
with pp79 and gp90 of 3611-MSV, we infer that the 90 kd protein
is the glycosylated form of the 80 kd protein which is instead
myristilated and phosphorylated (4).

Stocks of infectious human A-raf-MSV were generated by
cotransfection of construct DNA and helper virus DNA (leuk strain
of MoLV). Supernatants containing 104 focus forming units per ml
of culture fluid were injected intraparitoneally into newborn
NFS/N mice and resulted in the rapid developement of sarcomas and
erythroleukemias with a mean latency of 9 weeks (data not shown).

To test whether human A-raf-MSV would overcome the ras
antibody block of DNA synthesis in microinjected NIH 3T3 cells as
has recently been demonstrated with 3611-MSV (3,13), human A-raf-
MSV transformed NIH 3T3 cells were microinjected with ras mono-
clonal antibody Y¥13-259. NIH 3T3/A-raf-MSV cells are as insensi-

602



Nucleic Acids Research

1 234 M

Figure 4. Human A-raf-gag fusion proteins expressed in trans-
formed fibroblasts. Human A-raf-MSV transformed cells were

etabolicall abelled with 39S-methionine (lanes.1 and 3) or
gH-myr}.st?c Xc}d (lanes 2 and 4) and gmmunoérec?pitated wlth

anti-pl5gag (lanes 1 and 2) or anti-A-raf (lanes 3 and 4)
antisera as described in Materials and Methods. The molecular
weight markers are myosin, 200 kd; phosphorylase B, 97.4 kd;
albumin, 69 kd; ovalbumin, 46 kd; carbonic anhydrase, 30 kd.
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tive to the ras antibody block of H-thymidine incorporation as
cells transformed by 3611-MSV and mouse A-raf-MSV (data not
shown; ref. 3). Thus the truncated version of human A-raf func-
tions like v-raf in this assay.

DISCUSSION

We have characterized an apparently full length A-raf cDNA
isolated from a human T cell library. The cDNA insert is 2453
nucleotides in length corresponding in size to the most common
A-raf hybridizing transcript of 2.6 kb (taking into account the
poly A tail). It contains a single open reading frame of 1818
nucleotides which is predicted to code for a protein of 606 amino
acids having a molecular weight of 67,530. A 5' truncated ver-
sion of this cDNA when incorporated into a murine sarcoma virus
is capable of transforming cells in vivo and in vitro. These
results along with previously published data (2,3) demonstrate
for the first time the potential transforming activity of a human
gene located on the X chromosome, A-raf-1.

The human A-raf amino acid sequence is more closely related
to c-raf-1 with 75 percent amino acid identities in the kinase
domain (60 percent amino acid identity overall) than to other
members of the src gene superfamily (less than 40 percent homol-
ogy). However, A-raf and c-raf-1 diverge mainly in the amino
terminal half (46 percent identical amino acids) which is charac-
teristic of most src gene family members (30). Individual mem-
bers of the src gene superfamily, other than raf, are also
developing into subfamilies of genes (34-36). For example, the
neu gene (c-erbB-2) is more closely homologous to the EGF
receptor (c-erbB-1) with amino acid homology of 82 percent in the
kinase domain whereas it shows less than 50 percent homology with
other members of the src gene superfamily (34). Similarly, some
new members related to the myc and fos oncogenes which function
in the nucleus have recently been identified (37-39).

Although human A-raf and c-raf-1 are structurally similar and
share the potential to transform NIH 3T3 cells, A-raf appears to
be expressed only in a restricted set of tissues (with highest
levels in the epididymis), whereas c-raf-1 expression is more
generalized (4,5). This indicates that the expression of A-raf-1
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and c-raf-1 mRNA is differentially and independently regulated at
the level of transcription or RNA processing. Similarly, differ-
ential expression of myc subfamily members in specialized tissues
has recently been reported (40).

Additional controls on raf activity may be exerted at the
protein level. We have recently proposed that the N-terminal
half of the raf protein represents a regulatory domain which if
altered or removed would activate the kinase domain and trans-
forming potential of the protein (4). Activation of the full
size raf protein (67.5 kd A-raf-1l or 74 kd c-raf-1) might be
achieved by the binding of effector molecules to a regulatory
domain. An interesting model for the normal regulation of raf
enzyme activity may be protein kinase C, another serine/threonine
specific enzyme having a molecular weight of approximately 76 kd.
The binding of effectors (ca2 and diacyl-glycerol) to this enzyme
activates the C-terminal kinase domain (41). Although the binding
sites for the effectors have not yet been defined, it is
interesting that A-raf and c-raf share homology with the tandemly
repeated (N-terminal) metal/nucleic acid binding domains of
protein kinase C (26-28). Moreover, the homology suggests that
this region may play a common functional role in these proteins.

Another kinase which is activated via the binding of effector
molecules is cGMP-dependent protein kinase (cGK, ref. 42). This
protein exists as a dimer of two identical 76 kd subunits,
binding of cGMP to the N-terminal regulatory domain causes a
conformation change which activates the C-terminal kinase domain.
Comparison of cGK to A-raf reveals a low degree of homology in
the N-terminal half of the molecule. An alternative model for
raf activation is the double-stranded (ds) RNA dependent protein
kinase (43). This protein exists as a dimer of two subunits
having molecular weights of 48 and 68 kd. In the presence of
dsRNA, the 48 kd subunit phosphorylates the 68 kd subunit which
is converted to an active protein kinase capable of
phosphorylating exogenous substrates. Whether activation occurs
by the binding of a ligand to or phosphorylation of the putative
regulatory domain, the apparent amino acid sequence divergence in
the N-terminal half suggests that A-raf-1 and c-raf-1 proteins
may be regulated independently. This suggests, along with the
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expression studies (3), that A-raf plays a unique physiological
role in certain tissues.

The location of A-raf on the X chromosome and the demonstra-
tion of its potential transforming activity suggests a possible
role for A-raf in tumors having a sex-linked mode of inheritance.
A recessive tumorigenic allele on the X chromosome would be
masked in females and dominant in males such as is the case with
certain X-linked lymphoproliferative diseases (44-47) and possi-
bly hairy cell leukemia (48).

In a functional assay where virus transformed NIH 3T3 cells
are tested for their ability to overcome a block in DNA synthesis
by microinjected anti-ras antibody, human A-raf-MSV, mouse
A-raf-MSV and 3611-MSV transformed fibroblasts are able to over-
come the antibody block as well as v-mos(3,13). However, fibro-
blasts transformed with other oncogenes, v-gis, v-fms, v-fes and
v-src are unable to enter S phase in the presence of anti-ras
antibody (13). Moreover, in a second type of functional assay,
morphologically normal revertants of Ki-ras transformed cells
(Cllour) were found to suppress transformation by v-Ki-ras,
v-Ha-ras, v-fes and v-src, whereas mouse A-raf-MSV and 3611-MSV
were found to be transforming as well as v-mos (4,49). Together,
these results in conjunction with the cytoplasmic location and
ser/thr kinase activity of raf suggest that raf family oncogenes
act independent of ras either through a signal transduction
pathway not involving ras or one in which raf has a position
downstream of ras. In this context, knowledge of the complete
amino acid sequence of human A-raf will allow the development of
A-raf-1 specific antisera which are necessary, together with
c-raf-1 specific antisera to determine by antibody microinjection

where raf functions in signal transduction.
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