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The genome of avian sarcoma virus UR2 was completely sequenced and found to have a size of 3,165
nucleotides. The UR2-specific transforming sequence, ros, with a length of 1,273 nucleatides, is inserted
between the truncated gag gene coding for p19 and the env gene coding for gp37 of the UR2AYV helper virus.
The deduced amino acid sequence for the UR2 transforming protein P68 gives a molecular weight of 61,113 and
shows that it is closely related to the oncogene family coding for tyrosine protein kinases. P68 contains two
distinctive hydrophobic regions that are absent in other tyrosine kinases, and it has unique amino acid changes
and insertions within the conserved domain of the kinases. These characteristics may modulate the activity and

target specificity of P68.

Avian sarcoma virus (ASV) UR2 is a replication-defective
virus which was isolated together with its associated helper
virus, UR2AV, from a spontaneous chicken tumor (2). The
genome of UR2 contains a stretch of 1.2 kilobases of
transformation-specific sequence, called ros (31), which has
a homologous counterpart, c-ros, in normal chicken cellular
DNA (25). UR2 was presumably generated by recombina-
tion between UR2AV and c-ros at the expense of certain
replicative sequences in UR2AV. As a result, ros was fused
to the 5’ region of the UR2AV sequence which coded for
part of the viral structural protein p19 (31). The fused p19
and ros sequences in UR2 code for a 68,000-molecular-
weight polyprotein called P68, which was found to be
associated with a tyrosine-specific protein kinase activity
(8).

UR?2 transforms chicken embryo fibroblasts (CEF) and
efficiently induces sarcomas in chickens (2). The UR2 trans-
forming protein P68 has biochemical properties similar to
those of the protein kinases encoded by several other
oncogenic viruses, and this functional conservation implies
that the ros gene must be closely related to the tyrosine
protein kinase-encoding oncogene family. Yet at the level of
nucleic acid hybridization, no significant homology was
found among ros and oncogenes present in other ASVs with
the exception of the 3’ region of the transforming sequence
of Fujinami sarcoma virus (FSV) (18).

Cells transformed by other ASVs or by Abelson murine
leukemia virus contain elevated levels of phosphotyrosine
compared with uninfected cells. However, UR2-transformed
CEF showed no significant increase in phosphotyrosine
relative to control CEF (5). Additionally, it has been shown
that P68 differs from the protein kinases encoded by FSV,
ASV Y73, and Rous sarcoma virus (RSV) in many enzy-
matic properties, including pH optimum, cation preference,
and specificity of phosphate donors (8).

Perhaps the most striking difference between UR2 and
other ASVs is the distinctive, extremely elongated morphol-
ogy of UR2-transformed CEF (2). Recently, two studies
showed that UR2-transformed CEF still maintained a signif-
icantly higher level of organized cytoskeleton than Schmidt-

* Corresponding author.

879

Ruppin (SR) RSV-transformed cells (1, 19) and displayed
increased surface fibronectin in comparison with normal
cells (19). These phenomena indicate that the ros gene
product P68 interacts in a distinct manner with its cellular
targets despite the similarity of its biochemical properties to
those of kinases encoded by other oncogenes.

To elucidate the basis for functional conservation of ros as
well as the differences between ros and other oncogenes, we
have sequenced the entire genome of UR2 and compared the
predicted amino acid sequence of P68 with other members of
the tyrosine protein kinase family.

MATERIALS AND METHODS

Molecular cloning. pUR2, a biologically active UR2 DNA
pBR322 plasmid clone described recently (18), was used for
the nucleotide sequencing. The following DNA fragments
from pUR2 were subcloned into the EcoRlI site of M13mp8
(16) with EcoRlI linkers (Fig. 1): EcoRI-Pvull, 840 base pairs
(bp); EcoRI-HindIII (3’ site), 1,515 bp; HindIII (3’ site)-Sstl,
1,450 bp; SstI-EcoR1, 1,000 bp; EcoRI-Ncil, 510 bp; Ncil-
Pvull, 330 bp; Pvull-HindIII (5’ site), 605 bp; and Haell-
EcoRlI, 470 bp.

DNA sequencing. The DNA sequence was determined by
the methods of Maxam and Gilbert (15) and Sanger (22).
M13mp8 recombinant clones of both polarities were se-
quenced at least twice by the dideoxy method.

Hydrophilicity analysis. The hydrophilicity profile of the
400-amino acid ros region of P684“47%° was determined by
the computer program of Hopp and Woods (11) with the
hydrophilicity values for each amino acid determined by
Levitt (13).

RESULTS AND DISCUSSION

Nucleotide sequence of the UR2 genome. The sequencing
strategy of pUR2 is shown in Fig. 1. Since pUR2 was
derived from a UR2 circular DNA molecule cut with EcoRI,
the UR2 gename in this clone js permuted with respect to the
EcoRlI site in ros (Fig. 1). However, we present the complete
UR?2 genomic sequence (Fig. 2, lower-case letters) as colin-
ear to the viral RNA genome which begins at the predicted
cap site (nucleotide 1) and ends at the polyadenylation site
(nucleotide 3,165). The gag-ros fusion protein P68 begins
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FIG. 1. Restriction enzyme cleavage map and nucleotide se-
quencing strategy of the UR2 genome. The transforming sequence
ros of the permuted UR2 molecular clone pUR2 (18) is defined by
the heavy line. The arrows indicate the direction and approximate
extent of sequence determined by either the Maxam-Gilbert (15) or
Sanger dideoxy (22) method. Abbreviations for restriction enzymes:
A, Aval; B, BamHI; E, EcoRl; H, Hindlll; Ha, Haell; N, Ncil; P,
Pvull; S, Sstl.

with the initiator amino acid methionine of p19 at nucleo-
tides 380 through 382. The ros-specific sequence is fused to
gag at nucleotide position 831. The coding sequence of the
transforming protein P68 ends with an ochre stop codon at
nucleotides 2036 through 2038. The v-ros noncoding region
continues down to nucleotide 2103, and the Agp37 envelope
sequence resumes afterwards. The UR2 long terminal repeat
is 326 bp long.

Previous restriction enzyme analysis of UR2 DNA showed
that UR2 shares 0.8 kilobases of 5’ and 1.4 kilobases of 3’
sequences with its helper virus UR2AV (18). Since we have
not sequenced UR2AV, we compared the UR2 sequence
with those of Prague C RSV (23) in the regions of gag and
env to determine the sites of recombination between UR2AV
and cellular ros in the generation of UR2. The UR2 sequence
diverges from that of PR-C RSV downstream from nucleo-
tide 830 in the 5’ region of ros and converges after nucleotide
2103 in the 3’ ros region (Fig. 3). We conclude that the 5’ and
3’ recombination sites between UR2AV and c-ros must be at
or very close to nucleotides 831 and 2103 in the p19 and gp37
regions, respectively. The total length of ros is 1,273 nu-
cleotides.

Extensive homology was found between the UR2 se-
quences outside ros and the corresponding sequences of
other avian viruses. Within the 5’ 380-bp noncoding se-
quence of UR2, there are 22, 30, and 19 scattered single-base
changes relative to RAV-2 (4), Y73 (12), and PR-C (23),
respectively. These changes include one deletion at nucleo-
tide 371. This change (A in UR2 replaces TG in PR-C) occurs
immediately upstream from the initiation site for translation.
It has been suggested (4) that this upstream region is
important for efficient mRNA translation; we do not know
whether this change in any way affects the translation of
UR2 genomic RNA. Sequences within the binding site for
the tRNA primer are completely identical to other avian
viruses.

The p19 amino acid sequence of UR?2 differs from those of
PR-C and Y73 by three and two amino acids, respectively. It
is not clear whether these amino acid changes affect any of
the p19 antigenic determinants; however, P68 could still be
efficiently precipitated by the anti-gag serum apparently by
the remaining p19 peptide. The gp37 sequence of UR?2 is well
conserved relative to PR-C, Y73, and RAV-2 except for the
carboxy-terminal region. The termination codons of gp37 in
UR2 (at nucleotides 2627 through 2629), Y73, and RAV-2
occur 10 bp further downstream than that in PR-C, and there
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is considerable divergence in this region, especially in the
stretch spanning the 13 carboxy-terminal amino acids of
gp37 in UR2.

In the U3 region of UR2, 18 to 31 base changes were found
when compared with those of other avian viruses including
RAV-2, Y73, PR-C RSV, and SR-A RSV (28). In addition,
there are stretches of deletions and insertions. In particular,
a stretch of 17 bp in the middle of U3 (nucleotides 3023 to
3040 in UR2) is marked by variable deletions in Y73,
PR-RSV, and SR-RSV but not in RAV-2 and UR2. These
changes in UR2 apparently have no pronounced effect on the
efficiency of transcription, since UR2 RNA is produced in
comparable amounts in UR2-infected cells relative to the
amounts of viral RNAs produced in other ASV-transformed
cells (18, 31; unpublished data). The universal signal se-
quences for transcription and processing of mRNAs are
conserved in all viruses. Sequences in the inverted repeat
regions found at both ends of the long terminal repeat and in
the polypurine tract are also conserved in UR2. In addition,
a region corresponding to the sequence suggested to be
involved in RNA packaging is also present in UR2 (27).

An additional HindIIl site 67 bp upstream from the
HindIIl site 3’ to ros detected previously by restriction
enzyme mapping was discovered after the entire 3’ region of
the UR2 genome had been sequenced (Fig. 1).

Structural domains and reading frames in the UR2 genome.
The location of open reading frames in the region spanning
nucleotides 380 through 3000 of UR2 is shown in Fig. 4. A
long open reading frame in frame 2, beginning with an AUG
codon at nucleotide 380 and ending in an ochre stop codon at
nucleotide 2036, encodes the UR?2 transforming protein P68.
The other open frame in frame 2 represents the Agp37
sequence. The next largest sequence with an open reading
frame is the 111-amino acid stretch in frame 1; all other open
frames are less than 40 amino acids in length. All the
deduced amino acid sequences of these reading frames
except that for gp37 begin with an initiator methionine. It is
unlikely that those open reading frames other than the one
coding for P68 are translated because subgenomic mRNAs
have not been detected in UR2-transformed cells (31).

The size of the ros coding region is 1,205 bases. A
noncoding sequence of 65 bp follows the ochre stop codon of
ros and contains four termination codons, three of which are
immediately adjacent to each other. The termination codon
and the 3’ noncoding ros sequence are most likely derived
from the chicken c-ros sequence, since uninterrupted homol-
ogy between UR?2 ros and chicken c-ros DNA in this region
was found by heteroduplex mapping (W. S. Neckameyer,
M. Shibuya, M.-T. Hsu, and L.-H. Wang, unpublished
data).

P68 contains 552 amino acids, of which 150 are encoded
by gag and 402 are encoded by ros. The transforming protein
has an apparent molecular weight of 68,000 as estimated
from sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (8), but the predicted molecular weight of the deduced
amino acid sequence is 61,113. It is unlikely that this
discrepancy is due to glycosylation of the protein, because in
vitro translation of the genomic 24S UR2 RNA yielded a
protein product of 68,000 (8). Unusual amino acid composi-
tion such as a high percentage of cysteine or proline could
cause extensive folding and change the relative mobility of
the protein in sodium dodecyl sulfate-polyacrylamide gels
(9, 30). The amino acid composition of P68#“¢* shows that
proline and cysteine comprise only 5.2 and 2.35% of the
protein, respectively, so this probably does not account for
the 6,800-higher apparent molecular weight.
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FIG. 2. Complete nucleotide sequence of the UR2 genome and deduced amino acid sequence of P68 and Agp37. The nucleotide sequence
from the predicted cap site (nucleotide 1) to the polyadenylation site (nucleotide 3165) in UR2 DNA is shown by the lower-case letters. Each
amino acid is represented by a capital letter shown under the second nucleotide of the triplet codon. The R, US, and U3 regions of the long
terminal repeat, the primer binding site (PBS), the polypurine tract (pp tract), the polyadenylation signal (PA), and the TATA box are
indicated by heavy lines underneath these sequences. Stop codons are boxed and indicated by a penod at the end of the amino acid sequences.
The dashed line under amino acids 8 through 36 of the ros region indicates the hydrophobic region of the ros polypeptide presumed to be
important in membrane association. Nucleotide numbers are given at the end of each row of sequence, and every 10 nucleotides are marked
by a period over the 10th nucleotide. The one-letter symbols for the amino acids are used: 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; Y, tyrosine.

The hydrophilicity profile of P68¢“47°* (Fig. 5) revealed
one 5’ and one 3’ hydrophobic region (shaded area). The 5’
hydrophobic region is 29 amino acids long (underlined in
Fig. 2), is characterized by a stretch of 13 consecutive
hydrophobic amino acids, and is flanked by an acidic residue
(aspartic acid) immediately upstream and a basic residue
(arginine) two amino acids downsteam of this sequence. The
3’ hydrophobic region (Fig. 6, amino acids 448 through 456)
contains nine hydrophobic amino acids flanked by an aspar-
tic acid and a glutamic acid at N and C termini, respectively.
With the exceptions of the ros and abl (21) proteins, this
hydrophobic region is interrupted by serine in all other
tyrosine kinase oncogene products (Fig. 6). P68 in UR2-
transformed CEF remained associated with the plasma mem-
brane during cellular fractionation even under conditions of
high salt (300 mM) (E. Garber et al., personal communica-

831
p19 <—"—> ros

UR2 ---CACCTMAACCGTT GATACTGTGACCTCTC- --

830

ros 44?3—> gp37

UR2 ---AGCMCCAGGATCAAGGTAGCAGCTGCGCA---

6358

FIG. 3. Junctions of ros- and UR2AV-derived sequences. The
numbers refer to the nucleotide positions of UR2 sequence shown in
Fig. 2 and to the published PR-C RSV sequence (23).
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FIG. 4. Location of sequences with open reading frames within
the UR2 genome. Considering the predicted cap site as nucleotide 1
of the sequence presented in Fig. 2, the genome was translated in all
three frames. Only the region spanning nucleotides 380 through 3000
is shown here.

tion). The 5’ hydrophobic region is long enough to span the
membrane, and we speculate that this region may be respon-
sible for the association of P68 with the plasma membrane.

Comparison of P68 gag-ros with other protein kinases. The
conserved region of the deduced amino acid sequence of P68
was compared with the analogous domains of the proteins
encoded by the viral oncogenes src (6, 7, 29), yes (12), fps
(24), fms (10), erb B (32), fgr (17), and abl (21) as well as the
catalytic subunit of the cyclic AMP-dependent bovine pro-
tein kinase (3, 26) (Fig. 6). Certain highly conserved regions
are immediately apparent. The lysine residue which is the
proposed ATP-binding site of BPK is conserved in ros
(amino acid 283), and so is the characteristic sequence
Leu-Gly-X-Gly-X-Phe-Gly-X-Val 15 to 20 residues upstream
from the binding site (3). This region is highly conserved in
all the kinases under comparison and is likely to be an
important structural domain. Two other highly conserved
regions include a 26-residue stretch 28 amino acids upstream
from the putative phosphotyrosine acceptor site (Fig. 6,
amino acid 419, marked with an asterisk), and the 28-amino
acid stretch 6 amino acids downstream from this site (Fig. 6,
rows 5 through 7). Among the kinase-related oncogenes,
erbB, fgr, and raf (not listed in Fig. 6) lack demonstrable
kinase activity (14, 17, 32) although they share regions of
conserved amino acid sequences. It is interesting to note
that the circled amino acids of ros, which denote amino acids
different from the rest of the tyrosine protein kinases, occur

Hydrophilicity
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FIG. 5. Hydrophilicity analysis of the deduced amino acid se-
quence of ros. Positive values on the y axis denote hydrophilic
stretches of amino acids, and negative values denote hydrophobic-
ity. The two cross-hatched areas indicate the extensively hydropho-
bic regions of ros.
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FIG. 6. Comparison of the amino acid sequences within the
conserved region of protein kinases encoded by ros and other
oncogenes and the catalytic subunit of the bovine protein kinase
gene. The 3’ amino acids 246 through 513 of P68444°5 have been
aligned to show homology with other protein kinases from the
following sources: abl, Abelson murine leukemia virus (21); fps,
Fujinami sarcoma virus (24); src SR-A Rous sarcoma virus (6, 7,
29); yes, Y73 sarcoma virus (12); erbB, avian erythroblastosis virus
AEV-H (32); fgr, Gardner-Rasheed feline sarcoma virus (17); fms,
McDonough strain of feline sarcoma virus (10); and BPK, catalytic
subunit of the cyclic AMP-dependent protein kinase from bovine
cardiac muscle (26). Amino acid numbers are given preceding each
row of sequence. The putative phosphotyrosine acceptor site of ros
(amino acid 419) is marked with an asterisk. Regions of conserved
amino acids among the proteins are boxed. Amino acids of ros at
positions 365, 370, and 426 are circled to show the unique differ-
ences from the rest of the tyrosine protein kinases.
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at the N-terminal regions of both of the two highly conserved
sequences. Furthermore, ros contains a unique six-amino
acid insertion (amino acids 391 through 396) within the
highly conserved region, in addition to two other insertions
at positions 344 through 346 and 352 through 353.

We have aligned the tyrosine residue at amino acid 419 of
ros with the known tyrosine phosphoacceptors of the other
protein kinases. The region surrounding the tyrosine
phosphoacceptor site appears to be somewhat conserved,
although its essentiality is not clear, in several tyrosine
protein kinases (Y73 P90, PR-CII P105, p60*, and ST-FeSV
P85) in that the phosphotyrosine is located seven residues to
the carboxy-terminal side of a basic amino acid (arginine or
lysine) and either four residues to the carboxy-terminal side
of or adjacent to a glutamic acid residue (20). However, the
likely phosphoacceptor tyrosine residue at position 419 of
ros is four and two residues to the carboxy-terminal side of
a lysine and an aspartic acid, respectively. No tyrosine-con-
taining peptides in the deduced amino acid sequence of P68
concur with the above proposed consensus sequence. This
implies that there is some degree of flexibility with respect to
primary amino acid sequence at the phosphotyrosine accep-
tor site. Although P682°¢7°5 is phosphorylated on serine
residues in vivo (8), we cannot speculate which residues in
particular are possible phosphorylation sites.

The N-terminal 95 amino acids of ros upstream from the
region compared in Fig. 6 vary greatly from the correspond-
ing domains of other protein kinases and are characterized
by a long stretch of hydrophobic sequence mentioned above.

Previous hybridization of ros DNA to fps, src, yes, and
abl DNAs detected significant homology only to fps (18).
However, there is greater amino acid homology among ros,
abl, and src than between ros and fps. This is due to
degeneracy of the triplet code. The longest stretch of nucle-
otide homology between ros and fps has been localized to
the region upstream of the tyrosine phosphoacceptor site,
where the sequences are identical for 40 nucleotides, with
the exception of a single base change at the 18th position
within this sequence.

It is evident from the deduced amino acid sequence that
P68 is a member of the tyrosine protein kinase family. Aside
from the unique amino acid changes and insertions within
the conserved domain of the protein kinases compared here,
P68 contains two distinctive highly hydrophobic regions,
particularly in the 5’ region of ros. Any combination of these
changes could be responsible for modulating the P68 activity
and for the specific interactions between P68 and its cellular
targets that lead to the unique elongated transformed CEF
morphology.
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