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Structural analysis of two cDNA clones, derived from reverse transcripts of
avian sarcoma virus 21S mRNA'’s, reveals unusual features in the organization
and expression of the integrated avian sarcoma virus (ASV) proviral DNA and
predicts a mechanism for recombination events that will lead to either the capture
or the excision of the transforming gene of this virus. The latter is supported by
our observation that there is an extensive homologous region on either side of the
transforming gene that will allow site-specific deletion or integration to occur.
Comparison of the clone derived from the src-specific 21S mRNA coding for the
transforming gene product to that derived from the env-specific 21S mRNA
coding for the envelope glycoprotein show that the common c region present at
the 3’ terminus of the ASV genome is 326 bases long. Within this ¢ region are
nucleotide sequences that may play key roles in the life cycle of this virus. These
regulatory sequences include (i) probable promoter sites for the initiation of
transcription, (ii) a polyadenylation signal, and (iii) a sequence that is comple-
mentary to the 3’ termini of both the env and the src regions, which will allow the
generation of transformation-defective deletions.

The RNA tumor viruses have a complex life
cycle that involves synthesis of DNA from an
RNA template, integration of that DNA into the
host chromosome, and transcription and proc-
essing of viral mRNA’s (4). To elucidate the
biochemical basis of these processes it is of use
to have recombinant clones containing various
regions of the viral genome. Recently we have
described the isolation and partial characteriza-
tion of a cDNA clone (pSR1) derived from the
avian sarcoma virus (ASV) 21S mRNA that
contains the common c region of ASV and extra
sequences at its 3’ end not previously found in
genomic RNA (32). We believe these sequences
arise by transcription of the integrated provirus,
which is believed to contain terminal redundan-
cies that are approximately 300 base pairs (bp)
long (24, 12). These redundancies include the 20-
bp repeats found in genomic RNA. Previously,
part of the sequence of the cDNA cloned in
PSR1 has been determined, and within this se-
quence, promoter-like regions and a polyade-
nylic acid [poly(A)] addition signal were identi-
fied (32).

Here we report the complete characterization
of the recombinant plasmid pSR1 as well as
characterization of another recombinant plas-
mid, pSR2, also derived from ASV 21S mRNA.
The ¢cDNA insert in pSR1 contains src se-

quences at its 5’ end, indicating that it is derived
from src-c mRNA. In contrast, the cDNA insert
in pSR2 contains env and ¢ sequences, indicating
that it is probably derived from env-c mRNA.
Examination of the nucleotide sequence of the
two inserts indicates that there are homologous
spacer regions at the end of the env and src
genes. These sequences may be the basis for the
generation of transformation-defective viruses.

MATERIALS AND METHODS

Cells and viruses. Primary cultures of fibroblasts
from chicken embryos (Truslow Farms, Chestertown,
Md.) were grown in GM medium (27) at 39°C and
were infected with frozen stocks of recently cloned
viruses from the following sources: Schmidt-Ruppin
strain of ASV, subgroup D (SR-ASV-D), and Prague
strain of ASV, subgroup C (PR-ASV-C), were from
the American Type Culture Collection; td SR-ASV-D
mutants clones 14 and 22 were from P. K. Vogt. CEF
transformed with the env-deficient Bryan strain of
ASV clone N-2 (9) were prepared by H. Hanafusa
using Sendai virus to enhance virus adsorption.

Recombinant plasmids. Two recombinant plas-
mids, pSR1 and pSR2, which were constructed and
cloned in Escherichia coli C600 (32) were used. The
parental plasmid was pBR322. The plasmid DNA was
prepared from cells grown in super broth (32a) con-
taining 25 ug of tetracycline per ml after amplification
with chloramphenicol (250 ug/ml) in a P3 physical
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containment facility.

Preparation of insert DNA and digestion of
DNA with restriction enzymes. Purification of the
DNA insert was achieved by digestion with PstI fol-
lowed by centrifugation on a 5 to 20% (wt/vol) sucrose
gradient in 10 mM Tris-hydrochloride (pH 7.5), 5 mM
NaCl, and 1 mM Na; EDTA. Digestions with restric-
tion endonucleases (from New England Biolabs) were
essentially as suggested by the manufacturer. The
DNA fragments were analyzed by electrophoresis on
a 7% polyacrylamide gel (19). The gel was either
autoradiographed or stained with ethidium bromide.

Preparation and analysis of RNA. Total cellular
RNA was extracted from both normal and ASV-trans-
formed CEF by the guanidine-hydrochloride proce-
dure (25). A 15-ug amount of total RNA was subjected
to electrophoresis in a 1% agarose slab gel containing
6 mM methyl mercuric hydroxide (3). RNAs in the gel
were transferred to diazobenzyloxymethyl (DBM) pa-
per (Schleicher & Schuell Co., Keene, N.H.) as de-
scribed by Alwine et al. (2).

Hybridization of cloned DNA fragments to
DBM paper containing viral RNA. DBM filters on
which RNAs were covalently bound were pretreated
overnight and then hybridized with [*?P]DNA probes
(1 X 10° to 5 X 10° cpm for 18 h) (1). After hybridization
at 37°C, filters were washed four times for 15 min each
with a solution of 1 X SSC (0.15 M NaCl plus 0.015 M
sodium citrate), 0.2% SDS, and 2 mM Na; EDTA at
45°C and then autoradiographed at —70°C with inten-
sifying screens (Kodak) with Kodak XR-2 film.

DNA sequencing and computer analysis. The
DNA sequence of both inserts was determined as
described by Maxam and Gilbert (18). Four base-spe-
cific cleavages were used (guanosine [G], adenosine
plus guanosine [A + G], cytosine plus thymine [C +
T] and cytosine [C]). The strategy of the sequencing
is shown in Fig. 4B. A computer program (C. Queen
and L. J. Korn, Methods Enzymol., in press) was used
to analyze the nucleotide sequence of the pSR1 insert.
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Repetititions, dyad symmetries, and termination co-
dons were detected by this program.

RESULTS AND DISCUSSION

Isolation and restriction analysis of
cDNA clones. By using 21S mRNA from ASV-
transformed CEF as template we constructed
and isolated two recombinant plasmids, pSR1
and pSR2, containing ASV-specific sequences
(32). Plasmid pSR1 has been previously studied
and shown to contain DNA sequences corre-
sponding to the ¢ region of the ASV genome. In
addition, there are extra sequences at the 3’ end
of the insert which are not found contiguously
within genomic RNA. We have now performed
a more detailed restriction analysis of pSR1 (Fig.
1a). We have identified a PstI site close to the 5
end of the insert that was not previously ob-
served because the small fragment generated ran
at the front of the gel.

The restriction map of the cloned insert in
pSR2 is shown in Fig. 1b and is based on analysis
with restriction enzymes and the DNA sequence
(see below). The length of the cloned insert was
about 550 bp. It is evident that the 3’ end of the
pSR2 insert contains Hinfl and Puul sites in the
same relationship as in pSR1. However, the
restriction map indicates that the 5’ end of the
PSR2 insert is very different from that of pSR1.

Hybridization analysis with the complete
PSR2 insert. Previously the pSR1 insert was
shown to be derived from the ¢ region of ASV
and to hybridize with 39S, 35S, 28S, and 21S
viral RNA species found in ASV-infected cells
(32). We performed a similar analysis with pSR2.
The cloned insert was excised, labeled with [a-
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F16. 1. Restriction maps of the insert DNAs of pSR1 and pSR2. (a) Restriction map of the pSR1 insert,
which was previously reported (32), has been extended. The digestion of pSR1 with Pstl generated two DNA
fragments of cDNA origin. The smaller fragment (50 bp) was located at the 5’ end of the larger fragment,
Jjudging from the position of the G-C tail in each fragment. Also, an Alul recognition site was found very close
to the extreme 5’ end of the larger fragment. (b) Restriction map of the pSR2 insert. The boxed region indicates
the nucleotide sequence corresponding to the viral RNA sequence and the line at both ends indicates the G-

C tail.
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3pldeoxyadenosine triphosphates and [a*’P]-
deoxycytosine triphosphates by nick translation
(17) and hybridized against filters containing
RNA from cells infected with either nondefec-
tive (nd) SR-ASV-D, nd PR-ASV-C or transfor-
mation-defective (¢d) PR-ASV-C. The insert hy-
bridized with all species of viral mRNA in nd
SR-ASV-D- and nd PR-ASV-C-infected cells
and with 35S and 21S RNA in td PR-ASV-C-
infected cells (Fig. 2). Since restriction analysis
showed that pSR2 contained some of the same
sequences as pSR1 (Fig. 1b), we tentatively con-
cluded that pSR2 also contained sequences from
the c region.

Nucleotide sequence of pSR1 and pSR2
inserts. The entire DNA sequence of the pSR1
insert and the sequence of almost all of the pSR2
insert have been determined and are shown in

Fig. 3A. The sequence of about 50 nucleotides at

each end of the pSR2 insert has not been deter-
mined; more than half of these terminal se-
quences are made up of deoxycytosine:deoxy-
guanosine residues added during the cloning pro-
cedure (32).

As predicted by the restriction analysis, the
nucleotide sequence of the cDNA inserts in
pSR1 and pSR2 are identical over 199 bp. The
identical sequence is located from position +1 to
position +199 in the DNA insert of both pSR1
and pSR2. There is a single difference in position
+138 which could be due to an error introduced
either by reverse transcriptase or by DNA po-
lymerase during the synthesis of the double-
stranded cDNA. We assume that the insert of
pSR2 is lacking sequences at its 3’ end that are
found in pSR1 due to incomplete second-strand
synthesis during preparation of the cDNA.

Hybridization analysis with restriction
fragments from pSR1 and pSR2. The DNA
inserts of recombinant plasmids pSR1 and pSR2
were derived from 21S viral mRNA that is com-
posed of both src-¢ and env-c mRNA'’s (11, 31).
The latter is derived from viruses that contain
deletions in the src region; these deletions are
probably generated soon after infection with nd
SR-ASV-D, and such mutants are frequently
found in stocks of ASV. Since the two plasmids
have different restriction sites at their 5’ ends,
we assumed that one was derived from src-c¢
mRNA and the other was from env-c mRNA.
To test this hypothesis we isolated a restriction
fragment from the 5’ end of each plasmid, la-
beled the fragment with P by polynucleotide
kinase (18), and hybridized each to RNA from
(1) uninfected CEF, (ii) CEF infected with nd
SR-ASV-D, (iii) CEF infected with td SR-ASV-
D containing either a small (1.47-kilobase [kb}:
clone 14) or a large (1.87-kb: clone 22) deletion
in the src gene, and (iv) CEF infected with
Bryan strain of ASV containing a deletion of the
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F1c. 2. Hybridization of the pSR2 insert with
ASV-specific RNA. Total cellular RNA (10 pg) ex-
tracted from CEF infected with various strains of
ASYV was electrophoresed on a 1% agarose-methyl
mercuric hydroxide slab gel, and the fractionated
RNA was subsequently transferred to a DBM paper
as described in Materials and Methods. The entire
550-bp pSR2 DNA insert was labeled with **P by nick
translation (specific activity, 5 X 10" cpm/ug), as
described by Maniatis et al. (17), and was used as a
probe for hybridization. The RNA used was prepared
either from CEF infected with nd SR-ASV-D (lane 1),
td PR-ASV-C (lane 2), or nd PR-ASV-C (lane 3) or
from uninfected CEF (lane 4). HindIII restriction
fragments of A\ DNA were included as markers (lane
5); the molecular weights (X 10% of the fragments
are: 15, 6.4, 4.3, 2.9, 1.6, and 1.4. The arrows indicate
39S, 358, 28S, and 21S RNA.

env gene.

As shown in Fig. 4A, the 55-bp Alul-Alul
fragment located between positions —183 and
—129 at the 5’ end of the pSR1 insert hybridized
with 39S RNA from nd SR-ASV-D, 37S RNA
from a mutant containing a small src¢ deletion,
and 35S RNA from the Bryan strain of ASV
mutant lacking env-specific sequences. It did
not, however, hybridize to 35S RNA from a
mutant containing a large src deletion. This
result places the fragment within the src se-
quences, and indicated that the 5 end of the
pSR1 insert contains sre-specific sequences that
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are lost in the large src deletion (16). Consistent
with this conclusion is the identification of a
large RNase T)-resistant oligonucleotide derived
from the 3’ end of the src gene (21). This oligo-
nucleotide has the composition (U, C., AAG,
A, sN). This is almost identical to the composi-
tion of the sequence located between positions
—139 and —129 in the pSR1 insert which is (Us,
C, AAG, AAAAU). That the src-c sequences in
the pSR1 insert are contiguous as in viral RNA
was shown both by R-loop analyses (32) and by
S1 protection experiments (data not shown)
where the pSR1 insert was shown to be colinear
with viral RNA.

When the 180-bp Alul fragment located be-
tween position —131 and the extreme 5 end of
the pSR2 insert was examined, quite different
results were obtained (Fig. 4B). The Alul frag-
ment failed to hybridize with RNA from cells
infected with the env deletion strain of the Bryan
strain of ASV but did hybridize with RNA from
cells infected with ASV containing either a large
or a small src deletion as well as with nd SR-
ASV-D. This result indicates that the 5’ end of
the pSR2 insert has env-specific sequences. This
is further supported by the observation that the
sequence between positions —147 and —131 in
the pSR2 insert has a composition of (U, Cs,
AU,, AG, AAC, AAU) which is almost identical
to the RNase T-resistant oligonucleotide that is
derived from the 3’ end of the env gene (Us, C,,
AU, AG, AAC, AAU) (29).

To demonstrate that the pSR2 insert is coli-
near to td ASV RNA we carried out an R-loop
analysis between the insert and a 39S and 35S
viral RNA mixture. Most of the R-loop struc-
tures observed were about 550 bases long (data
not shown).

Thus, pSR1 contains src and ¢ sequences and
pSR2 env and c sequences. Although these hy-
bridization studies define the limits of the src
and env genes, they do not provide any infor-
mation on the location of the coding sequence
within each of the two genes. The first termi-
nation codon closest to the 5’ end of the inserts,
in each of the three reading frames, is found at
positions —154, —150, and —110 for pSR1 and at
positions —242, —163, and —96 for pSR2. This
implies that if the coding region of the src or env
gene does extend into the cloned insert, the
polypeptide chain must terminate at one of these
three termination codons and that there must
be extensive noncoding sequences at the 3’ ends
of both mRNA'’s.

Common region. The c region of ASV and
avian leukosis virus (ALV) is the common region
found at the 3’ end of both viral genomes (28).
It terminates with a 20-bp sequence that is also
found at the 5’ end of genomic RNA (10, 23). By
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heteroduplex mapping between nd and td ASV
the c region has been determined to be about
400 to 600 bases long excluding the poly(A) tail
(13, 16). If we assume that the insert in pSR2 is
derived from mRNA of a defective virus in which
the src gene has been deleted, then the region in
which the sequences of pSR1 and pSR2 are
identical should define the c region; this starts
from position +1 in both pSR1 and pSR2. From
position +1 in pSR1 to the end of the 20-bp
repeat at position +326 is 326 bases. This value
is close to the 400 to 600 bp estimated by het-
eroduplex mapping.

It has been previously suggested that the ¢
region might code for a viral protein (21). In-
spection of the nucleotide sequence of the ¢
region reveals termination codons (TAA, TAG,
and TGA) in every reading frame. The longest
open frame starts at position +132 and ends at
+344. This termination point lies beyond the 20-
bp repeat that is found at the extreme 3’ termi-
nus of genomic RNA and is within that region
of the pSR1 insert that represents redundant
sequences derived from the 5’ terminus of the
viral genomic RNA. This open reading frame
does not initiate with an AUG, but there is a
GUG at position +177 which could initiate a
polypeptide of 56 amino acids. A second open
frame starts with an AUG at position +167 and
ends at the UGA at +251. This sequence could
code for a polypeptide of 28 amino acids.

Spacer region. It is important to note that
the termination codon for src and that for env
should be separated by at least 110 bases and 96
bases from the beginning of the c region in pSR1
and pSR2, respectively. Two important features
characterize these sequences. First, the nucleo-
tide sequences of these two regions are not iden-
tical but contain two clusters of very similar
sequences. These clusters are identified by cir-
cles in Fig. 3A. Second, part of both these
“spacer” regions can base-pair with elements at
the 5’ end of the c region between positions +1
and +45 to form the stem-and-loop structures
shown in Fig. 5. The arrow indicates the junction
of the c region with the spacer region at the end
of the src gene in pSR1 and the junction of the
¢ region with the spacer region of the env gene
in pSR2.

We suggest that pSR2 is derived from the
mRNA of a transformation-defective variant
where the src gene has been deleted. If so, it can
be concluded that the spacer region lying to the
3’ side of the env gene as found in pSR2 is also
located 5 proximal to the src gene in the ASV
genome and that the src gene is, therefore,
bounded on both sides by similar spacer regions.
Determination of the sequence of ASV genomic
RNA will be required to confirm this suggestion.
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We recognize that other possibilities exist for
the origin of the RNA that gave rise to pSR2.

Inspection of the nucleotide sequence of the
spacer region reveals only short sequences with
open reading frames. The spacer region in pSR1
contains an AUG codon at position —53 which
is followed in the same reading frame by a ter-
mination codon at position +46 in the ¢ region.
Similarly, in pSR2, there is an AUG in the spacer
region at position —80 which is followed in the
same frame by a termination codon in the ¢
region at position +65. However, we do not think
the putative polypeptides, which would be coded
by these sequences, exist, since the above open
frames can derive from either src-c mRNA or
env-c mRNA, indicating that they could not
appear stoichiometrically in both wild-type and
defective viruses in comparison to other viral
proteins.

Deletion model. An unexplained observation
with the ASV-ALV system is the generation of
transformation-defective variants in culture
through the deletion of the src gene from the
ASV genome (6), and the reciprocal event in-
volving the generation of transforming pheno-
types (rASV) in vivo through the acquisition of
the cellular src gene by ALV or td ASV (7, 8, 26,
29, 30). These integration-excision events appar-
ently occur at high frequencies.

By reconstruction from the nucleotide se-
quences of pSR1 and pSR2, we propose that the
src gene is flanked by two spacer regions of
similar but not identical sequence each about 80
bases long. This repeat in sequence could be
recognized by an enzyme system that is able to
excise the src gene from the ASV genome and
ligate the c region to the env gene, thereby
generating src deletions. We believe that viabil-
ity of the transformation-defective viruses which
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result from such deletions is determined by the
conservation of a hairpin structure as in Fig. 5.
Whereas such a site-specific recombination
event can lead to the excision of the src gene by
transforming viruses, the reciprocal event in-
volving site-specific integration could explain
the acquisition of the src gene by nontransform-
ing variants.

Since the ¢ region has multiple termination
codons in all reading frames, it is unlikely that
it codes for a specific protein. It is more likely
that the ¢ region serves various regulatory func-
tions (Fig. 6). We have already described a pos-
sible promoter for transcription by RNA polym-
erase II between positions +133 and +158 (32).
The A-T rich sequence, ATAATTGTATT-
TAAG, located between positions +270 and
+284 could also be a promoter. Although we do
not know yet which precise sequence could serve
as a promoter, the sequence TATTTAAG is
similar to the sequence (T)ATAAAAG, which

A 1:i2 3.4 B1 2 3 4
- - B
)—»~ b

- -
> E

F1G. 4. Hybridization of the 5 DNA fragments
from both pSR1 and pSR2 inserts with ASV-specific
RNA. Total cellular RNA (15 pg), extracted from
CEF infected with either the env-deficient Bryan
strain of ASV (lane 1), nd SR-ASV-D (lane 2), td SR-
ASV-D clone 14 (lane 3) or clone 22 (lane 4), was
fractionated by electrophoresis on a 1% agarose-
methyl mercuric hydroxide slab gel. The RNA was
transferred to DBM paper as described in Materials
and Methods. The DNA probe used for the hybridi-
zation was either the 55-bp Alul-Alul fragment from
the 5’ end of the pSR1 insert (A) or the 180-bp Alul
fragment from the 5’ end of the pSR2 insert (B). The
probes were obtained by labeling the appropriate
DNA fragment with *P by polynucleotide kinase
(specific activity, 1.5 X 10" com/pg). Arrows indicate
39S, 358, 28S, and 21S RNA.
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F1G6. 5. Loop structure suggested by the nucleotide
sequence present at the 5’ end of the common region.
Similar loop structures can be drawn from the nu-
cleotide sequences located around the junction be-
tween the spacer and common region of both the src-
¢ mRNA and the env-c mRNA. Arrows indicate the
Junction point between the spacer and the common
region. The dots indicate those bases that are differ-
ent between pSR1 and pSR2. (a) Loop structure from
src-c mRNA. (b) Loop structure from env-c mRNA.

may be a promoter for rabbit 8 globin (15) and
for a major late transcription unit of adenovirus
(33), and to the sequence TATTTATG, which
may be a promoter for an early gene of SV40
(22). In addition, there is a poly(A) addition
signal (20), AATAAA, at position +300. The 5’
end of the ¢ region might participate in excision
of the src region, resulting in the generation of
transformation-defective deletions. The 20-bp
redundant sequence located at the extreme 3’
part of the c region is essential for the synthesis
of minus strand DNA (5, 10, 23). Another pos-
sible function for the ¢ region could be in the

J. VIROL.
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FiGc. 6. Schematic drawing of the regulatory func-
tions of the common region. The dotted box in the
bottom line represents the 200-bp sequence found at
either end of the integrated proviral DNA, and the
closed box represents the 20 bases of redundant se-
quence found at the end of the viral RNA genome.

circularization of viral DNA. Since the 100-bp
repeating sequence derived from the 5 end of
the viral genome is joined to the 200-bp repeat-
ing sequence from the ¢ region (12), the nearly
perfect direct repeat, AGCACCGCATG starting
at position +157 and AGCACCTGCATG start-
ing at +379, could be a signal for circularization.
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