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Noncoding Region between the env and src Genes of Rous Sarcoma
Virus Influences Splicing Efficiency at the src Gene 3' Splice Site
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Viral RNA and proteins in chicken embryo fibroblasts infected with different cloned variants of the Prague
strain Rous sarcoma virus (RSV) were analyzed. The ratio of immunoprecipitated pp60`Sc to the gag gene
product p27 in Prague A (PrA) and Prague B (PrB) RSV-infected cells was two to three times that in Prague
C (PrC) RSV-infected cells. A significant increase in the steady-state ratio of spliced 2.7-kilobase src gene
mRNA to unspliced 9.3-kilobase genome-size RNA was observed in PrA- and PrB- compared with PrC-infected
cells, consistent with the differences in the ratios of the gag to src gene protein products. Similar results were
obtained when hybrid-selected RNA, which had been labeled for 3 h with [3H]uridine, was analyzed on
formaldehyde-agarose gels, suggesting that the observed differences were due to splicing rather than RNA
stability. Recombinant plasmids from infectious molecular clones of PrA and PrC were constructed to localize
the regions responsible for the effects on src gene splicing. The substitution in place of the corresponding PrA
region of the 262-base-pair region between the env gene and the src gene coding sequences from the PrC clone
into the infectious PrA plasmid conferred the low src splicing efficiency of the PrC strain. The nucleotide
sequence of this region of the PrA plasmid was determined and compared with the sequence of the PrC strain.
Only four nucleotide differences were found; two changes were within the intron sequence, and two were in the
exon sequence. The possible role of these differences in determining the extent of viral RNA splicing is
discussed.

Retrovirus RNA processing is unusual in that roughly half
the viral RNA transcripts are transported as unspliced RNA
to the cytoplasm of infected cells. The unspliced RNA
serves as genome RNA and also as mRNA for the synthesis
of gag and pol gene products. At least part of the spliced
RNA is used as mRNA for the env gene product. Since gag,
pol, and env gene products are each required for infectious
virus production, the replication of these viruses is depen-
dent on the maintenance of a balance between spliced and
unspliced RNA. The mechanism by which a portion of the
viral RNA escapes splicing is not understood (for a review,
see reference 35).
To further elucidate the possible regulatory role of viral

and cellular proteins, as well as the role of RNA modifica-
tions in regulating retrovirus splicing, we investigated the
splicing of viral mRNAs in Rous sarcoma virus (RSV)-
infected chicken embryo fibroblasts (CEF). Two spliced
mRNAs were produced during infection with RSV, the
5.4-kilobase (kb) env gene mRNA and the 2.7-kb src gene
mRNA. Both mRNAs are generated by single splicing
events (1) in which a 398-base 5' leader exon (7) is spliced to
alternative acceptor sites at nucleotides 5078 and 7054 for
the env and src gene mRNAs, respectively (5, 26, 32). We
found striking differences in the ratios of spliced src gene
mRNA to unspliced genome RNA when several different
strains of RSV were compared, and these differences have
been correlated with relative levels of pp60src in the infected
cells. The levels of env mRNA in cells infected by these
strains, however, were similar. Our evidence suggests that
the differences in splicing of src mRNA are due to RNA
splicing rather than RNA turnover. Moreover, we localized
the sequences responsible for this effect to the noncoding
region between the env and src genes.

* Corresponding author.

MATERIALS AND METHODS

Viruses, cells, and plasmids. CEF were prepared from C/E
chf gs- embryonated eggs obtained from SPAFAS, Inc.,
Norwich, Conn., and were grown in medium 199 with 10%
tryptose phosphate broth and 5% calf serum (SGM). Infec-
tious Prague A (PrA) RSV plasmid pJD100 was generously
provided by J. Thomas Parsons, University of Virginia,
Charlottesville. Infectious Prague C (PrC) RSV plasmid
pATV-8 (11) was obtained from John Coffin, Tufts Univer-
sity, Medford, Mass. Cloned Prague B (PrB) RSV was a gift
from Allan Tereba, St. Jude Children's Research Hospital,
Memphis, Tenn.

Transfection procedures. Transfection was carried out by
the calcium phosphate precipitation method (6). In the case
of pATV-8 in which the viral genome was permuted, the
plasmid was partially digested with Hindlll and religated to
form concatemers. Plasmid DNA (100 to 1,000 ng) and 20 ,ug
of salmon sperm DNA were added to 0.48 ml of 0.25 M
CaCl2 solution. To this solution was added 0.5 ml of 2x
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid)-buffered saline, pH 7.05, and the mixture was incu-
bated for 30 min at room temperature. This was then
pipetted onto cultures of CEF containing 2 x 106 cells per
plate. After 30 min at room temperature, 10 ml of medium
199 containing 10% calf serum, 10% tryptose phosphate
broth, and 1% heat-inactivated chicken serum was added,
and the treated cells were incubated for 3 to 4 h at 37°C. At
this time the medium was removed, and the cultures were
incubated with 3 ml of 30% dimethyl sulfoxide in HEPES-
buffered saline for 4 min. They were then washed with 3 ml
of SGM containing 1% chicken serum, and then 10 ml of
SGM was added. Transformation was apparent after several
days. The cells were passaged several times to ensure
complete infection.
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FIG. 1. Virus-specific polypeptide synthesis in RSV-infected cells. Cells infected with PrA, PrB, and PrC RSVs were labeled for 5 h with
[3H]methionine, total protein was isolated, and virus-specific polypeptides were immunoprecipitated from samples of 5 x 105 cpm of total
protein with appropriate antisera by methods described in the text. The virus-specific proteins were analyzed by electrophoresis at 120 V on
10% sodium dodecyl sulfate-polyacrylamide gels. The immunoprecipitates with antiserum to the gag protein p27, to the env proteins, and to
the src gene protein pp6Osrc are indicated. The env antiserum immunoprecipitates the envelope protein precursor gPr92env. The C lanes are
controls with normal antiserum.

Radioactive labeling of polypeptides in virus-infected cells.
Three 100-mm-diameter plastic petri dishes containing cells
infected with either PrA, PrB, or PrC RSV were treated for
12 h with Earle minimal essential medium containing 10 ,uM
methionine, 10% tryptose phosphate broth, and 5% calf
serum (low-methionine medium). The plates were labeled
with 25 ,uCi of [35S]methionine per ml for 5 h in 5 ml of
low-methionine medium. The medium was then removed,
and the cells were washed two times with ice-cold 140 mM
NaCl-5 mM KCI-0.6 mM Na2HPO4-5.5 mM glucose-25 mM
Tris (pH 7.2) and suspended in 1 ml of RIPA buffer contain-
ing 1% (vol/vol) aprotinin (27). The cells were disrupted by
Dounce homogenization and centrifuged at 25,000 rpm for 30
min in a type 65 rotor (Beckman Instruments, Inc.,
Fullerton, Calif.). The supernatants were removed, and
0.2-ml samples were quick-frozen in a dry ice-acetone bath.
Determinations of incorporation of [35S]methionine into pro-
tein were carried out by scintillation counting of hot 5%
trichloroacetic acid-precipitable material. Protein analyses
were carried out by the procedure of Lowry et al. (16). The
specific activities were approximately 6 x 103 cpm/,ug of
protein.

Immunoprecipitation of viral polypeptides. Appropriate
amounts of protein (approximately 5 x 10 cpm) were added
in a total volume of 50 ,ul to 1.5-ml plastic centrifuge tubes.
To each tube was added 15 pl of normal rabbit or normal
goat serum as appropriate. Immunoprecipitation with Staph-
ylococcus aureus was carried out by the methods of Kessler
(12) as described by Stoltzfus and Dane (29). The superna-

tants containing the virus-specific proteins were loaded onto
sodium dodecyl sulfate-polyacrylamide gels by the proce-
dures described by Laemmli (13). The gel was then prepared
for fluorography as described previously (28).

Labeling of RNA with [3H]uridine, hybrid selection of viral
RNA, and electrophoresis on formaldehyde-agarose gels. Petri
dishes containing CEF infected with various virus strains
were labeled with [3H]uridine (50 ,uCi/ml) for 3 or 12 h. After
the labeling period, the cells were washed with ice-cold 140
mM NaCl-5 mM KCl-0.6 mM Na2HPO4-5.5 mM glucose-25
mM Tris (pH 7.2), and RNA was purified by the guanidine
hydrochloride procedure of Strohman et al. (31). Virus-
specific RNA was hybrid selected essentially by the proce-
dure described by Stoltzfus and Dane (29). Approximately
25,000 cpm of each sample was loaded onto a formaldehyde-
agarose gel. The gel was run overnight, and on the following
day the RNA was transferred to nitrocellulose by blotting.
After drying under vacuum for 4 h at 70°C, the filter was
dipped in molten 2-methylnaphthalene containing 0.4%
(wt/vol) diphenyloxazole and exposed to X-ray film.

Cloning procedures and restriction enzyme digestions.
Cloning techniques were carried out by standard methods
described by Maniatis et al. (17). Restriction enzyme diges-
tions were carried out by the specifications of the suppliers.

Northern blot analysis of RNA. Northern blot analysis of
RNA on formaldehyde-agarose gels was carried out as
described previously (17). 32P-labeled probes were prepared
by the nick translation technique of Rigby et al. (23).
DNA sequence analysis. Sequence determination was per-
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FIG. 2. Northern blot hybridization analysis of virus-specific
RNA in RSV-infected cells. A 10-,ug amount of total RNA from PrA,
PrB, and PrC was electrophoresed on formaldehyde-agarose gels by
the procedures in the text. The RNA was transferred to nitrocellu-
lose and hybridized to 2 x 106 cpm of 32P-labeled probe (3.1-kb
EcoRI fragment spanning nucleotides 6144 to 9238). Autoradiogra-
phy was carried out for either 48 h (A) or 7 days (B).

formed by the chemical degradation method (18). Both
strands of the XbaI-BglII fragment (nucleotides 6861 to 7736)
from pJD100 were labeled at the XbaI site and sequenced.
The 5' end was labeled with [-y-32P]ATP by using T4 poly-
nucleotide kinase, and the 3' end was labeled with [ax-
32P]dCTP by using the Klenow fragment of Escherichia coli
DNA polymerase (Boehringer Mannheim Biochemicals, In-
dianapolis, Ind.).

Materials. [5,6-3H]uridine (44 Cilmmol), L-[35S]methionine
(1,000 to 1,500 Ci/mmol), and 32P-labeled deoxyri-
bonucleotides and ribonucleotides (2,000 Ci/mmol) were

purchased from Amersham Corp., Arlington Heights, Ill.

Guanidine hydrochloride and aprotinin were obtained from
Sigma Chemical Co., St. Louis, Mo. Actinomycin D (dacti-
nomycin) was obtained from Stanley Perlman, University of
Iowa, and was a gift from Merck Sharpe & Dohme, West
Point, Pa. Antiserum to pp60src was a generous gift from J.
Thomas Parsons, University of Virginia. Antiserum to virion
protein p27 was obtained from the Division of Cause and
Prevention, National Cancer Institute, Bethesda, Md. Anti-
serum to the viral glycoproteins gp85 and gp37 was obtained
by injection of purified glycoproteins from B77 virions into
rabbits. All antisera were polyclonal. Restriction enzymes
were purchased from Bethesda Research Laboratories, Inc.,
Gaithersburg, Md., or New England BioLabs, Inc., Beverly,
Mass.

RESULTS

Accumulation of viral polypeptides in infected cells. We
observed in preliminary studies that CEF infected with a

cloned isolate of PrC RSV were less rounded and consider-
ably more adherent to plastic petri dishes than were cells

infected with cloned isolates of PrA and PrB RSVs. To
understand the molecular basis for these phenotypic differ-
ences, we first measured the levels of the various viral
proteins in infected cells. Cell cultures were infected with
PrB RSV virus or transfected with cloned PrA and PrC RSV
DNAs. The cells were passaged several times until they
appeared to be completely transformed. Subconfluent cul-
tures of infected cells were labeled for 5 h with [3H]me-
thionine. Cell extracts were prepared, and equal amounts of
protein from each extract were immunoprecipitated with
excess antiserum to the gag gene protein p27, the env gene
proteins gp85 and gp37, and the transforming protein pp6Osrc.
The immunoprecipitates were analyzed on sodium dodecyl
sulfate-polyacrylamide gels. The results (Fig. 1) indicated
that the PrB RSV-infected cells contained a larger amount of
total viral protein than did cells infected with either the PrA
or the PrC strain. It was also evident from these gels that
there were considerable differences in the ratio of the gag
gene proteins to pp6Osrc. The autoradiograms were scanned,
and the distribution of label in the gag protein p27 (the
fastest-migrating gag protein in Fig. 1), env protein precur-
sor gPr92env, and pp6Osrc were obtained. From these data it
was determined that two to three times more total viral
protein accumulated in the PrB-infected cells than in either
the PrA- or the PrC-infected cells during the 5-h labeling
period (data not shown). Also, the ratio of pp6Osrcto p27 was
approximately twofold higher in the PrA- and PrB-infected
cells than in the PrC-infected cells. The absolute levels of
pp60 src were also higher in the PrA and PrB versus PrC
RSV-infected cells. The observed differences in the trans-
formed phenotype therefore correlated with the relative
accumulation rates of pp6Osrc in the cells.

Synthesis and splicing of viral RNA. The observed differ-
ences in accumulation of viral protein in infected cells might
be explained by differences in the respective viral mRNA
levels. To examine this possibility, we carried out RNA dot
blots by using various amounts of total RNA from infected
cells. The PrB-infected cells contained two to four times as
much total steady-state viral RNA in comparison with the
PrA- and PrC-infected cells (data not shown). These results
are consistent with the protein synthesis results which
indicated a two- to threefold increase in accumulation of
viral protein in PrB-infected cells. To determine the steady-
state distribution of the various spliced and unspliced RNA
species, equal amounts of RNA from each of the types of
infected cells were electrophoresed on formaldehyde-
containing agarose gels, blotted onto nitrocellulose, and
hybridized with a 32P-labeled viral DNA probe (Fig. 2). Since
the PrB-infected cells contained a larger proportion of the
cellular RNA as viral RNA, we show two exposure times (48
h in Fig. 2A and 7 days in Fig. 2B) of the autoradiogram to
directly compare the RNA ratios in the PrC- and PrA-
infected cells with those in the PrB-infected cells. It was
clear from these results that there were significant differ-
ences in the steady-state ratios of unspliced 9.3-kb RNA to
spliced 2.7-kb src gene mRNA. The film shown in Fig. 2B
was overexposed to show the difference in the steady levels
of src mRNA in the PrA and PrC strains. Cells infected with
either the PrB or the PrA strains contained relatively more
2.7-kb src mRNA in comparison with the 9.3-kb RNA than
did those cells infected with the PrC strain.
These differences in steady-state ratios could result either

from differences in the extent of splicing of the 9.3-kb RNA
or in the differential stabilities of the various RNA species.
To examine the latter point, we analyzed hybrid-selected
viral RNA which had been labeled for either 3 or 12 h with
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FIG. 3. Comparison of [3H]uridine-labeled hybrid-selected RNA
from PrB and PrC RSV-infected cells. [3H]uridine-labeled poly(A)+
RNA from infected cells labeled for 3 or 12 h was hybrid selected
and analyzed by formaldehyde-agarose gel electrophoresis by pro-
cedures described in the text. Approximately 2 x 104 cpm was
applied to each lane. The two outside lanes are markers,
[3H]uridine-labeled CEF rRNA.

[3H]uridine (Fig. 3). It was apparent from this experiment
that the relative amounts of spliced 2.7-kb src mRNA
synthesized in a 3-h period was considerably reduced in the
PrC-infected cells when compared with the PrB-infected
cells. Similar results were obtained when viral RNA labeled
for 3 h was selected from PrA- and PrC-infected cells (data
not shown). These results agreed with the results of the
steady-state RNA distributions shown in Fig. 3. Therefore, if
the observed differences in levels of src mRNA were due to
RNA stability, the half-life of the PrC src mRNA would be
expected to be shorter than 3 h and considerably different
from the PrB and PrA src mRNAs. To determine if differ-
ential turnover of src gene mRNA might account for the
results, we treated infected cells with 1 ,ug of actinomycin D
per ml to block further accumulation of viral RNA and then
harvested RNA at zero time and at 3-h intervals thereafter.
The results of this experiment are given in Fig. 4. Note that
the src gene mRNA is relatively stable in both PrA- and
PrC-infected cells, and the half-life appeared to be longer
than 3 h. These data are consistent with previous results
obtained for the B77 strain of RSV in which a half-life of
approximately 9 h was obtained for the src mRNA (30).
Previous results have indicated that, under certain condi-
tions, high concentrations of actinomycin D alter the stabil-
ity of mRNA (8). However, we have shown in a previous
study that the half-life of the RSV 9.3-kb RNA determined
by the 1-,ugIml actinomycin D blockade was similar to the
value obtained by both pulse-chase and approach-to-
isotopic-equilibrium methods (30). The results therefore
suggest but do not prove that the different steady-state RNA
distributions exhibited by the various RNA variants are due
to different efficiencies of splicing rather than to a rapid
turnover of the src mRNA in the PrC-infected cells.

Construction and characterization of recombinants between
PrA and PrC RSVs. The above results suggested that there
were distinct genetic differences among the different virus
isolates in the efficiency of RNA splicing. To determine the
genetic element(s) responsible for these differences, we
constructed a number of recombinant pBR322-based DNA
plasmids in which sequences from low-splicing-efficiency
genomes were exchanged with high-efficiency genomes. We
used infectious plasmids of PrA and PrC (pJD100 and
pATV-8, respectively) (Fig. 5) since infected cells of both
viruses contained comparable amounts of viral RNA (Fig.

2), and therefore the results should not be affected by
differences in intracellular RNA concentrations. The con-
struction of the clones is diagrammed in Fig. 5. Each of these
clones was characterized by restriction enzyme digests. and
demonstrated the appropriate diagnostic PrC restriction
sites. These clones were introduced into parallel cultures of
CEF by calcium phosphate transfection techniques. Several
cell passages were required to ensure that the cells were
completely infected. The results (Fig. 6) indicated that, in
cells transfected with plasmid p5'C-3'A, precursors appear
to be spliced to src gene mRNA with the same high efficiency
as the parental PrA plasmid pJD100, whereas in cells
transfected with plasmid p5'A-3'C, the extent of splicing to
src mRNA was similar to the wild-type PrC-infected cells.
These results indicate that sequences in the 3' one-third of
the genome determine the level of spliced src mRNA. The
relative level of splicing of the env mRNA appeared to be
similar in all cases, and this was borne out by densitometric
measurements of the autoradiogram (data not shown).
To further define the region responsible for the effects on

splicing, we constructed an additional mutant (pJDlOONco2)
in which only the noncoding sequence of pJD100 (PrA)
between the SacI site at nucleotide 6865 and the NcoI site at
7147 was replaced by PrC sequences (Fig. 5). A transfection
experiment similar to the experiment described above was
carried out, and the RNAs from cells transfected with
pJD100, pATV-8, p5'C-3'A, pS'A-3'C, and pJDlOONco2
were compared by Northern blot analysis (Fig. 7). Three
different concentrations of RNA were run for each type of
virus; representative examples for each are shown. This
experiment showed that pJDlOONco2 (Fig. 7, lane 2) dem-
onstrated a splicing phenotype similar to the wild-type
pATV-8 (Fig. 7, lane 3) and p5'A-3'C (Fig. 7, lane 4). As
shown in the previous experiment, p5'C-3'A-transfected
cells (Fig. 7, lane 5) demonstrated a similar RNA profile to
that of the wild-type PrA clone, pJD100 (Fig. 7, lane 6). The
autoradiogram was scanned, and the results indicated that
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FIG. 4. Comparison of src mRNA turnover in cells infected with
PrC or PrA RSV. Cells infected with either PrC or PrA RSV were
treated with medium containing 1 ,ug of actinomycin D per ml for
various times. At each time point (0, 3, 6, and 9 h for PrA; 0, 3, 6,
9, and 12 h for PrC), total RNA was isolated from parallel cultures
and analyzed by Northern blot analysis. The probe was an internal
src fragment labeled by nick translation with 32P. Only the src
mRNA band is shown. Autoradiography was carried out for 6 h.
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FIG. 5. Construction of recombinant virus plasmids. This figure shows the structures of the plasmids used in the experiments described
in the text and the cloning procedures. pA5-14 was obtained by partial cleavage of pJD100 with XhoI followed by religation and is deleted from
nucleotides 630 to 5258. Plasmid pA5-14Nco2 was obtained by complete cleavage of pA5-14 with NcoI and insertion of the indicated
NcoI-NcoI fragment (nucleotides 6529 to 7127) from pATV-8. Infectious plasmid pJD100Nco2 was then constructed by insertion of the
indicated Sacl-Sacl fragment (nucleotides 255 to 6865) from pJD100 into pA5-14Nco2. R, EcoRI; H, HindIll; S, Sacl; N, NcoI. Symbols: 0,
donor splice site; 0, acceptor splice site. PrC sequences are shown as hatched regions, and PrA sequences are shown as open regions. The
single line denotes pBR322 sequences which are in the same orientation in both the permuted pATV-8 and pJD100 plasmids.

the ratio of 2.7-kb src mRNA to 9.3-kb unspliced RNA of
pJD10ONco2 was similar to the wild-type PrC clone as well
as to p5'A-3'C. However, cells infected with the wild-type
PrA clone, pJD100, or p5'C-3'A demonstrated a two- to
threefold increase in the relative amount of src mRNA.
There was less difference among the different clones in the
relative amounts of env mRNA; however, it is not yet clear
whether there are subtle differences in the extent of env
splicing among the different mutants. We concluded from
these experiments that the exchange between PrC and PrA
of the 262-nucleotide sequence between the env and the src
genes was sufficient to determine the lowered relative
amount of src splicing observed in the PrC-infected cells.
Comparison of nucleotide sequences of PrA and PrC RSVs

in the region between env and src. The previous results
indicated that the sequences determining the splicing effi-
ciency of PrA versus PrC RSV resided in the noncoding
region between the env and src genes. To begin to under-
stand the mechanisms responsible for generating the ob-
served differences in splicing efficiency, we determined the
nucleotide sequence of pJD100 between the Sacl and the
NcoI sites (Fig. 8) and compared it with the published
sequence of pATV-8 (26). Only four nucleotide differences
were found (Fig. 8). Two of the differences are within the src

gene intron (we confirmed these differences in our labora-
tory), and two are in the src gene exon. Three are transi-
tions: C to T at nucleotide 6957, A to G at nucleotide 7059,
and G to A at nucleotide 7074. There is also a deletion of an
A at nucleotide 7023.

DISCUSSION

We have shown in this paper that different cloned variants
of Prague RSV vary in the efficiencies of splicing at the src
gene 3' splice site resulting in two- to threefold differences in
the relative amounts of pp60Src accumulation in the infected
cells. Differences among a number of avian sarcoma and
leukosis viruses in the ratio of spliced to unspliced RNA
have previously been reported (15). However, it was not
clear from these results if the steady-state differences were
due to splicing or to differential RNA stabilities. The evi-
dence presented in this paper suggests but does not prove
that the differences we observed are due to splicing.
The location of the sequences determining the efficiency of

splicing to the region immediately upstream from, the src 3'
splice site may help to explain a puzzling 9bservation
previously reported by Tsichlis and Coffin (34). Transforma-
tion-competent recombinants between PrB RSV and
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FIG. 6. Northern blot analysis of RSV RNA from cells
transfected with wild-type and recombinant plasmids. CEF were
transfected as described in the text. Total RNA from infected cells
was isolated. Samples of RNA (10 p.g) were applied to formalde-
hyde-agarose gels, the gel was blotted onto nitrocellulose, and the
filter was hybridized to a 32P-labeled probe. Equivalent amounts of
RNA from each were applied and transferred as monitored by
ethidium bromide staining of the rRNA bands. This probe was

prepared by nick translation of a restriction fragment from the src

gene coding sequence. Autoradiography was carried out for 17 h.

nontransforming Rous-associated virus-0 were examined by
oligonucleotide mapping. Whereas most of the sequences
outside the selected env gene from Rous-associated virus-0
appeared to recombine at high levels between the two types
of viruses, several other regions of the transforming PrB
RSV also were consistently from the PrB parent. One of

1 2 3 4 5 6_- _t ~~~-9.3
}
-;e g -4.6

-2.7

FIG. 7. Further Northern blot analysis of various RSV RNAs.
The protocol described in the legend to Fig. 6 was also used in this
experiment. Lanes: 1, uninfected control; 2, cells transfected with
pJDlOONco2; 3, cells transfected with pATV-8; 4, cells transfected
with p5'A-3'C; 5, cells transfected with p5'C-3'A; 6, cells
transfected with pJD100. Autoradiography was carried out for 19 h.

*** gp 35 ends .6880
PrC CAGTCTAGAGAGCTCAGTTATAATAATCCTGCGAATCGGGCTGTAACGGGGCAAG
PrA -------------------------------------------------------

.6930
GCTTGACCGAGGGGACTATAACATGTATAGGCGAAAAGCGGGGTCTCGGTTGTAA

__-- ----------------------T--------

* . .7000
CGCGCTTAGGAAGTCCCCTCGAGGTATGGCAGATATGCTCTTGCATAGGGGGAAA

.7040
AAATGTAGTCTTAATATTGTCTGTGTGCTGCAGGAGCTAAGCTGACTCTGCTGGT
--\____________-------------------------G----------------
del 3' splice site

.7090 pp6Osrc begins
GGCCTCGCGTACCACTGTGGCCAGGCGGTAGCTGGGACGTGCAGCCGACCACCAU
--------A-------- ----- ---------------------------------

FIG. 8. Complete nucleotide sequence of the 262-base-pair
noncoding region between Sacl and NcoI of pJD100 (PrA) com-
pared with the same region of pATV-8 (PrC). Numbering is accord-
ing to data of Schwartz et al. (26). Symbols: -, both strains are
similar at a given position; \, deletion of specific bases. The splice
acceptor site is shown as a vertical arrow.

these regions was immediately upstream from the src 3'
splice site and included the sequences which we defined in
this study.
The nature of the cis- and trans-acting viral or cellular

factors that govern the levels of spliced and unspliced
retrovirus RNAs has not yet been clearly established. Evi-
dence has previously been obtained suggesting a role for the
avian retroviral gag gene protein p19 as a possible trans-
acting factor that binds to the RNA near the 5' and 3' splice
sites and thus prevents splicing (14, 15). The data presented
in this paper suggest that the differences we saw in the
splicing efficiencies of PrA versus PrC RSV were not due to
the binding affinities of the respective p19 proteins since the
recombinant virus (p5'C-3'A) containing the PrC RSV gag
gene (derived from plasmid pATV-8) appears to have the
same efficiency of src splicing as does the wild-type PrA
virus (derived from pJD100). Another hypothesis which has
been previously proposed is that internal adenosine methyla-
tions of the RNA play a role in determining the levels of
spliced and unspliced RNA (29). Methylation differences,
however, do not appear to explain the results obtained above
since the region that appears to determine the extent of src
gene splicing, i.e., between the env and src genes, has been
shown not to be specifically methylated in the RSV genome
RNA (10), and there were no sequence differences between
the PrA and PrC genomes (Fig. 8) at potential mRNA
methylation sites (4, 10). A third and more reasonable
possibility is that the splicing efficiencies observed here were
due to differences in the affinities of the RNAs for cellular or
virus-encoded splicing factors. The results in this paper
suggest that the virus element(s) acts in cis, an expected
result for such a model. Furthermore, the observation that
the sequences surrounding the 3' splice acceptor site deter-
mine that the splicing efficiency is consistent with a recent
report, suggesting that the initial interaction ofRNA with the
splicing machinery occurs at the 3' splice site (24). There-
fore, any interference with the formation of the splicing
complex at the 3' site may inhibit splicing.
How would such interference occur? One possibility is

that the secondary structure of the RNA in the region of the
3' splice site may inhibit the interaction of the splicing
machinery with the 3' splice site and the formation of the
lariat intermediate. Evidence obtained from in vitro splicing
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experiments has indicated that RNA secondary structure
can play a negative role in splicing by sequestering 3' splice
sites in duplex regions (28). Evidence consistent with the
role of long-range RNA interactions in retrovirus RNA
splicing has also been obtained. The introduction of a certain
foreign sequence into the env gene intron of reticulo-
endotheliosis virus, even at sites removed from the splice
junction, reduces the amount of splicing at the env 3' splice
site (20). Deletions within the Moloney murine leukemia
virus env gene intron can dramatically affect the levels of
spliced mRNA, again suggesting that a long-range effect of
RNA conformation may alter splicing efficiency (9).
We carried out a computer analysis of the region between

the Prague env and src genes by using a program developed
by M. Zuker, and the data indicated that several stem-loop
structures may exist in this region which may affect splicing.
The presence of such structures is consistent with the observed
sensitivity of this region to digestion by RNase III (3). We
still understand little about the effects of 1-base changes on
RNA secondary structure, and therefore the result of the
sequence differences between PrA and PrC RSVs on the
secondary structure of their RNAs is difficult to predict.
Another possible explanation for the effect of the se-

quence differences is that they affect the binding of viral gag
proteins. It is of interest that the 1-base deletion at nucleo-
tide 7023, 30 bases upstream from the src 3' splice site, is
part of a sequence which was predicted to be a p19 binding
site by Darlix and Spahr (3). (Recent evidence, however,
suggests that these may actually be sites for binding of p12
[19].) Since this nucleotide is in a 12-base run of purines (Fig.
8), it would be surprising if such a subtle change would
significantly affect gag protein binding. However, this is also
a region of the src gene intron where a lariat intermediate
branch point might be expected to form (22, 25), and the
possible interaction or overlap of these sites may be of
importance in explaining the effect on splicing. The change
at nucleotide 7059 (A to G transition) is 6 bases downstream
from the 3' splice site in the src gene exon. It is conceivable
that this region may also affect splicing efficiency since
certain 1-base exon mutations (at the 5' end of the exon)
have recently been shown to influence the splicing of Chi-
nese hamster ovary cell dihydrofolate reductase mRNA (21).
It is of interest that a G rather than an A is also present at this
position in the PrB RSV (1), the Schmidt-Ruppin A RSV (2),
and the chicken c-src mRNA (33). Further work is under
way to determine which of the observed sequence changes
are associated with the altered splicing phenotype.
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