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Retrovirus RNA is synthesized as a single primary transcript that is differentially processed by RNA splicing.
Three species of viral RNA (spliced env, spliced src, and unspliced full-length RNA) are produced in chicken
embryo fibroblasts infected with Rous sarcoma virus, an avian retrovirus. The env and src mRNAs are
synthesized by the alternative use of two 3' splice sites. The mechanism by which balanced splicing at the two
sites is maintained was investigated in this report. Mutants that increase or decrease splicing at one of the two
3' splice sites were analyzed for the effect on splicing at the other site. The two splice sites differed in their
response. Mutations that caused a specific increase in the level of spliced env mRNA were associated with
reciprocal changes in the levels of src mRNA but with no change in overall splicing. In contrast, mutants in
which the src 3' splice site was inactivated demonstrated a decreased overall level of spliced RNA but had little
or no effect on the level of spliced env mRNA. Mutations that caused specific increases in the level of spliced
src mRNA had variable effects on env mRNA levels. Deletion of regions in gag, which was previously shown to
contain a cis-acting negative regulator of splicing, resulted in a corresponding increase of both spliced viral
mRNAs and a decrease in unspliced RNA, suggesting that this element suppressed both env and src splicing.
Several models are discussed which are possible mechanisms for regulation of alternative splicing of Rous
sarcoma virus RNA, but none of these models appear to be consistent with all of the data.

Splicing of retrovirus RNA differs from that of most RNA
polymerase TI-transcribed host cellular genes, whose pri-
mary transcripts are completely spliced before transport to
the cytoplasm (19, 22). Retroviruses require the expression
of unspliced RNA in the cytoplasm. Therefore, the splicing
and transport machinery of the host cell must be manipu-
lated to permit the accumulation of unspliced retrovirus
RNA in the cytoplasm (for a review, see reference 25).
Retroviruses such as human immunodeficiency virus and
human T-cell leukemia virus require virus-encoded functions
(rev atid rex, respectively) for the accumulation of unspliced
RNA (8, 11, 16, 23). However, most retroviruses apparently
do not require these virus-encoded functions (3, 12, 14, 26).
Rous sarcoma virus (RSV), an avian retrovirus, provides

an excellent system for studying regulated RNA splicing.
The productive infection of RSV in permissive chicken
embryo fibroblasts (CEF) requires the expression of three
major RNA species from a single precursor RNA that is
differentially processed by RNA splicing. The primary tran-
script contains one major 5' splice site (5'ss) at nucleotide
(nt) 398 (10). The splice is 18 nt downstream from the major
AUG used to initiate translation of the gag, pol, and env
genes. Two major 3' splice sites (3'ss) at nt 5078 and 7054 are
alternatively spliced to the single 5'ss to form the env and src
mRNAs, respectively (6, 9, 29). The env 3'ss is derived from
the avian leukosis virus progenitor of RSV, whereas the
sequence beginning 17 nt 5' of the src 3'ss is derived from the
cellular c-src homolog (29).

Several cis-acting regions of the RSV genome important in
the regulation of levels of spliced and unspliced viral RNA
have been identified (3, 13, 26, 27). First, a region in the gag
gene mapping between nt 708 and 987 (negative regulatory
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sequence [NRS]) acts in cis to suppress splicing in vivo of
viral RNA (3, 26). Second, a dramatic increase in the extent
of splicing was effected by a specific 24-bp insertion imme-
diately upstream of the env 3'ss (13, 14). Although the extent
of splicing at src was not determined in these experiments, it
appeared that most of the increased splicing occurred at the
env 3'ss and was associated with a virus replication defect.
In vitro splicing experiments have indicated that the inser-
tion mutant acts directly on splicing and is associated with
the use of a new branchpoint within the inserted sequences
(9a). Third, differences in the relative levels of spliced src
mRNA in cells infected with several different RSV strains
were reported. The overspliced phenotype mapped to the
noncoding region between src and env, immediately up-
stream and downstream of the src 3'ss (27).
Although the studies described above have defined cis-acting

regions which may be important in the regulation of RSV
splicing, the effects of the mutations on alternative splicing of
env and src mRNA have not been investigated. In this report,
we have measured the extent of splicing at each of the major
splice sites ofRSV RNA (the 5' donor, the env 3' acceptor, and
the src 3' acceptor) and have determined the effect of muta-
tions at one splice site on the use of the other wild-type splice
site. Our results indicate that there are indeed such global
effects but that the two 3'ss differ in their response.

MATERIALS AND METHODS

Plasmids. An infectious nonpermuted proviral clone of the
RSV Prague A strain contained in pBR322 was obtained
from J. Thomas Parsons, University of Virginia, Charlottes-
ville. Infectious plasmid pJTM14 was constructed by cloning
the entire provirus derived from pJD100 into a pUC18-based
vector. Splicing of viral transcripts derived from pJTM14
was identical to splicing from pJD100 (18a). Deletion mu-
tants were constructed by standard recombinant DNA tech-
niques (17). Plasmids pJDdelBcII (deleted from nt 1149 to
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1659) and pJDdelSacII (deleted from nt 544 to 1806) have
been described previously (26). Plasmid pJDdelKS was
constructed by digesting pJD100 with KpnI and SacII to
completion, blunt ending with T4 polymerase, and ligating.
This resulted in a deletion in pJD100 from nt 544 to 4995
(nucleotide numbering according to reference 21). Plasmids
pSLB-Sac(-23), pSLB-Sac(-79), and pSLB-Sac(-143) are
unidirectional BAL 31 deletion clones of pJD100 shown in
Fig. 5. These deletions were made in the noncoding region
between the env gene and the src gene starting at the Sacl
site at nt 6865 and progressing 3' toward the src 3'ss.
Deletion endpoints were determined by sequencing accord-
ing to the method of Sanger et al. (20). Plasmid pJDdelKN
was constructed by partial digestion of pJD100 with NheI
and complete digestion with KpnI. The ends were blunt
ended with T4 polymerase and ligated, resulting in deletion
between nt 4995 and 5131. Plasmid pMPM13 was con-
structed by removal of the four-base 3' overhangs of the PstI
site at nt 7048 and blunt-end ligation. An additional small
deletion within the src exon region was created during the
construction of pMPM13. Plasmids pMPM7, pMPM8, and
pMPM9 (Fig. 1) were constructed by placing fragments from
mutated M13 subclones (kindly provided by Duane Grand-
genett, St. Louis University Medical Center, St. Louis, Mo.)
into pJTM14. Plasmid pMap47 (Fig. 2) was used as a
template for RNase mapping. Its construction is described in
detail elsewhere (4a).

Cell culture, DNA transfections, and RSV infections. Sec-
ondary CEF isolated from embryonated eggs that were
negative for both group-specific antigen and chicken helper
factor (from SPAFAS Inc., Norwich, Conn.) were grown in
SGM (medium 199 [GIBCO BRL] supplemented with 10%
[vol/vol] tryptose phosphate broth and 5% calf serum).
CEF were transfected by the DEAE-dextran technique

essentially as described by Sompayrac and Danna (24).
Purified plasmid DNA (15 R,g) in 6 ml of serum-free SGM-
0.05 M Tris-HCl (pH 7.4) was used to transfect subconfluent
cultures of CEF in 100-mm petri dishes in the presence of
200 ,ug of DEAE-dextran per ml. After 30 min at room
temperature, 2 ml of the transfection mix was removed and
10 ml of serum-free SGM was added. The transfected
cultures were incubated at 37°C for 3 h, overlaid with 10 ml
of SGM, and incubated at 37°C.
RNA isolation and analysis. Whole cell RNA was isolated

from transfected or infected cells by the guanidine hydro-
chloride technique essentially as described by Strohman et
al. (28). The RNA was precipitated with 2.5 volumes 95%
ethanol and stored at -20°C.
RNase protection analysis of the RNA samples was car-

ried out essentially as described by Melton et al. (18) as
modified by Berberich and Stoltzfus (4a) to optimize condi-
tions of hybridization and digestion for the tandem ribo-
probe. 32P-labeled probes generated by SP6 polymerase
reaction (6 x 106 cpm per sample) were added to appropriate
volumes of ethanol-precipitated whole cell RNA (2.5 to 20
,ug). The samples were centrifuged, the pellets were washed
with 70% ethanol, and the RNA samples were dissolved in
80% formamide-40 mM piperazine-N,N'-bis (2-ethanesulfo-
nic acid) (PIPES; pH 6.5)-400 mM NaCl-1 mM EDTA. The
samples were heated at 85°C for 10 min, hybridized at 60°C
for 12 to 16 h, and digested with RNase A (6 ,ug/ml) and
RNase T1 (300 U/ml) for 30 min at room temperature.
Samples were treated and analyzed on 6% polyacrylamide
gels containing 7 M urea as described elsewhere (4a). After
electrophoresis, the gel was dried and exposed to X-ray film.
The autoradiograms were scanned, and the resulting inte-
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FIG. 1. Schematic representation of env 3'ss mutants. Symbols:
*, location of mutations; +, site of mutation in the wild-type (wt)
genome. The env 3'ss is marked by a vertical arrow.

grated values for the appropriate bands on the gel were
corrected for relative nucleotide composition, using the
values obtained for the Prague C RSV sequence (21). The
levels of viral RNA were corrected for the contribution of
c-src in the spliced src band. Because of mismatches be-
tween the c-src and v-src sequences, RNase digestion of the
hybrids resulted in the generation of a characteristic lower-
molecular-weight band from c-src (marked with an asterisk
in Fig. 3) in addition to a residual band at the position of
spliced v-src. To correct the amounts of radioactivity in the
v-src band for the contribution of c-src, the ratio of the upper
and lower bands was determined in the mock-transfected
negative control lane. This ratio varied with the conditions of
RNase digestion but was consistent within a single experi-
ment. The value could then be used to correct for the c-src
contribution in the experimental samples.
Northern blot analysis of RNA was carried out on form-

aldehyde-containing agarose gels essentially as described by
Maniatis et al. (17).

Materials. Restriction enzymes and other enzymes used
for cloning and the analysis of recombinant DNA were
purchased from Boehringer Mannheim Biochemicals Co.
(Indianapolis, Ind.) and Bethesda Research Laboratories
(Gaithersburg, Md.). SP6 polymerase was purchased from
Promega Co. (Madison, Wis.). RNase A was purchased from
Sigma (St. Louis, Mo.), and RNase T1 was purchased from
Boehringer Mannheim.

RESULTS

Mutations in the region of the env splice site affect 3'ss
choice but not overall splicing. Several proviral mutants of
the Prague A RSV in the region of the env 3'ss were used in
these studies (Fig. 1). Plasmid pMPM9 has three mutated
bases approximately 75 nt upstream of the 3'ss. This clone
was noninfectious as a result of a lesion in the integrase gene
(9b). Plasmid pMPM8 has three altered bases at 15, 16 and 17
nt upstream from the env 3'ss; this results in an increase in
the length (from 10 to 14 nt) of the polypyrimidine tract
upstream from the env 3'ss. This clone was infectious but
demonstrated a delayed replication phenotype (9b). Plasmid
pMPM7 was mutated at the 3'ss itself; in this mutant, the
conserved 3' AG was changed to AT. This mutation would
be expected to completely block env splicing (1). As ex-
pected for such a mutant, pMPM7 was noninfectious. Fi-
nally, plasmid pdelKN was deleted in the region from nt 4995
to 5135, which includes the env 3'ss at 5074. This clone was
also noninfectious.
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FIG. 2. Products of RNase mapping of viral RNAs, using a
riboprobe derived from SP6 transcription of pMap47. (A) Regions
contained within the EcoRI-digested pMap47 (env, M; src, M;
5', Em ). The SP6 transcript of approximately 1,550 nt is shown
above the plasmid map. Below the plasmid map are shown the
protected fragments resulting from hybridization to viral RNA
followed by RNase digestion. (B) Schematic representation of the
protected fragments derived from each of the three major viral
mRNAs (unspliced, env, and src) when hybridized to pMap47
32P-labeled RNA. Note that the 347-nt unspliced src band arises
from both unspliced RNA and env spliced mRNA.

To analyze splicing of these mutant clones, plasmid DNA
was introduced by transfection into CEF and total cellular
RNA was isolated after 48 h. To obtain quantitative data on
the extents of splicing and the levels of env and src mRNAs,
RNA was analyzed by using a tandem [32P]uridine-labeled
antisense riboprobe spanning the major 3'ss and the major
5'ss (4a). The structure of the mapping clone pMap47 is
shown in Fig. 2A. Characteristic protected species from
each region of the probe were produced after hybridization
to the wild-type pJD100 RNA (Fig. 2B).
The results of RNase mapping of RNA from cells trans-

fected by pMPM9, which was mutated in a region 75 nt
upstream from the env 3'ss, is shown in Fig. 3, lane 4. As
shown in Table 1, the relative amounts of the three viral
RNA species were not significantly different from the values
for the wild-type pJD100, whose map is shown in Fig. 3, lane
5. This finding indicates that the base changes in pMPM9
have no apparent effect on splicing. This is not surprising,
since the mutations are relatively far from the env 3'ss.
These data also establish that the values obtained for the
noninfectious clone pMPM9, which is not capable of virus
spread, are not significantly different from those of the
infectious wild-type clone pJD100. The result of RNase
mapping ofRNA from cells transfected with pMPM8, which
has a polypyrimidine tract longer than that of the wild type,
is shown in Fig. 3, lane 3. Because of the mismatch between
the probe and the mutant RNA at the site of the mutation,
the hybrids were cleaved with RNase at the site of the
mismatch. This resulted in the production of a smaller
unspliced env band (-200 nt; un 8+ in Fig. 3). A band also
migrated at the position of normal env unspliced RNA-
protected fragment. This band reflected incomplete RNase
digestion at the site of mismatch and was included in
calculating the total for unspliced env RNA. An increase in
the relative molar amount of spliced env mRNA from 13 to
26% and a decrease in amount of spliced src mRNA from 12
to 3% was observed in cells transfected with pMPM8 (Table
1). However, the overall ratio of unspliced to spliced RNA
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FIG. 3. Effects of mutations in the region of the env 3'ss on
levels of viral RNA species. Shown is an RNase protection map
obtained by using a riboprobe and whole cell RNA (amounts given
for each lane) from CEF harvested 48 h after transfection with no
DNA (lane 1; 10 ,ug), pMPM7 (lane 2; 10 ,ug), pMPM8 (lane 3; 10
,ug), pMPM9 (lane 4; 10 ,ug), pJD100 (lane 5; 10 ,ug), no DNA (lane
6; 10 ,ug), pJD100 (lane 7; 5 ,ug), and pdelKN (lane 8; 10 jig). The
bands designated + indicate the altered location of the unspliced env
band due to the base changes in pMPM8 and pMPM7 and the
deletion in pdelKN. Incompletely digested unspliced env fragments
are also present in pMPM8 and pMPM7 because of the inefficiency
of the RNase activity at the mutation sites. The RNase activity is
more efficient for pMPM7, in which the base changes disrupt a
stretch of seven bases, in contrast to pMPM8, in which only three
bases are disrupted. *, Band present in the control RNA that is used
to determine the amount of c-src present in the samples as described
in Materials and Methods. un, Unspliced; spl, spliced.

(env plus src) was not significantly different from the wild-
type value. This was confirmed by quantitative analysis of
the relative amounts of the unspliced and spliced bands
derived from the 5' region of the probe (71 and 31%,
respectively).
RNase mapping ofRNA from cells transfected with the env

3'ss mutant pMPM7 indicated that a fragment migrating more
rapidly than the normal spliced 180-nt env protected fragment
(marked +) was protected (Fig. 3, lane 2). This band was
derived by cleavage of the probe hybridized to unspliced
RNA derived from pMPM7 at the positions of the mutations
as shown in Fig. 1. A minor band migrating at the position of
the normal unspliced env fragment was also present (as with
RNA from pMPM8-transfected cells) and resulted from in-
complete RNase cleavage of the probe at the mismatched
bases of the hybrids. The relative amount of spliced src
mRNA in pMPM7-transfected cells (determined from the
ratio of unspliced src to spliced src) was increased from 12 to
28%, but the overall level of spliced RNA was not signifi-
cantly different from the wild-type value (25 versus 28%)
(Table 1). This result was confirmed by quantitative analysis
of the relative amounts of unspliced and spliced bands derived
from the 5' region of the probe (73 and 27%, respectively).
To confirm that the removal of the env 3'ss did not

significantly affect the overall level of splicing, we analyzed
RNA in cells transfected by plasmid pdelKN, in which the
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TABLE 1. Relative molar amounts of viral RNA species in CEF transfected with proviral DNA mutated within
the env splice site region'

% of RNA molecules
RNA pJD100 (wt) pMPM9 pMPM8 pMPM7 pdelKN RNA

(n = 6) (n = 6) (n = 2) (n = 5) (n = 2)

Unspliced 74.7 (5.0) 74.0 (3.5) 71.5 (5.0) 72.1 (3.5) 73.5 (3.5)
src 12.3 (2.6) 13.1 (2.4) 3.0 (1.4) 27.9 (3.5) 26.5 (3.5)
env 13.1 (2.7) 13.0 (1.7) 25.5 (6.4)

a The intensities of the bands were determined by densitometry and corrected for the number of uridine residues in the protected band, and the contributions
of c-src were subtracted from the spliced src band as described in Materials and Methods. The 276-nt spliced src band was used for total src mRNA, the 180-nt
spliced env band was used for total env mRNA, and the unspliced env band (whose size varies with the particular mutant clone; see Fig. 1) was used for total
unspliced mRNA. In the case of pMPM7 and pdelKN, the 347-nt unspliced src band was used to quantitate total unspliced mRNA. The ratios of the 375-nt
unspliced 5' band and 143-nt spliced 5' band were also determined, and these values were similar in each case to the ratios of unspliced/(env + src). The
determined value for each of these bands was individually divided by the sum total of the three bands and multiplied by 100 to give percent RNA. n, Number
of independent determinations. Standard deviations are given in parentheses. wt, Wild type.

env splice site region was deleted (Fig. 3A, lane 8). An
increase in the relative amount of src mRNA was observed
(from 12 to 27%), but as observed for the env splice site
mutant pMPM7, the level of total spliced RNA did not
change significantly (Table 1). Thus, each of the mutations
that we studied in the region of the env 3'ss resulted in
changes in the relative levels of spliced env and src mRNAs
but did not change the overall extent of splicing.

Confirmatory evidence for the types of viral mRNA spe-
cies in cells transfected with the env 3'ss mutant pMPM7
was obtained by Northern blot analysis using a probe
derived from the long terminal repeat and 5' gag region
which hybridizes to all viral RNA species (Fig. 4). The small
amounts of viral RNA which are present in transfected cells
necessitated relatively long exposures of the autoradiogram
with concomitant background hybridization. For this rea-
son, two exposures of the Northern blot are shown. At 24 h
of exposure (Fig. 4A), an env mRNA band was detected in
the pJD100 lane but not in the pMPM7 lane. A faint band
migrating at the position of the env mRNA was detected in
the pMPM7 lane at 72 h of exposure. This band migrated
more rapidly than env mRNA when longer times of electro-
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FIG. 4. Northern blot analysis of 3'ss mutants. RNA samples (10
,ug) from cells transfected with env 3'ss mutant pMPM7, src 3'ss
mutant pMPM13, wild-type pJD100, and no-DNA control were
electrophoresed on formaldehyde-agarose gels and blotted onto
nylon membranes. Hybridization was carried out for 16 h with a
32P-labeled riboprobe complementary to the 5' 630 nt and 3' -300 nt
of the genomic RNA. Two exposures of the autoradiogram are
shown (A, 24 h; B, 72 h).

phoresis were carried out, and it corresponds to a src mRNA
3' readthrough product (18a). The RNA signal from pMPM7
was lower than that from pJD100, probably because the
wild-type pJD100 clone is infectious and the signal is in-
creased as a result of some spread of infectious virus during
the 48-h transfection. Since pMPM7 is noninfectious, it
cannot spread as virus. The results of the Northern blot
indicated that the env mRNA band from pJD100 was less
intense than the src mRNA band, whereas the RNase
protection data (Table 1) showed that there were comparable
amounts of both mRNAs. We have found that the RNase
protection data were more reliable than Northern blots and
attribute the difference in results to inefficient binding of env
mRNA to the membrane in the Northern blot. This may
result from competition for binding to the membrane from
the 28S rRNA which migrates just ahead of the env mRNA.

Mutations in the region of the src splice site affect overall
splicing but have less effect on env splicing. To determine the
effect of inactivating the src 3'ss, viral RNA from cells
transfected with a proviral clone (pMPM13) with a 4-bp
deletion at the src 3'ss was studied. Northern blot analysis of
the RNA shown in Fig. 4 indicated the expected absence of
a src mRNA band. The smear of radioactivity migrating
between the env and src bands was apparent in the longer
exposure (Fig. 4B) and was also present in the wild-type
RNA control. This may arise from partially degraded RNA
in the samples. The result of RNase protection mapping of
MPM13 is shown in Fig. 5, lane 1. A number of bands were
derived by hybridization of unspliced RNA from pMPM13 to
the src probe (mutant src bands). The band migrating at the
position of the normal spliced src protected fragment (276 nt)
resulted from incomplete RNase digestion at the mismatch
between the hybrid and the probe. The extent of splicing at
the env 3'ss was calculated from the ratio of unspliced and
spliced env protected fragments (Table 2). An increase in the
relative amount of unspliced RNA in cells transfected with
pMPM13 was observed (86 versus 72% in wild-type pJD100),
but no significant change occurred in the level of spliced env
mRNA (14 versus 13%). The results based on the 5' region of
the probe were also in good agreement with this result (84%
unspliced; 16% spliced).

Previous results suggested that differences in the noncod-
ing region between the env and src genes were responsible
for different extents of splicing at the src 3'ss in two strains
of RSV (27). To further study the effect of this region on
splicing, a series of unidirectional 3' deletions (Fig. 6) were
made in pJD100 from the SacI site at nt 6865 3' toward the
src splice site at nt 7054. Cells transfected with cloned
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32P-labeled riboprobe transcribed from pMPM47 and whole cell
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transfection with pMPM13 (lane 1; 10 p.g), pJD100 (lane 2; 5 p.g), and
no DNA (lane 3; 10 p.g). The identities and locations of these various
protected bands are indicated. The smaller src-specific bands arising
from unspliced RNA in pMPM13 transfected cells are indicated. +,

Incompletely digested bands. un, Unspliced; spl, spliced.

proviral DNA (Fig. 6) were analyzed by RNA protection
assays and were compared with wild-type controls. The
results indicated that the relative levels of spliced src mRNA
were increased whereas the relative amounts of unspliced
RNA were correspondingly decreased. The increase in the
extent of splicing was confirmed in each case by determining
the ratio of the 5' unspliced to 5' spliced bands (data not
shown). In cells transfected with the smallest deletion mu-
tant [pSLB-Sac(-23)], the level of spliced env mRNA was
not significantly different from the wild-type value even

375
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FIG. 6. Effects of deletions in the noncoding region between env

and src on levels of viral RNA species. (A) Schematic representa-
tion of the various-size unidirectional deletions made in pJD100. (B)
RNase protection map obtained by using a 32P-labeled riboprobe
transcribed from pMap47 and whole cell RNA (5 pLg) from CEF
transfected 48 h earlier with the indicated plasmids. The unspliced
src band at pSLB Sac(- 143) migrated more rapidly than the
equivalent pJD100 band because the 3' endpoint of the deletion is 28
bp downstream of the XhoI site, the 3' endpoint of the antisense
probe (see Fig. 2). Thus, a smaller protected unspliced src fragment
was produced. un, Unspliced; spl, spliced.

though there was greater than a twofold increase in the level
of src mRNA (14 versus 30%). Larger deletions [i.e., pSLB-
Sac(-79) and pSLB-Sac(-143)] resulted in decreases in the
levels of env mRNA as well as further increases in the level
of src mRNA.
To determine whether the differences in RNA levels

between the wild-type and pSLB-Sac(-23) resulted from an
effect on mRNA stability caused by the deletions, we treated
transfected cells with dactinomycin, an inhibitor of tran-
scription, and harvested RNA at various times after the
treatment. There were no significant differences in the rela-
tive stabilities of the different viral RNA species in the

TABLE 2. Relative molar amounts of viral RNA species in CEF transfected with proviral DNA mutated
within the src splice site regiona

% of RNA molecules
RNA pJD100 (wt) pMPM13 pSLB(-23) pSLB(-79) pSLB(-143)

(n = 3) (n = 7) (n = 3) (n = 3) (n = 3)

Unspliced 72.4 (3.6) 85.8 (1.9) 59.7 (2.9) 54.2 (0.9) 55.3 (1.9)
src 14.3 (0.9) 30.1 (2.2) 40.5 (0.8) 38.0 (1.1)
env 13.2 (2.8) 14.2 (2.0) 10.2 (0.8) 5.3 (1.2) 6.5 (1.2)

a Calculations were carried out as for Table 1. n, Number of independent determinations. Standard deviations are given in parentheses. wt, Wild type.
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TABLE 3. Relative molar amounts of viral RNA species in CEF
transfected with proviral DNA deleted in gag and pola

% of RNA molecules

RNA pJD100 (wt) pdelBclI pdelSacIl pdelKS
(n = 10) (A1149-1659) (A544-1806) (A544-4995)(n=10) ~(n =3) (n =3) (n =4)

Unspliced 74.1 (4.0) 73.6 (2.7) 47.1 (4.3) 32.8 (7.1)
src 13.0 (2.6) 11.6 (2.2) 27.1 (3.5) 34.2 (2.9)
env 12.8 (2.3) 14.8 (1.7) 25.8 (1.1) 33.0 (4.3)

a Calculations were carried out as for Table 1. n, Number of independent
determinations. Standard deviations are given in parentheses. The location of
the deletion in the viral genome (A) is indicated by nucleotide number. wt,
Wild type.

wild-type- and mutant-transfected cells (data not shown).
Therefore, the differences in relative RNA levels exhibited
by this mutant likely result from splicing rather than from
differential RNA stabilities.

Deletions in gag and pol do not affect splice site usage. A
negative cis-acting sequence (NRS) in the gag gene acts to
increase the accumulation of unspliced RNA in vivo, pre-
sumably by inhibiting splicing (3, 26). To determine whether
deletion of this region affects the relative distribution of
spliced src and env mRNAs, we used the tandem riboprobe
described above. A clone with a gag deletion but containing
the NRS region of gag (pdelBclI) showed the same overall
extent of splicing and env-to-src ratios as the wild type,
pJD100 (Table 3). A clone with a gag deletion which
included the gag NRS region (pdelSacII) and a clone with
both an NRS and env intron deletion (pdelKS) demonstrated
increases in the relative levels of spliced RNA (47 and 67%
spliced, respectively, versus 30% spliced in the wild-type
pJD100-transfected cells) (Table 3). The relative increase in
levels of spliced RNA species is not due to decreased
stability of unspliced RNA with the NRS deletion (3; 18a).
The molar ratios of env to src mRNAs in both pdelSacII- and
pdelKS-transfected cells were similar to the wild-type value
(approximately 1:1) (Table 3). These results indicated that
even though the level of spliced viral RNA was significantly
increased in cells transfected with pdelSacll and pdelKS, the
ratio of spliced env and src mRNA levels was not signifi-
cantly altered. This result suggests that the regions of the
genome affecting the balance of src and env mRNAs lie
outside the deleted regions, i.e., outside the region deleted in
pdelKS (nt 543 to 4995).

DISCUSSION

We have shown in this report that mutants in which the
env and src 3'ss were inactivated appear to have different
effects on splicing at the corresponding unmutated 3'ss
(Tables 1 and 2). A mutant at the env 3'ss in which env
splicing was prevented (pMPM7) was associated with a
concomitant increase in the level of spliced src mRNA.
Similar results were obtained with a mutant in which the env
3'ss region was deleted (pdelKN). In contrast, the level of
spliced env mRNA was not significantly affected when the
src splice site was inactivated. In light of these results, we
have considered three models to explain alternative use of
RSV RNA 3'ss. (i) Splicing at the env and src 3'ss is
determined by competition between the two respective 3'ss
for the major 5'ss. This model does not explain why muta-
tion of the src 3'ss does not significantly affect the extent of
splicing at the env 3'ss (Table 2). (ii) Two separate nuclear

pools ofRNA precursors are used for splicing at the env and
src 3'ss. This model does not explain how mutations near the
env 3'ss can have reciprocal effects on splicing at the src 3'ss
(Table 1). (iii) Commitment to splicing at the env 3'ss and src
3'ss (but not necessarily the execution of splicing) is cotrans-
criptional, and formation of spliceosomes at the env 3'ss can
occur only for a brief time following synthesis of the env
3'ss. This model is consistent with data from other labora-
tories suggesting that in vivo, spliceosome formation may
occur during transcription on nascent RNA chains (1, 2, 5, 7,
15). It is also consistent with data that mutations affecting
the env 3'ss have a reciprocal effect on splicing at the src 3'ss
but that inactivation of the src 3'ss does not change the level
of spliced env mRNA.
The results with a mutant in which a selective increase in

levels of spliced env mRNA occurred (pMPM8) also were
consistent with the cotranscriptional model, since the in-
crease in env mRNA was concomitant with a reciprocal
decrease in src mRNA. The mechanism by which this
mutation may increase splicing at the env 3'ss is not yet
clear. The sequence upstream of the 3'ss of metazoan
precursor RNAs includes a branchpoint sequence at a dis-
tance of 10 to 40 nt from the 3'ss (consensus sequence is
YNYURAY; the branchpoint is underlined), a polypyrimi-
dine tract, and an AG dinucleotide (14a). The importance of
the polypyrimidine tract in RNA splicing has previously
been shown (4, 30, 31), and thus the increased length of this
element in the RNA of pMPM8 may allow for more efficient
splicing at the env splice site. Alternatively, the branchpoint
in this mutant may be different from the wild-type site, since
a potential branchpoint consensus sequence GCGAG (the
branchpoint is underlined) is changed to GCCUU, which is
not a consensus branchpoint sequence. Indeed, in vitro
splicing experiments in HeLa cell nuclear extracts have
shown that the wild-type sequence serves as a weak branch-
point for splicing at the RSV env 3'ss (9a). Fu et al. (9a) also
showed that use of alternative branchpoints in some mutants
could be correlated with changes in splicing in vitro.
The results of our studies of mutants in which the levels of

spliced src mRNA were selectively increased did not fit any
of the three models proposed above. We have shown that
deletion mutations in the region between env and src selec-
tively increased the level of src mRNA and decreased the
level of unspliced RNA (Table 3). These mutations were
associated with variable effects on the levels of spliced env
mRNA. The smallest deletion (23 nt) had no significant effect
on env mRNA levels, whereas larger deletions (79 and 143
nt) were associated with decreases in env mRNA levels. The
mechanism by which these mutations might cause an in-
crease in splicing at the src 3'ss is not clear. The smallest
23-nt deletion does not impinge upon the upstream member
of the -115-bp direct repeat elements flanking the src gene;
we therefore do not believe that this is the cause of the
effect. It is also of interest that the region of the viral genome
responsible for differences in splicing at the src 3'ss between
the Prague A and C RSV strains mapped between the env
and src genes. However, the locations of the four nucleotide
differences between the strains in the region between env
and src were outside the 23- and 79-nt deletions (27). This
finding suggests that several separate elements in the env-src
intergenic region may affect splicing at the src 3'ss.

Finally, we have shown that neither an intact src 3'ss nor
env 3'ss is required to maintain a pool of unspliced RNA.
These observations are consistent with our previous data
showing that deletion of 80% of the src intron, including the
env 3'ss, still allowed the accumulation of significant
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amounts of unspliced RNA (26). We have also confirmed
earlier results indicating that both env and src are affected to
similar extents by gag NRS deletions (Table 3; 26). The
presence of the NRS element only partially explains the
accumulation of unspliced RNA, since mutants in which the
entire NRS is deleted still maintain 30 to 50% of their RNA
as unspliced RNA. Clearly, a full understanding of how
avian sarcoma viruses undergo balanced splicing and main-
tain approximately equal levels of env and src mRNAs will
require further genetic analyses and correlation with in vitro
splicing experiments.
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