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Nonsense Codons within the Rous Sarcoma Virus gag Gene
Decrease the Stability of Unspliced Viral RNA
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The intracellular accumulation of the unspliced RNA of Rous sarcoma virus was decreased when translation
was prematurely terminated by the introduction of nonsense codons within its 5' proximal gene, the gag gene.
In contrast, the levels of spliced viral RNAs were not affected in our transient expression assays in chicken cells.
Experiments using the transcription inhibitor dactinomycin showed that mutant unspliced RNAs were
degraded more rapidly than wild-type RNA. Furthermore, mutant RNAs could be partially stabilized by
coexpression of wild-type gag proteins in trans; however, intact gag proteins were not required to maintain the
stability of RNAs which did not contain premature termination codons. Thus, termination codons seemed to
destabilize the RNA not because of their effect on gag protein function but instead because they disrupted the
process of translating the gag region of the RNA. Analysis of double-mutant constructs containing both
deletions and termaination codons within the gag gene also suggested that the stability of the unspliced RNA was
affected by a cis-acting interaction between the RNA and ribosomes.

While the primary function of translation is to convert the
coding information of mRNAs into protein, recent evidence
suggests that translation may also affect the life span of some
eukaryotic mRNAs. The accumulation of several mRNAs is
altered if the coding region of these messages is not fully
translated (3, 4, 7, 13, 14, 21, 27, 29, 33, 35). In some of these
cases translation appears to be required for cytoplasmic
degradation of the mRNAs (13, 14, 27, 29, 35), while in
others premature termination of translation is associated
instead with decreased RNA accumulation (3, 4, 7, 21, 33).
In the case of the dihydrofolate reductase (dhfr) mRNA, it
has been suggested that translation may be coupled to RNA
splicing and nuclear transport (33).
We have found that accumulation of the unspliced RNA of

the avian retrovirus Rous sarcoma virus (RSV) was also
influenced by translation. The primary transcript of RSV
contains four genes, 5'-gag-pol-env-src-3' (Fig. 1). It resem-
bles a cellular mRNA in being capped, polyadenylated, and
internally methylated, but its fate is more complicated than
that of a typical mRNA (for reviews, see references 9, 31,
and 34). In the nucleus, a fraction of this transcript is
alternatively spliced to form env and src mRNAs, while the
rest is transported in an unspliced form to the cytoplasm.
Here, the unspliced RNA is both packaged into virions as
genomic RNA and used as mRNA for translation of the gag
and gag-pol polyproteins. Translation terminates at nucleo-
tide (nt) 2485 in most of the unspliced RSV mRNAs,
producing a 76-kDa gag precursor polyprotein. This poly-
protein is cleaved in the virion to produce the internal capsid
structural proteins and the viral protease. About 5% of the
ribosomes which translate gag read through its normal
amber termination codon via a translational frameshift (16),
producing a 180-kDa gag-pol protein, which is cleaved in the
virion to yield the reverse transcriptase and integrase pro-
teins.

Arrigo and Beemon (2) observed that frameshift mutations
in the gag gene of RSV are associated with a decreased
steady-state level of viral unspliced RNA, while levels of
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spliced RSV mRNAs are not affected. We have confirmed
and extended this work using nonpermuted, infectious viral
clones analyzed by transient expression in chicken embryo
fibroblasts (CEFs). We found that unspliced RSV RNAs
which contain premature nonsense codons in the gag gene
accumulated to lower levels in the cell because they were
degraded more rapidly than wild-type RNA. Mutant RNAs
could be partially stabilized by coexpression of intact gag
proteins in trans but were not stabilized by coexpression of
gag proteins bearing a deletion of the nucleocapsid (NC)
domain. Nevertheless, unspliced viral RNA containing the
NC deletion but lacking a premature termination codon
accumulated to wild-type levels within cells, suggesting that
gag proteins were not required to stabilize RNAs lacking
premature termination codons. Thus, it appeared that non-
sense codons destabilized the RNA not because of their
effect on gag protein function but because they disrupted the
process of translating the gag gene. The phenotypes of
mutant constructs containing in-frame deletions in combina-
tion with nonsense codons in gag suggested that RSV RNA
contains cis-acting components which interact with the
translational apparatus to influence the stability of the RNA.

MATERIALS AND METHODS

Construction of recombinant clones. pAPrC, a full-length,
nonpermuted plasmid clone of the Prague C strain of RSV,
was kindly provided by Meric and Spahr (26). The AatII site
in the pBR322 portion of this plasmid was removed by partial
digestion with AatII, digestion of the overhanging ends with
T4 DNA polymerase, and religation. The resulting plasmid,
pAPrCApBR, contains a unique AatII site at nt 1258 in the
gag gene of RSV. (All RSV sequence coordinates are from
reference 34.) To mutate the gag gene, we first subcloned an
AatII-EcoRV fragment (nt 1258 to 3658) from pAPrCA&pBR
into the same restriction sites of pBR322, creating the
pAaRV subclone. Mutations in gag were first introduced
into this subclone; the mutant AatII-EcoRV fragments were
then reinserted into the AatII-EcoRV sites of pAPrCApBR
to regenerate full-length viral constructs.

Termination codons were introduced into the gag gene of
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gag pol env 5rc constructed identically to construct AB except that DNA
from the deleted construct AIFS or AIFT was used as the
starting material. Mutant fs532 was created by partial diges-
tion of pAPrC DNA with BamHI, generation of blunt ends
with Klenow enzyme, and religation; this 4-bp insertion
shifted translation into an alternate reading frame which
contains a termination codon at nt 589. Mutant SmLB

- - - resulted from partial digestion of pAPrC with SmaI and
">,- ligation of a nonsense codon-containing 14-mer SpeI linker

(New England BioLabs) into the SmaI site at nt 1924. This
mutant is identical to mutant SmT except that it contains a

-.____- different nonsense codon-containing linker. Mutant SmLA
was constructed in the same way as SmLB; in this case a
clone containing the linker inserted at the SmaI site at nt 524

donor v was isolated. Mutant B+1, containing a 4-bp insertion at nt
1631, causes a frameshift into a reading frame containing a

produced by RSV. The unspliced transcript is termination codon at nt 1668. This mutation was moved into
The env and src mRNAs utilize the same splice pAPrC via an SstII fragment (nt 543 to 1806) obtained from
47) but different splice acceptor sites (env, nt 5078; a pATV8K mutant B+1 construct previously described (2).
The locations of the two probes used for RNase Mutant fsAIFS was created by using a two-step ligation:
are shown. El, LTRs. first, the AatII (nt 1255)-to-EcoRV (nt 3658) fragment of

AIFS was ligated to the EcoRV-AatII fragment of wild-type
pAPrC; then this 8.4-kb fragment was ligated to the 4.1-kb

.lone by digestion at unique restriction sites, AatII-to-AatII fragment of fs532 to regenerate the full-length
ends with either T4 DNA polymerase or viral construct.

,, and religation with a 14-mer XbaI linker The gag expression vectors pHPgag and pHPgagAIFT
lioLabs) containing amber stop codons in all were constructed by digestion of either wild-type pAPrC or
Lmes. Restriction sites used to generate these AIFT DNA with HpaI and PvuII, followed by ligation; this
s follows: BT, BglII (nt 1631); StT, SstII (nt deleted nt 2734 to 8674. The gag expression vector pGag3.2
maI (nt 1924); and RT, EcoRI (nt 2319). was constructed by deletion of sequences between the HpaI
ons (in-frame insertions of 10 to 18 bases) at (nt 2734) and Bsu36I (nt 8886) sites in pAPrCApBR. This was
e created by using the same strategy but done by partial digestion with Bsu36I, generation of blunt
as follows: Bglfl site and SstII sites; 14-mer ends with Klenow enzyme, complete digestion with HpaI,
Biochemical); and SmaI site, 12-mer ClaI and religation. Insertion of a nonsense codon-containing

gland BioLabs). XbaI linker into the BgIII site (nt 1631) of pGag3.2 created
tions in gag were created as follows: AIFS construct pGag3.2BT. Expression of RNA and protein from
ligestion of pAaRV with SmaI and EcoRI, these expression plasmids was verified by RNase protection
EcoRI end with mung bean nuclease, and assays of transfected plasmids and by immunoprecipitation
r (A1806-2319), digestion with SstII and of [35S]methionine-labeled proteins with anti-gag antiserum.
,of both ends with mung bean nuclease, and Cell culture and transfection. Secondary cultures of CEFs
LIFB (A1631-2319), digestion with BgIII and were grown in medium 199 (GIBCO) supplemented with 2%
g of the ends with Klenow enzyme, and tryptose phosphate broth, 1% calf serum, 1% chicken serum,
0-mer ClaI linker (New England BioLabs) to and penicillin-streptomycin (GIBCO). DEAE-dextran-medi-
ling frame. Constructs AIFS and AIFT were ated transfection was carried out as described previously
he chemical method of Maxam and Gilbert (20), using a DEAE-dextran concentration of 200 ,ug/ml.

DNA was incubated with the cells for 5 to 12 h in serum-free
tructs SmTAIFS, StTAIFT, and BTAIFB medium; subsequently, they were shocked with 10 to 20%
d by ligation of the nonsense codon-contain- dimethyl sulfoxide in N-2-hydroxyethylpiperazine-N'-2-
described above onto pAaRV DNA, which ethanesulfonic acid (HEPES)-buffered saline for times rang-
ed to generate deletions as described above. ing from 2 to 30 min, depending on the cell density. A DNA
cts StTAIFS, BTAIFS, and BTAIFT were concentration of 8 ,ug/ml was used; for cotransfection exper-
tion of the nonsense codon-containing linker iments, 2 jig of full-length viral plasmid DNA per ml was
riate restriction sites of the previously made mixed with 6 to 10 ,ug of pGag helper plasmid DNA per ml.
and AIFT. RNA was harvested from the cells 36 to 48 h after the shock.

g mutants were constructed directly in the Calcium phosphate transfection was carried out as de-
full-length viral plasmid. Ligation of a non- scribed previously (19), using CEFs grown in Dulbecco
ntaining Spel linker (New England BioLabs) modified Eagle medium (Flow Laboratories) supplemented
ite (nt 2734) created construct Hpa. Mutant with 2% calf serum. A 5.6-fold molar excess of helper
cted by digestion ofpAPrCApBR with AatII, plasmid to target plasmid DNA was used, and a total of 20 to
eration of blunt ends with T4 DNA polymer- 25 ,ug of DNA was applied to each 6-cm plate. Samples
on. This created a 4-bp deletion which shifted transfected without a helper plasmid were supplemented
an alternate reading frame, in which two with pBR322 DNA up to a total of 25 ,ug. Cells were shocked
isense codons were encountered 8 bp after and harvested in the same way as in DEAE-dextran trans-
control mutation at this site was constructed fections.
a 10-mer CIaI linker into the AatII-cut, Actinomycin D (dactinomycin; Calbiochem) was used on
[A. Constructs ABAIFS and ABAIFT were cells at a final concentration of 1 ,ug/ml, which reduced
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FIG. 2. Schematic diagrams of mutant constructs. Although only the gag gene is shown, all mutations are in the context of the full-length
RSV genome in plasmid pAPrC (26). The column on the right shows the average amount of unspliced RNA produced by the mutants; see text
and Table 1 for further details. U, Transcript of the 5' viral LTR (RU5); *, pol gene; WT, wild type.

incorporation of [3H]uridine (New England Nuclear) into
trichloroacetic acid-precipitable material by >99% during an
8-h incubation period.
RNA isolation and mapping. Total cellular RNA was

harvested with RNAzol (CinnalBiotecx) according to the
instructions of the manufacturer and as described previously
(8). Transcription of antisense RNA probes and RNase
protection analysis were carried out as previously described
(2, 24). An equal fraction of a transfected plate of cells was
used for each sample; typically, one-third to one-half of the
RNA from a 6-cm plate was hybridized to -500,000 dpm
(0.02 pmol) of probe. The splice donor probe shown in Fig.
1 was a T7 transcript of an EcoRI (nt 9238)-to-BamHI (nt
532) fragment of RSV cloned into pGEM-2 (Promega); this
plasmid was linearized with BstEII, yielding a transcript of
469 nt. Unspliced RNA protected 428 nt of the donor probe;
spliced RNA protected 293 nt. The env probe (9a) was a T7
transcript ofaBamHI (nt 4715)-to-XhoI (nt 5259) fragment of
RSV cloned into pGEM-2; this plasmid was linearized with
DdeI, producing a 242-nt transcript which protected 213 nt of
the unspliced RNA and 181 nt of the env mRNA. In some
experiments a luciferase expression construct, pRSV/L (11),
was used as a control for transfection efficiency. The lu-
ciferase probe was a T7 transcript of an EcoRI-to-XbaI
fragment of luciferase cDNA cloned into pGEM-4; this
plasmid was linearized with EcoRI, generating a 140-nt
transcript which protected 99 nt of luciferase mRNA. The
riboprobes were hybridized to total cellular RNA at 58°C;
digestion conditions were 10 ,g of RNase A per ml and 10 U

of RNase T1 (Calbiochem) per ml at 18°C for 1 h. Electro-
phoresis in the presence of 8 M urea was carried out on a 6%
acrylamide gel (22) in experiments with the splice donor
probe and on an 8% acrylamide gel when the env acceptor
probe was used. A Molecular Dynamics Phosphorlmager
and densitometer and an LKB laser densitometer were used
for quantification of RNA levels.

RESULTS

To test the effect of premature translation termination
within the gag and pol genes of RSV on viral RNA metab-
olism, we used linker insertion mutagenesis to generate a set
of mutants containing nonsense codons at various sites (Fig.
2A). All mutations were created within a full-length, nonper-
muted plasmid clone of the Prague C strain of RSV called
pAPrC (26). Since all mutations were within the intron of the
spliced viral mRNAs, the mutant viruses produce spliced
RNAs identical in sequence to those of the wild type.
DEAE-dextran-mediated transfection was used to introduce
the plasmids into secondary CEFs. Total RNA was har-
vested 2 days after transfection, and the amounts of spliced
and unspliced viral RNAs were measured in RNase protec-
tion assays which distinguish between these RNA species.
Most commonly, we used a probe spanning the common
splice donor site for both env and src mRNAs; occasionally,
a probe spanning the env splice acceptor site was used (Fig.
1).
Nonsense mutations in gag do not affect levels of spliced
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TABLE 1. RNA phenotypes of mutant constructs

Mean amt of viral RNA
Termination produced (% of wild No. ofConstruct codon at nt: type + SD)' assays

Spliced Unsplicedb

Wild type 2485 100 100 47
SmLA 524 83 27 51 5.3 5
fs532 589 99 33 23 5.5 9
AB 1258 106 34 25 5.9 10
BT 1631 86 ± 21 26 ± 5.3 9
B+1 1668 87 ± 26 21 ± 5.1 11
StT 1806 83 ± 23 19 ± 3.3 10
SmLB 1924 103 ± 46 24 5.8 9
SmT 1924 79 16 25 3.4 6
RT 2319 121 77 77 15 13
Hpa (pol) 2734 115 ± 53 106 18 6
AIFS 2485 83 ± 21 131 18 5
AIFT 2485 101 31 130 28 9
AIFB 2485 88 78 143 ± 38 3
fsAIFS 589 74 ± 11 25 ± 1.5 5
ABAIFS 1258 120 ± 37 30 ± .5 4
BTAIFS 1631 99 ± 28 33 ± 6.0 7
StTAIFS 1806 110 ± 22 33 ± 4.5 7
SmTAIFS 1924 74 ± 30 53 ± 7.9 12
ABAIFT 1258 122 ± 29 28 ± 4.1 5
BTAIFT 1631 113 ± 38 50 ± 6.5 8
StTAIFT 1806 110 ± 28 49 ± 6.1 9
BTAIFB 1631 89 ± 49 51 ± 11 2

a Each transfection contained several wild-type samples for reference; the
amounts of viral RNA produced by each mutant were quantitated relative to
the amounts produced by the wild type in that particular transfection.

b Unspliced RNA levels were calculated after first normalizing the spliced
band of the mutant to the spliced band of the wild type in each assay; i.e., this
column lists the average unspliced/spliced ratio of the mutant versus that of
the wild type.

viral RNA. After assaying each mutant many times and
quantifying the amount of spliced RNA produced, we deter-
mined that nonsense mutations within the gag gene did not
affect the total amount of spliced RNA produced (Table 1;
Fig. 3). This result was substantiated by experiments in
which viral DNAs were cotransfected with a second plas-
mid, pMyc23 (23), to control for transfection efficiency and
RNA recovery (data not shown). This conclusion is consis-
tent with earlier studies showing that disruption of gag
proteins by frameshift mutations did not affect the amount of
spliced RNA produced (2) and with work of Katz and Skalka
showing that viral proteins were not required for splicing

NONSENSE MUTATIONS

regulation at the env acceptor site (18). In contrast, specific
gag deletions within nt 707 to 1006 do result in an increase in
spliced RSV RNAs and define a cis-acting negative regulator
of splicing (2, 23).

Since all mutants produced the same amount of identical,
spliced RNAs, we used the spliced band as an internal
control to normalize our measurement of the unspliced
transcript. This allowed us to control for differences in
transfection efficiency and resulted in much smaller standard
deviations (Table 1). Therefore, when quantifying the
amount of unspliced RNA produced by a construct, it is the
ratio of the unspliced/spliced RNAs which we have pre-
sented (Table 1).
Accumulation of unspliced RNA is reduced in mutants

bearing termination codons within gag. In contrast to the
results with spliced RNA, the amount of unspliced RNA
produced by our mutants was markedly decreased. Non-
sense codons inserted at various sites within the first 75% of
the gag gene (gag spans nt 380 to 2485) decreased unspliced
RNA accumulation to 19 to 26% of wild-type levels (Fig. 3;
Table 1). These RNase protection results were confirmed by
Northern (RNA) analysis (data not shown). No polar effect
was evident; nonsense codons at nt 589, 1258, 1631, 1806,
and 1924 all produced similar low levels of unspliced RNA.
Two exceptional cases were observed, however. The 3'-
most mutant (RT), which has a termination codon only 165
nt from the end of gag, displayed a nearly normal pheno-
type, accumulating 77% of the wild-type level of unspliced
RNA. The 5'-most mutant (SmLA), containing a nonsense
codon 144 nt beyond the start of gag translation, was also
anomalous, accumulating 51% as much unspliced RNA as
the wild type. The latter phenotype may have resulted from
internal reinitiation of translation: preliminary immunopre-
cipitation experiments suggested that SmLA might reinitiate
translation at a methionine codon at nt 566 (data not shown).

Finally, in contrast to the effect observed with termination
codons in gag, a nonsense codon introduced into the pol
gene (at nt 2734; construct Hpa) yielded wild-type quantities
of unspliced RNA (Fig. 3; Table 1). Wild-type levels ofRNA
were also observed with a second nonsense codon mutant in
the pol gene (at nt 3658) and with a mutant in the src gene (at
nt 7634) (data not shown).
The mutants described above contained deletions of up to

4 bases or additions of up to 18 bases at or near the site of
nonsense codon insertion. It was possible, therefore, that
the observed phenotype was unrelated to translation but was
instead the result of disruption ofRNA secondary structure.

CONTROL MUTATIONS
ter. codon at nt

2485 1258 163: 1631 1806 1924 2319 2734 at nt
probe WT AB BT BT StT SoT RT Hpa M WT 1258 1631 1806 1924 probe
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Ur.spl:iced- _ ~~ ~~ _ _ ___4

Sp! i ced-
e.v - Src)

_ - - - - - -

FIG. 3. Representative RNase protection assay of mutants containing nonsense codon insertions or control insertions in the gag gene.
Mutant Hpa (nt 2734) is in the pol gene. A probe spanning the viral splice donor was used. The unspliced protected fragment is 428 nt; the
spliced fragment is 293 nt. Lane M, RNA size markers (626, -510, 469, 327, 313, 297, and 252 nt). WT, Wild type.
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FIG. 4. Effect of dactinomycin incubation on viral RNAs, as-
sayed by RNase protection. Times refer to incubation time with
dactinomycin. Mutant SmLB contains a termination codon at nt
1924 in the gag gene. A probe spanning the viral splice donor site
was used.

To test this possibility, we constructed a series of control
linker insertion mutants. These mutants contained 10- to
18-base inserts at the same sites used to introduce linkers in
mutants AB, BT, StT, and SmT, and they would be expected
to perturb the RNA structure as much as the parallel
nonsense codon insertions; however, the control linkers did
not contain nonsense codons and did not alter the gag
reading frame. The control constructs produced wild-type
levels of unspliced and spliced RNA (Fig. 3). Therefore, the
observed decrease in unspliced RNA levels with the non-
sense codon insertion mutants appeared to be due to the
interruption of translation.

Immunoprecipitation with anti-gag antibodies verified that
the nonsense codon-containing mutants produced truncated
gag precursor proteins of the expected sizes and that the
control linker insertion mutants produced gag polyproteins
indistinguishable in size from the wild type (data not shown).

Unspliced RNAs containing premature nonsense codons
decayed more rapidly than wild-type RNAs. The decreased
amount of unspliced RNA observed with mutants having
premature nonsense codons could be due either to a lower
rate of transcription or to a higher rate of RNA breakdown.
Since these mutants all produced wild-type levels of spliced
RNA species, it seemed unlikely that transcription was
altered. Therefore, we hypothesized that excessive break-
down of the unspliced RNA might be occurring.
To test this, transfected cells were treated with 1 ,ug of

dactinomycin per ml to inhibit transcription. This dose
caused a >99o reduction in [3H]uridine incorporation over
the time course of the experiment (data not shown). Total
RNA was harvested at various times after dactinomycin
addition and analyzed by RNase protection (Fig. 4). Since
the spliced viral RNAs have a longer half-life than the
unspliced RNA (32), we again used the spliced band as an
internal control. Little or no decay of the wild-type unspliced
RNA, relative to the spliced RNA, was observed during the
6-h course of the assay. Mutant RNAs, however, decayed
markedly within 2 h of drug addition, usually to less than
25% of their initial level. Four different constructs (fs532,
AB, B+1, and SmLB) were tested in dactinomycin experi-
ments, and all showed a much more rapid rate of decay than
the wild type (Fig. 4 and data not shown). Using the
assumption that the decay of the RNA follows first-order
kinetics, we have calculated decay rate constants for the
mutant RNAs which are 5- to 10-fold greater than that of the
wild type. We propose, therefore, that the mutant RNAs
accumulate to lower levels in the cell than the wild type
because they are broken down faster.

imam
.;;i aerase- *

FIG. 5. Complementation of mutant RNAs with gag expression
vectors. CEFs were transfected with viral constructs alone or
cotransfected with the expression vector pHPGag or pHPGagAIFT,
using a calcium phosphate transfection procedure. Mutant BT
contains a termination codon at nt 1631. An antisense probe
spanning the env splice acceptor site was used for the RNase
protection analysis. An RSV LTR-driven luciferase construct
(pRSV/L) (11) was also transfected into all cells as a control for
transfection efficiency and RNA recovery and assayed simulta-
neously with a luciferase riboprobe.

Complementation tests suggested that gag proteins can
partially stabilize mutant unspliced RNAs. We investigated
two possible hypotheses to explain the coupling that we
observed between viral RNA stability and translation. First,
since gag proteins bind to viral RNA (17), synthesis of a
full-length gag product might be required to stabilize the
RNA. Alternatively, the process of translating the gag
region of the transcript might stabilize the RNA; for in-
stance, traversing ribosomes might protect the RNA from
nucleases.
The first possibility was addressed by expressing a mutant

viral RNA in a cell along with intact gag proteins to see
whether these proteins could affect the accumulation of the
normally unstable RNA. We constructed plasmid pHPGag
to express gag proteins in trans; this construct contains the
gag gene flanked by RSV long terminal repeats (LTRs).
Since it lacks the other viral genes, RNAs expressed by
pHPGag could be easily distinguished from those tran-
scribed from the full-length viral constructs. We cotrans-
fected pHPGag into CEFs along with mutant viral con-
structs, using a calcium phosphate transfection protocol to
increase the chance that any given transfected cell would
pick up both types of plasmid (19, 30). RNA from such
experiments was analyzed by RNase protection (Fig. 5). In
general, the phenotype of the nonsense codon-containing
mutants was more severe when calcium phosphate transfec-
tion was used than with DEAE-dextran transfection. For
example, mutant BT accumulated only 8% as much un-
spliced RNA as wild type (normalized against spliced RNA)
(Fig. 5).
We observed a three- to fourfold increase in the amount of

unspliced RNA produced by mutant viral constructs AB,
BT, StT, and SmT when these constructs were cotransfected
with pHPGag (Fig. 5 and data not shown), suggesting that
wild-type gag proteins can partially stabilize the unspliced
RNA. However, we were unable to completely stabilize the
mutant RNAs by coexpression of gag proteins, even when
using a sixfold molar excess of pHPGag DNA. Cotransfec-
tion of pHPGag did not affect the level of wild-type RNAs
(Fig. 5). We conducted similar cotransfection experiments

MOL. CELL. BIOL.
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using DEAE-dextran transfection, employing pHPGag and a
similar expression vector, pGag3.2. These experiments,
which were assayed both by RNase protection and by
Northern analysis, also showed an increase in the accumu-
lation of mutant unspliced RNA upon coexpression of wild-
type gag proteins; however, the effect averaged two- to
threefold (data not shown).
To investigate the possibility that the enhanced RNA

levels seen above might result from recombination between
the gag expression vector and the mutant viral construct, we
constructed a mutant gag expression vector bearing a ter-
mination codon at nt 1631 (pGag3.2BT). If recombination
were occurring between the cotransfected DNAs,
pGag3.2BT should be able to generate wild-type, stable
RNAs when cotransfected with mutant viruses containing
nonsense codons upstream of nt 1631. However, in cotrans-
fection experiments using pGag3.2BT with viral mutant
fs532, no complementation was observed (data not shown).
Thus, it appeared that the increase in mutant RNA levels
observed in cotransfection experiments was due to gag
protein expression rather than to recombination.

Next, we tried to determine whether this RNA-stabilizing
activity could be localized to a particular domain of the gag
protein. The most obvious candidate appeared to be the NC
domain for two reasons. First, the finding that termination
codons introduced either 5' to or within the NC-coding
sequence destabilized the RNA, while a nonsense codon
introduced 3' of NC had little effect, suggested that this
region might encode an important polypeptide. Second, the
NC domain encodes an RNA-binding protein which has been
shown to be essential for packaging of genomic RNA into
virions (17, 25, 26). Therefore, the processes of stabilizing
and packaging the RNA might be related and carried out by
the same polypeptide.

This idea was tested by cotransfection experiments with a
new gag expression vector, pHPgagAIFT, which contains an
in-frame deletion from nt 1806 to 2319. This deletion re-
moves all of the NC-coding region (nt 1844 to 2111) as well
as half of the protease domain (nt 2112 to 2485). This
expression plasmid was cotransfected into CEFs along with
the mutant viral constructs AB, BT, StT, and SmT, using
calcium phosphate transfection. Cotransfection with
pHPGagAIFT did not cause an increase in the accumulation
of unspliced RNA of any of these mutants (Fig. 5 and data
not shown). This result suggested that the RNA-stabilizing
activity of gag proteins might be encoded in the NC region.
As the deletion encompassed more than the NC domain and
also might disrupt the structure of the entire gag precursor,
further experiments are necessary to verify this hypothesis.

In-frame deletion mutations suggested that gag proteins
were not needed to maintain the stability of viral RNA lacking
premature termination codons. The cotransfection experi-
ments described above suggested that intact gag proteins
(but not those with NC deletions) were able to stabilize
mutant unspliced RNA. We next wanted to determine
whether gag proteins were also necessary to stabilize viral
RNAs lacking premature nonsense codons. If this were the
case, the unspliced RNA produced by full-length viral con-
structs containing in-frame deletions of NC would be unsta-
ble.
To test this idea, we constructed three in-frame deletions

covering the critical region (Fig. 2B). All possess the same 3'
boundary (nt 2319), but they extend in the 5' direction to
either nt 1924 (AIFS), nt 1806 (AIFT), or nt 1631 (AIFB).
When transfected into CEFs, these mutants all produced
wild-type levels of spliced RNA (Table 1). This result was

verified in experiments in which pMyc23 was cotransfected
and assayed as a control for transfection efficiency. Surpris-
ingly, these in-frame deletion mutants reproducibly accumu-
lated even greater levels of unspliced RNA than did the wild
type (Table 1; Fig. 6, lane 7). This increased cellular accu-
mulation of the unspliced RNA (about 30 to 40% over
wild-type levels) may result from an inability to package the
unspliced RNA into virions in the absence of NC (25, 26).
This result demonstrated that the portion of the gag protein
essential for stabilizing mutant RNAs was not needed to
maintain the stability ofRNAs which can be translated to the
end of gag. Thus, it appeared that synthesis of truncated gag
proteins might not be the primary cause of the RNA insta-
bility of the nonsense codon insertion mutants, prompting
consideration of the alternate possibility that the process of
translating the gag region of the RNA affected the stability of
the unspliced RNA.
Mutant RNAs were stabilized by deletion of sequences

downstream of the nonsense codon. To further investigate the
possibility that cis-acting viral sequences were involved in
RNA stabilization, the three in-frame deletion mutations
shown in Fig. 2B were combined with various termination
codon insertion mutations to create the hybrid viral con-
structs shown in Fig. 2C. These were assayed in transient
transfection experiments in CEFs, and the results are sum-
marized in Table 1. The relative phenotypes exhibited by the
different constructs in each separate transfection precisely
paralleled the average phenotypes presented in the table.
Two representative RNase protection assays using some of
these mutants are shown in Fig. 6.
Examination of the phenotypes of these constructs re-

vealed two patterns. First, constructs containing a deletion
extending from the point of nonsense codon insertion to nt
2320 accumulated two to three times as much unspliced
RNA as constructs containing the same nonsense codon
without the deletion. For example, nonsense codon mutant
StT (Fig. 6, lane 6) produced 19% of wild-type levels of
unspliced RNA, while the hybrid construct StTAIFT (Fig. 6,
lane 5) produced 49o of wild-type levels. Similar results
were seen by comparison of the pairs of constructs BT
versus BTAIFB and Smt versus SmtAIFS (Fig. 2). Both
members of these pairs terminated translation at the same
point, producing identical truncated gag proteins, yet had
different RNA stabilities. These results suggested that a
cis-acting RNA component was affecting the stability of the
unspliced RNA.
A second pattern was evident upon examination of fami-

lies of constructs containing the same deletion in combina-
tion with nonsense codons at various positions upstream of
the deletion. For example, the deletion from nt 1806 to 2319
in AIFT was able to stabilize a termination codon at the brink
of the deletion (nt 1806) (StTAIFT; Fig. 6, lane 5) as well as
one 170 nt upstream of it (BTAIFT; Fig. 6, lane 4). However,
when the nonsense codon was moved 550 nt upstream
(ABAIFT; Fig. 6, lane 3), the deletion lost its stabilizing
effect. A similar result was observed with the A1924-2319
family of constructs. Thus, the deletion only stabilized the
construct whose nonsense codon was located at the brink of
the deletion (Fig. 6, lane 13), while the phenotype of a
construct with an upstream nonsense codon was unaffected
by the deletion (Fig. 6, lane 12). In summary, deletion of
downstream sequences was able to stabilize, by a factor of
two- to threefold, termination codons located at the 5' edge
of the deletion; however, nonsense codons located several
hundred bases upstream of the deletion were unaffected.

VOL . 1 l, 1991



2766 BARKER AND BEEMON

1 2 3 4 5 6 7 M 8 9 10 11 12 13

-

Unspliced- OM_ W m "m - -I

env + src-

FIG. 6. RNase protection analyses of CEFs transfected with nonsense codon insertion mutants, an in-frame deletion mutant, and several
hybrid mutants. A probe spanning the viral splice donor site was used. Lanes: 1, probe; 2, wild type; 3, ABAIFT; 4, BTAIFT; 5, StTAIFT;
6, StT; 7, AIFT; 8, probe; 9, wild type; 10, fs532; 11 and 12, fsAIFS; 13, SmTAIFS; M, RNA size markers (626, -510, 469, 327, 313, 297,
and 252 nt).

DISCUSSION
Our results suggest that the stability of the unspliced RNA

of RSV is coupled to the process of translating the gag gene
of this RNA. We found that mutant unspliced RSV RNAs
containing premature nonsense codons in gag accumulated
to lower levels than did the wild-type RNA; this reduced
accumulation could be attributed to an increase in the decay
rate of the mutant RNAs. However, nonsense codons else-
where in the 9.5-kb RSV transcript did not affect the stability
of the RNA. Similarly, nonsense codons within the gag gene
ofhuman immunodeficiency virus have been associated with
decreased levels of unspliced viral RNA (1). In contrast,
frameshift mutations resulting in premature translation ter-
mination within the gag gene of Moloney murine sarcoma
virus tsllO do not affect viral RNA stability (10). While we
also found that gag proteins could partially stabilize mutant
RSV RNAs when expressed in trans, this interaction was
not needed to maintain the stability of viral RNAs lacking
premature termination codons. Therefore, premature non-
sense codons appear to destabilize the RNA not because of
their effect on gag protein function but instead because they
disrupt translation of the gag region of the RNA.

This conclusion was supported by examination of hybrid
constructs in which deletions immediately downstream of
termination codons resulted in increased RNA stability,
whereas RNAs bearing termination codons hundreds of
nucleotides upstream of the deletion were not stabilized.
One possible interpretation of this finding is that the deleted
region of gag contains nuclease-sensitive sites, which could
be protected from nucleases by translating ribosomes. Since
deletions were able to stabilize only RNA with termination
codons near the 5' brink of the deletion, there may be
multiple nuclease-sensitive sites within gag. This hypothesis
is similar to that proposed to explain hyperlabile RNA
resulting from nonsense codons in bacterial operons (15, 28).
An alternative hypothesis is that deletions may stabilize the
unspliced RNA merely by bringing the artificially introduced
termination codons closer to the natural gag stop codon.
Stable viral RNA may require ribosomal progression to a
point close to the normal gag stop codon, possibly to
interact with some structure or protein. Comparison of
phenotypes of some of our double mutants slightly favors the
first of these hypotheses. In construct BTA&IFT, the effect of
the nonsense codon is suppressed twofold by a deletion
which puts it 330 nt upstream of the normal gag terminator.
However, in construct StTAIFS, the inserted nonsense
codon is brought to within 280 nt of the gag terminator
without significant amelioration of the effect of the nonsense

codon. This suggests that particular sequences in gag may
be of more importance in determining RNA stability than the
distance between the nonsense codon and the gag stop
codon.
As translation takes place in the cytoplasm, it seems likely

that coupling between viral RNA translation and stability
might also be a cytoplasmic event. The continual presence of
ribosomes traversing gag RNA could sterically shield puta-
tive nuclease-sensitive sites from attack. Alternatively, the
passage of ribosomes over gag might alter the RNA second-
ary structure (or its pattern of bound proteins) so as to
dismantle nuclease target sites. Premature termination
codons which halt the ribosomal progression could render
gag sequences downstream of the translated region accessi-
ble to nucleases. gag proteins expressed in trans may bind
the free viral RNA, thereby providing an alternative form of
protection.

Alternatively, the link between translation and accumula-
tion of the unsliced RSV RNA may occur either at the level
of RNA transport from the nucleus to the cytoplasm (trans-
lational translocation) or by some sort of nuclear scanning of
the RNA for the presence of nonsense codons. Both of these
possible models were originally proposed by Urlaub et al.
(33) to explain the effects of nonsense codons in dhfr RNA
and have been supported by work of Cheng et al. (7) with
triosephosphate isomerase (TPI) RNA. There is a striking
similarity between the phenotype of our RSV nonsense
mutants and that of similar mutations in the dhfr and TPI
RNAs (7, 33). In all three cases, termination codons located
early in the gene cause a reduced accumulation of the mRNA
to about 10 to 20% of the wild-type level, while those located
near the normal stop codon (in the final exon or the 3' end of
the penultimate exon in dhfr and TPI) do not (7, 33). Also, in
RSV and TPI, certain deletions which bring nonsense
codons closer to the normal termination codon suppress the
effect of the nonsense codon. In both the dhfrmRNA and the
RSV unspliced RNA, there are long 3' untranslated regions,
which are presumably stabilized by a translation-indepen-
dent mechanism.
There are, however, differences between RSV and these

two cellular RNAs. While termination codons did not de-
crease the stability of the mature dhfr and TPI mRNAs, they
substantially reduced the half-life of the RSV unspliced
RNA, measured in all three cases by use of dactinomcin (7,
33). This difference might be related to the fact that the dhfr
and TPI assays measure the stability of the mature spliced
mRNA, presumably located almost exclusively in the cyto-
plasm, while our assays of RSV unspliced RNA measure the
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decay of the whole population of unspliced RNA, including
primary transcripts in the nucleus and mRNA and genomic
RNA in the cytoplasm. If the majority of mutant viral RNAs
were located in the nucleus at the time the cells were
harvested, then excessive nuclear degradation might under-
lie the decreased mutant RNA half-life that we observed
when assaying total RNA.
Another difference between RSV unspliced RNA and

these two cellular RNAs should be noted, however. Since
the effect of a nonsense codon seems to depend on its
position relative to an intron in the case of dhfr and TPI
RNAs, a coupling between translation and splicing has been
proposed (7, 33). Although the RSV RNA affected by
nonsense codons is transported to the cytoplasm without
being spliced (9, 31, 34), its transport still might be coupled
to translation in some way. Recent evidence suggests that
the unspliced RSV RNA may interact nonproductively with
the splicing machinery (12, 23), so it is possible that inter-
action of the RNA with ribosomes facilitates its dissociation
from spliceosomes. Alternatively, ribosomes may need to
progress to near the normal RSV gag stop codon in order to
pull an RNA structure (such as a putative pseudoknot at the
gag-pol junction [6]) through the nuclear pore. Analysis of
the mutant and wild-type RSV RNAs present in the nucleus
and cytoplasm should help distinguish between the possible
mechanisms by which termination codons might destabilize
the unspliced RNA.
The finding that gag proteins can stabilize nonsense

codon-containing RNAs within the cell is interesting, even
though it does not appear to be the primary cause of the
mutant RNA instability. It is not surprising to find that gag
proteins and the viral RNA interact within the cell, since
their interaction appears to be responsible for packaging
genomic RNA into virions. Since the NC protein is essential
for packaging RNA (25, 26), it is also not surprising that its
deletion abolishes the interaction. However, it is unexpected
that coexpression of gag proteins should increase the intra-
cellular accumulation of mutant unspliced RNAs. The tradi-
tional model of assembly of C-type retroviruses (5, 9)
suggests that interaction of the unspliced RNA with the gag
precursor occurs as the viral particle assembles at the
plasma membrane. If this were the case, coexpressed gag
proteins would be expected to package and export the
mutant RNAs from the cell, thus further decreasing their
accumulation. The ability of gag proteins to have precisely
the opposite effect suggests that they may instead interact
with the unspliced viral RNA at some stage prior to assem-
bly of viral particles at the plasma membrane. It is possible,
for instance, that gag proteins help to export the RNA from
the nucleus or protect it from cytoplasmic degradation.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant CA-
48746 from the National Cancer Institute. G.F.B. was supported by
predoctoral National Research Service Award 5T32GM07231 from
the Institute of General Medical Sciences and by an Owen Fellow-
ship from the Johns Hopkins University.
We thank C. Meric and J.-P. Spahr for providing plasmid pAPrC;

J. Baldick for construction of pAPrCApBR; S. Subramani for
pRSVIL; M. T. McNally for pMyc23; S. Buchman for technical
assistance; S. Arrigo, M. T. McNally, M. deMars, and L. Chasin for
helpful discussions; and G. Ketner for reviewing the manuscript.

REFERENCES
1. Arrigo, S. 1990. Personal communication.
2. Arrigo, S., and K. Beemon. 1988. Regulation of Rous sarcoma

virus RNA splicing and stability. Mol. Cell. Biol. 8:4858-4867.
3. Baserga, S. J., and E. J. Benz, Jr. 1988. Nonsense mutations in

the human 3-globin gene affect mRNA metabolism. Proc. Natl.
Acad. Sci. USA 85:2056-2060.

4. Baumann, B., M. J. Potash, and G. Kohler. 1985. Consequences
of frameshift mutations at the immunoglobulin heavy chain
locus of the mouse. EMBO J. 4:351-359.

5. Bolognesi, D. P., R. C. Montelaro, H. Frank, and W. Schafer.
1978. Assembly of type C oncornaviruses: a model. Science
19:183-186.

6. Brierley, I., P. Digard, and S. C. Inglis. 1989. Characterization
of an efficient coronavirus ribosomal frameshifting signal: re-
quirement for an RNA pseudoknot. Cell 57:537-547.

7. Cheng, J., M. Fogel-Petrovic, and L. E. Maquat. 1990. Transla-
tion to near the distal end of the penultimate exon is required for
normal levels of spliced triosephosphate isomerase mRNA.
Mol. Cell. Biol. 10:5215-5225.

8. Chomczynski, P., and N. Sacchi. 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem. 162:156-159.

9. Coffin, J. M. 1990. Retroviridae and their replication, p. 1437-
1500. In B. N. Fields and D. M. Knipe (ed.), Virology, 2nd ed.
Raven Press, New York.

9a.Csepany, T., A. Lin, C. J. Baldick, Jr., and K. Beemon. 1990.
Sequence specificity of mRNA N6-adenosine methyltrans-
ferase. J. Biol. Chem. 265:20117-20122.

10. deMars, M., D. A. Sterner, S. M. Chiocca, N. W. Biggart, and
E. C. Murphy, Jr. 1990. Regulation of RNA splicing in gag-
deficient mutants of Moloney murine sarcoma virus
MuSVtsllO. J. Virol. 64:1421-1428.

11. de Wet, J. R., K. V. Wood, M. DeLuca, D. R. Helinski, and S.
Subramani. 1987. Firefly luciferase gene: structure and expres-
sion in mammalian cells. Mol. Cell. Biol. 7:725-737.

12. Fu, X.-D., R. A. Katz, A. M. Skalka, and T. Maniatis. 1991. The
role of branchpoint and 3'-exon sequences in the control of
balanced splicing of avian retrovirus RNA. Genes Dev. 5:211-
220.

13. Graves, R. A., N. B. Pandey, N. Chodchoy, and W. F. Marzloff.
1987. Translation is required for regulation of histone mRNA
degradation. Cell 48:615-626.

14. Greenberg, M. E., A. L. Hermanowski, and E. B. Ziff. 1986.
Effect of protein synthesis inhibitors on growth factor activation
of c-fos, c-myc, and actin gene transcripts. Mol. Cell. Biol.
6:1050-1057.

15. Hiraga, S., and C. Yanofsky. 1972. Hyper-labile messenger
RNA in polar mutants of the tryptophan operon of Escherichia
coli. J. Mol. Biol. 72:103-110.

16. Jacks, T., and H. E. Varmus. 1985. Expression of the Rous
sarcoma virus pol gene by ribosomal frameshifting. Science
230:1237-1242.

17. Karpel, R. L., L. E. Henderson, and S. Oroszlan. 1987. Interac-
tion of retroviral structural proteins with single stranded nucleic
acids. J. Biol. Chem. 262:4961-4967.

18. Katz, R. A., and A. M. Skalka. 1990. Control of retroviral RNA
splicing through maintenance of suboptimal processing signals.
Mol. Cell. Biol. 10:696-704.

19. Kingston, R. E. 1987. Transfection of DNA into eukaryotic
cells: calcium phosphate transfection, p. 9.1.1-9.1.4. In F. M.
Ausubel et al. (ed.), Current protocols in molecular biology.
John Wiley & Sons, New York.

20. Lopata, M. A., D. W. Cleveland, and B. Sollner-Webb. 1984.
High level transient expression of a chloramphenicol acetyl-
transferase gene by DEAE-dextran mediated DNA transfection
coupled with a dimethyl sulfoxide or glycerol shock treatment.
Nucleic Acids Res. 12:5707-5717.

21. Losson, R., and F. Lacroute. 1979. Interference of nonsense
mutations with eukaryotic messenger RNA stability. Proc. Natl.
Acad. Sci. USA 82:8606-8610.

22. Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

23. McNally, M. T., R. R. Gontarek, and K. Beemon. Submitted for
publication.

VOL . 1l, 1991



2768 BARKER AND BEEMON

24. Melton, D. A., P. A. Krieg, M. R. Rebagliati, T. Maniatis, K.
Zinn, and M. R. Green. 1984. Efficient in vitro synthesis of
biologically active RNA and RNA hybridization probes from
plasmids containing a bacteriophage SP6 promoter. Nucleic
Acids Res. 12:7035-7056.

25. Meric, C., E. Gouilloud, and P.-F. Spahr. 1988. Mutations in
Rous sarcoma virus nucleocapsid protein p12 (NC): deletions of
Cys-His boxes. J. Virol. 62:3328-3333.

26. Meric, C., and P.-F. Spahr. 1986. Rous sarcoma virus nucleic
acid-binding protein p12 is necessary for viral 70S RNA dimer
formation and packaging. J. Virol. 60:450-459.

27. Mullner, E. W., and L. C. Kuhn. 1988. A stem loop in the 3'
untranslated region mediates iron-dependent regulation of trans-
ferrin receptor mRNA stability in the cytoplasm. Cell 53:815-
825.

28. Nilsson, G., J. G. Belasco, S. N. Cohen, and A. von Gabain. 1987.
Effect of premature termination of translation on mRNA stabil-
ity depends on the site of ribosome release. Proc. Natl. Acad.
Sci. USA 84:4890-4894.

29. Parker, R., and A. Jacobson. 1990. Translation and a 42 nucle-
otide segment within the coding region of the mRNA encoded
by the yeast MATal gene are involved in promoting rapid

MOL. CELL. BIOL.

mRNA decay in yeast. Proc. Natl. Acad. Sci. USA 87:2780-
2784.

30. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

31. Stoltzfus, C. M. 1989. Synthesis and processing of avian sar-
coma retrovirus RNA. Adv. Virus Res. 63:1-37.

32. Stoltzfus, C. M., K. Dimock, S. Horikami, and T. A. Ficht. 1983.
Stabilities of avian sarcoma virus RNAs: comparison of subge-
nomic and genomic species with cellular mRNAs. J. Gen. Virol.
64:2191-2202.

33. Urlaub, G., P. J. Mitchell, C. J. Ciudad, and L. A. Chasin. 1989.
Nonsense mutations in the dihydrofolate reductase gene affect
RNA processing. Mol. Cell. Biol. 9:2868-2880.

34. Weiss, R., N. Teich, H. Varmus, and J. Coffin (ed.). 1985.
Molecular biology of tumor viruses: RNA tumor viruses, 2nd
ed., vol. 2. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, N.Y.

35. Yen, T. J., P. S. Machlin, and D. W. Cleveland. 1988. Autoreg-
ulated instability of P-tubulin mRNAs by recognition of the
nascent NH2-terminus of P-tubulin. Nature (London) 334:580-
584.


