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Rous sarcoma virus RNA contains a negative regulator of splicing (NRS) element that aids in maintenance
of unspliced RNA. The NRS binds Ul snRNA at a sequence that deviates from the 5’ splice site consensus by
substitution of U’s for A’s at three positions: —2, +3, and +4. All three of these U’s are important for
NRS-mediated splicing suppression. Substitution of a single nonconsensus C or G at any of these sites
diminished NRS activity, whereas substitution of a single A generated a preferred 5’ splice site within the NRS.

Retroviruses synthesize full-length, viral RNAs that resem-
ble cellular pre-mRNA substrates for splicing. Unlike cellular
pre-mRNAs, many of these full-length viral transcripts are
transported to the cytoplasm, where they are packaged into
viral particles or translated to produce gag and pol gene prod-
ucts. Retroviruses also splice a fraction of their primary tran-
scripts to generate additional mRNA, including env mRNA
(reviewed in references 2 and 17).

The regulation of avian retroviral RNA splicing involves the
use of suboptimal 3’ splice sites, an exonic splicing enhancer,
and a negative regulator of splicing (NRS) (1, 8, 14, 20, 21).
The 230-nucleotide (nt) cis-acting NRS element is located
within the gag gene, about 300 nt downstream from the 5’
splice site and 4,000 nt from the env 3’ splice site. Insertion of
the NRS into a cellular intron inhibits splicing from that site in
an orientation- and distance-dependent fashion (15). NRS-
mediated inhibition of splicing involves the interaction of Ul
snRNP with the 3’ end of the NRS (7, 13). Mutations that
interfere with Ul snRNA base-pairing impair NRS activity,
and this activity is partially rescued by a compensatory Ul
snRNA mutant (7). The Ul snRNP binding site in the NRS
partially overlaps a consensus Ull snRNP binding site, and
U1l snRNA has also been shown to bind to the NRS (6).
However, mutations specifically disrupting the U1l binding
sequence did not inhibit NRS activity, suggesting that Ul1
snRNP binding is not necessary for NRS function (7, 13). The
NRS appears to function as a nonproductive 5" splice site
decoy which competes with the authentic viral 5’ splice site
upstream for interaction with 3’ splice sites (3, 5).

In the present study, we have carried out a detailed muta-
tional analysis of the 5’ splice site-like sequence in the NRS.
We asked whether this sequence or its context was responsible
for the failure of splicing from this site. This study revealed
that all three nonconsensus U’s are important for NRS activity.
Point mutations at any of these sites can either neutralize

* Corresponding author. Mailing address: Department of Biology,
Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218.
Phone: (410) 516-7289. Fax: (410) 516-7292. E-mail: KLB@JHU.edu.

T Present address: NCI-Frederick Cancer Research and Develop-
ment Center, Frederick, MD 21702.

7763

splicing suppression or activate productive splicing at this NRS
site.

NRS contains a decoy 5’ splice site. The Rous Sarcoma
Virus (RSV) NRS sequence contains a 5" splice site-like se-
quence near its 3’ end, and mutations in this region have been
shown to impair NRS activity (6, 7, 13, 15). The potential
base-pairing between the NRS and the 5’ end of Ul snRNA
includes positions —1, +1, +2, +5, and +6 of the 5’ splice site
consensus sequence (AG/GURAGU), as shown in the align-
ment in Fig. 1C. In addition, the NRS sequence at positions +7
and +8 is complementary to the first two encoded bases of Ul
snRNA, extending the potential base-pairing. However, non-
consensus bases are observed at NRS positions —2, +3, and
+4 of the decoy 5’ splice site. In all three nonconsensus posi-
tions, the viral sequence has a U instead of an A (or an R at
+3). These U’s could result in potential interactions with a U
or pseudouridine (W) in U1 snRNA. We investigated the func-
tional significance of these nonconsensus U’s by mutating each
to the other three nucleotides.

Nonconsensus uridines in 5’ splice site-like sequence are
important for NRS activity. To assay the effect of NRS muta-
tions on splicing in transfected cells, we inserted NRS mutants
into the myc intron of a heterologous splicing construct, pRSV-
Neo-int (9), as shown in Fig. 1A. The constructs were tran-
siently transfected into the human embryonic kidney 293 cell
line. After total cellular RNA was isolated, splicing was as-
sayed by RNase protection with a riboprobe spanning the myc
5" splice site (Fig. 1A), as previously described (7, 15). This
probe allowed us to quantify the level of splicing at this site by
comparison of the relative amounts of spliced (exonic) and
unspliced protected fragments.

We first tested the effect of single point mutations in the
NRS at positions —2, +3, and +4 (nt 913, 917, and 918; Fig.
1C). The substitution of A for U at any of these positions
resulted in a dramatic reduction in splicing from the myc 5’
splice site (Fig. 1B, lanes 3 and 6, and Fig. 1D). Quantitation
of the results revealed that U913A was 28% spliced, U917A
was 8% spliced, and U918A was 19% spliced at this site (Fig.
1D). In comparison, the construct bearing the wild-type NRS
was 45% spliced, and the construct lacking an NRS spliced
81% of its RNA at the myc 5’ splice site.

The substitution of either C or G for U had the opposite
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effect, increasing splicing from the myc 5’ splice site. The
results were as follows: U913C, 79% spliced; U917C, 75%
spliced; U913G, 56% spliced; U917G, 63% spliced; U918C,
71% spliced; and U918G, 69% spliced (Fig. 1D). Thus, single
base changes at —2, +3, or +4 gave similar results: mutations
to an A decreased myc splicing, while changes to a C or G
increased splicing at this site.

Mutations in U1 binding site sequence in NRS can activate
splicing within NRS. We next investigated the possibility that
some of these NRS mutations had activated a cryptic 5" splice
site sequence within the NRS. RNA spliced from a 5’ splice
site within the NRS or in other regions of the intron would be

NRS Construct

FIG. 1. Nonconsensus U’s in a 5’ splice site-like sequence are
needed for NRS activity. (A) The 230-nt NRS sequence was inserted
into the myc intron of pRSVNeo-int at a site 336 nt downstream from
the 5’ splice site and 632 nt upstream from the 3 splice site. A ribo-
probe spanning the myc 5 splice site was used to detect spliced (441 nt)
and unspliced (602 nt) RNAs. SV40, simian virus 40. (B) RNase
protection assay with the myc 5 splice site probe of transcripts isolated
from 293 cells transfected with wild-type (WT) or mutant NRS se-
quences in pPRSVNeo-int. (C) Potential base-pairing of the NRS with
Ul snRNA. The 5’ splice site consensus sequence is shown below the
NRS sequence, and consensus bases present in the NRS are under-
lined. NRS mutations are aligned with the wild-type (WT) sequence.
(D) Histogram of spliced myc RNA assayed by RNase protection as in
Fig. 2A. Error bars represent the standard deviation from the mean for
at least three independent transfection experiments.

indistinguishable from unspliced RNA with the myc 5" splice
site probe. Therefore, a second probe which spanned the NRS
sequence and extended 70 nt downstream into the myc intron
was used in RNase protection assays to determine if cryptic
splicing was occurring within this region (Fig. 2A).

Assay of the wild-type NRS construct with the NRS-specific
probe showed only unspliced RNA (Fig. 2B, lane 2). (RNA
spliced at the myc splice sites would not hybridize with this
probe.) In contrast, the mutations that changed the sequence
from U to A at position —2, +3, or +4 all showed very high
levels of splicing within the NRS. This was represented by a
new doublet band in the RNase protection analyses (Fig. 2B,
lanes 3 and 6). This spliced RNA represented 77 and 78% of
the RNA generated by constructs U917A and U918A, respec-
tively, and detected with the NRS probe (Fig. 2C). Similarly,
U913A appeared to be 83% spliced (Fig. 2C), and the double
point mutant UU917/918AA (7) yielded 88% spliced RNA
with this NRS-specific probe (data not shown).

The base changes from U to G at positions 917 and 918 also
resulted in splicing within the NRS at levels of 56 and 32%,
respectively (Fig. 2B, lanes 5 and §8; Fig. 2D). The
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U917Gmutant is closer to the 5’ splice site consensus than the
wild-type sequence. In contrast, no splicing within the NRS was
observed with U913G (Fig. 2C). The substitutions from U to C
at positions —2, +3, and +4 resulted in very little splicing
within the NRS (15, 10, and 12%, respectively; Fig. 2B, lanes 4
and 7; Fig. 2C).

Identification of splice sites within NRS. The NRS probe
used in Fig. 2 allowed identification of cryptic splice sites
within the NRS or 70 nt downstream of it. To extend this
analysis to include the entire 1,200-nt intron containing the
NRS, we performed reverse transcription (RT)-PCR using
primers in both myc exons. Unspliced RNA would be expected
to generate a 1,330-bp RT-PCR product, and normally spliced
myc RNA would yield a 139-bp product (Fig. 3A). These were
the only products generated from the wild-type NRS construct,
confirming that no cryptic splicing occurred (data not shown).
In contrast, mutants UU917/918AA, U917A, U918A, and
U913A generated a novel product of 684 bp and a reduced
amount of the 139-bp spliced product (Fig. 3B and data not
shown). The UU917/918AA, U917A, and U918A mutants also
generated small amounts of a 389-bp product. Small amounts
of the 684-bp product were also observed with U917G and
U918G (data not shown). In contrast, mutants U913C, U913G,
and UU917/918CC did not generate any of these novel RT-
PCR products, yielding mainly the 139-bp product, generated
by splicing at the normal myc splice sites (Fig. 3B).

To identify these novel splice sites, the 389-bp and 684-bp
RT-PCR products were cloned and sequenced. The predomi-
nant 684-bp product was found to be generated by splicing
from an activated cryptic 5’ splice site within the NRS at nt 915
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FIG. 2. Point mutations that improve the 5’ splice site consensus
sequence activate splicing within the NRS. (A) Probe designed to
detect splice sites within the NRS. This probe encompasses the entire
NRS and extends 70 nt downstream into the myc intron. (B) Wild-type
(WT) and mutant NRS sequences were analyzed by RNase protection
analysis with the NRS-specific probe to determine relative amounts of
cryptically spliced and unspliced RNA. (C) Summary of the transfec-
tion data using these same constructs. Error bars represent the stan-
dard deviation from the mean for at least three independent transfec-
tion experiments.

to the normal myc 3’ splice site (Fig. 3C). The minor 389-bp
product was doubly spliced, utilizing the myc 5’ splice site,
together with a cryptic 3" acceptor site in the myc intron (315
nt from the myc 5’ splice site, just upstream of the NRS inser-
tion site), as well as the NRS 5’ splice site and the myc 3’ splice
site (Fig. 3A). This double splicing event created a new 220-nt
internal exon and may be a result of exon bridging between the
activated 5’ splice site at nt 915 and the cryptic 3’ splice site
upstream. Consistent with our results, McNally and McNally
(13) observed activation of a 5’ splice site at nt 915 with a triple
mutant having all three nonconsensus U’s mutated to A’s to
form a consensus splice site. However, they did not report
activation of a cryptic 3’ splice site with this mutant.
Competition between two splice sites. The data presented
above suggested that alternative splicing was occurring with
some of the NRS mutants, with competition between the up-
stream myc 5’ splice site and an activated 5’ splice site within
the NRS. The experiments shown in Fig. 1 used the myc donor
probe and generated data on splicing at this site only; the
apparent “unspliced” RNA in this assay includes any RNA
spliced at a downstream site. In contrast, the NRS probe data
presented in Fig. 2 give the relative amount of RNA spliced
within the NRS or directly downstream of it; any RNA spliced
at the myc 5’ splice site would not hybridize to this probe. To
give an overall picture of the distribution of the RNA species
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FIG. 3. RT-PCR analysis of splicing of NRS mutants. (A) Diagram
of the splicing reporter construct and the normally and cryptically
spliced products observed. The numbers on the right represent tran-
script lengths (in base pairs). (B) RT-PCR products were generated
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between the alternatively spliced products and unspliced RNA,
we analyzed the data as shown in Fig. 4.

The wild-type NRS generated about 60% unspliced RNA
and 40% spliced RNA, with no apparent cryptic splicing at
sites within the NRS. Some of the mutations, including U913C,
U917C, U918C, and 918G, abolished splicing suppression,
yielding more than 70% splicing from the myc 5’ splice site. An
interesting group of mutations, including U913A, U917A, and
U918A, yielded mainly RNA spliced from an activated 5’
splice site within the NRS. These mutants all exhibited reduced
amounts of normally spliced and unspliced RNAs. Lastly, mu-
tant U917G showed about 60% splicing from the myc site and
20% from the NRS site (Fig. 4).

Thus, it appears that the inhibition of splicing at the myc 5’
splice site observed with all three of the U-to-A mutations
(Fig. 1) was primarily due to the generation of new spliced
products rather than to maintenance of unspliced RNA. These
data suggest a correlation between mutations that improve
the 5’ splice site consensus sequence within the NRS and
activation of splicing at this site. Surprisingly, all of the U-to-C
mutations, which would maintain a suboptimal splice site se-
quence, inactivated the NRS. U-to-G mutations also dimin-
ished NRS activity, with U917G also splicing within the NRS.

We previously demonstrated that the Rous sarcoma virus
NRS intronic sequence binds Ul snRNP at a 5’ splice site-like
sequence near the 3’ end of the element. The importance of
U1 snRNP binding for NRS activity was demonstrated by ge-
netic suppression experiments (7). However, it was not known
why splicing did not occur at this site, which has a five of eight
match to the consensus 5’ splice site sequence, deviating with
a U instead of an A at —2, +3, and +4. Analysis of a 5 splice
site sequence data base (18; http:/fruitfly.org/seq_tools/splice
.html) did not reveal any examples of this NRS sequence (UG
/GUUUGU) in a catalog of more than 2,000 nonredundant
human 5’ splice sites, suggesting that this sequence may not be
functional as a 5’ splice site. Alternatively, there may be con-
textual problems that prevent splicing at this site.

To determine sequence requirements for NRS splicing sup-
pression, we have mutated each of the nonconsensus U’s to the
three other bases. Surprisingly, mutation of any one of the U’s
to a Cled to a nearly normal splicing phenotype, abolishing the
NRS splicing suppression. When any of the U’s was mutated to
an A, the NRS site became the preferred 5’ splice site. Muta-
tion of the +3 or +4 site to a G led to a lower level of acti-
vation of this cryptic 5’ splice site within the NRS. Therefore,
making any one of these three sites fit the consensus led to
splicing at this site in preference to the upstream 5’ splice site.
It may be important that there is an ASF/SF2 binding site
within the NRS (12), located between the two alternative 5’
splice sites (myc site and cryptic NRS site). This has been
shown to facilitate Ul snRNP binding to the NRS (13) and
may promote use of the downstream splice site (4).

It appears that U’s specifically, rather than any nonconsen-

from RNA isolated from transfected cells using primers in the exons as
shown in panel A. (C) Sequencing of cryptic products revealed that
both used the NRS Ul binding site as a 5’ splice site. The 389-bp
product also had an upstream intron of 313 nt, extending from the myc
5’ splice site, as shown in panel A.
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FIG. 4. Summary of effects of NRS point mutations on RNA splicing. To give an overall view of the distribution of RNA, calculations were
based on data using both riboprobes. The amount of splicing at the myc donor site was first determined directly from the data in Fig. 1. We then
calculated the distribution of the remaining RNA between cryptically spliced RNA (splicing within the NRS) and unspliced RNA based on data

with the NRS probe (Fig. 2).

sus base, are important for NRS splicing inhibition. Each of the
NRS nonconsensus U’s would oppose a U (—2) or a ¥ (+3
and +4) in the Ul snRNA sequence. U-U interactions have
been observed in tRNA and found to be more stable than most
non-Watson-Crick base-pairing interactions, including C-U
(19). It is interesting that the yeast 5’ splice site consensus
sequence also has a U at +4 (10), which could interact with the
W in yeast Ul snRNA (11). The U at +4 has also been found
to be important for stable binding of Ul snRNP in random-
ization-selection experiments (D. Libri, personal communica-
tion). Alternatively, these U’s may be important for binding of
another factor to the NRS. There is the potential for base-
pairing of 12 of 13 nt of U6 snRNA (nt 33 to 45) to this region
of the NRS, and the U’s at +3 and +4 would stabilize this
interaction.

In summary, the NRS is capable of interacting with several
snRNPs. Single point mutations in the NRS which improve the
5’ splice site consensus sequence make the NRS the preferred
5" splice site. We propose that the NRS functions as a decoy 5’
splice site and may prevent cryptic as well as productive splic-
ing in the virus (C. T. O’Sullivan, unpublished data). The NRS
requires three nonconsensus U’s in the 5 splice site-like se-

quence to effectively maintain unspliced RNA for export to the
cytoplasm (16).
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