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Retroviruses require both spliced and unspliced RNA for replication. Accumulation of unspliced Rous
sarcoma virus RNA is facilitated in part by a negative cis element in the gag region, termed the negative
regulator of splicing (NRS), which serves to repress splicing of viral RNA but can also block splicing of
heterologous introns. The NRS binds components of the splicing machinery including SR proteins, Ul and U2,
small nuclear ribonucleoproteins (snRNPs) of the major splicing pathway, and U1l snRNP of the minor
pathway, yet splicing does not normally occur from the NRS. A mutation that abolishes U11 binding (RG11)
also abrogates NRS splicing inhibition, indicating that U11 is functionally important for NRS activity and
suggesting that the NRS is recognized as a minor-class 5’ splice site (5’ ss). We show here, using specific NRS
mutations to disrupt U11 binding and coexpression of Ul1 snRNA genes harboring compensatory mutations,
that the NRS Ul1 site is functional when paired with a minor-class 3’ ss from the human P120 gene.
Surprisingly, the expectation that the same NRS mutants would be defective for splicing inhibition proved
false; splicing inhibition was as good as, if not better than, that for the wild-type NRS. Comparison of these new
mutations with RG11 indicated that the latter may disrupt binding of a factor(s) other than U1l. Our data
suggest that this factor is Ul snRNP and that a U1 binding site that overlaps the Ul1 site is also disrupted by
RG11. Analysis of mutations which selectively disrupted U1 or U11 binding indicated that splicing inhibition
by the NRS correlates most strongly with U1 snRNP. Additionally, we show that U1 binding is facilitated by
SR proteins that bind to the 5’ half of the NRS, confirming an earlier proposal that this region is involved in
recruiting snRNPs to the NRS. These data indicate a functional role for Ul in NRS-mediated splicing

inhibition.

Most protein-encoding genes in metazoans are interrupted
by introns which must be accurately spliced out of the pre-
mRNA to generate mRNA. The excision process involves two
transesterification reactions and takes place in a large macro-
molecular complex, called the spliceosome, that is composed
of several small nuclear ribonucleoprotein (snRNP) particles
and a large number of non-snRNP factors (28). While there is
considerable understanding of the splicing reaction itself,
much less is known about how splice sites are appropriately
paired. The problem becomes more complicated in the many
instances of alternative splicing, where different combinations
of splice sites are utilized to ultimately generate different pro-
teins from a common pre-mRNA (38). Many viruses that infect
eukaryotic cells have evolved to exploit RNA splicing as a
means to expand the coding capacity of their typically small
genomes and as a mechanism of posttranscriptional gene reg-
ulation. As an extreme example, human immunodeficiency vi-
rus (HIV) utilizes numerous 5" and 3’ splice sites (5" and 3’ ss)
in a temporal manner to generate an estimated 40 different
mRNAs in an infected cell (32, 35).

In addition to alternative splicing observed in some viruses,
incomplete RNA splicing is a feature common to all retrovi-
ruses. The primary transcript serves as an mRNA for the Gag-
Pol proteins or as genome for progeny virions, but a population
must also be spliced to subgenomic mRNAs, which in the

* Corresponding author. Mailing address: Department of Microbi-
ology and Molecular Genetics, Medical College of Wisconsin, 8701
Watertown Plank Rd., Milwaukee, WI 53226. Phone: (414) 456-8749.
Fax: (414) 456-6535. E-mail: mtm@mcw.edu.

2385

simplest cases encode the Env protein (6). In HIV, it appears
that the 5’ ss are efficiently recognized and that regulation
occurs at the 3’ ss (31); both positive and negative elements
that contribute the HIV 3’ ss control have been described (1,
36, 39). In Rous sarcoma virus (RSV), splicing control is
achieved through the action of several cis elements, two of
which represent the env and src 3’ ss themselves, which are
maintained in suboptimal forms (18, 49). Another element that
is located upstream of the src 3" ss controls src splicing specif-
ically and also has a mild inhibitory effect on heterologous
introns (2, 4, 25, 48). Elements required for cytoplasmic accu-
mulation of retroviral RNA, the Rev/Rev response element
system in HIV (10) and constitutive transport elements in
simian and avian retroviruses (5, 30, 37), might also influence
the unspliced/spliced RNA ratio by modulating the availability
of the unspliced RNA pool for splicing. Efficient replication of
RSV requires a precise balance between spliced and unspliced
RNA since viruses that display even modest increases in splic-
ing efficiency exhibit replication defects (17, 49).

Besides the elements that are coincident with or reside near
splice sites, RSV contains a novel negative element in the gag
gene that is remote from the splice sites yet acts in a global
manner to regulate splicing. Deletions in this element, termed
the negative regulator of splicing (NRS), result in a substantial
increase in splicing at both the env and src 3’ ss (3, 40). The
NRS can also block splicing of heterologous introns in vivo and
in vitro (14, 26), indicating that NRS inhibition is not unique to
the viral context but rather results from a general effect on
splicing. The importance of accumulating large amounts of
unspliced viral RNA is underscored by the presence of multi-
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ple and diverse control elements, all of which are required to
achieve the proper ratio of unspliced to spliced RNA.

While maintenance of suboptimal 3" ss and splice site-spe-
cific inhibitory elements are common features of in retrovirus
splicing control, the NRS element has been described only for
avian retroviruses. Efforts to understand how the NRS inhibits
splicing have suggested a major role for components of the
splicing machinery itself. Mapping studies demonstrated that
two subregions of a ~227-base RNA fragment are required for
splicing inhibition (26). The downstream region is necessary
but not sufficient for splicing inhibition and harbors sequences
with similarity to 5’ and 3’ ss. It was shown that Ul and U2
snRNP particles, abundant splicing factors that interact with 5’
and 3’ ss, respectively, bind the NRS in vitro (14). The same
study revealed binding of a third and lower-abundance snRNP,
Ull, to the downstream region. The U1l snRNP interaction
appears important for function since NRS mutations that abol-
ish U1l binding also substantially reduce splicing inhibition
activity. Mutations that specifically abolish U1 and U2 binding
have yet to be identified, and the significance of their binding
has been ambiguous. The upstream region of the NRS contains
a ~35-nucleotide (nt) purine-rich region that is also necessary
but not sufficient for inhibition and to which the SR protein
splicing factor SF2/ASF binds (24). Members of the SR protein
family of splicing factors have several activities, including fa-
cilitating the entry of snRNP particles into the assembling
spliceosome and mediating the function of RNA splicing en-
hancers (13, 22, 44). These two aspects of SR protein function
are likely to be important for NRS action because the purine-
rich NRS 5’ region (NRS5’) has enhancer activity and heter-
ologous enhancers can substitute for NRS5’ and support splic-
ing inhibition (23).

U11 snRNP was recently shown to be the Ul counterpart for
5" ss recognition in a spliceosome that excises a minor class of
introns that contain noncanonical splice sites (15, 20, 42, 43).
These introns are often referred to as minor-class introns.
Rather than having /GT (the slash denotes the splice site) and
AG/ terminal dinucleotides that are characteristic of a loosely
conserved consensus associated with most nuclear pre-mRNA
introns (5’ ss AG/GTRAGT), the minor introns were origi-
nally described as being bounded by /AT and AC/ but also
adhering to a much stricter 5’ consensus sequence, /ATATC
CTT. The /AT-AC/ nature of the junctions also led to the term
“attack” introns (29). More recently, minor-class introns con-
taining /GT and AG/ termini have been identified, but the
remainder of the sequences clearly resemble the minor-class
consensus (11). Since the terminal dinucleotides no longer
specify which splicing pathway a particular intron will use, the
major and minor introns are also called U2-dependent and
Ul2-dependent introns, respectively (11). Like the major
spliceosome, a minor spliceosome assembles in a stepwise
fashion through the sequential addition of other unique
snRNPs (U12, U4atac, and Ubatac) that serve functions anal-
ogous to the major pathway counterparts (U2, U4, and U6);
U5 snRNP is present in both spliceosomes (16, 20, 41, 42).
Significantly, the short sequence in the NRS 3’ region that is
required for U1l binding (/GTATCCTT) matches the highly
conserved minor-class 5’ ss consensus sequence.

In vitro, the NRS assembles into an RNP complex that is
dependent on SR proteins and Ul and U1l snRNPs (but not
U2), and whose characteristics most closely resemble com-
plexes that assemble on a Ul-dependent 5’ ss (7, 9). Despite
binding SR proteins and U1/U2 snRNPs from the major splic-
ing pathway, our efforts to force splicing from the NRS have
been unsuccessful, even when it is paired with 5" or 3’ ss that
are normally used efficiently. This observation, the general lack
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of data supporting a functional role for Ul binding, and the
apparent importance of U11 snRNP for inhibition have led us
to propose that the NRS is primarily recognized as a minor-
class 5’ ss that elicits splicing inhibition when placed within
major-class introns (23).

In this work, we tested the notion that the NRS might serve
as a minor-class 5’ ss in the appropriate context and found (i)
that splicing did occur to an authentic minor-class (U12-de-
pendent) 3’ ss from the human P120 gene in transfected cells
and (ii) that Ul1l snRNP was required for splicing. Surpris-
ingly, an NRS mutation that abolished U11 binding in vitro
and minor pathway splicing in vivo still blocked splicing of a
U2-dependent heterologous intron, suggesting that a factor
other than U1l was responsible for splicing inhibition. Data
presented here indicate that binding of Ul snRNP to a se-
quence that overlaps the U11 site most strongly correlates with
splicing inhibition by the NRS. The U1 site must be subopti-
mal, since splicing was activated when the site was mutated to
match the Ul consensus. We further show that the upstream
purine-rich element, through SR proteins, is required for effi-
cient Ul snRNP binding in vitro. Thus, while U1 was known to
bind the NRS, our data now suggest that binding is an impor-
tant event in splicing inhibition.

MATERIALS AND METHODS

Plasmid constructs. RSV fragments were from the Prague C strain (27);
sequence coordinates are as specified by Schwartz et al. (34). Plasmids harboring
human P120 genomic fragments encompassing wild-type exons 5 to 8, or con-
taining the CT67GA and TT78AA mutations at the minor-class 5’ ss, and Ul1
snRNA gene expression plasmids were generously provided by R. Padgett
(Cleveland Clinic) (16, 20). pP120 contains P120 exon 6, intron F (a minor-class
intron), and most of exon 7 inserted into the HindIII-BamHI sites of pRSV2
(26). The P120 fragment, generated by PCR (all primer sequences available upon
request), contained nt 1 of exon 6 through nt 180 of exon 7 and had HindIII and
Bgl1I sites appended to the 5" and 3’ ends, respectively. The chimera pNRS-P120
was created by replacing the HindIII-Bsu361 fragment of pP120 (exon 6 through
position 61 of the 99-nt intron) with an NRS PCR fragment harboring nt 714 to
979 (to which HindIII and Bsu36I restriction sites were appended to the 5’ and
3" ends, respectively). Mutations depicted in Fig. 1A were introduced into pNRS-
P120 either by replacement of P120 sequences with PCR fragments derived from
mutant NRS DNA or by site-directed mutagenesis of NRS sequences in pNRS-
P120 by the U.S.E. (unique site elimination) method (Pharmacia Biotech).

To test for splicing inhibition activity, NRS fragments were inserted into the
Sacll intron position of the myc intron of pRSVNeo-int (21), using the Kpnl-
Xbal fragment shuttling approach described previously (23). All fragments con-
sisted of nt 701 to 1011 and had Kpnl and Xbal sites appended to the 5" and 3’
ends by PCR. Fragments to be used to generate RNA for affinity selections were
also inserted into pGEM-3Z. NRS mutations were created either with a U.S.E.
kit (Pharmacia Biotech) or by recombinant PCR (33). The mutations are indi-
cated in the figures. All sequences were verified by DNA sequencing.

Transfection of 293 cells and analysis of RNA. 293 cells were grown in minimal
essential medium supplemented with 10% fetal calf serum and penicillin-strep-
tomycin. Cells grown to about 40 to 60% confluence in 6-cm-diameter dishes
were transfected with 2 to 3 pg of DNA by the calcium phosphate method
(Pharmacia Biotech), and total RNA harvested 40 h later was isolated with
Qiagen RNAeasy columns according to the manufacturer’s instructions. For
reverse transcription (RT)-PCR, 1 ug of total RNA was reverse transcribed with
an antisense primer directed to pRSV2 vector sequences downstream of the
transcription unit (GCAGACACTCTATGCCTGTGTGG) and common to all
RNAs in 20 pl, using 200 U of reverse transcriptase (GibcoBRL) and the
manufacturer’s recommended reaction conditions. Two microliters of the RT
reaction was subjected to 28 cycles of PCR using a 5’ vector primer directed
upstream of the transcription unit (CACCACATTGGTGTGC) and a 3’ primer
to sequences in P120 exon 6. Thus, the same primer pair was used for all
constructs. RNase protection assays were as described elsewhere (23), using 5 pg
of RNA. A plasmid for generating the 3’ ss probe was made by inserting a
blunt-ended AfIII-Pst] fragment from pRSVNeo-int that spans the 3’ ss into the
pGEM-3Z Smal site such that T7 RNA polymerase and HindIII-cut DNA
generated an antisense probe. Quantitation was done with a Molecular Dynam-
ics Storm 860 Phosphorlmager.

Affinity selection. Affinity selection was performed essentially as described
previously (9). Briefly, RNA transcribed in vitro in the presence of biotin-11-
UTP (20% of total UTP) from pGEM constructs linearized with Xbal was
incubated under splicing conditions with ATP in HeLa cell nuclear extract (12)
for 30 min at 30°C. Streptavidin-agarose beads were added and mixed at 300 mM
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KCl for 1 h at 4°C and then washed extensively at 300 mM KCI. Bound nucleic
acids were released by proteinase K digestion, phenol extracted, precipitated
with ethanol, and subjected to electrophoresis in a 8 M urea—8% polyacrylamide
gel. RNA was electroblotted to a ZetaProbe membrane (Bio-Rad) and hybrid-
ized with riboprobes to Ul and U11 snRNA; the membrane was then subjected
to autoradiography.

RESULTS

Splicing from the NRS to a Ul2-dependent 3’ ss requires
Ul1 snRNP. Given that the NRS interacts with a number of
splicing factors, one might expect the NRS to be productively
used as a splice site under certain conditions, yet our efforts to
detect splicing to or from the NRS in a variety of contexts have
been unsuccessful. The description of U11 snRNP as the com-
ponent of the minor splicing pathway that recognizes the 5’ ss
of Ul2-dependent introns (20, 46) prompted us to investigate
whether our failures to detect NRS splicing stemmed from its
inappropriate pairing with major-class splice sites. Might the
NRS function in splicing if paired with a minor-class, U12-
dependent 3’ ss? To examine this possibility, we made a num-
ber of chimeras utilizing the RSV promoter by fusing the NRS
to a human P120 gene fragment encompassing part of intron F
and exon 7 that contains a Ul12-dependent 3’ ss (Fig. 1A). The
parental vector contained most of the P120 exon 6, the entire
intron F, and most of exon 7. A similar construct containing
P120 exons 5 through 8 is known to splice accurately in vivo
(16), and exon 6 is spliced to exon 7 accurately in vitro (11, 42).
For the NRS-P120 chimeras, the P120 exon 6 and 61 nt of the
99-nt intron were replaced with NRS sequences. The NRS
fragment contained nt 719 to 979 and so contained 61 nt
downstream of the putative U11 5’ ss such that if the site were
active, the intron would be the natural size of P120 intron F, 99
nt. As controls, additional constructs contained the RG11 NRS
mutation that abolishes U1l binding and splicing inhibition
(14) and would be expected to abrogate minor-class splicing; a
G-to-A change at the first nucleotide of the U11 consensus to
give an AT dinucleotide (AT), which should not affect U1l
binding or function (11); a GT-to-T'C change at positions 1 and
2 (TC) which would abolish splicing but would not be predicted
to significantly affect U11 binding; and CT67GA and TT78AA
mutations that are known to abolish P120 splicing (20). The
constructs were transfected into 293 cells, and the extent of
splicing was assessed by subjecting the harvested RNA to RT-
PCR with an RT primer to downstream vector sequences, and
PCR primers to upstream vector sequences and downstream
P120 exon 7, sequences common to all constructs. Control
reactions which lacked RT showed that the PCR signals were
due to expression of transfected plasmids rather than endog-
enous P120 mRNA or DNA (data not shown).

As expected for the P120 RNA, RT-PCR products of the
size expected for unspliced and spliced RNA were observed,
with the spliced product predominating (Fig. 1B, lane 1).
When P120 exon 6 and the upstream two-thirds of the intron
were replaced with the NRS, a band whose size was consistent
with utilization of the NRS U11 5" and P120 3’ splice sites was
observed (lane 2), and the splicing efficiency of the NRS-P120
chimera was similar to that for the P120 construct. Thus, pair-
ing the NRS with a minor-class 3’ ss activated splicing from the
NRS for the first time in our hands. Southern blotting with
intron and exon probes confirmed the conclusion that the
bands were derived from unspliced and spliced RNA (data not
shown). Significantly, the putative spliced product was not ob-
served with the RG11 mutant that fails to bind U11 snRNP in
vitro and that would be expected to abolish minor pathway
splicing (lane 3). Further support for the idea that splicing
occurred from the NRS Ul11 site stemmed from the result with
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FIG. 1. Splicing from the NRS to a Ul2-dependent 3’ ss. (A) Diagram of
P120 and NRS-P120 chimeric constructs. A two-exon construct containing the
human P120 gene exons 6 and 7 (open boxes) and intervening minor class intron
(line) were expressed from the RSV promoter (not shown). The minor-class 5’
and 3’ ss sequences are shown, and the nucleotide positions at the 5’ ss are
numbered. The NRS portions of the chimeric constructs are in gray, with the
thick and thin regions representing sequences upstream and downstream, re-
spectively, of the U11 site. The sequences of the NRS and mutant U11 sites are
shown, with the changes in lowercase and underlined. The diagram is not to
scale. (B) RT-PCR of RNA from transfected 293 cells. Below the gel is a
schematic of the RT and PCR primers. Total RNA (2 pg) was reverse tran-
scribed with a primer to common vector sequences, cDNA was subjected to PCR
with an upstream vector primer and a downstream P120 exon 7 primer (see
Materials and Methods), and the PCR products were resolved in an agarose gel
and stained with ethidium bromide. The image was captured electronically, and
the pixels were inverted. The names above the lanes refer to the constructs in
panel A. Mock, transfection with an empty expression vector; M, 100-bp mark-
ers. Bands corresponding to unspliced (Un) and spliced (Sp) are indicated on the
right.

the A-to-T mutation. If the observed splice had occurred by
aberrant Ul recognition of the GT dinucleotide associated
with the NRS Ul11 site, the AT mutation might be expected to
abolish splicing, whereas an A at the +1 position should have
little effect on minor-class splicing. Consistent with the latter
possibility, splicing was still observed with the AT mutation
(lane 4). In addition, three mutations expected to inactivate
the NRS U11 site, two of which should be highly specific to
Ul1 (CT67GA and TT78GA) (20), completely abolished the
spliced band. These data are most compatible with the NRS
splice occurring via the minor pathway at the predicted Ul1
site.

Still, the presence of several Ul-like 5’ ss sequences and the
previously observed Ul snRNP binding to the NRS (14), cou-
pled with the presence of a /GT rather than an /AT in the
minor 5" consensus, left open the possibility that the splicing
observed with NRS-P120 chimera resulted from the major
pathway via U1 snRNP, perhaps to one of several AG/ dinucle-
otides surrounding the P120 U12-dependent 3’ ss. To address
this, a number of independent cDNAs representing the NRS-
P120 spliced RNA were cloned and sequenced to determine
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FIG. 2. Allele-specific suppression of the CT67GA mutant splicing defect by
expression of compensatory U1l snRNA. (A) Potential base pairing interaction
between the NRS and U1l snRNA. The NRS CT67GA mutation and the Ul1
snRNA compensatory mutations (AG56CT and AA45TT) at the 5’ end of Ul1
are shown. (B) RT-PCR of RNA from transfected 293 cells was performed as
described in the legend to Fig. 1. Lanes 3 to 5 are reactions from the cells
transfected with the NRS CT67GA mutant. Indicated below is cotransfection
with an empty vector (—), or the AA45TT (45) or AG56CT (56) U1l snRNA
expression plasmid. The arrowhead indicates the spliced band restored by the
compensatory AG56CT Ul1 construct.

the splice junctions. Sequencing of the control P120 mRNA
showed accurate splicing (/AT to AC/), and the predicted NRS
/GT 5’ ss was always used in NRS-P120 mRNA, but in no
instance was the authentic P120 AC/ 3’ ss used (data not
shown; see Discussion). Rather, in the majority of cases the
splice junction was shifted two nucleotides downstream to an
AT/ dinucleotide (22 of 27 sequences), with five cDNAs show-
ing an AG/junction at +8. Interestingly, this apparent anomaly
might have been expected since this is exactly what is observed
when the 5’ ss is changed from AT to GT in P120 splicing;
however, the GT-to-AT and GT-to-AG splicing was still by the
minor pathway (11). As expected, sequencing of the NRS AT-
P120 cDNA showed accurate minor class splicing (AT to AC
[data not shown]). Thus, the sequencing data were highly sug-
gestive but not conclusive enough to unambiguously assign the
splicing observed with NRS-P120 to the minor pathway.
Recently, a genetic approach was taken to demonstrate that
Ul11 functionally interacts with the P120 5’ ss (20). Specifically,
the splicing defect of the CT67GA mutant 5’ ss was suppressed
by coexpression of a U1l snRNA gene harboring a compen-
satory mutation (AG56TC) predicted to reestablish base pair-
ing with the substrate. The base pairing potential of Ull
snRNA with the NRS is shown in Fig. 2A. To definitively show
that the minor pathway was utilized for NRS-P120 splicing, we
similarly coexpressed mutant Ull genes with the CT67AG
NRS-P120 chimera. As shown in Fig. 2B, a modest level of
splicing was restored to the CT67GA mutant chimera when the
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Ull AGS56TC gene (lane 5) was coexpressed. However, no
splicing was observed when an inappropriate Ul1 allele was
used (lane 4), indicating specific suppression of the NRS mu-
tation by the altered Ull snRNA. These data are strong evi-
dence that the splicing from the NRS in the chimera was by the
minor pathway.

NRS U1l snRNP binding mutant (CT67GA) still blocks
splicing. Having shown genetically that the U11 5’ ss associ-
ated with the NRS can function the correct context, we set out
to demonstrate that splicing inhibition was also mediated by
U11 snRNP. NRS inhibition activity was assessed by monitor-
ing the splicing efficiency in transfected 293 cells of a heterol-
ogous intron into which the NRS is inserted, as shown in Fig.
3A (26). The distance of the insertion site from the 5’ ss is
similar to the natural location of the NRS in RSV. Our expec-
tation was that the NRS CT67GA mutant would no longer
inhibit splicing and that splicing inhibition would be restored
by coexpression of the compensatory Ull snRNA. As ex-
pected, the NRS elicited splicing inhibition in an orientation-
specific manner (Fig. 3, lanes 3 and 4), and the RG11 mutation
eliminated splicing inhibition (lane 5), consistent with an elim-

5'ss probe 3'ss probe
44— RPA probe <4——
A. unspliced e
o spliced s—“—
h
[ 1—
pRSVNeo-int
/
NRS TGGTTTGTATCCTT
RG1l1 ...aactc.gg...
CT67GA ...........ga.
B. : C. ;
5'ss probe 3'ss probe
o NRS AN o+ o NRS AN
M P T - P« mp T o O
-
- e e
* |un Un
- '
"o, | —mm-- |
P P
1 2 3 45 6 7 12 3 4 5 6 7
%Unsp: 56 561 9 7 61 - %Unsp: 6 32 5 8 39 -
+/-SD: 4 8 4 4 12 +#-8D: 5 4 2 7 3

FIG. 3. The CT67GA NRS mutation does not impair NRS splicing inhibi-
tion. (A) Diagram of the pRSVNeo-int construct and RNase protection probes
used to measure NRS activity. Open boxes indicate Neo sequences, black boxes
represent the small portions of myc exons, and the line denotes the myc intron.
Above is a schematic of the RNase protection probes and protected fragments.
The shaded box represents NRS fragments that were inserted into the SaclI site
(S) of the myc intron of pRSVNeo-int. The sequence surrounding the U11 site
of the mutant and wild-type NRS fragments is shown. The dots indicate un-
changed bases; changes are in lowercase. The U11 site is overlined. (B and C)
RNase protection assays on RNA from transfected 293 cells. Total RNA from
293 cells transfected with the indicated constructs was used for RNase protection
with 5" ss (B) and 3’ ss (C) probes (see Materials and Methods), and protected
fragments were run on a 4% (B) or 6% (C) denaturing polyacrylamide gels and
visualized by autoradiography. M, markers; P, unprocessed probe; myc, pRSV-
Neo-int with no insert; + and —, sense and antisense orientations of the NRS;
RGI11 and CT67GA (67) NRS mutants; mock, RNA from mock-transfected
cells; Un and Sp, positions of bands representing unspliced and spliced RNA.
Below the lanes is the quantitated percent unspliced RNA as determined by
PhosphorImager analysis; the data are representative of at least three separate
experiments.
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FIG. 4. A Ul snRNP binding site overlaps the Ul1 site. (A) Diagram of
potential base pairing interactions (vertical lines) of U1 and U11 snRNA with the
NRS. The NRS Ul site is underlined; the U11 site is overlined; slashes indicate
where splicing would be predicted to occur if the sites were functional. (B)
Sequences of NRS and mutants used for affinity selection. To the right, bands in
panel C were quantitated with a PhosphorImager, and the intensity of each of the
U1 and U11 signals generated by the mutants was compared to that for wild-type
(WT) NRS RNA, which was set to 100%. (C) Affinity selection. Equal moles of
the indicated biotinylated RNAs were incubated in nuclear extract and affinity
selected with streptavidin-agarose beads, and snRNA components of snRNPs
associated with the NRS were extracted with phenol-chloroform (see Materials
and Methods). The extracted RNA was resolved in a denaturing polyacrylamide
gel, electroblotted to a nylon membrane, and hybridized with U1l and Ull
antisense riboprobes. Background binding to the beads was determined with
nonbiotinylated RNA (—). NE, Ul and U11 snRNA markers extracted from 3 .l
of nuclear extract. The positions of Ul and U11 are indicated on the right.

ination of U1l binding. Surprisingly, the CT67GA mutation
had no effect on splicing inhibition and sometimes resulted in
slightly more unspliced RNA. A similar result was obtained
with the TT78AA mutant (data not shown). Thus, the same
mutations that eliminated minor-class splicing in the NRS-
P120 chimera had no effect on splicing inhibition.

It was possible that the lack of inhibition observed with NRS
CT67GA was an artifact of using a probe to the 5’ ss to assay
splicing of the test intron. For example, the specific elimination
of Ull binding may have activated major-class splicing from
the NRS to the normal test intron 3’ ss such that the probe
would then be hybridizing to upstream exon sequences; the
full-length protected probe would no longer be diagnostic for
splicing. This was addressed by subjecting the same RNA to
RNase protection with a probe to the 3’ ss, the results from
which should differ from the 5’ ss probe data if cryptic splicing
is activated within the NRS. The results with the 3’ ss probe
mirrored those with the 5 ss probe (Fig. 3C), favoring the
conclusion that the CT67GA mutation failed to abolish splic-
ing inhibition. One interpretation is that the CT67GA muta-
tion may have had no effect on Ull binding and splicing
inhibition but selectively abolished the splicing potential of the
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chimeras used for Fig. 1 and 2. Alternatively, a factor other
than or in addition to Ull snRNP may be responsible for
splicing inhibition by the NRS.

snRNP binding to the NRS. In addition to having four
changes in the Ull binding sequence rather than the two
changes present in CT67GA, the original U11 binding muta-
tion, RG11, contains three other changes immediately up-
stream of the U11 site (Fig. 1A) which could be the source of
the different inhibition activities observed above for the two
mutations. Interestingly, this sequence is similar to a Ul-type
5" ss (TG/GTTTGT versus the AG/GTRAGT consensus), and
the NRS is known to bind U1 (14) although the binding site(s)
has not been identified. Thus, the RG11 mutation might si-
multaneously affect U11 and U1 binding sites. The base pairing
potential of Ul and Ul11 is shown in Fig. 4A. This possibility
was directly addressed by examining the effect of RG11 on U11
and Ul snRNP binding. Biotinylated RNA transcripts of the
NRS and a number of mutants (Fig. 4B) were incubated in
nuclear extract and affinity selected with streptavidin agarose,
and the associated snRNPs were identified by Northern blot-
ting of extracted RNAs. A representative result is shown in Fig.
4C, and the percentage of Ul and U11 binding of the mutants
relative to the wild type is presented in Fig. 4B. We recently
reported that U1l snRNP is poorly selected by NRS nt 701 to
932 (9), but as shown in Fig. 4C, U11 binding to NRS nt 701 to
1011 is much more efficient (lane 3 and data not shown). When
RGI11 was used, the Ull signal was virtually eliminated, as
expected, but the Ul signal was also decreased by about 90%
(lane 4). In contrast, the Ul1-specific mutations CT67GA and
TT78AA also eliminated U1l binding but resulted in more

A.
NRS TG/GTTT/GTATCCTI
RGl1l .. .aac tc.gg...
AT .. cvee Qeceoecas
TC ¢¢ ¢eee tCuvewewe
67 . ceet ce...ga.
78 v teee ceees.aa
mUl .38 «Cetv eececeen
B. N
N
PMe * - <@ AT Tc 67 78 mut @d’r

""’.“”“. Sp

1 2 3 4 5 6 7 8 9 10 1
%Unsp: 6 51 9 7 12 8 61 58 10 —
+#-SD: 4 8 4 4 9 6 12 11 3

FIG. 5. Selective mutation of the Ul site severely reduces NRS splicing
inhibition. (A) The sequence of the U1 and U11 sites of the NRS is shown at the
top. Slashes indicate where splicing would occur if the sites were used. Below are
sequences of the mutants, with mutations in lowercase and unchanged bases
indicated as dots. The Ul site is underlined; the Ul1 site is overlined. The
fragments were inserted into the Sacll intron site of pRSVNeo-int. (B) RNase
protection assay on RNA from transfected 293 cells. Total RNA from 293 cells
transfected with the indicated constructs was used for RNase protection with the
5’ ss probe as for Fig. 3B. Un and Sp, positions of bands representing unspliced
and spliced RNA. Below the lanes is the percent unspliced RNA as determined
by PhosphorImager analysis; the data are representative of at least three sepa-
rate experiments.
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GTGGGGAGTG/AAGAAGAAC  Spliced

FIG. 6. Productive splicing from a consensus NRS Ul site. (A) Schematic of
pRSVNeo-int, 5" and 3’ ss probes, and NRS insertion site. Relevant sequences
of the NRS (U1 site underlined, U11 site overlined) and mutants inserted into
the Sacll site (S) of the pRSVNeo-int test intron are shown. Dots indicate
unchanged bases; changes are in lowercase; slashes (/) indicate where splicing
would be predicted to occur if the Ul or Ull sites were functional. For the
spacer (Spc) construct, the U1 and U11 sites were separated by 22 nt. (B and C)
Results of RNase protection assays on RNA from transfected 293 cells obtained
with the 5’ ss and 3’ ss probes, respectively (note the difference in lane order).
Below the lanes is the quantitated percent unspliced RNA as determined by
PhosphorImager analysis; the data are representative of at least three separate
experiments. Un and Sp, positions of bands representing unspliced and spliced
RNA. (D) Sequence of cDNA from spliced RNA. The cut RNA samples used for
panels B and C were subjected to RT-PCR, and the PCR products corresponding
to spliced RNA were sequenced. The relevant sequence of the NRS and myc 3’
ss is shown. Intron sequences are represented by dots, the terminal myc nucle-
otides are in lowercase, and the myc exon sequence is in uppercase.

efficient U1 binding (lanes 5 and 6). These results suggest that
a Ul binding site is very close to the Ull site. Also, the
increased Ul binding to the U11 mutants suggests that the two
snRNPs compete for binding to the same region and perhaps
to overlapping sequences.

One prediction of the overlapping binding site model is that
U11 binding would be unaffected by the AT mutation but that
since the mutated G is at the important +5 position for Ul
(28), U1 binding would be affected. As predicted, Ul binding
to AT was greatly reduced whereas U11 binding was largely
unaffected (Fig. 4C, lane 7). Additionally, the TC and GC
mutations had severe and mild effects on Ul binding, as ex-
pected (lanes 8 and 9). Surprisingly, these two mutations also
eliminated U11 binding, indicating that changing the second
position in the U1l consensus, which is not predicted to con-
tribute to base pairing interactions with U11, nonetheless has
a significant impact on U1l binding in this assay. The mU1
mutant, which should specifically reduce Ul binding, nearly
eliminated U1 binding and resulted in a small but reproducible
increase in U11 binding (lane 10). Thus, mutations designed to
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impact binding of both snRNPs, and likewise mutations tar-
geted to one or the other snRNP, had the predicted effects.
These data support the view that Ul and U1l binding sites
overlap, sharing a central GT. Therefore, it is possible that the
effect of previous mutations on NRS function might have been
through disruption of U1 binding rather than Ul1, or both.

U1 snRNP binding correlates with splicing inhibition. Hav-
ing shown that the CT67GA mutation retains inhibitory activ-
ity (Fig. 3) and that the RG11 mutation affects both U11 and
U1 snRNP binding (Fig. 4), we used selected mutants to de-
termine the effect of mutating the putative U1 site while pre-
serving U11 binding on NRS splicing inhibition (Fig. SA). The
wild-type NRS and RG11 served as positive and negative con-
trols. As shown in Fig. 5B, compared to the wild type (lane 3),
unspliced RNA accumulation was decreased substantially
when the RG11, AT, TC, and mU1 mutants were inserted into
the test intron at the Sacll site (lanes 5 to 7 and 10). This
finding is consistent with the loss of U1 binding for each (Fig.
4C) but would not expected for AT and mU1 if U1l contrib-
utes to splicing inhibition. The level of unspliced RNA with the
Ul1-specific CT67GA and TT78AA mutants was similar to or
slightly higher than the wild-type level (lanes 8 and 9), again
suggesting that U11 binding in not required for splicing inhi-
bition. These results establish a correlation between splicing
inhibition and Ul binding and indicate that U1l binding is of
less importance.

A consensus Ul site activates splicing from the NRS. The
NRS Ul site deviates from the consensus U1 5’ ss at positions
—2, +3, and +4. Since the above results indicated that Ul
binding is important for splicing inhibition, the constructs in
Fig. 6A were used to determine if altering the NRS Ul site to
match the consensus would result in more potent splicing in-
hibition. Both a mutant containing a consensus Ul site and the
normal overlapping U11 site (cU1) and a construct harboring
the U11 CT67GA mutation and the improved Ul site (cU1-67)
appeared to inhibit splicing more efficiently than wild type
when assayed with the 5’ ss probe (Fig. 6B; compare lanes 5

A NRs [T ]
APu | [ ]
mut [T ] X1
B. $100
NE $100 1ug SR
— WTAPumU1 — WTAPumU1 — WT APumU1
®
. =
@& e = (U

- ..
aSee - .. . = |un

345 6 7 8 9 10 11 12 13 14

FIG. 7. The NRS purine-rich region and SR proteins promote Ul snRNP
binding to the NRS. (A) Diagram of the constructs used in biotin-streptavidin
affinity selection experiments. The larger and smaller shaded regions indicate the
NRS purine-rich region and snRNP binding sites, respectively. (B) Affinity se-
lection experiment. The indicated biotinylated RNAs (—, nonbiotinylated NRS
RNA) were incubated in nuclear extract (NE; lanes 3 to 6), S100 (lanes 7 to 10),
or S100 supplemented with SR proteins (lanes 11 to 14), and the complexes
assembled on the RNA were affinity selected with streptavidin-agarose. Bound
nucleic acids were released by treatment with proteinase K and phenol extracted,
and RNA was electroblotted to a nylon membrane and hybridized with U1 and
Ul11 antisense riboprobes. snRNA markers were extracted directly from nuclear
extract or S100 (lanes 1 and 2). The positions of Ul and U11 are indicated to the
right.
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and 6 to lane 3). The Ull site was also changed to the Ul
consensus in the cU1 background, generating two overlapping
Ul sites. Again, a higher than normal level of inhibition was
observed (data not shown). The Ul and Ul11 sites were also
separated by 22 nt to relieve competition, but this construct
(Spc) produced normal levels of unspliced RNA. Thus, it ap-
peared that a stronger Ul site resulted in increased splicing
inhibition efficiency. However, as in Fig. 3, the result with the
5" ss probe would be artifactual if the consensus Ul sites were
actually used for splicing. When the same RNAs were used in
RNase protection assays with the 3’ ss probe to control for this
possibility (Fig. 6C), roughly 90% of the RNA appeared to be
spliced when a consensus Ul site was present (lanes 6 and 7).
These data are consistent with splicing occurring from the NRS
in the mutants containing a consensus Ul site. This possibility
was confirmed by sequencing RT-PCR products generated
from the same RNA. The size of the products was consistent
with splicing from the NRS to the myc 3’ ss (data not shown)
and the sequence indicated splicing from the consensus Ul
sites to the normal myc 3’ ss of the test intron (Fig. 6D). We
conclude that the NRS Ul site must be suboptimal to inhibit
splicing; consensus sites are productively used.

The NRS purine region and SR proteins promote snRNP
binding to the NRS. The purine-rich NRS5’ binds SR proteins,
possesses RNA splicing enhancer activity, and is required for
splicing inhibition. We previously proposed that the purine
region might function by promoting snRNP binding to the
NRS (23). However, in nuclear extract only a small positive
effect of NRS5" on U11 binding has been observed. The above
data indicated a primary role for Ul in splicing inhibition and
led us to examine the effect of the purine region on U1 binding,
using the affinity selection assay and the RNAs shown in Fig.
7A. As shown above, Ul and U11 were efficiently selected by
the NRS (Fig. 7B, lane 4), whereas the mU1 mutation sub-
stantially reduced U1 binding while modestly increasing U11
binding (lane 6). The NRS lacking the purine region (APu)
again selected U11 with only slightly reduced efficiency, but U1
binding was strongly affected (lane 5). These results suggest
that Ul binding is more strongly influenced by the purine
region, and by extension SR protein binding, than U11.

We directly investigated the role of SR proteins in Ul and
U11 binding with an S100 extract that lacks SR proteins (47).
Binding of both snRNPs was strongly reduced in S100, regard-
less of the substrate used (Fig. 7B, lanes 8 to 10), which sug-
gests but does not prove that SR proteins promote binding of
Ul and Ull. When 1 pg of total SR proteins purified from
HeLa cells was added to S100, binding of U1 was rescued, but
only in the presence of the purine region and an intact U1 site
(lanes 12 to 14). In contrast, U11 binding was not restored in
$100, even with the addition of up to 8 pug of SR proteins (data
not shown). It appears that in addition to SR proteins, U1l
binding requires another factor(s) that is not present in S100.
Given that U11 binding is less dependent on the purine region
and that NRS activity in vivo requires the purines, these results
are most consistent with a primary role for Ul in splicing
inhibition.

DISCUSSION

Three snRNPs have been shown to interact with the NRS:
Ul and U2 snRNPs of the major splicing pathway, and Ul1
snRNP of the minor pathway. Deciphering which snRNPs are
required for splicing inhibition is important for understanding
the mechanism by which the NRS ultimately blocks splicing.
Several observations have suggested a primary role for Ull
snRNP in NRS-mediated splicing inhibition. First, U1l bind-
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ing to the NRS is dependent on a critical sequence that
matches the minor class 5’ ss consensus to which U11 is known
to bind, and mutation of this sequence abolished splicing in-
hibition of a heterologous intron in vivo (14). Further, assem-
bly of an RNP complex on the NRS in vitro, NRS-C, is partially
dependent on an intact U11 site (7). Less certain were the roles
for Ul and/or U2 snRNP, since their binding sites within the
NRS had not been identified and thus mutational studies had
not been possible. U2 snRNP is not required for NRS-C as-
sembly in vitro (9), which can be taken as evidence against a
role for U2 in NRS activity. In contrast, disruption or seques-
tration of Ul snRNP results in a large decrease in NRS-C
assembly (9). This result suggested a role for Ul in NRS
activity; however, without functional data, it was possible that
in vitro binding to the NRS reflected the high abundance of U1
in nuclear extract. Surprisingly, the results reported here pro-
vide strong evidence that a Ul-type 5’ ss overlaps the U11 site
and that Ul snRNP is, in fact, more important than Ul1 for
splicing inhibition.

We speculated that our inability to force splicing from the
NRS in numerous contexts, despite its binding of splicing fac-
tors, stemmed from the fact that it was always paired with
major-class splice sites which are thought to be incompatible
with minor-class splicing (19). Our results indicate that minor-
class splicing can occur efficiently from the NRS via Ull
snRNP provided that a Ul2-dependent 3’ ss is supplied. Se-
quencing of chimeric cDNAs showed that the /GT of the NRS
U11 site was used but the natural P120 AC/ 3’ ss was not.
Rather, a cryptic TG/ 2 nt downstream from the 3’ ss was
preferentially used along with a nearby AG/ dinucleotide that
is characteristic of the major pathway. Dietrich et al. (11)
recently showed that mutation of the P120 gene U11 5’ ss to
GT, which matches the NRS sequence, results in cryptic splic-
ing to the very same 3' TG/ and AG/ dinucleotides and that
splicing was by the minor pathway. This work, our demonstra-
tion that NRS CT67GA-P120 splicing could be restored in an
allele-specific manner by expression of a compensatory Ull
snRNA, and accurate minor-class splicing from the AT-P120
construct provide strong evidence that the NRS splice was by
the minor pathway. Interestingly, Weldon and Wills (45) de-
tected a splice from the /GT of the NRS Ul1 site to cyto-
chrome ¢ sequences in an expression vector where the yeast
cytochrome ¢ gene replaced PR in the RSV gag gene. The 3’ ss
junction was an AG/ dinucleotide characteristic of a major
class splice, but 8 nt upstream is a close match to the Ul2-
dependent branch point sequence, suggesting that this splice
was also by the minor pathway and that the cyt gene sequences
fortuitously provided a U12 site. We generalize these observa-
tions and suggest that splicing from the NRS does not normally
occur unless a Ul2-dependent 3’ ss is provided. We are un-
aware of any instance where a major class splice has occurred
from NRS, despite the many configurations that have provided
a U2-dependent 3’ ss. Until this study, these results were
consistent with previous models of a role for U1l snRNP in
NRS-mediated splicing inhibition.

Based on the results with the NRS-P120 chimera, we fully
expected the CT67GA mutation to abolish splicing inhibition,
just as it had abolished splicing of the chimera. Surprisingly,
CT67GA had no effect on splicing inhibition. The demonstra-
tion that the mutation rendered U11 binding almost undetect-
able indicates that U11 is not required for, and perhaps is not
involved in, NRS-mediated splicing inhibition. This suggested
that binding of a factor in addition to Ul1 is disrupted by the
original RG11 mutation, and that factor appears to be Ul
snRNP. Four observations suggest a major role for Ul snRNP
binding in splicing inhibition by the NRS. First, the mutations
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that selectively disrupted U1 severely reduced splicing inhibi-
tion and slightly increased U1l binding. This finding is in
conflict with a predominant role for U11. Second, mutations
that disrupted U11 binding resulted in an increase in U1 bind-
ing, and these mutants often showed enhanced splicing inhibi-
tion. Third, we previously showed that NRS5" binds SR pro-
teins (24) and harbors splicing enhancer activity (23) and
proposed that this region is responsible for recruiting snRNPs
to the NRS. Our findings here that the NRS purine-rich region
and SR proteins are required for efficient U1 binding, but less
so for U11, is consistent with a principal role for Ul snRNP in
inhibition. Fourth, incapacitation of U1l has a dramatic affect
on assembly of the NRS complex in vitro (9), and selective
mutation of the U1 site, but not Ull, abolished an in vitro
interaction with a U2-dependent 3’ ss (see below) (8).

While our data suggest that Ul is of primary importance for
the NRS, it is still possible that U11 snRNP can inhibit major
pathway splicing to a lesser degree. Mutations which disrupt
binding of both Ul and Ul1 abolished residual inhibitory ac-
tivity often seen with the U1 binding mutant, indicating that a
low level inhibition could be due to Ull. Also, a moderate
level of inhibition was observed when the Ul binding mutants
were inserted at a proximal intron position (24a). Additionally,
the authentic P120 minor 5’ ss region inhibits splicing of this
construct to roughly the same degree as the mU1 mutant, but
again only when inserted at the intron proximal site (24a). In
these latter cases, it remains to be determined if the U11 site
is required or if the inhibition can be attributed to secondary
U1 sites. The very weak activity of Ul binding mutants when
placed in the test intron at a position similar to the native NRS
location also calls into question the significance of U11 binding
for the virus. We are currently incorporating specific U1l and
Ul1 site mutations into the virus in order to assess their effect
on viral replication.

How might U1 snRNP bring about splicing inhibition when
bound to the NRS? Put another way, why, once it is bound,
does splicing not occur from the NRS to U2-dependent 3’ ss?
While these questions remain unanswered, it does appear that
the NRS Ul site must be in a suboptimal form, since convert-
ing it to a consensus 5’ ss activated splicing. There is also no
evidence for collaboration with U11, since in its absence inhi-
bition was efficient. We previously proposed that the NRS
might block splicing by the formation of a nonproductive com-
plex between factors bound to the NRS and the 3’ ss and
hypothesized that U1l snRNP would be involved (23). The
results of Cook and McNally (8) indicate that an interaction
does occur but that it is not through U11, at least not in vitro.
Rather, they showed that Ul engages in an early interaction
with factors associated with the branch point/pyrimidine tract
of an adenovirus U2-dependent 3’ ss. Inhibition might take
place at this early stage directly through U1, which could arrest
spliceosome assembly. Alternatively, the observation that an
adenovirus splicing substrate harboring the NRS in the intron
failed to splice in vitro yet assembled abnormally large RNP
complexes with full spliceosomal snRNP representation argues
that inhibition may take place at subsequent spliceosome as-
sembly steps, perhaps through other snRNPs and/or non-
snRNP factors. These issues are currently being investigated in
our laboratory.
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