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In in vitro splicing reactions, influenza virus NS1 mRNA was not detectably spliced, but nonetheless very
efficiently formed ATP-dependent 55S complexes containing the Ul, U2, U4, U5, and U6 small nuclear
ribonucleoproteins (snRNPs) (C. H. Agris, M. E. Nemeroff, and R. M. Krug, Mol. Cell. Biol. 9:259-267,
1989). We demonstrate that the block in splicing was caused by two regions in NS1 mRNA: (i) a large intron
region (not including the branchpoint sequence) and (ii) an 85-nucleotide 3' exon region near the 3' end of the
exon. After removal of both of these regions, the 5' and 3' splice sites and branchpoint of NS1 mRNA
functioned efficiently in splicing, indicating that they were not defective. The two inhibitory regions shared one
property: splicing inhibition was independent of the identity of the nucleotide sequence in either region. In
other respects, however, the two inhibitory regions differed. The inhibitory activity of the intron region was
proportional to its length, indicating that the inhibition was probably due to size only. In contrast, the 3' exon,
which was of small size, was a context element; i.e., it functioned only when it was located at a specific position
in the 3' exon of NS1 mRNA. To determine how these intron and exon regions inhibited splicing, we compared
the types of splicing complexes formed by intact NS1 mRNA with those formed by spliceable NS1 mRNA
lacking the intron and exon regions. Splicing complexes were formed by using purified splicing factors. The
most definitive results were obtained under conditions in which only ATP-dependent presplicing 30S complexes
were formed with spliceable NS1 mRNA: intact NS1 mRNA still formed ATP-dependent complexes sediment-
ing at about 55S, even though the protein components needed for the formation of authentic 55S spliceosomes
were not present. We postulate that the NS1 mRNA intron and exon regions inhibit splicing by not allowing
NS1 mRNA to be folded properly into a substrate for splicing. In fact, the small 85-nucleotide-long 3' exon
region by itself may block proper folding of NS1 mRNA, as the ATP-dependent presplicing complexes formed
with NS1 mRNA lacking the intron region also sedimented aberrantly, at approximately 45S rather than 30S.
The possible role of the regions in the regulation of NS1 mRNA splicing in vivo is discussed.

During the initial phase of in vitro splicing, pre-mRNA
substrates are assembled into large 5OS-60S complexes con-
taining five small nuclear ribonucleoproteins (snRNPs), the
Ul, U2, U4, U5, and U6 snRNPs (4, 6, 9, 12, 26). The Ul
and U2 snRNPs bind to the 5' splice site and intron branch-
point of the pre-mRNA, respectively (5, 24, 34); the U5
snRNP probably binds to the 3' splice site (7, 25). These
large complexes, or spliceosomes, contain the products of
the first step in splicing, the 5' exon and lariat-3' exon (4, 6,
9, 12, 26).

Influenza virus NS1 mRNA is spliced to form a smaller
mRNA, NS2 mRNA. Because both the unspliced (NS1) and
spliced (NS2) mRNAs code for proteins, the extent of
splicing is regulated in infected cells such that the steady-
state level of spliced NS2 mRNA is only about 10% of that of
unspliced NS1 mRNA (13, 20, 21, 23). This type of splicing
regulation also occurs with retroviruses. In in vitro splicing
reactions, NS1 mRNA forms 55S complexes containing the
Ul, U2, U4, U5, and U6 snRNPs, but little or no catalysis of
the first step in splicing occurs (1, 28). The cause of this
block in catalysis was not determined, but the available data
argued against the involvement of the 5' and 3' splice sites
and branchpoint of NS1 mRNA in this block. NS1 mRNA
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contains consensus 5' and 3' splice sites, and the 5' splice
site was shown to be functional in an NS1-3-globin chimeric
precursor (28). Further, the association of the Ul, U2, and
US snRNPs with the NS1 mRNA in the 55S complexes
suggested that these snRNPs bind to the 5' splice site, 3'
splice site, and branchpoint of NS1 mRNA (1). On the basis
of these observations, it was postulated that some other
regions in NS1 mRNA blocked the catalysis of splicing.

In this study, we identify two such regions: (i) a large
intron region (not including the branchpoint) and (ii) an
85-nucleotide 3' exon region near the 3' end of the exon.
After removal of these regions, the 5' and 3' splice sites and
branchpoint of NS1 mRNA function efficiently in splicing.
Our results indicate that these two regions block splicing by
causing the formation of aberrant presplicing complexes that
sediment more rapidly than do authentic presplicing com-
plexes.

MATERIALS AND METHODS

Construction of NS1 mutants. The NS1 deletion mutant
A153-465 was derived from plasmid pSP64-NS1 (27) by
digestion of the full-length NS1 gene (a BamHI fragment)
with DdeI, followed by religation and cloning into BamHI-
cut pSP64, thereby deleting bases 153 to 465. Intron dele-
tions A347-469, A153-325, A246-428, and A192-428 and exon
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deletions A775-829, A775-860, and A606-694 were generated
by in vitro mutagenesis. Construct intron R.C. (reverse
complement) was generated by reinserting the NS1 DdeI
fragment (comprising nucleotides 153 to 465) in the opposite
orientation into DdeI-cut NS1 deletion mutant D153-465.
The 3' exon R.C. construct was made by first introducing
unique EcoRI restriction sites at positions 775 and 860 of the
NS1 gene by in vitro mutagenesis. Then, the 775-to-860
EcoRI fragment was reinserted in its opposite orientation.
To make the NS1 intron replacement clone, a 322-bp Scal-
SspI restriction fragment from plasmid vector pGEM1 was
blunt-end ligated into the unique CvnI site of the NS1
A153-465 deletion mutant generated by the ligation of the
two DdeI fragments. The 3' exon replacement clone, in
which 85 nucleotides from the 3' exon of a human 1-globin
pre-mRNA (H1A6) were substituted for NS1 3' exon nucle-
otides 775 to 860, was generated by using the polymerase
chain reaction. Chimeric plasmid pSP64-5'NS1/3'GL, gener-
ated from plasmids pSP64-NS1 and pSP64-HPA6, has been
described previously (28). Plasmid pSP64-5'NS1/intron NS1/
3'GL was constructed by cutting pSP64-5'NS1/3'GL (28)
with NspHI and ligating the resulting two fragments with a
415-bp NspHI fragment from the intron of pSP64. This
415-bp NspHI fragment was generated after introduction of
an NspHI restriction site at position 489 of the NS1 gene in
pSP64 by in vitro mutagenesis.
SP6 transcription. In vitro transcripts labeled with 32P at a

high specific activity (1 x 107 to 5 x 107 cpm/,Pg) were
synthesized in 50-pl reaction mixtures containing 2 P,g of
linearized DNA template, 40 mM Tris-HCl (pH 7.4), 6 mM
MgCl2, 4 mM spermidine, 10 mM dithiothreitol, 50 U of
RNasin, 400 p,M ATP, 400 pM CTP, 150 ,uM GTP, 500 puM
m7GpppG, 50 P,M [a-32P]UTP (40 Ci/mmol), and 15 U of SP6
RNA polymerase (Bethesda Research Laboratories) (1).
Globin pre-mRNA and NS1 pre-mRNAs with full-length 3'
exons were derived from SP6 plasmids linearized with
EcoRI (1, 28). NS1 pre-mRNAs with 3' exons truncated at
nucleotide position 715 were derived from SP6 plasmids
linearized with AsuII. An avian sarcoma virus (ASV) mini-
gene construct (10) was linearized with HpaI at a position
877 nucleotides from the SP6 transcription start site. The
labeled transcripts were isolated by electrophoresis on 5%
polyacrylamide-8 M urea gels, electroelution, and ethanol
precipitation.

In vitro splicing reactions. Splicing reaction mixtures, in a
final volume of 50 pl, containing 20 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES)-KOH (pH
7.6), 3.2 mM MgCl2, 3% polyethylene glycol, 0.5 mM ATP,
2 mM dithiothreitol, 20 mM creatine phosphate, 4 p,g of
creatine phosphokinase per ml, 5 x 105 cpm of labeled RNA
transcript, and 25 pl of HeLa cell nuclear extract, were
incubated at 30°C for 2 and 4 h (1). The nuclear extract was
prepared as previously described (8). The reactions were
terminated by the addition of 0.2 ml of 2x PK buffer (200
mM Tris-HCI [pH 7.4], 25 mM EDTA, 300 mM NaCl, 2%
sodium dodecyl sulfate) and water to 0.4 ml. Pronase was
added to 200 p,g/ml, and the mixtures were incubated at 37°C
for 30 min. Samples were then extracted with phenol-
chloroform-isoamyl alcohol (25:24:1) and chloroform-
isoamyl alcohol (24:1) and precipitated with ethanol. The
precipitates were redissolved in a solution containing 80%
formamide, 10 mM piperazine-N,N'-bis(2-ethanesulfonic
acid) (PIPES; pH 6.4), 1 mM EDTA, 0.05% bromophenol
blue dye, and 0.05% xylene cyanol and analyzed on poly-
acrylamide-8 M urea gels. 32P-labeled HinfI-digested
pBR322 DNA fragments were used as molecular weight

markers. Densitometric scanning of autoradiograms was
performed, and the percentage of total RNA spliced was
determined after correcting for the sizes of the unspliced and
spliced RNA species.

Sucrose gradient analysis of spliceosomes. Splicing reaction
mixtures (50 pI) contained 0.4 mM ATP, 10 mM creatine
phosphate, 2.5 mM MgCl2, 50 mM KCl, 10% glycerol, 10
mM HEPES-KOH (pH 7.9), 0.05 mM EDTA, 0.25 mM
dithiothreitol, 2.6% (vol/vol) polyvinyl alcohol (Sigma type
2), and 106 Cerenkov cpm of uniformly labeled pre-mRNA
(40 fmol). Where indicated, ATP and creatine phosphate
were omitted. The following amounts of partially purified
splicing factors (19, 32) were included in the reaction mix-
ture: 4 p,l of SF1, 1 pI of SF2, 2 pl of SF3, 2 pl of U2AF, 4
,u of U1/U5 snRNPs, and 2 ,ul of U2/U4/U6 snRNPs. Where
indicated, SF2 was omitted. The purity and characterization
of these partially purified splicing factors are described
elsewhere (19, 32). The samples were incubated at 30°C for
2 h and then layered onto 5-ml 10 to 30% sucrose density
gradients containing 100 mM KCl, 3 mM MgCl2, and 10 mM
HEPES-KOH (pH 7.6) (1). Gradients were centrifuged in an
SW50.1 rotor at 48,000 rpm at 4°C for 4.5 h, and 0.25-ml
fractions were collected from the bottom of the centrifuge
tube. A profile of the 32P-labeled RNA of each gradient was
obtained by Cerenkov counting of 50-pl aliquots of each
fraction. Yeast ribosomal subunits, run on a parallel gradi-
ent, served as sedimentation markers (6).

RESULTS

Sequences in two regions of NS1 mRNA are responsible for
the inhibition of splicing in vitro. Our initial strategy for
identifying the sequence(s) in NS1 mRNA that block its
splicing in vitro was based on our previous studies using
NS1-0-globin chimerase (28). A chimera containing the
,B-globin 5' exon and 5' splice site joined to NS1 sequences
starting 23 nucleotides downstream from the NS1 5' splice
site was inactive in splicing, indicating that the sequence(s)
that block splicing could be anywhere in the intron and/or 3'
exon of NS1 mRNA. In contrast, a chimera containing the
NS1 5' exon and 5' splice site joined to the intron and 3' exon
of 3-globin pre-mRNA (transcribed from plasmid pSP64-
5'NS1/3'GL) spliced very efficiently (Fig. 1, lane 1): about
50% of the precursor was spliced. Consequently, by insert-
ing intron and/or 3' exon sequences from NS1 mRNA into
the latter chimera, we should be able to determine which of
these sequences inhibit splicing. We first inserted 415 nucle-
otides of the NS1 intron into the intron of the chimera. This
caused a strong inhibition of splicing (Fig. 1, lane 2): only
about 5% of the precursor was spliced.

If intron sequences were solely responsible for the inhibi-
tion of the splicing of NS1 mRNA, then removal of these
sequences from NS1 mRNA itself should make it an efficient
substrate for splicing. Deletion of 312 nucleotides of the
intron did activate splicing of NS1 mRNA (Fig. 2A, lane 3),
but only about 10% of the NS1 mRNA precursor was spliced
to form NS2 mRNA. Because of the necessity of minimum
intron length for splicing (33), a larger intron deletion was
not made. This result suggested that there was a second
region of NS1 mRNA that contributed to the inhibition of
splicing. To determine whether this region was in the 3'
exon, the NS1 transcript lacking 312 nucleotides of the
intron was truncated by removal of the 3'-terminal 175-
nucleotide exon sequences plus 26 plasmid nucleotides. The
resulting transcript was spliced much more efficiently: 48%
of the precursor NS1 mRNA was spliced (Fig. 2A, lane 4).
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FIG. 1. Inhibition of the splicing of an NS1-globin chimeric
pre-mRNA by NS1 intron sequences. pSP64-5'NS1/3'GL and
pSP64-5'NS1/intron NS1/3'GL each linearized with EcoRI were
transcribed with SP6 RNA polymerase. The 5'NS1/3'GL (lane 1)
and 5'NS1/intron NS1/3'GL (lane 2) transcripts were incubated with
HeLa nuclear extract (50% [vol/vol]) for 2 h at 30°C in the presence
of ATP, creatine phosphate, and creatine phosphokinase. The RNA
samples were analyzed by denaturing gel electrophoresis on a 7%
polyacrylamide gel. The arrow indicates the position of the spliced
RNA species. The positions of the splicing intermediates are not
denoted. Here and in Fig. 2 to 5, sizes (in nucleotides) of the DNA
markers are shown at the left.

However, removal of these 3' exon sequences by them-
selves, without removal of the intron sequences, did not lead
to any detectable splicing (Fig. 2A, lane 2).
The identity of the spliced product was verified by reverse

transcription and DNA sequence analysis. The splice sites
used in vitro were the same as those used in infected cells
(data not shown) (21, 22). In addition, the branchpoint
residue used was determined by primer extension of the 3'
exon-intron lariat. The branchpoint was localized to an A
residue 20 nucleotides upstream from the 3' splice site (data
not shown). This is the same branchpoint that was previ-
ously identified in the extremely small amount of lariat
generated from intact NS1 mRNA in vitro (28). Conse-

quently, the 5' and 3' splice site and branchpoint sequences
of NS1 mRNA are functional in splicing but only after
removal of the indicated intron and 3' exon sequences.

Localization and characterization of the two inhibitory
regions. To localize the inhibitory regions within the intron
and 3' exon, various smaller deletions were made. Because
efficient in vitro splicing of NS1 mRNA required removal of
both intron and 3' exon sequences, all 3' exon deletion
mutants tested also had a truncated 3' exon. Splicing reac-
tions were carried out for 2 and 4 h at 30°C; the relative
amount of splicing obtained with the various deletions was
the same at both time points (data not shown).
The only intron deletion that yielded efficient splicing (of

about 50%) was the original 312-nucleotide-long deletion
(Fig. 3). Removal of either the 5' portion (A153-325) or 3'
portion (A347-469) of these 312 nucleotides led to barely
detectable levels of splicing. As the size of the intron
deletion was increased, the efficiency of splicing increased
from 5% (A246-428) (Fig. 3B, lane 2) to 26% (A172-428) to
48% (A153-465) (lane 3). Indeed, the efficiency of splicing
was directly proportional to the size of the intron deletion in
the 172- to 312-nucleotide-long range (Fig. 3C), indicating
that the inhibition by the intron sequence was most likely
due solely to the size of this sequence. The inhibition was
not sequence specific. When the 312-nucleotide-long intron
sequence was reinserted in the opposite orientation, splicing
was inhibited as efficiently as when this sequence was in its
normal orientation (Fig. 4B; compare lanes 1 and 2). In
addition, when the NS1 intron sequence was replaced by a
random sequence of the same size, splicing was inhibited to
the same extent (lane 3).

In contrast to the intron deletions, the exon deletions
identified a discrete inhibitory region (Fig. 5). In the absence
of a 3' exon deletion, splicing efficiency was only 11%. The
first 3' exon deletions tested were shorter 3'-terminal trun-
cations. Removal of only 61 3'-terminal exon nucleotides,
plus 26 plasmid nucleotides (mutant truncated at NS1 nucle-
otide 829, A829), did not increase splicing efficiency. This
finding indicated that this sequence, including the 26 plasmid
nucleotides, did not contribute to the inhibition of splicing.
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FIG. 2. Identification of NS1 inhibitory regions. (A) NS1 deletion mutants depicted in panel B were subjected to in vitro splicing analysis
as described in the legend to Fig. 1. Lanes: 1, wild-type NS1; 2, A3' exon; 3, Aintron; 4, A3' exon/Aintron. The expected positions of the
spliced RNAs are indicated by the black dots. (B) Schematic representation of NS1 deletion mutants. Open boxes represent the two exons,
the line between the boxes represents the intron, and the thick lines to the left and right of the boxes represent plasmid sequences. The splicing
efficiency of each pre-mRNA is indicated as a percentage of the total RNA spliced (see Materials and Methods).
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FIG. 3. Localization of the intron inhibitory region. (A) Schematic representation of intron deletions. Deleted introns are represented by
gaps. All intron deletions shown have truncated 3' exons (see Fig. 1). (B) In vitro splicing analysis of representative intron mutant
pre-mRNAs, carried out as described in the legend to Fig. 1. Lanes: 1, wild-type intron; 2, A246-428; 3, A153-465. The arrow indicates the
position of the spliced product. (C) Relationship between the size of the intron deletion and the efficiency of splicing.

In contrast, removal of 115 3'-terminal exon nucleotides
(mutant truncated at NS1 nucleotide 775) increased splicing
efficiency to 48% (Fig. 5B, lane 1), the same efficiency
observed with the larger truncation at NS1 nucleotide 715.
These results suggested that the inhibitory region was lo-
cated between nucleotides 775 and 829. Indeed, deletion of
the region between 775 and 829 activated splicing to more
than 40%. A larger deletion with the same 5' endpoint
(A775-860) resulted in slightly higher splicing efficiency, 44%
(lane 2). A deletion of the same size at another position in the
3' exon (A606-694) had essentially no effect on splicing
efficiency (lane 3), as was also the case for the 87-nucleotide-
long 3'-terminal deletion. These results indicated that the
inhibition caused by the 775-to-860 region was not simply
due to the small (85 nucleotide) increase in the size of the 3'
exon caused by the presence of this region and that the
inhibitory sequence was position specific.
The 775-to-860 sequence did not inhibit the splicing of NS1

mRNA when it was moved to the 5' exon, and this sequence
also did not inhibit the splicing of a different precursor,
3-globin pre-mRNA, when inserted into the 3' exon of this

precursor at a position comparable to its position in NS1
mRNA (data not shown). To determine whether a specific
sequence in the 775-to-860 region was required for inhibitory
activity, the sequence was reinserted in its opposite orien-

tation or was replaced by a random sequence of the same
size (from the ,B-globin 3' exon) (Fig. 6). In both cases, the
inhibition was comparable to that obtained with the original
775-to-860 sequence. These results indicated that the 775-to-
860 region most likely functioned as a context element, i.e.,
a position-specific, but not sequence-specific, element that
inhibited the splicing of NS1 mRNA but not of other
pre-mRNAs.

Effect of the splicing inhibitory regions on the formation of
splicing complexes. It was shown previously that despite the
almost total absence of splicing intermediates in the in vitro
reaction, intact NS1 mRNA efficiently formed ATP-depen-
dent 55S complexes containing the Ul, U2, U4, U5, and U6
snRNPs (1). If these 55S complexes represented authentic
spliceosome species that were, however, blocked in the
subsequent catalysis of splicing, then intact NS1 mRNA and
spliceable NS1 mRNA lacking the inhibitory exon and intron
sequences should form 55S complexes with similar, if not
identical, efficiencies. On the other hand, if these 55S
complexes represented aberrant species of splicing com-
plexes, then there would be qualitative or quantitative dif-
ferences in the types of complexes formed by intact and
spliceable NS1 mRNA. For these experiments, it was essen-
tial to use conditions under which the dissociation of spli-
ceosomes formed with spliceable pre-mRNAs was mini-
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FIG. 4. Characterization of the intron inhibitory region. (A) Schematic representation of NS1 intron constructs. All intron constructs
shown have truncated 3' exons (see Fig. 1). (B) In vitro splicing analysis of the pre-mRNAs containing the various intron constructs, carried
out as described in the legend to Fig. 1. Lanes: 1, wild-type intron; 2, intron R.C.; 3, intron replacement; 4, A153-465. The arrow indicates
the position of the expected spliced product generated from all four precursors.

mized. We used the partially purified splicing factors SF1,
SF2 (probably unrelated to the alternative splicing factor
SF2/ASF [11, 17]), and SF3, supplemented with U2AF and
the Ul, U2, U4, U5, and U6 snRNPs. Under these condi-
tions, splicing complexes, including functional spliceo-
somes, form, though not as efficiently as when crude nuclear
extracts are used (32). Catalysis, however, does not occur
unless another splicing factor, SF4, is added. In the presence
of the full complement of the partially purified splicing
factors, globin pre-mRNA and spliceable NS1 mRNA (lack-
ing the inhibitory intron and 3' exon inhibitory regions) were
spliced with similar, albeit relatively low, efficiencies (data
not shown). Others have used sucrose density gradients

A,
Exon Deiet,on:t

and/or nondenaturing gels to analyze splicing complexes (6,
10, 16, 26). However, we were unable to devise conditions
under which several of the splicing complexes, particularly
those containing the intact NS1 mRNA transcript, which is
964 nucleotides long, entered nondenaturing gels. Conse-
quently, it was possible to analyze the splicing complexes
only by using sucrose density gradients.

Intact NS1 mRNA and spliceable NS1 mRNA lacking the
inhibitory intron and exon sequences were each incubated
with the partially purified splicing factors (minus SF4) for 2
h at 30°C, and the reaction mixtures were analyzed on
sucrose density gradients (Fig. 7). With use of these purified
splicing factors, spliceable NS1 mRNA formed 55S spliceo-
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FIG. 5. Localization of the 3' exon inhibitory region. (A) Schematic representation of 3' exon deletions. Shortened boxes represent 3'
exons truncated by linearization of plasmid pSP64-NS1 with specific restriction enzymes. Gaps between boxes in the 3' exon represent
internal deletions. The nucleotide positions of these deletions in the NS1 gene are indicated after the A symbol (note that nucleotide 1 of the
NS1 gene starts at the beginning of the 56-nucleotide 5' exon). The diagonal lines present in the intron represent an internal deletion (312
nucleotides) of the intron. (B) In vitro splicing analysis of representative 3' exon mutant pre-mRNAs, carried out as described in the legend
to Fig. 1. Lanes: 1, A715; 2, A775-860; 3, A606-694. Arrows indicate the positions of the spliced products (bottom arrow for lane 1 and top
arrow for lanes 2 and 3).
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FIG. 6. Characterization of the 3' exon inhibitory region. (A) Schematic representation of 3' exon constructs. (B) In vitro splicing analysis
of the pre-mRNAs containing the various 3' exon constructs, carried out as described in the legend to Fig. 1. Lanes: 1, full-length 3' exon;
2, A775-860; 3, A775-860 R.C.; 4, 3' exon replacement. Arrows indicate the positions of the spliced products (arrow on the left for lanes 1
through 3 and arrow on the right for lane 4).

somes approximately as efficiently as did other spliceable
pre-mRNAs (32): about 10 to 15% of the input spliceable
NS1 mRNA was in 55S complexes (Fig. 7A). These 55S
complexes most likely correspond to spliceosomes because
they required ATP for their formation and contained splicing
intermediates when SF4 was included in the reaction mix-
ture (data not shown). Most (about 60%) of the input
spliceable NS1 mRNA was in 30S complexes, which most
likely corresponded to the ATP-dependent 30S presplicing
complexes described by others (9, 16) (see below). In
contrast to spliceable NS1 mRNA, intact NS1 mRNA effi-
ciently formed 55S complexes (Fig. 7B). As shown previ-
ously (1), the formation of these 55S complexes was ATP
and 3' splice site dependent. About 60% of input intact NS1
mRNA was in 55S complexes. Little or no 30S complexes
were formed. Consequently, the inhibitory intron and exon
regions in NS1 mRNA resulted both in an increase in the
amount of complexes sedimenting at 55S and in the virtual
elimination of 30S complexes.
These results suggested that the 55S complexes formed

with intact NS1 mRNA were aberrant complexes rather than
authentic spliceosomes that were blocked in subsequent
catalysis. To determine whether these aberrant complexes
formed during or after the formation of 30S presplicing
complexes, we carried out splicing reactions in the absence
of splicing factor SF2, conditions under which the formation
of presplicing complexes, but not spliceosomes, occurs (18,
19). As expected, spliceable NS1 mRNA lacking the intron
and exon sequences formed only ATP-dependent 30S pres-
plicing complexes (Fig. 8C). In contrast, intact NS1 mRNA
did not form 30S complexes (Fig. 8A). Rather, it formed
ATP-dependent complexes sedimenting at 55S, similar to the
sedimentation value of the complexes that were generated in
the presence of SF2 (conditions under which 55S spliceo-
somes form). The large S value of these splicing complexes
was not due to the size of intact NS1 mRNA because a
precursor RNA of approximately the same size as intact NS1
mRNA, an 877-nucleotide retrovirus pre-RNA that was
spliceable in vitro (10), formed only 30S presplicing com-
plexes (Fig. 8D). Some variation in the sedimentation values
of the pre-splicing complexes formed with intact NS1 mRNA
was observed depending on the amounts of the SF1, SF3,

U2AF, and snRNPs added to the reaction mixtures. Under
all conditions tested, however, the presplicing complexes
formed with spliceable NS1 mRNA sedimented at 30S. We
can conclude that intact NS1 mRNA formed aberrant pres-
plicing complexes which were incapable of being converted
to functional 55S spliceosomes, even though all five snRNPs
eventually become associated with the NS1 mRNA in these
complexes (1). To determine whether the 3' exon inhibitory
sequence contributed to the aberrant sedimentation value of
the presplicing complexes, NS1 mRNA lacking the inhibi-
tory intron sequence was used. The majority of the ATP-
dependent presplicing complexes formed with this RNA
sedimented at about 45S rather than 30S (Fig. 8B), indicating
that the 3' exon by itself caused the formation of aberrantly
sedimenting complexes.

DISCUSSION

In in vitro splicing reactions, influenza virus NS1 mRNA
forms 55S complexes containing the Ul, U2, U4, U5, and
U6 snRNPs, but little or no catalysis of the first step in
splicing occurs (1). We show here that when certain intron
and 3' exon regions are removed, the block in splicing is
alleviated, and the 5' and 3' splice sites and branchpoint of
NS1 mRNA function efficiently. Consequently, the 5' and 3'
splice sites and branchpoint sequence of NS1 mRNA are not
defective. This explains why all previous attempts to acti-
vate splicing of NS1 mRNA by changing its 5' and 3' splice
sites and branchpoint sequence in the presence of the
inhibitory intron and 3' exon elements were unsuccessful
(28). For example, changing the branchpoint sequence to
UACUAAC, which is complementary to the sequence in U2
snRNA that apparently base pairs with the branchpoint
sequence (25), had no effect (25a).
Both the intron and 3' exon regions had to be removed to

achieve optimum splicing efficiency. Removal of the 3' exon
region by itself did not lead to any detectable splicing,
whereas removal of the intron region by itself resulted in a
low level of splicing, about one-fifth the optimum splicing.
These two inhibitory regions shared one property: the splic-
ing inhibition was independent of the identity of the nucleo-
tide sequence in either region. Thus, splicing was also
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FIG. 7. Evidence that splicing inhibitory regions enhance the
formation of 55S complexes. Full-length NS1 mRNA and A3'

exon/Aintron (40 fmol of each pre-mRNA) were incubated for 2 h at
30°C with partially purified splicing factors SF1 (4 pl), SF2 (1 ,ul),
SF3 (2 ,ul), U2AF (2 ,ul), U1/US snRNPs (4 pA), and U2/U4/U6
snRNPs (2 p.l) in the presence of both ATP and creatine phosphate,
and the reaction mixtures were analyzed on 10 to 30% sucrose

gradients. The positions of the 30S and 60S ribosomal markers are
shown. (A) Spliceable NS1 mRNA; (B) intact NS1 mRNA. Broken
lines at the end of each gradient profile indicate that counts per
minute of subsequent fractions was higher than the scale shown.

inhibited when either the intron or 3' exon region was
inserted in the opposite orientation at the same position in
NS1 mRNA or when a random sequence was substituted for
the authentic NS1 intron or 3' exon sequence. In other
respects, however, the two inhibitory regions differed. The
intron inhibitory region was large, comprising at least 312 of
the total 472 nucleotides in the NS1 mRNA intron. In NS1
transcripts lacking the inhibitory 3' exon region, the effi-
ciency of splicing was proportional to the size of the intron
deletion, indicating that the inhibition was most likely
caused largely, if not totally, by the size of the intron. In
contrast, the inhibitory 3' exon region was discrete and small
and mapped to a specific position, between nucleotides

positions 775 and 860 in the NS1 mRNA sequence. Other
similar-size sequences in the 3' exon (nucleotide positions
606 to 694 and nucleotide positions 829 to 891) did not inhibit
splicing. This finding indicated that the inhibition was not
due to the small increase in the size of the 3' exon caused by
the 775-to-860 sequence and that the inhibitory sequence
needed to be located at a specific position in the NS1 mRNA
3' exon. Insertion of the 775-to-860 sequence into the 3' exon
of another pre-mRNA did not inhibit splicing, suggesting
that this sequence functions at its normal position only in the
3' exon of NS1 mRNA. In contrast, the intron region
inhibited the splicing of an NS1-0-globin chimeric pre-
mRNA, suggesting that the intron region would also inhibit
the splicing of other pre-mRNAs. In summary, the intron
region most probably inhibits the in vitro splicing of many
pre-mRNAs, including NS1 mRNA, primarily if not totally
because of its large size, whereas the 3' exon region, which
is of small size, most likely functions only when it is located
at a specific position in the 3' exon of NS1 mRNA.

Insight into the mechanism by which the intron and 3'
exon regions inhibit splicing was obtained from an analysis
of the formation of spliceosomes and presplicing complexes.
Spliceosomes, which sediment at 55S to 60S and contain the
Ul, U2, U4, U5, and U6 snRNPs and numerous proteins,
have two basic functions: (i) to fold a pre-mRNA into a
substrate for splicing, i.e., properly align the splice sites and
branchpoint sequence, and (ii) to catalyze the splicing reac-
tion. As shown previously, intact NS1 mRNA forms ATP-
dependent 55S complexes containing the Ul, U2, U4, U5,
and U6 snRNPs, but no catalysis occurs. The results pre-
sented here suggest an explanation for the lack of catalysis.
It should be emphasized that our experiments were carried
out with partially purified splicing factors obtained from
uninfected cells, so that only host and not influenza viral
factors were involved in the formation of splicing com-
plexes. Under splicing conditions in which spliceable NS1
mRNA (lacking the inhibitory intron and 3' exon regions)
formed only ATP-dependent 30S presplicing complexes,
intact NS1 mRNA formed ATP-dependent complexes that
sedimented at 55S rather than 30S. Thus, intact NS1 mRNA
formed complexes sedimenting at 55S whether or not the
protein components (i.e., splicing factor SF2) needed for the
formation of authentic 55S spliceosomes were present. This
result might be consistent with the binding of additional
proteins and/or snRNPs to the intron and 3' exon sequences
during the formation of presplicing complexes. However, it
would be surprising if such binding were independent of the
identity of the sequence in the intron and 3' exon regions. In
addition, UV cross-linking studies did not detect any addi-
tional protein species that bound to the intron or 3' exon
region during the formation of 30S presplicing complexes
(unpublished experiments). Alternatively, the aberrant sed-
imentation value of the presplicing complexes could indicate
that the splicing machinery was unable to fold intact NS1
mRNA properly because of the secondary structure con-
straints caused by the intron and by the 3' exon regions
themselves.

In fact, the small 85-nucleotide-long 3' exon region by
itself may block proper folding ofNS1 mRNA by the splicing
machinery, as the ATP-dependent presplicing complexes
formed with NS1 mRNA lacking the intron region also
sedimented aberrantly. These presplicing complexes sedi-
mented at about 45S rather than 30S. How might this small
3' exon region cause such an effect? One hypothesis is that
the 775-to-860 region in the 3' exon acts as a spacer to allow
adjacent regions of NS1 mRNA to interact to form a sec-

/
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FIG. 8. Aberrant presplicing complex formation by intact NS1
mRNA and by NS1 lacking the intron inhibitory region. Full-length
NS1 mRNA, NS1 mRNA lacking the intron inhibitory region
(Aintron), spliceable NS1 mRNA (A3' exon/A&intron), and an ASV
minigene pre-mRNA (10) were incubated for 2 h at 30°C with
partially purified splicing factors SF1 (4 .1l), SF3 (2 plA), U2AF (2 ,u1),
U1/U5 snRNPs (4 p1), and U2/U4/U6 snRNPs (2 pL1) in the presence
(El) or absence (E) of ATP and creatine phosphate, and the reaction
mixtures were analyzed on 10 to 30% sucrose gradients. The
positions of the 30S and 60S ribosomal markers are shown above
panel A and indicated in panels B to D by vertical dashed lines. (A)
Full-length NS1 mRNA; (B) NS1 intron mutant (A&intron); (C)

ondary structure that inhibits proper folding by the splicing
machinery, thereby inhibiting splicing. Removal of the 775-
to-860 region spacer would then be expected to eliminate the
possibility of the interaction of these adjacent sequences and
hence the formation of the inhibitory secondary structure.
Most of the data are consistent with such a model: the
inhibitory sequence most likely needs to be localized in the
775-to-860 region of the 3' exon, and any sequence in this
region is inhibitory to splicing. It is, however, difficult to
reconcile one result with this model. The NS1 transcript
truncated at nucleotide 829 was inhibited in splicing. In such
an NS1 mRNA molecule, the 775-to-829 sequence is at the 3'
end of the molecule and hence could not act as a spacer,
though it could conceivably influence the folding of the
adjacent 5' sequences. Clearly, further experiments are
needed to determine how this small 3' exon region causes the
formation of aberrantly sedimenting presplicing complexes
and the dramatic inhibition of splicing.

In influenza virus-infected cells, the extent of splicing of
NS1 mRNA is regulated such that the steady-state amount of
spliced NS2 mRNA is about 10% of that of unspliced NS1
mRNA (20, 23). This regulation most likely results from a
suppression in the rate of splicing coupled with the efficient
transport of unspliced NS1 mRNA from the nucleus (1, 2,
27, 30). Recent experiments have shown that the rate of
splicing of NS1 mRNA in infected cells is almost certainly
controlled solely by cis-acting sequences in NS1 mRNA
itself and is independent of trans-acting factors (2). Are the
intron and/or 3' exon regions that inhibit splicing in vitro
candidates for the cis-acting sequences that suppress splic-
ing in vivo? It is likely that the intron region functions only
in the in vitro splicing system. Other investigators have
found that it is necessary to shorten the intron of pre-
mRNAs that are efficiently spliced in vivo in order to obtain
efficient splicing in vitro, but these observations have not
been clearly documented in the literature. Apparently the in
vitro splicing system often does not efficiently splice pre-
mRNAs with large introns very well. At least in the case of
NS1 mRNA, the long intron apparently did not allow the
splicing machinery to fold NS1 mRNA properly during the
formation of presplicing complexes. In contrast, the small 3'
exon region might be a candidate for a cis-acting sequence
that suppresses splicing in vivo. In the presence of the 3'
exon region (and in the absence of the intron region), splicing
of NS1 mRNA in vitro occurs to a level of about 10%, which
is similar to the extent of splicing in influenza virus-infected
cells. Unfortunately, it will be difficult to test this possibility.
When NS1 mRNA is expressed with a DNA vector, trans-
port of NS1 mRNA is inefficient and it remains in the nucleus
for a relatively long time, where it is extensively spliced (2).
Hence, in such a system the rate of transport and not the rate
of splicing per se largely determines the extent of splicing.
To assess whether the 3' exon region also acts in vivo, the
appropriate 3' exon deletion will have to be introduced into
the genomic RNA of influenza virus by recombinant DNA
technology (24). However, because this will eliminate the
synthesis of a full-length NS2 protein, it is not clear whether
this approach is feasible.

Previous studies have indicated that exon and intron

spliceable NS1 mRNA (A3' exon/Aintron); (D) ASV pre-mRNA.
Broken lines at the end of each gradient profile indicate that the
counts per minute in of subsequent fractions was higher than the
scale shown.
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sequences in other pre-mRNAs influence splicing. For ex-

ample, exon sequences have been shown to affect the
utilization of 5' and 3' splice sites in 3-globin pre-mRNAs
(29). Also, with ASV RNA, intron and 3' exon sequences

have been reported to affect splicing efficiency (3, 14, 15).
With ASV RNA, the 3' exon sequence element was found to
enhance splicing efficiency (15), and deletion of this element
blocked spliceosome assembly in vitro (10). Splicing of the
third intron of P-element pre-mRNA is suppressed in so-

matic cells of Drosophila melanogaster, and this suppres-

sion involves the interaction of a 97-kDa protein with 5' exon
sequences (31). Hence, there may be various mechanisms by
which exon and intron sequences can affect splicing.
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