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We have previously shown that efficient excision of the upstream large intron from P4-generated pre-mRNA
of the autonomous parvovirus minute virus of mice depends upon at least the initial presence of sequences
within the downstream small intron (Q. Zhao, R. V. Schoborg, and D. J. Pintel, J. Virol. 68:2849–2859, 1994).
In this report, we show that the requirement of downstream small intron sequences is complex and that
efficient excision of the upstream intron requires at least one small intron donor and the 3* splice site. In the
absence of both small intron donors, a new spliced product is produced in which the intervening exon is
skipped and the large intron donor at nucleotide 514 is joined to a small intron acceptor. Exon skipping caused
by the loss of the two small intron donors can be overcome, and the excision of the large intron can be regained
by mutations that improve the large intron polypyrimidine tract. These results are consistent with a model in
which the binding of multiple splicing factors that assemble at both a downstream donor and acceptor
facilitates the binding of splicing factors to the weak polypyrimidine tract of the upstream large intron, thereby
defining the intervening exon and promoting excision of the upstream intron.

Alternative splicing of mRNA precursors (pre-mRNAs)
plays a fundamental role in the regulation of gene expression
in eukaryotic organisms. Frequently, it provides a mechanism
to produce structurally related but distinct proteins from a
single gene (25, 36). In some cases, patterns of alternative
splicing are regulated developmentally or in a cell-type-specific
fashion, whereas in others, they are constitutive.
Alternative splicing is accomplished by alternative selection

of splice sites that can be located at either the 59 or 39 end of
an intron. Comparison of intron sequences and subsequent
mutational analysis have demonstrated that the 59 and 39 ends
of introns are conserved (35); however, while the strength of a
splice site, as determined by its similarity to the consensus,
plays an important role in its selection, it is not sufficient to
determine its choice. It has been observed that splice sites with
great homology to the consensus sequence are not always used
as authentic sites, whereas seemingly weak splice sites are
chosen instead, suggesting that sequences other than the con-
served 59 (AG/GTAAGT) or 39 (CAG\G cleavage site, poly-
pyrimidine tract, and branchpoint) splice site sequences also
play essential roles in splice site selection (6). It has also been
demonstrated, in a growing number of cases, that sequences
within the adjacent exon (23, 32, 38), those within the adjacent
intron (other than those identified as the 59 or 39 splice site) (5,
15, 17, 19, 20, 41), and RNA secondary structure (13, 14, 37)
are important determinants for splice site selection.
We have been interested in examining the features that

govern the alternative splicing of the parvovirus minute virus of
mice (MVM) P4 promoter-generated pre-mRNAs. MVM is

organized into two overlapping transcription units which pro-
duce three major transcript classes, R1, R2, and R3, all of
which terminate near the right-hand end of the linear 5-kb
genome (Fig. 1) (1, 8, 31). Transcripts R1 (4.8 kb) and R2 (3.3
kb) are generated from a promoter (P4) at map unit 4 (31) and
encode the viral nonstructural proteins NS1 (83 kDa) and NS2
(24 kDa), respectively, utilizing the open reading frame in the
left half of the genome (11). Both NS1 and NS2 play essential
roles in viral replication and cytotoxicity (12).
Two types of introns exist in MVM P4-generated transcripts.

An overlapping set of downstream small introns, which is lo-
cated at map units 44 to 46, is common to both P4-generated
transcripts (R1 and R2) and P38-generated transcripts (R3).
Two small intron donors, denoted as D1 (AG/GTACGA) and
D2 (AG/GTAAGG), are located at nucleotides (nt) 2280 and
2317, respectively, and are very similar to the donor sequence
consensus (only the underlined residues are not conserved).
Two acceptors, denoted as A1 (TTACCTGTTTTACAG\G)
and A2 (AATCACTTGGTTTAG\G), are located at nt 2377
and 2399, respectively. Both have well-conserved AG cleavage
sites but numerous purine interruptions (underlined) of their
polypyrimidine tracts (there are more interruptions in A2 than
in A1). Three splicing patterns (major [M], minor [m] and rare
[r]) are alternatively used to excise this small intron from each
transcript class, resulting in nine steady-state spliced MVM
mRNA species produced during infection (7, 21, 26). The
major splicing pattern (found in approximately 70% of the
spliced molecules of each transcript class) joins D1 to A1, a
minor splicing pattern (found in approximately 25% of the
molecules) joins D2 to A2, and a rare splicing pattern joins D1
to A2 (5%). The fourth splicing pattern, D2-A1, is not detected
in vivo (26), presumably because the distance between these
sites (60 nt) is shorter than the minimum suggested to be
required for successful excision of introns in mammalian cells
(30). Unspliced, polyadenylated R1 and R3 comprise a signif-
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icant portion of viral RNA detected in both nuclear and total
RNA preparations throughout MVM infection and after trans-
fection of MVM genomic plasmid clones (28, 34, 41).
An upstream large intron, which is located between map

units 10 and 39, is unique to P4-generated transcripts. This
intron utilizes a nonconsensus splice donor at nt 514 (AA/
GCAAGT) and has a poor polypyrimidine tract at its 39 splice
site (TATAAATTTACTAG\), which overlaps the TATA se-
quence of the capsid gene promoter P38 (deviations from
polypyrimidine tract consensus are underlined). We have pre-
viously shown that efficient excision of this intron depends
upon at least the initial presence of sequences within the down-
stream small intron in P4-generated pre-mRNAs (41). Im-
provement of the polypyrimidine tract of the upstream large
intron renders its efficient excision independent of the down-
stream intron, and prior excision of the small intron is unnec-
essary. These results suggest that the small intron plays a pri-
mary role in efficient excision of the large intron, perhaps as
the initial entry site(s) for an element(s) of the spliceosome,
which stabilizes the binding of required factors to the polypyri-
midine tract of the large intron.
In this study, we have performed an extensive mutational

analysis of both the upstream large intron polypyrimidine tract
and the downstream small intron in order to further charac-
terize their interaction. Our results show that both the small
intron 39 and 59 splice sites affect the efficient excision of the
upstream large intron from MVM P4-generated pre-mRNA,
suggesting that there is a complex interaction between the two
introns. These results are consistent with a model in which the
binding of multiple splicing factors to the downstream small
intron facilitates the binding of splicing factors to the weak
polypyrimidine tract of the upstream large intron (perhaps via
a network of exon-bridging protein-protein interactions),
thereby defining the intervening exon and promoting excision
of the upstream intron.

MATERIALS AND METHODS

Mutant construction. Construction of pNS2-1989, p4Tppt, p4TpptDN/P,
pDS/P, pDA/P, pDN/P, and pssD1(2) has been previously described (27, 39, 41).
Other mutations were constructed with m13-based oligonucleotide mutagenesis
as previously described (27) with the mutant oligonucleotides described below.
The template used to make the following mutations was an MVM fragment from
nt 1086 to 3521 cloned into m13mp19. After mutagenesis, a small fragment

containing the mutation was substituted back into the plasmid clone of MVM, or
in some cases pDN/P, by standard techniques and sequenced to ensure that only
the desired mutations were introduced. To make the following mutants, the
following oligonucleotides were used: 3Tppt and 3TpptDN/P, 59GCCGAACCT
AGTAAAAAAATAGGAGTTGGCACC39 (MVM nt 2000 to 1964); 2Tppt and
2TpptDN/P, 59GCCGAACCTAGTAAAAATATAGGAGTTGGCACC39 (MVM
nt 2000 to 1964); 1Tppt and 1TpptDN/P, 59GAACCTAGTAAAATTATAGGA
GTTGGC39 (MVM nt 1993 to 1967); 5Appt, 59GCCGAACCTAGTTTTTTTT
TTGGAGTTGGCACC39 (MVM nt 2000 to 1964); pDssA1/2, an oligonucleo-
tide spanning MVM nt 2411 to 2340 with a deletion from nt 2372 to 2359;
pssD2(2), 59CCCTTAAACCATTTGGTCTTTTAGC39 (MVM nt 2331 to
2307); and pDssD1/2, an oligonucleotide spanning MVM nt 2335 to 2262 with a
deletion from nt 2322 to 2278.
The m13 template used to construct pMVM(2322–2348) and pA1ppt(2) was

prepared as follows. The XhoI-HpaI fragment (nt 2072 to 3757) from pDS/P
(which lacks nt 2377 to 3636) was cloned into the wild-type MVM m13 template
described above (containing MVM nt 1086 to 3521), between the XhoI (nt 2072)
and StuI (nt 2500) sites. After mutagenesis, the XhoI-BglII fragment (nt 2072 to
3453) from m13 replicative-form DNA was substituted back into the plasmid
clone of MVM. (Note that this final construct contains an additional copy of nt
3636 to 3757, rather than wild-type sequence, between the two StuI sites at nt
2377 to 2500. Since it has been previously demonstrated that deletion of MVM
sequences between nt 2652 and 3996 has no effect on MVM pre-mRNA splicing
[28], it is unlikely that the additional copy of MVM nt 3636 to 3757 present in
these constructs has any effect upon excision of the large or small intron.)
pA1ppt(2) was made with the following oligonucleotide that spanned MVM nt
3649 to 3636/2377 to 2342: 59GGTTGGTTTGCCACCCTCTTTTTCTCCTCCT
TAAACATTAATACCCCACC39. Mutant 2322-2348 required two oligonucleo-
tides; the first was 59CCCCACCAACCAAGTAGTCAGTTGATCCTTACCTC
TTTTAGC39 (MVM nt 2348 to 2316) and the second was 59AATTAAACATT
AATATGACGTTAGTAATGTAGTCAGTTGATCCTTACC39 (MVM nt 2363
to 2325). pssD1(2) and pssD2(2) were combined to generate pssD1/2(2), and
p4Tppt and pDssD1/2 were combined to generate p4TpptDssD1/2, by standard
recombinant DNA techniques.
Transfections, RNA isolation, and RNA analysis. Murine A92L cells, the

normal tissue culture host for MVM(p), were grown as previously described (31)
and transfected with wild-type and mutant MVM plasmids with DEAE-dextran
exactly as previously described (28). RNA was typically isolated 48 h posttrans-
fection, after lysis in guanidinium hydrochloride, by centrifugation through CsCl
exactly as previously described (34). RNase protection assays were performed as
previously described (34). The probe used for RNase protection assays was an
[a-32P]UTP-labelled Sp6-generated antisense MVM RNA from nt 1854 to 2378
(corresponding to an MVM HaeIII restriction fragment [Fig. 1]). This probe
extends from before the acceptor site of the large intron to within the small
intron common to all MVM RNAs at map units 44 to 46 and distinguishes RNA
species with either of the alternative small intron donors, designated M for the
major splice donor (D1) at nt 2280 and m for the minor splice donor (D2) at nt
2317 (9). For analysis of RNA produced after transfection with pNS2-1989,
p5Appt, p4Tppt, p3Tppt, p2Tppt, and p1Tppt (and their pDN/P derivatives) and
pssD1(2), pssD2(2), pssD1/2(2), pDD1/2(2), and p4TpptDD1/2, antisense
RNase protection probes (nt 1854 to 2377) that were homologous to the mutants
being analyzed were constructed and used. In some cases, probe B (MVM nt 385
to 650 [Fig. 1]) was used. RNase protection assays were analyzed on a Betagen

FIG. 1. Genetic map of MVM. The three major transcript classes and protein-encoding open reading frames (ORFs) are shown. The small intron, large intron, and
NS2-specific exon are indicated. The nonconsensus donor (ncD) and the poor polypyrimidine tract [(Py)n] of the large intron are also shown. The two promoters are
indicated by arrows. The bottom line shows nucleotide locations for the two probes used for RNase protection assays (A, nt 1854 to 2378; B, nt 385 to 650). In some
cases, as described in the text, homologous derivatives of probe A were used. Also shown are the two primers used for RT-PCR assays (a, nt 2557 to 2538; b, nt 326
to 345).
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B-scanning phosphorimage analyzer, and molar ratios of MVM RNA were
determined by standardization to the number of uridines in each protected
fragment. Unless otherwise stated in the figure legends, total R1 and R2 (un-
spliced and spliced R1 and R2) were included in the quantitation of each
analysis. Reverse transcriptase (RT)-PCR assays were done as previously de-
scribed (39).

RESULTS

Excision of the small intron is independent of sequences
within the upstream large intron 3* splice site. Sequences
within the downstream small intron are required to strengthen
the weak polypyrimidine tract of the upstream large intron in
order to facilitate its efficient excision (41). In contrast, how-
ever, analysis of RNA generated after transfection of a mutant
in which all of the pyrimidines in the large intron polypyrimi-
dine tract were changed to purines (p5Appt) and of a previ-
ously constructed mutant in which the cleavage site of the large
intron 39 splice site was changed from AG to CG (pNS2-1989
[27]) demonstrated that efficient excision of the downstream
small intron does not depend on the large intron 39 splice site
polypyrimidine tract and cleavage site. Although both large
intron 39 splice site mutations prevented detectable large in-
tron excision (as monitored by the absence of R2), both the
efficiency and pattern of excision of the downstream small
intron from pre-mRNA generated by these mutants were sim-
ilar to those of RNA generated by wild-type MVM(p) (Fig. 2;
compare the ratio of R1un relative to R1m plus R1M in
pMVM with that in p5Appt or in pNS2-1989 [The ratio of
unspliced R3 {R3un} relative to R3m plus R3M generated by
pNS2-1989 was also like that of the wild type.]). Deletion of the
entire 39 splice site (nt 1886 to 2005, including the putative
branchpoint, polypyrimidine tract, and cleavage site) also had
no detectable effect upon either the pattern or efficiency of
excision of the downstream small intron (data not shown).
These results demonstrate that although efficient excision of
the upstream large intron is dependent upon downstream
small intron sequences (41), splicing of the downstream small
intron in P4-generated pre-mRNAs is independent of se-
quences within the 39 splice site of the upstream large intron.
Improvement of the large intron polypyrimidine tract by two

pyrimidines renders its efficient excision independent of se-
quences within the downstream small intron. We have previ-
ously demonstrated that increasing the pyrimidine content by
four in the purine-rich polypyrimidine tract of the large intron
39 splice site both increased its excision to levels greater than
those seen for the wild type and rendered its efficient excision
independent of the downstream small intron (41). Improve-
ment of the large intron donor 59 splice site at nt 514 to
consensus (AA/GCA to AG/GTA), however, did not render
efficient excision of the large intron independent of down-
stream small intron sequences, although this change also in-
creased large intron excision to levels greater than those seen
for the wild type (41). A more detailed mutational analysis of
the large intron polypyrimidine tract has now shown that an
increase in the number of pyrimidines in the large intron poly-
pyrimidine tract by as few as two rendered efficient excision of
the large intron independent of downstream small intron se-
quences (Fig. 3, left panel), while this change only modestly
increased its excision in an otherwise wild-type clone (as mea-
sured by the steady-state ratio of R1 to R2 [Fig. 3, right panel;
compare p2Tppt and pMVM]). Moreover, even a single
change from A to T at nt 1981 was able to make large intron
excision significantly less dependent upon downstream intron
sequences (Fig. 3, left panel).
Sequences within the small intron 3* splice site facilitate

efficient excision of the upstream large intron. Previous anal-

ysis of small intron cDNA constructs and deletion mutants
suggested that the nature of the small intron sequences nec-
essary for efficient upstream intron excision is complex (41).
Therefore, we have performed the following mutational anal-
ysis to more precisely define those cis-acting sequences within
the small intron that are required for efficient upstream intron
excision.
Deletion of sequences downstream of the small intron ac-

ceptor A1 has previously been shown to have no effect upon
the excision of the upstream large intron (shown for the pre-
viously constructed mutant pDS/P [41] and shown again in Fig.
4C). Examination of RNA generated by mutant pDssA1/2, in
which both the 39 acceptor cleavage sites (CAG\) of the small
intron and the sequences in between have been deleted (nt
2375 to 2440 [see Fig. 4A]), however, demonstrated the re-
quirement of a small intron 39 acceptor cleavage site for the
efficient excision of the upstream large intron. pDssA1/2 gen-
erated two classes of RNA: one in which there was no excision
of the small intron (because of the lack of both small intron
acceptor cleavage sites) and a second in which the small intron
donor D1 was used, presumably joined to a cryptic downstream
acceptor (Fig. 4B [Interestingly, under these conditions only
D1 is used.]). The large intron was excised to reduced levels
from pre-mRNA from which the small intron region was not
excised [compare R1un(pssDA1/2) with R2un(pssDA1/2); Fig.
4B]; however, it was excised at wild-type levels of efficiency
from pre-mRNA in which the small intron donor D1 was
joined to a cryptic acceptor site [compare R1M(pDssA1/2) with
R2M(pDssA1/2); Fig. 4B]. Alteration of the polypyrimidine
tract of the remaining small intron 39 splice site A1 of pDS/P
[mutant pA1ppt(2); Fig. 4A] also resulted in decreased
levels of large intron excision [compare R1pA1ppt(2) with
R2pA1ppt(2); Fig. 4C]. Both pA1ppt(2) and pDA/P also pro-
duced a small amount of P4- and P38-generated RNA, which
was spliced by utilizing small intron donor D2 (Fig. 4C, bands
a and b, respectively), presumably joined to a cryptic acceptor
downstream. The large intron was efficiently excised from P4-
generated molecules that utilized a small intron donor [only
R2m (band a) and not R1m was detected in RNA generated by
pDA/P and pA1ppt(2)], which is similar to what was described
above for RNA generated by pDssA1/2 (Fig. 4B). These results
suggest that efficient excision of the upstream intron requires
factors that assemble at both a downstream donor site and an
acceptor site. It is interesting to note, however, that those RNA
molecules generated by pDssA1/2 that were spliced with a
small intron donor utilized only D1 and were relatively abun-
dant, while those RNA molecules generated by pDA/P and
pA1ppt(2) that were spliced with a small intron donor utilized
only D2 and were relatively less abundant. Perhaps the pres-
ence of the small intron polypyrimidine tract in pre-mRNA
generated by pDssA1/2 permits a level of cryptic splicing
greater than can be achieved in its absence. The small intron
polypyrimidine tract may also specify the use of D1 under
these circumstances; splicing then shifts to D2 (which is some-
what more consensus than D1) in its absence.
The effects of these alterations are specific, since an alter-

ation of 22 nt within the 26-nt region 2322 to 2348 of the
downstream small intron had no effect upon excision of the
upstream large intron [compare R1un plus R1M and R2M
generated by pMVM(2322–2348); Fig. 4A and C].
Alteration of the two small intron donors resulted in skip-

ping of the NS2-specific exon and joining of the large intron
donor at nt 514 to the small intron acceptors. When either
small intron donor was individually altered (Fig. 5A), small
intron splicing was restricted to the remaining donor, and yet
the large intron was excised at wild-type levels (Fig. 5B). When
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FIG. 2. Excision of the small intron is independent of upstream large intron 39 splice site sequences. The upper part of the figure shows maps of the two mutants
used in this experiment. The lower panel shows an RNase protection assay with either wild-type probe A (nt 1854 to 2378; Fig. 1) for pMVM or versions of probe A
homologous to the mutants being analyzed. The identities of the protected bands are designated on the left. Neither mutant generates R2 RNA, and p5Appt does not
generate R3 RNA because of changes to the amino acid composition of NS1 (underlined in boldface italic) and alteration of the P38 TATA box.

VOL. 69, 1995 MINUTE VIRUS OF MICE ALTERNATIVE SPLICING 6173



both small intron donors were altered, however, either by point
mutation or by deletion (Fig. 5A), excision of the large intron
was not detected, as monitored by the absence of R2 as assayed
by RNase protection with a homologous probe, A, that spans
the center of the genome (Fig. 5B [probe diagrammed in Fig.
1]). Surprisingly, however, the relative amounts of unspliced
R1 (containing the large intron) generated by these mutants
were not concomitantly increased (Fig. 5B). RNase protection
assays of RNA generated by pDssD1/2 with a left-end probe B
(see Fig. 1 for probe diagram), however, identified abundant
amounts of RNA which utilized the large intron donor at nt
514 (Fig. 5C; the 129-nt band designated exon-skipped product
for pDssD1/2), suggesting that an abundant P4 transcript that
utilized the large intron donor was present. Northern (RNA)
hybridization analysis of RNA generated by this mutant dem-
onstrated a transcript approximately 2.8 kb in size that hybrid-
ized with the left-end probe, B (data not shown). RT-PCR
analysis of RNA produced by this mutant, with the primers
diagrammed in Fig. 1, detected a product consistent in size
with a novel spliced product that joined the large intron donor

at nt 514 to the small intron acceptor, A1, at nt 2377 (Fig. 5D,
see lane marked as pDssD1/2). The identity of this product was
further verified by sequence analysis across the splice junction
(39). Therefore, in the absence of the two small intron donors,
the large intron was not retained in the P4-generated product,
yielding increased levels of unspliced R1 as may have been
expected, but instead a novel splicing event occurred in which
the NS2-specific exon was skipped. Exon-skipped products uti-
lizing the small intron acceptor A2 at nt 2399 were at least
10-fold less abundant than those using A1 in RNA generated
by pDssD1/2.
Exon skipping caused by loss of the two small intron donors

can be overcome by mutations that improve the polypyrimi-
dine tract of the upstream large intron. Since improvement of
the large intron polypyrimidine tract renders its efficient exci-
sion independent of the downstream small intron, could such
a mutation also overcome exclusion of the NS2-specific exon
in pDssD1/2 and restore large intron excision? RNase protec-
tion analysis of RNA generated by such a double mutant
(p4TpptDssD1/2) with homologous probe A detected un-

FIG. 3. Minor changes in the large intron polypyrimidine tract render its efficient excision independent of sequences within the downstream small intron. The upper
part of the figure shows a map of the mutations in the large intron polypyrimidine tract, either in the wild type (right) or the DN/P background (left). The lower panel
shows RNase protection assays with either wild-type probe A for pMVM and pDN/P or versions of probe A homologous to the mutants being analyzed. The identities
of the protected bands are also shown. The 2T, 3T, and 4T mutants generate very little R3 because of changes to both the P38 TATA box and the NS1 coding sequence.
The deficiency in steady-state levels of R3 generated by pDN/P has been previously reported (41) and is likely due to decreased NS1 production because of inefficient
transport of unspliced R1 to the cytoplasm. The 1t mutation, which alters the P38 TATA box and a single amino acid of NS1, shows a much greater reduction in
steady-state levels of R3 in the DN/P deletion background than in a wild-type background for reasons that are not yet clear but that may be related to the lower
steady-state levels of NS1 seen in DN/P versus wild-type background. The average steady-state levels of R1 versus R2 (R1/R2) are shown for each construct. The
averages of four individual transfections for each construct are shown.
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spliced R1 and unspliced R2 from which the large intron (but
not the small intron) was excised, and the ratio of R1 relative
to R2 was like that in p4Tppt (Fig. 6 [41]). The generation of R2
was confirmed by RT-PCR, which also failed to detect an exon-
skipped product (Fig. 5D [see lane marked as p4TpptDssD1/2]).
These results demonstrate that improvement of the large intron
polypyrimidine tract of a mutant in which both small intron do-
nors have been removed restored efficient excision of the large
intron and inclusion of the intervening NS2-specific exon. They
are consistent with our previous findings that interactions be-
tween sequences within the small intron and the weak polypyri-
midine tract of the upstream large intron may help define the
intervening NS2-specific exon (41).

DISCUSSION

The P4-generated pre-mRNAs of the autonomous parvovi-
rus MVM undergo alternative splicing which determines the
ratio of the accumulated levels of mRNAs R1 relative to R2 (9,
26, 28, 31, 34). This event is critical in determining the relative
steady-state levels of the viral nonstructural proteins NS1 and
NS2 and therefore in optimizing the balance between the es-
sential roles that these two proteins play in viral replication

and cytotoxicity. No viral protein participates in this process
(28), which must therefore be accomplished solely by the in-
teractions between cellular factors and viral cis-acting signals.
Previous results have led us to propose a model regarding

alternative splicing of P4-generated pre-mRNA in which the
small intron plays a primary role in efficient excision of the
large intron, perhaps as the initial entry site(s) for an ele-
ment(s) of the spliceosome, which stabilizes the binding of
required factors to the polypyrimidine tract of the large intron
(41). In the present study, we have further characterized the
interaction between the upstream large intron and the down-
stream small intron. We show that while the small intron is
required for efficient upstream intron excision, small intron
excision in P4-generated pre-mRNAs is independent of se-
quences within the upstream intron 39 splice site. We have also
demonstrated that the requirement of downstream small in-
tron sequences is complex; efficient excision of the upstream
intron requires at least one small intron donor and the 39 splice

FIG. 4. Sequences within the small intron 39 splice site facilitate efficient
excision of the upstream large intron. (A) Map of the small intron region
showing the location of the mutations analyzed. (B) RNase protection assay of
RNA generated by the wild type and pDA1/2 with probe A. The identities of the
protected bands are shown on the left for the wild type and on the right for the
mutant. Mutant bands with the un designation represent RNAs that are un-
spliced in the small intron region; those that use the M designation use the small
intron donor D1 at nt 2280 and presumably a cryptic downstream acceptor. The
average R1/R2 ratios for the wild type and pDssA1/2 generated RNA that was
either unspliced in the small intron region (R1un/R2un) or that used D1 (R1M/
R2M), as shown below the lanes. The average of seven experiments for the wild
type and four experiments for pDssA1/2 are shown. See the text for details. (C)
RNase protection assays of RNA generated by wild-type MVM and the mutants
indicated at the top of each lane with probe A. The identities of the bands are
indicated on either the left or right side of the figure. Bands a and b represent R2
and R3 RNAs, respectively, which utilize D2 at nt 2317, presumably joined to a
cryptic downstream acceptor. The average steady-state ratio of R1 to R2 gen-
erated by the mutants is displayed below each lane and is the average of seven,
four, six, seven, and six individual transfections for pMVM, pDA/P, pDS/P,
pA1ppt(2), and pMVM(2322–2348), respectively. R1/R2 ratios for pDA/P and
pA1ppt(2) include only unspliced R2 [R2 (pDA/P)] and spliced R2
[pA1ppt(2)], respectively. The decreased levels of R3 generated by pDA/P are
likely due to a decrease in NS1 production because of inefficient transport of
unspliced R1 (41).
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FIG. 5. Alteration of the two small intron donors resulted in skipping of the
NS2-specific exon and in joining of the large intron donor at nt 514 to the small
intron acceptors. (A) Map of the small intron showing the location of the
mutations analyzed. (B) RNase protection assays of RNA generated by the wild
type or the mutants as shown at the top of each lane with either probe A for
pMVM or versions of probe A homologous to the mutants being analyzed. The
identities of the protected bands are shown. The identity of band a is unknown,
but RT-PCR analysis suggests that it is a P38 product (data not shown). Note
that neither pssD1/2(2) nor pDssD1/2 generates an R2 species. (C) RNase
protection assay of RNA generated by pMVM and pDssD1/2 with left-end probe
B (nt 385 to 650 [Fig. 1]). The larger species, designated R1, reflects the abun-
dance of RNA that protects the entire probe from nt 385 to 650. The smaller
species reflects the abundance of RNA that utilizes the large intron donor at nt
514. This band is designated R2 for pMVM and exon-skipped product for
pDssD1/2. (D) RT-PCR analysis of RNA generated by wild-type MVM or mu-
tants as designated at the top of each lane. pMVM(no RT) is a control reaction
with the same RNA from pMVM-transfected cells as shown in the pMVM lane
but excluding RT. The identities of the unique bands are indicated; marker sizes
are also shown. The product amplified from R2 generated by p4TpptDssD1/2 is
larger than that generated by wild-type R2 because it is unspliced across the
small intron region, since both donors are deleted. The identities of bands a and
b are not known; however, band a is likely to come from viral or genomic DNA,
since it is present in the ‘‘no RT’’ lane. The band generated by pDssD1/2
designated exon-skipped product was sequenced across the splice junction to
confirm its identity. See the text for details.
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site (including the polypyrimidine tract and cleavage site). In
addition, we have shown that even slight improvement in the
large intron polypyrimidine tract can render efficient excision
of the large intron independent of the small intron.
While at least one donor site of the downstream small intron

is necessary for efficient excision of the upstream large intron,
loss of both small intron donors did not result in the accumu-
lation of unspliced R1 from which the large intron had failed to
be removed, as had been expected. Rather, P4-generated pre-

mRNAs produced by pDssD1/2 were spliced between the large
intron donor and small intron acceptors, excluding the NS2-
specific exon from spliced steady-state RNA. The small intron
donors thus act as part of a complex element (that includes the
39 splice site) that strengthens the weak polypyrimidine tract of
the upstream large intron, which facilitates the excision of this
intron and results in the inclusion of the intervening exon.
Our results, which underscore the primary role of the small

intron in the alternative splicing of P4-generated pre-mRNAs,

FIG. 6. Exon skipping caused by loss of the two small intron donors can be overcome by mutations that improve the polypyrimidine tract of the upstream large
intron. The top of the figure shows a map of p4TpptDssD1/2. The lower part shows an RNase protection assay of RNA generated by the wild type or the mutants shown
at the top of the lanes with probe A or a version of probe A homologous to the mutants being analyzed. The identities of the bands are designated to the right and
left of the panel. The identities of bands a and b are unknown, although as described above, RT-PCR analysis suggests that band a is a P38 product. Note that production
of R2 is restored when the polypyrimidine tract of the small intron donor deletion mutant is improved (p4TpptDssD1/2). The generation of R2 was confirmed by
RT-PCR, which also failed to detect an exon-skipped product (Fig. 5).
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are consistent with the ‘‘exon definition’’ model proposed by
Berget and coworkers, in which exons are recognized as units
by the interaction of factors bound at the 39 splice site (59 end
of an exon) and also at the 59 splice site (39 end of an exon) (4,
33). This model predicts that loss of both small intron donors
would result in NS2-specific exon skipping and that such exon
skipping could be suppressed by improvement of the large
intron polypyrimidine tract. The role of a downstream donor
site in stimulating upstream intron splicing has also been dem-
onstrated both in vivo and in vitro for the rat preprotachykinin
gene pre-mRNA (18, 22, 29). Using this system, Grabowski
and coworkers have suggested a model in which exon selection
is positively regulated by the communication of U1 small nu-
clear ribonucleoprotein and the U2 small nuclear ribonucleo-
protein auxiliary factor U2AF. That is, a natural deficiency in
binding of U2AF to a weak 39 splice site, which leads to the
exclusion of the exon immediately downstream, may be over-
come by a mechanism in which U1 small nuclear ribonucleo-
protein facilitates the binding of U2AF through a network of
exon-bridging protein-protein interactions. In this example,
only the downstream 59 donor site is required for efficient
excision of the upstream intron. For MVM P4-generated pre-
mRNA, however, efficient excision of the upstream large in-
tron requires both a downstream 59 splice site and a down-
stream 39 splice site, suggesting that the factors that assemble
at both sites are needed. This does not necessarily imply that a
prior splicing event is required to facilitate upstream intron
excision and remains consistent with our previous finding that
the presence of cis-acting elements within the small intron is
sufficient for efficient upstream intron excision (41).
Perhaps for wild-type MVM, exon skipping is not favored

because the small intron donors are more competitive than the
large intron donor for joining to the small intron acceptors,
and only in the absence of the small intron donors can the
exon-skipped spliced product be generated. This is almost cer-
tainly an oversimplification, however, because changing the
large intron donor to the consensus in an otherwise wild-type
clone does not promote exon skipping (40). In addition, we
have recently shown that sequences within the NS2-specific
exon play a role in the inclusion of this exon in steady-state
RNA (39).
Although there is no indication that the alternative splicing

of MVM pre-mRNAs is regulated during the viral life cycle, it
is clearly different in cells with a different host origin (16), and
the relative steady-state ratios of R1 to R2 differ for MVM(i)
versus MVM(p) (2, 10, 24). In addition, other related parvo-
viruses utilize different patterns of alternative splicing; for ex-
ample, wild-type porcine parvovirus generates an exon-skipped
product during infection that is similar to the exon-skipped
product generated by the MVM mutant lacking the two small
intron donors (3). Thus, the constitutive efficiencies of these
alternative splicing patterns are likely to be an adaptation by
parvoviruses for growth in certain environments.
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