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mRNAs R1 and R2 of the parvovirus minute virus of mice encode the two essential viral regulatory proteins
NS1 and NS2. Both RNAs are spliced between map units 44 and 46 (nucleotides 2280 and 2399); R2 RNAs are
additionally spliced upstream between map units 10 and 39 (nucleotides 514 and 1989), using a nonconsensus
donor and poor 3’ splice site. The relative accumulation of R1 and R2 is determined by alternative splicing:
there is twice the steady-state accumulation of R2 relative to that of R1 throughout viral infection, though they
are generated from the same promoter and have indistinguishable stabilities. Here we demonstrate that
efficient excision of the large intron to generate R2 is dependent on at least the initial presence, in P4-generated
pre-mRNAs, of sequences within the downstream small intron. This effect is orientation dependent and related
to the size of the intervening exon. Prior splicing of the small intron is unnecessary. Excision of the large intron
is enhanced by changing its donor site to consensus, but only in the presence of the small intron sequences.
Excision of the large intron is also enhanced by improving the polypyrimidine tract within its 3’ splice site;
however, in contrast, this change renders excision of the large intron independent of the downstream small
intron. We suggest that sequences within the small intron play a primary role in efficient excision of the
upstream large intron, perhaps as the initial entry site(s) for an element(s) of the splicesome, which stabilizes

the binding of required factors to the polypyrimidine tract within the 3’ splice site of the large intron.

Alternative splicing mediated by splice site selection is an
important mechanism for increasing the diversity of gene
expression in eukaryotic cells (reviewed in references 13, 22,
and 33). In some cases, alternative splice site selection is
determined by the interaction of the general splicing machin-
ery with nonconsensus cis-acting signals (26, 37), with cis-
acting signals lying at suboptimal positions (12, 14), or with
secondary structures within the pre-mRNA molecule (11, 19).
In other cases, alternative splice site selection has been shown
to be mediated by proteins that are not constituents of the
general splicing machinery; these proteins act in either a
positive or a negative manner to determine alternative splice
site selection (reviewed in references 20, 21, and 29). Many
DNA viruses have compact genomes and extensively utilize
alternative splicing to increase their coding capacity from
overlapping reading frames. Minute virus of mice (MVM), a
member of the autonomously replicating subgroup of DNA
parvoviruses, has a relatively simple transcription profile in
which alternative splicing helps determine the relative steady-
state levels of all viral proteins (reviewed in references 3 and
8).

MVM is organized into two overlapping transcription units
which produce three major transcript classes, R1, R2, and R3,
all of which terminate near the right-hand end of the linear,
5-kb genome (Fig. 1A) (2, 5, 28, 31). Transcripts R1 (4.8 kb)
and R2 (3.3 kb) are generated from a promoter (P4) at map
unit (m.u.) 4 (2, 28, 31) and encode the viral nonstructural
proteins NS1 (83 kDa) and NS2 (24 kDa), respectively (7),
which play essential roles in viral replication and cytotoxicity
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(3, 8). The R2 transcripts differ from R1 by the absence of a
large intron between m.u. 10 and 39 (2, 4, 16, 28, 31). This
intron utilizes a nonconsensus splice donor at nucleotide (nt)
514 (AA/GCAAG) and has a poor polypyrimidine tract at
its 3’ splice site (TATAAATTTACTAG)), which overlaps the
TATA sequence of the capsid gene promoter P38. This
promoter generates the R3 (3.0-kb) transcripts, which encode
the overlapping viral capsid proteins VP1 and VP2, utilizing
the open reading frame (ORF) in the right half of the genome
(2,4, 16, 18, 28, 31). Three splicing patterns (major, minor, and
rare) are alternatively used to excise a small intron at m.u. 44
to 46 from each transcript class, resulting in nine spliced MVM
mRNA species (Fig. 1B and C) (4, 16, 23). The major splicing
pattern (found in approximately 70% of the spliced molecules
of each transcript class) joins D1 at nt 2280 to Al at nt 2377;
a minor splicing pattern (found in approximately 25% of
molecules) joins D2 (nt 2317) to A2 (nt 2399); and a rare
pattern (found in approximately 5% of molecules) joins D1 (nt
2280) to A2 (nt 2399) (Fig. 1B). The fourth potential splicing
pattern, D2-A1 (nt 2317 to 2377), is not detected in vivo (23),
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 (27). Un-
spliced, polyadenylated R1 and R3 comprise a significant
portion of viral RNA detected in both nuclear and total RNA
preparations throughout MVM infection (Fig. 1B and C) and
following transfection of MVM genomic plasmid clones (25,
32), and polyadenylation of MVM RNAs precedes splicing (6).

The relative steady-state levels of the nonstructural proteins
NS1 and NS2, which are of critical importance for efficient viral
replication, are controlled by both protein stability and the
relative steady-state levels of R1 and R2 (9, 32). There is
approximately twice the accumulated steady-state level of R2
relative to that of R1 during MVM infection. Since transcripts
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FIG. 1. (A) Genetic map of MVM showing the three major transcript classes, R1, R2, and R3, the locations of the two promoters, P4 and P38,
the ORF used by each transcript, and the proteins that each transcript encodes. The line at the bottom shows the nucleotide locations in MVM
and the MVM Haelll probe (MVM nt 1854 to 2378) used for RNase protection assays (shown as the thick region and enlarged in panel B). (B
and C) RNase protection assay of steady-state viral RNA. (B) Unspliced forms and alternative splicing patterns of the R1, R2, and R3 transcripts,
and the corresponding RNase-protected regions, designated by thick lines, after hybridization to Sp6-generated antisense MVM Haelll probe
(MVM nt 1854 to 2378). The acceptor site for the R2 large intron lies at nt 1989, and the initiation site for the R3 RNAs lies at approximately
nt 2005. Three splicing patterns are alternatively used to excise the small intron at m.u. 44 to 46 common to all three transcript classes. The major
pattern (found in ~70% of spliced molecules of all transcript classes) joins nt 2280 to nt 2377. The minor pattern (found in ~25% of spliced
molecules of all transcript classes) joins nt 2317 to nt 2399. A rare pattern, present in ~5% of MVM spliced RNA, joins nt 2280 to nt 2399. M
represents protection by those molecules that use the predominant splice donor site at nt 2280; m represents protection by those molecules that
utilize the less frequently used donor site at nt 2317. (C) RNase protection assay of 10 and 20 ug of total RNA isolated 24 h after MVM infection
of murine A9 cells. Note that molecules in which the large intron but not the small intron have been excised (unspliced R2 [R2un]) are very rare.
RNase protection assay of total RNA isolated after transfection of A9 cells with wild-type MVM genomic plasmid clone gave essentially similar
results (25, 32).

R1 and R2 are both generated from P4 and have similar
stabilities (32), the ratio of accumulated steady-state levels of
R1 relative to R2 is dependent on the percentage of P4-
generated RNA molecules from which the large intron is
excised. Therefore, excision of this intron, which utilizes non-
consensus 5’ and 3’ splice sites, is critical in determining the
relative steady-state levels of NS1 and NS2 (9, 32) and thus the
optimal balance between the essential roles that these proteins
play in viral replication and cytotoxicity.

Detailed characterization of the accumulation of MVM
RNA throughout infection, and following transfection, of
murine cells has previously demonstrated the presence of

abundant amounts of polyadenylated, unspliced P4- and P38-
generated RNAs (unspliced R1 and R3, respectively; Fig. 1B
and C); P4- and P38-generated RNAs in which, individually,
one of the alternatively spliced small introns between m.u. 44
and 46 have been excised (i.e., mature R1 and R3; Fig. 1B and
C); and P4-generated RNAs in which both a small intron and
the large intron between nt 514 and 1989 have been excised
(doubly spliced, mature R2; Fig. 1B and C) (6, 25, 32).
However, P4-generated RNAs in which only the large intron,
but not the small intron, have been excised (designated R2un
[unspliced R2] in Fig. 1C) are very rare (6, 25, 32); essentially
all of the detectable P4-generated molecules that have lost the
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large intron have also lost the small intron (i.e., doubly spliced,
mature R2; Fig. 1B and C) (6, 25, 32). These observations
suggested that there may be an ordered splicing pathway for
transcripts generated from the P4 promoter in which R2 RNAs
are generated from spliced R1. Alternatively, if P4-generated
pre-mRNA molecules are first spliced between nt 514 and
1989, these spliced molecules must have extremely short
half-lives and the small intron in these molecules must be very
quickly excised to generate doubly spliced, mature R2.

In this report, we describe experiments which characterize
alternative splicing of the MVM P4-generated RNAs. We
demonstrate that efficient excision of the large intron is
dependent on at least the initial presence, in P4-generated
pre-mRNAs, of sequences within the downstream small intron.
These required small intron sequences contain a splice donor
and acceptor site, yet efficient excision of the large intron does
not require splicing of the small intron. When the poor
polypyrimidine tract of the 3’ splice site was improved, excision
of the large intron was enhanced, and its efficient excision
became independent of the downstream small intron se-
quences. These results suggest that there is a primary require-
ment of small intron sequences for the efficient excision of the
upstream large intron, perhaps as the initial entry site(s) for an
element(s) of the splicing apparatus, which may stabilize the
binding of essential splicing factors to the polypyrimidine tract
within the 3’ splice site of the large intron. Because the
processing pathway for the parvovirus MVM pre-mRNAs is
relatively simple and well defined, it offers an excellent model
system particularly valuable for defining a mechanism by which
alternative splicing of pre-mRNAs is determined by an inter-
action between introns.

MATERIALS AND METHODS

Plasmid construction. cDNA joining either D1 (nt 2280) to
A1l (nt 2377) or D2 (nt 2317) to A2 (nt 2399) was generated
previously (4). To make pMVM(D1-Al) and pMVM(D2-A2),
a restriction fragment from nt 2072 to 2652 (Xhol-HindIII)
containing either of these cDNAs was inserted into the
genomic clone of MVM. The 2377-3636 deletion in pAS/P was
constructed by digesting the genomic clone of MVM with Stul
(nt 2377) and Pmil (nt 3636), filling in the 3’ ends with the
Klenow fragment of DNA polymerase I, and religating. Dele-
tions between the Narl (nt 2290) and the Pmll site (pAN/P),
between the Narl and Hpal (nt 3757) site (pAN/H), and
between the Asel (nt 2350) and Pmil site (pAA/P) were
constructed similarly. pAS deletes the Stul fragment (nt 2377
to 2500) from the genomic clone of MVM. The nucleotide
sequence of D1 (G/GTACG) (nt 2278 to 2383) was changed to
C/CAACT by site-directed mutagenesis using M13mp18 into
which the MVM EcoRI fragment (nt 1086 to 3521) had been
cloned, exactly as previously described (25). The mutation was
confirmed by sequencing and reinserted into the genomic
clone of MVM to create pssD1(—). Double mutant
pssD1(—)-AS/P was created by deleting MVM nucleotide
sequences from Stul to Pmil from pssD1(— ). pAN/H-mss(+)
and pAN/H-mss(—) were constructed by insertion of the
MVM Sau3A restriction fragment, spanning nt 2203 to 2508,
into the BglIl site of pAN/H at nt 4212 in the sense and
antisense orientations, respectively. Mutagenesis of the splice
donor site at nt 514 was accomplished by oligonucleotide
mutagenesis of a portion of MVM (nt 0 to 1086) cloned in
M13mp18, exactly as previously described (25). Nucleotides
513 to 517 were changed from AA/GCA in the wild type to the
consensus AG/GTA. The mutation was confirmed by sequence
analysis and reinserted into the genomic clone of MVM to
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create pMVM(514,16). pAN/P(514,16) and pMVM(D1-Al)-
(514,16) were created by the inserting EcoRV-Xhol restriction
fragment (nt 385 to 2072) from pMVM(514,16) into either
pAN/P or pMVM(D1-Al). p652(T4) was created by introduc-
ing an ochre termination codon at the Xcml site (nt 652) which
terminates the NS1 ORF (ORF3) within the large intron, as
previously described (25). The nucleotide sequence of the
large intron polypyrimidine tract was changed by site-directed
mutagenesis using M13mp18 into which the MVM EcoRI
fragment (nt 1086 to 3521) had been cloned, exactly as
previously described (25). The mutation was confirmed by
sequencing and reinserted into the genomic clone of MVM to
create p4Tppt, which was also confirmed by sequencing. pAN/
P(4Tppt) was created by inserting the BstEII-Xhol (nt 1886 to
2072) restriction fragment from p4Tppt into AN/P and also
confirmed by sequencing.

Transfections, RNA isolation, RNase protection assays, and
RNA stability assays. Murine A92L cells, the normal tissue
culture host for MVM, were grown as previously described
(28) and transfected with wild-type and mutant MVM plasmids
by using DEAE-dextran exactly as previously described (25).
RNA was typically isolated 48 h posttransfection, following
lysis in guanidinium hydrochloride, by centrifugation through
CsCl exactly as previously described (32). RNase protection
assays were performed as previously described (32). The probe
used for RNase protection assays was an [a-*?P]JUTP-labeled,
Sp6-generated antisense MVM RNA from nt 1854 to 2378
(corresponding to the MVM Haelll restriction fragment,
diagrammed as A in Fig. 1A). This probe (referred to as the
MVM Haelll probe) extends from before the acceptor site of
the large intron to within the small intron common to all MVM
RNAs at m.u. 44 to 46 and distinguishes RNA species using
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 (Fig. 1B) (6). For analysis of RNA
produced after transfection with pssD1( —) or pssD1(—)-AS/P,
MVM Haelll probe-ssD1(—) was used, which is identical to
the MVM Haelll probe except that nucleotide sequence
GGTACG (from nt 2278 to 2383) had been changed to
CCAACT to be homologous with the mutants used. For
analysis of RNA produced after transfection with P4Tppt and
pAN/P(4Tppt), an MVM Haelll probe which contained homo-
gous changes in the polypyrimidine tract was used. RNase
protection assay data were analyzed on a Betagen B-scanning
phosphor image 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 (unspliced and spliced R1 and
R2) were included in the quantitation of each analysis. RNA
stability assays using actinomycin D were performed as previ-
ously described (32); briefly, following transfection, cells were
washed three times with phosphate-buffered saline and refed
with Dulbecco modified Eagle medium plus 5% fetal calf
serum, either with or without 40 pg of actinomycin D (Sigma
Chemical Co., St. Louis, Mo.) per ml. At 3 and 6 h after
addition of the transcription inhibitor, duplicate plates were
used for isolating total cellular RNA. The quantities of specific
MVM transcripts remaining at each time point were deter-
mined by RNase protection assay. These conditions have been
previously determined to efficiently inhibit MVM transcription
(32).

RESULTS

Efficient excision of the large intron from MVM P4-gener-
ated RNA requires sequences within the downstream small
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FIG. 2. (A) Map of the small intron cDNA constructs and deletion mutants. The three splicing patterns (M, m, and r) used to excise the small
intron are shown on the top as described in the legend to Fig. 1. The two small intron cDNA constructs are shown immediately below;
pMVM(D1-A1) removes the small intron joining the donor site at nt 2280 and the acceptor site at nt 2377, and pMVM(D2-A2) removes the small
intron joining the donor at nt 2317 and the acceptor at nt 2399. Locations of the small intron donor and acceptor sites and the relevant restriction
sites for making deletion mutants in the small intron region are shown on the middle line. All of the deletion mutants are shown below relative
to the restriction sites used to make the deletions as described in Materials and Methods. Mutant pssD1( —), which destroys D1 by site-directed
mutagenesis, is also indicated on the bottom. (B) RNase protection assay showing that the large intron of R2 is inefficiently excised from RNAs
generated by the small intron cDNA constructs pMVM(D1-A1) and pMVM(D2-A2). Shown is an RNase protection analysis, using the MVM
Haelll probe (see Fig. 1B), of 20 pg of total RNA isolated from A9 cells 48 h after transfection with 20 pg of wild-type MVM (pMVM) or the
small intron cDNA plasmid DNA per dish or mock transfection, as indicated. The identities of the protected bands for RNA generated by wild-type
PMVM are shown. R1, R2, and R3 generated by utilizing only the minor (m) splicing pattern for pMVM(D1-A1) or the major splicing pattern
(M) for pMVM(D2-A2) can be seen. The quantitative results of the ratios of R1 to R2 from three separate experiments are shown in Table 1. (C)
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intron. To examine the alternative splicing of P4-generated
RNA in more detail, we initially measured the accumulation of
the doubly spliced, mature R2 RNA following transfection of
MVM genomic plasmid clones in which the small intron region
was either partially or completely absent (Fig. 2; Table 1).
cDNA clones pMVM(D1-A1) and pMVM(D2-A2) (4), from
which the small intron, utilizing either the major (M; 2280 to
2377) or minor (m; 2317 to 2399) splicing pattern, respectively,
had been lost (Fig. 2A) but were otherwise wild type, were
significantly impaired in generating R2 RNA following trans-
fection. Whereas wild-type MVM generated approximately
twice the accumulated steady-state level of R2 relative to that
of R1 following transfection, pMVM(D1-A1) and pMVM(D2-
A2), which lack small intron sequences, accumulated two- to
fourfold more R1 relative to R2, although the ratios of total P4
(R1 + R2) to P38 products (R3) were approximately the same
as that of the wild-type MVM (Fig. 2B; Table 1). These results
suggested that either the region between and including the
small intron internal donor D2 (nt 2317) and acceptor Al (nt
2377) or a prior splicing event in this region was critical for the
efficient accumulation of the doubly spliced, mature R2 (Fig.
2A).

Analyses of the relative accumulation of R1 and R2 gener-
ated by a series of mutants in which various portions of the
small intron region were deleted (Fig. 2A) gave similar results.
pAS and pAS/P, in which Al at nt 2377 remained intact but
sequences downstream of Al were deleted, both generated
RNA from which the small intron was efficiently excised and
produced wild-type levels of the doubly spliced, mature R2
RNA (Fig. 2C; Table 1). In contrast, pAA/P, in which both
small intron acceptors were deleted, and pAN/P, in which D2
as well as both small intron acceptors had been deleted,
generated RNA from which the small intron was inefficiently
excised and the large intron was also inefficiently spliced (Fig.
2C; Table 1). The excision of the large intron was more
deficient from RNA generated by pAN/P than by pAA/P. In
addition, the existing small intron donor at nt 2280 (AG/
GTACG) in the wild-type clone was changed, by site-directed
mutagenesis, to AG/CAACT to create pssD1(—). Although
this change prevented excision of the small intron using this
splice donor (i.e., using the major splicing pattern), the small
intron using the remaining donor (D2) at nt 2317 (i.e., using
the minor splicing pattern) was efficiently excised, and the
large intron was also efficiently excised from RNA generated
by this mutant to produce wild-type levels of doubly spliced,
mature R2 (Fig. 3; Table 1). Since the large intron can be
efficiently excised from RNA generated by deletion mutants
PAS/P and pAS, but not by pAA/P, sequences between nt 2350
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TABLE 1. Ratios of accumulated R1 and R2 following transfection
of MVM small intron mutants

Avg R1/R2 + 95%

Construct confidence limit
(no. of expts)®

pPMVM 0.50 = 0.13 (14)
pAS/P 0.51 = 0.15(9)

pAS 0.26 + 0.09 (5)

PAA/P 1.38 + 0.21 (5)
pAN/P 2.46 + 0.08 (15)
pssD1(—) 0.54 + 0.14 (6)
pMVM(D1-Al1) 334 * 031 (3)
pPMVM(D2-A2) 2.0 = 0.14 (3)

% RNase protection experiments were done as described in Materials and
Methods, using the probe described in the legend to Fig. 1.

and 2377, which include the small intron internal acceptor Al,
must be required for efficient excision of the large intron;
presence of either donor alone (or both together) does not
suffice. In addition, since the excision of the large intron from
RNA generated by pAN/P is more deficient than that by
PAA/P, sequences between 2290 and 2350, which include the
small intron internal donor D2, must also participate.

The decreased ratio of accumulated R2 relative to R1
generated by these mutants was not due to alterations in RNA
stability. All of the RNAs generated by wild-type MVM (Fig.
2D) (32), pAN/P (which has the largest deletion in the small
intron region; Fig. 2D), and the cDNA mutants (data not
shown) were similarly stable, at least for 6 h in the presence of
actinomycin D under conditions previously established to
efficiently inhibit MVM transcription following transfection
(25, 32). Therefore, the ratio of accumulated level of R2
relative to that of R1 represents the percentage of molecules
that have successfully excised the large intron.

Prior splicing of the small intron is not necessary for
efficient excision of the upstream large intron. Results pre-
sented so far have demonstrated that small intron sequences,
which include the small intron internal donor and acceptor
sites (D2-A1; nt 2317 to 2377), are required for the efficient
excision of the upstream large intron. Since the internal small
intron donor and acceptor pair (D2-Al) is not utilized during
viral infection (23) or following transfection of genomic plas-
mid clones, 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
(27), we were able to address whether sequences within the
small intron were merely required in cis, or whether prior

RNase protection assays of RNAs generated by the small intron deletion mutants confirm results with the cDNA constructs. Shown is an RNase
protection analysis, using the MVM Haelll probe, of 20 ug of total RNA isolated from A9 cells 48 h after transfection with 20 p.g of the wild-type
MVM (pMVM) or the deletion mutant plasmid DNA (see panel A) per dish or mock transfection, as indicated. The identities of the protected
bands for RNA generated by wild-type pMVM (shown on the right) are as described for Fig. 1C. pAS/P and pAS delete A2; therefore, the small
intron can be excised only by joining D1 at nt 2280 to A1 at nt 2377 to produce the major (M) forms of transcripts R1, R2, and R3. For RNA
generated by pAA/P which deletes both acceptors and therefore from which the small intron cannot be excised, the sizes of the protected bands
(shown on the left) for R1, R2, and R3 are 496, 360, and 345 nt, respectively. For RNA generated by pAN/P, which deletes D2 in addition to both
acceptors of the small intron, the sizes of the protected bands (shown on the left) for R1, R2, and R3 are 436, 300, and 285 nt, respectively. The
quantitative results of the ratios of R1 to R2 for these mutants are shown in Table 1. (D) Effects of the small intron deletion mutants on MVM
RNA splicing are independent of transcript stability. Conditions for assaying stability of MVM RNAs following transfection have been previously
established (32) (see Materials and Methods). At 48 h after transfection, A9 cells were treated with 40 pg of actinomycin D per ml, and total
cellular RNA was collected 3 and 6 h later. Shown is an RNase protection assay, using the MVM Haelll probe of 20 pg of total RNA isolated,
following actinomycin D treatment, from A9 cells transfected with 20 pg of wild-type MVM (pMVM) or pAN/P (mutant with the largest deletion
in the small intron) plasmid DNA per dish or mock transfected, as indicated. The identities of the protected bands for pMVM (wild type) are as
described for Fig. 1C, and those for pAN/P are as described for Fig. 2C. Unspliced R1 and unspliced R3 are processed to mature forms within 0.5
h after drug addition (32).
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excision of the small intron was required, for the efficient
excision of the upstream large intron. As discussed above (Fig.
2C; Table 1), both the small intron and the large intron were
excised efficiently from RNAs generated by mutant pssD1(—),
which destroys only D1, and from RNA generated by mutant
pAS/P, which deletes only A2 (Fig. 3B). P4 RNAs generated by
the double mutant pssD1(—)-AS/P, however, which lack both
the external donor (D1) and acceptor (A2) of the small intron
(Fig. 3A), as predicted, did not utilize the remaining internal
donor and acceptor pair D2-Al (Fig. 3B). Yet even in the
absence of excision of the small intron, pssD1(—)-AS/P gen-
erated a wild-type level of R2 relative to that of R1 (Fig. 3B;
the lower amount of R3 generated by this mutant is presum-

D2 A1
2317 2377

—80

FIG. 3. Presence of the small intron sequences is sufficient for
promoting the efficient excision of the large intron. (A) The top line
shows nucleotide locations in the MVM genome, positions of the
nonconsensus donor (nt 514) and the acceptor (nt 1989) of the large
intron, positions of the small intron donors (D1 [nt 2280] and D2 [nt
2317]) and acceptors (A1l [nt 2377] and A2 [nt 2399]), and the relevant
restriction sites (Stul and Pmll) used for making pAS/P. pssD1 destroys
D1 at nt 2280, pAS/P deletes A2 at nt 2399, and double mutant
pssD1-AS/P leaves only the small intron internal donor (D2 at nt 2317)
and acceptor (Al at nt 2377) unaltered. Also shown is the distance (60
nt) between D2 and Al. (B) RNase protection assay of 20 pg of total
RNA isolated from A9 cells 48 h after transfection with 20 pg of
wild-type (wt) MVM (pMVM) or mutant (mut) plasmid DNA per dish
or mock transfection, as indicated. For protection of RNA generated
by pMVM and pAS/P, the MVM Haelll probe was used; for protection
of RNA generated by pssD1 and pssD1-AS/P, the MVM Haelll
probe-ssD1( —) was used as described in Materials and Methods. The
identities of the protected bands for RNA generated by pMVM and
pAS/P are as described for Fig. 1C and 2C. Since RNA generated by
pssD1( —) has lost the predominant donor site at nt 2280, which is used
to produce the major (M) splicing pattern, only the minor (m) splicing
pattern is used to excise the small intron from RNA generated by
pssD1(—). The quantitative results, determined by B-scanning phos-
phor image analysis, of the ratio of total R1 to total R2 from five
separate experiments are shown at the bottom and include 95%
confidence limits.

ably a consequence of poor transport of unspliced R1 to the
cytoplasm, resulting in reduced amounts of NS1 required for
P38 transactivation). Therefore, sequences within the small
intron can function in cis to facilitate the efficient excision of
the upstream large intron; i.e., excision of the small intron is
not required. These experiments do not imply that the large
intron is necessarily excised from the small intron-containing
unspliced R1 in vivo but rather demonstrate that the presence
of small intron sequences in cis is sufficient to promote efficient
excision of the large intron from these molecules. It is unlikely
that efficient excision of the large intron from RNA generated
by pssD1(—)-AS/P is merely an indirect consequence of the
inability to splice the small intron (resulting, for example, in
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increased retention of the small intron-containing unspliced
R1 in the nucleus), since, as shown above, the large intron is
inefficiently excised from P4 transcripts which are generated by
cDNA and deletion mutant constructs and from which the
small intron cannot be excised (Fig. 2; Table 1).

Efficient excision of the large intron can be rescued by
insertion of an MVM restriction fragment containing the
small intron. Since the MVM small intron can function in cis
to facilitate the efficient production of the doubly spliced,
mature R2 RNA, we examined whether efficient excision of the
large intron, in a small intron deletion mutant, could be
rescued when the small intron was inserted at another site
downstream in the viral genome. Efficient excision of the large
intron was rescued from RNA generated by pAN/H-mss(+), in
which an MVM Sau3A restriction fragment (nt 2203 to 2508)
containing all small intron donor and acceptor sites was
inserted into pAN/H, 455 nt downstream of the Narl-Hpal
deletion junction (Fig. 4A; the deletion in pAN/H extends to nt
3757 in the capsid gene region [compared with the deletion in
pAN/P, which extends to nt 3636}, and the splicing pattern of
RNAs generated by pAN/H is identical to that of pAN/P [see
Materials and Methods]). However, efficient excision was
recovered only when the MVM Sau3A fragment was inserted
in the same orientation as in the viral genome, such that the
small intron sequences appear in the RNA (i.e., the sense
orientation; Fig. 4B).

RNAs generated by pAN/H-mss(+) are spliced between the
remaining original small intron donor at nt 2280 and accep-
tor(s) in the insertion (Fig. 4B), as well as between small intron

(Nari-Hpal) 4212
Bglll

FIG. 4. Efficient excision of the large intron can be rescued by
orientation-dependent insertion of an MVM restriction fragment con-
taining the small intron. (A) Map of pAN/H-mss(+) and pAN/H-
mss( — ). (B) RNase protection assay, using the MVM Haelll probe, of
20 pg of total RNA isolated 48 h after transfection of A9 cells with 20
ng of wild-type (wt) MVM (pMVM) or mutant plasmid DNA per dish
or mock transfection, as indicated. For RNA generated by pMVM, the
identities of the protected bands (shown in the middle) are as described
for Fig. 1C. For RNA generated by pAN/H and pAN/H-mss(—), in
which the remaining original donor at nt 2280 is not used, the protected
bands are the same as those for pAN/P, as in Fig. 2C. For pAN/H-
mss(+)-generated RNAs in which the remaining original donor at nt
2280 is used, the protected bands are R1, R2M, and R3M; for those
RNAs in which the remaining original donor is not used, the protected
bands are the same as those for pAN/P, pAN/H, and pAN/H-mss( —),
i.e,, R1, R2, and R3. These protected fragments are 10 nt larger than
RIM, R2M, and R3M, respectively, which use the donor at nt 2280.
Note that pAN/H-mss(+)-generated R1 molecules in which the re-
maining original donor site at nt 2280 was used were not detected (see
text). Quantitation of the ratio of total R1 to total R2 from four
separate experiments, as determined by B-scanning phosphor image
analysis, is shown at the bottom. For RNA generated by pAN/H-
mss(+), the results of the ratio of R1 to R2 (molecules in which the
remaining donor at nt 2280 is not used) and those of R1 to R2M (those
in which the remaining donor is used) from four separate experiments
are also shown at the bottom; 95% confidence limits are included.

donor(s) and acceptor(s) entirely within the insertion (data
not shown). The large intron, however, was excised to a
much greater extent from RNA in which the remaining
original small intron donor at nt 2280 was used (R2M), thus
leaving the size of the upstream intervening exon unaltered
[Fig. 4; compare R1/R2 (R2 does not use the remaining
original donor at nt 2280) with R1/R2M (R2M uses the
remaining original donor at nt 2280) for pAN/H-mss(+)]. That
the large intron is excised much more efficiently from mole-
cules using the remaining original donor at nt 2280 suggests
that the size of the intervening exon can affect the interaction
between these two introns. In addition, pAN/H-mss(+)-gener-
ated R1 molecules in which the remaining original donor site
at nt 2280 was used were not detected, suggesting that R1
molecules in which this site had been used were efficiently
processed to R2M.

Changing the large intron splice donor to consensus results
in an increased ratio of accumulated level of mature R2
relative to that of mature R1, but only in the presence of the
downstream small intron. The large intron splice donor at nt
514 (AA/GCAAG) is nonconsensus and is a poor match for
the 5’ region of U1 small nuclear RNA. When this donor was
changed to consensus (AG/GTAAG) so that complementarity
to the 5’ region of the U1 small nuclear RNA was improved, in
an otherwise wild-type construct, to create pMVM(514,16), the
ratio of accumulated mature R2 relative to mature R1 was
increased, suggesting that excision of the large intron was
accelerated [Fig. 5B; compare the ratios of mature R1 to
mature R2 for pMVM versus pMVM(514,16)]. [This mutation
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also introduces a translation termination signal into the NS1
ORF (ORF3) within the large intron. Translation termination
codons in the exons flanking the large intron inhibit its excision
(25); however, as previously shown (25) and as shown in Fig. 5
for mutant p652(T4), in which an ochre codon was introduced
at nt 652, translation termination mutations within the large
intron have no such effect.]

For RNAs generated by mutants pAN/P and pMVM(D1-
A1), both of which lack small intron sequences, excision of the
large intron was not enhanced by changing its donor site to
consensus [mutants pAN/P(514,16) and pMVM(DI1-Al)-
(514,16); Fig. 5; compare the ratios of total R1 to total R2].
This result suggests that there is a primary requirement of the

FIG. 5. Changing the large intron donor to consensus results in an
increased ratio of accumulated level of mature R2 relative to that of
mature R1, but only in the presence of the small intron. (A)
pMVM(514,16) was created by changing the nonconsensus donor at nt
514 to consensus following site-directed mutagenesis as described in
Materials and Methods. Double mutant pAN/P(514,16) or pM-
VM(D1-A1)(514,16) was created by introducing the large intron
consensus donor mutation into pAN/P or pMVM(D1-A1), which lacks
the small intron, as described in Materials and Methods. (B) RNase
protection assay, using the MVM Haelll probe, of 20 pg of total RNA
isolated 48 h after transfection of A9 cells with 20 pg of wild-type
MVM (pMVM) or mutant plasmid DNA per dish or mock transfec-
tion, as indicated. p652(T4) was created by introducing an ochre
termination codon into the NS1 ORF (ORF3) within the large intron
as previously described (25). Note that there is an increased level of
unspliced R1 generated by the consensus donor mutant pMVM
(514,16). The identities of the protected bands are as described in the
legends to Fig. 2B and C. Quantitation of the ratio of total R1 to total
R2 from five separate experiments, determined by B-scanning phos-
phor image analysis, is shown at the bottom and includes 95%
confidence limits. For RNA generated by pMVM and pMVM(514,16),
quantitation of the ratios of mature R1 to mature R2 and of unspliced
R1 to mature R1 from five separate experiments is also shown. n/a, not
applicable, since these mutants make only one species of R1.

small intron sequences for the efficient excision of the large
intron, regardless of the nature of the large intron donor.
Changing the large intron donor at nt 514 to consensus in the
absence of the small intron led to an even greater reduction in
the generation of the doubly spliced, mature R2 than that seen
in the parent mutants pAN/P and pMVM(D1-Al), which bear
the nonconsensus donor (Fig. 5), suggesting that this change
had an inhibitory effect on excision of the large intron in the
absence of the small intron. In addition, pMVM(514,16)
generated an increased amount of unspliced R1 [such that the
total accumulated R1 relative to R2 for pMVM(514,16) was
similar to that of the wild-type; Fig. 5; compare the ratio R1
unspliced to R1 mature for pMVM versus pMVM(514,16)].
Improving the polypyrimidine tract at the 3’ splice site of
the large intron facilitates its excision and confers its efficient
excision independent of the downstream small intron se-
quences. The large intron also contains a poor polypyrimidine
tract (TATAAATTTACTAG)) within its 3’ splice site. When
the pyrimidine content of this region was improved (TA
TTTTTTTTCCAG)), in an otherwise wild-type clone, to create
p4Tppt (Fig. 6A), the ratio of accumulated levels of R2 relative
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was regained (Fig. 6B). Excision of the large intron from RNA
: i —R3 generated by pAN/P(4Tppt) was four times more efficient than
M= ' that from RNA generated by wild-type pMVM, although only
approximately half as efficient as that for RNA generated by
Rl p4Tppt. These results suggest that downstream small intron
R2 sequences are required to compensate for a poor 3’ splice site,
pMVM 0.53 + 0.01 perhaps as an entry site for an element(s) of the splicing
paTppt  0.06 + 0.01 machinery which may stabilize the binding of essential splicing
PAN/P 2.0 +0.01 factors to the polypyrimidine tract of the large intron.
PAN/P(4Tppt) 0.13 + 0.01

to R1 was increased by approximately ninefold, suggesting that
excision of the large intron was rendered more efficient (Fig.
6B).

In contrast to changes at the large intron donor site,
improving the polypyrimidine tract of the large intron ren-
dered its efficient excision independent of downstream small
intron sequences. As shown above, excision of the large intron
from RNA generated by pAN/P, which lacks small intron
sequences, was inefficient. In the experiment shown in Fig. 6B,
the R1/R2 ratio for RNA generated by AN/P was slightly less
than the average value shown in Table 1. However, when the
polypyrimidine tract of the large intron in pAN/P was improved
[pPAN/P(4Tppt); Fig. 6A], efficient excision of the large intron

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 (6,
16, 23, 25, 28, 32). Since mature P4 transcripts R1 and R2
generated by wild-type MVM and small intron mutants are
similarly very stable (Fig. 2D) (32), the accumulated ratio of
R2 relative to R1 represents the percentage of molecules that
have successfully excised the large intron. This event is critical
in determining the relative steady-state levels of the viral
nonstructural proteins NS1 and NS2 and therefore in optimiz-
ing the balance between the essential roles that these two
proteins play in viral replication and cytotoxicity. No viral
protein participates in this excision, which must therefore be
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accomplished solely by the interactions between cellular fac-
tors and viral cis-acting signals.

In this report, we have shown that efficient production of the
doubly spliced, mature R2 RNA of MVM depends on at least
the initial presence of sequences within the downstream small
intron. Sequences within the MVM small intron required for
efficient excision of the upstream large intron include the small
intron internal donor and acceptor sites; however, the large
intron is efficiently excised from RNAs which include these
sequences but from which the small intron cannot be excised
(Fig. 3). This finding demonstrates that a prior splicing event
within the small intron is unnecessary and is consistent with the
hypothesis that the small intron acts as a primary entry or
binding site for the splicing apparatus. Although one possible
consequence of the inability of pssD1(—)-AS/P-generated
RNAs to splice the small intron in these experiments is that
these pre-mRNAs could be sequestered in the nucleus, it is
unlikely that efficient excision of the large intron is an indirect
consequence of the retention of unspliced R1 in the nucleus.
The inability to excise the small intron does not necessarily
lead to efficient excision of the large intron, since the large
intron is inefficiently excised from P4 transcripts generated by
PMVM(D1-A1l), pAN/P, and pAA/P, in which the small intron
is not excised.

These experiments do not imply that in vivo the large intron
is necessarily excised directly from unspliced R1 but rather
demonstrate that the presence of small intron sequences, in cis,
is sufficient to promote the efficient excision of the large intron.
In contrast to other well-characterized systems, in which only
one splice donor site of the downstream intron is necessary and
sufficient for the efficient excision of the upstream intron (26,
30, 35), results with MVM small intron mutants demonstrate
that sequences in addition to the splice donor(s) of the
downstream small intron are required for efficient excision of
the upstream intron. Perhaps this is due to the nature of the
small intron, which itself is alternatively spliced in a complex
manner. A detailed analysis designed to determine the nature
of the sequences within the small intron which are required for
excision of the large intron is currently in progress.

Efficient excision of the large intron can be regained from
RNA generated by a small intron deletion mutant into which a
restriction fragment containing the MVM small intron was
inserted downstream of the deletion junction in an orientation-
dependent manner (so that small intron signals appear in the
RNA). RNAs generated by pAN/H-mss(+) are spliced be-
tween the remaining original small intron donor at nt 2280 and
acceptor(s) in the insertion and between small intron donor(s)
and acceptor(s) entirely within the insertion; however, the
large intron is excised to a much greater extent from RNA in
which the remaining original small intron donor at nt 2280 has
been joined to an acceptor within the downstream insertion,
leaving the size of the upstream intervening exon unaltered.
Since both types of molecules were available, this observation
suggests that the size of the intervening exon affects the
interaction between these two introns.

Surprisingly, significantly more R2M than R1 was generated
by pAN/H-mss(+) than by wild-type MVM. This could be due
to the presence of three donor sites downstream of the large
intron in this molecule, which might more efficiently recruit
element(s) of the spliceosome or stabilize their interaction
with the pre-mRNA, or alternatively, splicing between the
remaining donor site at nt 2280 and an acceptor in the
downstream insertion is more efficient than that between
donors and acceptors entirely within the insertion, and this
may also contribute to efficient excision of the large intron. The
requirement of the remaining donor at nt 2280 was not
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absolute, however, because excision of the large intron was
rescued to a level approaching that of the wild type when the
remaining small intron D1 site of pAN/H-mss(+) was altered
[to create pssD1(—)/ANH-mss(+)] (data not shown). This
result is not in disagreement with the conclusion that the size
of the intervening exon affects the interaction between these
two introns, because we have shown that sequences in addition
to the small intron donor site(s) affect excision of the upstream
large intron (Fig. 2 and 3; Table 1); perhaps the altered D1 site
in RNA molecules generated by pssD1( —)/AN/H-mss(+) re-
tains the ability to bind element(s) of the spliceosome. Alter-
natively, a cryptic splice donor upstream of the small intron
insertion may be used in RNAs generated by pssD1(— )/AN/
H-mss(+).

Why does efficient excision of the MVM large intron require
downstream small intron sequences? This intron must be
either intrinsically deficient, as has been shown for intervening
sequence 4 of the rat preprotachykinin pre-mRNA (15), or
actively repressed, as has been shown for the Rous sarcoma
virus genomic RNA (1, 17, 34), for RNA encoding the yeast
ribosomal protein L32 (10), and for RNA encoded by the
Drosophila sex lethal gene (reviewed in references 20 and 21).

The requirement of downstream small intron sequences for
excision of the upstream large intron is not a consequence of
the presence of the nonconsensus donor site of the large
intron. Although changing this site to consensus in the pres-
ence of small intron sequences [pMVM(514,16)] enhances
splicing of the large intron, this change does not enhance
excision of the large intron in the absence of small intron
sequences [mutants pAN/P(514,16) and pMVM(D1-Al)-
(514,16)] but rather leads to an even greater decrease in the
production of the doubly spliced, mature R2 than that seen in
the parent mutants bearing the nonconsensus donor. While
sequences within the small intron play a primary role in the
efficient excision of the upstream large intron, the nature of the
large intron donor site is still critical, in wild-type MVM, for
determining the relative accumulated levels of R1 and R2 and
therefore for optimizing the relative steady-state levels of the
two essential viral nonstructural proteins NS1 and NS2.

The MVM large intron also contains a very poor polypyri-
midine tract. In contrast to changes at the large intron donor,
improving the polypyrimidine tract of the large intron ren-
dered its efficient excision independent of downstream small
intron sequences [pAN/P(4Tppt); Fig. 6]. Although improve-
ment of either the large intron donor or 3’ splice site in the
presence of the small intron resulted in enhanced excision of
the large intron to levels greater than that seen for the wild
type, only improvement of the large intron 3’ splice site
rendered its efficient excision independent of downstream
small intron sequences. This finding suggests that downstream
small intron sequences are required to compensate for an
otherwise poor
3’ splice site, perhaps as an initial entry site for elements of
the splicing machinery which stabilize the binding of essen-
tial splicing factors to the polypyrimidine tract of the large
intron. In a perhaps similar situation, U1l binding to the
downstream 5’ donor site in pre-mRNA generated by the rat
preprotachykinin gene (15) has been shown to be required for
efficient excision of an upstream intron by stabilizing the
binding of the 65-kDa subunit of U2AF to a poor polypyrimi-
dine tract.

In MVM, the purine-rich TATA box of the viral P38
promoter, which generates RNAs coding for the viral capsid
proteins, is positioned within the polypyrimidine tract of the
3’ splice site of the large intron. Perhaps the interaction
between this poor polypyrimidine tract and downstream small
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intron sequences is an adaption in order to successfully accom-
plish both required functions in the highly compact MVM
genome.

There is growing evidence that efficient excision of introns
can be facilitated by downstream introns (26, 30, 35), presum-
ably through protein-protein interactions across the interven-
ing exon (15). Because the processing pathway for parvovirus
MVM pre-mRNA:s is relatively simple and well defined, the
results presented here establish a system which will be partic-
ularly valuable for characterizing a mechanism by which alter-
native splicing of pre-mRNAs is controlled in such a manner
and exons are defined in mammalian cells.
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