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Polyomavirus late mRNA molecules contain multiple, tandem copies of a noncoding 57-base "late leader"
exon at their 5' ends. This exon is encoded only once in the genome. Leader multiplicity arises from
leader-leader splicing in giant primary transcripts, which are the result of multiple circuits of the viral genome
by RNA polymerase II. We have been interested in learning more about the role of the leader exon in late viral
gene expression. We recently showed that an abbreviated-leader mutant virus (ALM) with a 9-base leader exon
is nonviable (G. R. Adami and G. G. Carmichael, Nucleic Acids Res. 15:2593-2610, 1987) and has a severe
defect in both late pre-mRNA splicing and stability. However, a mutant virus with a different, substituted
leader sequence of 51 nucleotides (SLM/MP8) is viable and has no apparent defects. Here we examined further
the role of the late leader exon in late pre-mRNA processing. When the leader exon length was gradually
reduced from 51 nucleotides to 9 nucleotides in a series of mutants, RNA splicing and stability defects were
coupled. In this system there was a minimum exon size of between 33 and 27 nucleotides. Next, a number of
mutations were introduced into the 3' splice site which precedes the late leader. Such mutations blocked
leader-leader splicing. Surprisingly, they also interfered with leader-mVP1 body splicing and resulted in
unstable primary transcripts. Thus, polyomavirus leader-leader splicing appears to be important for the
efficient accumulation of late viral mRNA molecules.

Late polyomavirus pre-mRNA molecules are giant and of
variable length, the result of multiple circuits of the viral
genome by RNA polymerase 11 (1, 22). Mature late messages
contain multiple, tandem copies of an untranslated 57-base
"late leader" sequence near their 5' ends (21). Leader
multiplicity is thought to arise by splicing of leader exons
one to another during the processing of giant primary tran-
scripts (13, 21). Figure 1A illustrates how leader-leader
splicing could account for one late message having two
leader units near its 5' end. This scheme for late viral
pre-mRNA processing is an interesting example of a natural
system in which multiple, identical exons can occur in
primary transcripts but in which message biogenesis in-
volves a precise pattern of splice site selection involving
only some of the available sites. The mechanism of splice
site selection in polyomavirus late pre-mRNA splicing is not
known.
Our laboratory has been examining the role of the late

leader unit in viral gene expression. We have shown that the
nucleotide sequence of the late leader appears to be largely
irrelevant for virus viability in cultured mammalian cells but
that its length is important for both pre-mRNA splicing and
stability (2). Stability is measured by comparing the ratios of
steady-state levels of early and late transcripts following
viral DNA transfections, after controlling for promoter
strength with nuclear run-on assays. A mutant (ALM) with a
shortened leader exon of only 9 bases is severely defective in
both pre-mRNA splicing and stability (3). Since another
mutant with a substituted leader sequence of 51 nucleotides
(SLM/MP8) grows like the wild type and is not defective in
late pre-mRNA processing, we have suggested that the ALM
defects result from splice site interference (Fig. 1B) (3). Here
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we show by studying a series of mutants with leaders of
different lengths that the splicing and stability defects are
proportional to the proximity of the splice sites which border
the leader. In other words, when strong splice sites are too
close, neither functions, resulting in RNA degradation.
Since the splicing inhibition data showed that decreasing
RNA stability and mVP1 splicing are coincident, we sought
to determine whether these phenomena are a direct effect of
splice site interference. We therefore constructed and stud-
ied a number of viruses with mutations in the 3' splice site
which precedes the leader exon. Our prediction was that
these mutations would relieve the interference, thus abro-
gating the splicing and stability defects. Unexpectedly, how-
ever, mutations that blocked leader-leader splicing also
interfered with leader-mVP1 body splicing. Primary tran-
scripts that could not be spliced from leader unit to leader
unit did not efficiently use the mVP1 splice site. Thus, late
leader splicing appears to be required for the efficient usage
of other late viral splice sites and for the formation of stable
mRNA. Blocking leader-leader splicing by splice site juxta-
position or by splice site mutation results in the same
phenotype.

MATERIALS AND METHODS
Materials. The plasmids used, pPy (containing the entire

wild-type polyomavirus strain 59RA genome), pALM (con-
taining the genome of the abbreviated-leader mutant), and
pSLM/MP8 (containing the genome of the substituted-leader
mutant), were constructed and propagated as described
previously (2). Although strain 59RA contains a 31-base-pair
(bp) duplication around the region of the major late start sites
(17) and several other base changes from the A2 sequence
(18), we have adopted the numbering system of Soeda et al.
(18) in our description of probes and RNA splice sites.
Escherichia coli HB101 and GM48 (F+ lac gal ara thr glu phi
Tf T6r dam-3 dcm-6 Sup'; obtained from Henryk Cudny)
were used to propagate plasmids by standard procedures
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FIG. 1. (A) Model for the processing of polyomavirus late giant primary transcripts and the production of multiple, tandem nontranslated
late leader units on mature mRNA molecules. Owing to inefficient termination by RNA polymerase II, late viral transcripts are heterogeneous
in length, with many representing multiple circuits of the viral genome by the polymerase. The example shown is for a transcript created by
two passes through the viral late region. During processing a message body (mVP1) is spliced to the 3'-proximal late leader unit (LL). In
addition, leader-leader splicing removes a genome-length intron, yielding a final mVP1 message with two tandem leader units at its 5' end.
(B) Schematic diagram of the leader regions of wild-type polyomavirus and the nonviable, splicing-defective mutant ALM. The heavy lines
represent late RNA; the boxes represent the leader units. The ALM late leader unit retains nine nucleotides (nt) from the wild-type leader,
as shown. Note that both leaders shown here are flanked by splice sites used in late pre-mRNA processing. In the case of ALM, these splice
sites are separated by only nine nucleotides.

(14). Nuclease Si was from Sigma Chemical Co., and Bal31
nuclease was from Bethesda Research Laboratories, Inc. All
other enzymes were from New England BioLabs, Inc.
oa-32P-labeled deoxynucleoside and ribonucleoside triphos-
phates and [y-32P]ATP were from New England Nuclear
Corp. or Amersham Corp. Eastman Kodak Co. XAR-5 film
was used for autoradiography and densitometry.

Cell culture techniques. Mouse NIH 3T3 cells were grown
and transfected with viral DNAs or infected with virus as
described previously (2). Intact mutant viral genomes for
transfection studies were made by dilute ligation of intact
genomes liberated from recombinant plasmids after diges-
tion with BamHI (2). At 30, 40, or 42 h after transfection,
nuclei for run-on transcription analysis (7, 8, 15), nuclear
RNA (14), or total RNA (isolated by the guanidine thiocya-
nate procedure [4, 6]) was isolated. RNAs were stored as
ethanol precipitates at -20°C until used for nuclease S1 or
RNase T2 analysis.

Preparation of probes and nuclease S1 analysis. Nuclease
S1 protection experiments were done with short, end-la-
beled, single-stranded probes isolated by polyacrylamide-
urea gel electrophoresis followed by electroelution and eth-
anol precipitation (3). The 5' ends were dephosphorylated
with calf intestine alkaline phosphatase (Boehringer Mann-
heim Biochemicals), purified further with an Elutip-d column
(Schleicher & Schuell, Inc.), and end labeled with polynu-
cleotide kinase and [_y-32P]ATP (14).
RNA for analysis (generally 1/2 to 1/50 of the RNA

isolated from one 100-mm plate) was mixed with labeled
probe (0.1 to 1 jig). Hybridization and nuclease S1 digestion
were performed as described previously (3), and annealing
was done at 36°C. Optimal temperatures for the 1 h of
incubation with nuclease S1 varied depending on the probe
used and are given in the figure legends. The products were
resolved on 6% polyacrylamide-urea sequencing gels. Quan-
titation was done by densitometry of the autoradiograms. To
ensure that nuclease S1 analysis was always done with an
excess of probe, we used various amounts of probe in
control experiments.

Preparation of probes and RNase T2 analysis. RNase T2
protection experiments were done with the same fragments
used as probes in the nuclease S1 analysis (3); these frag-
ments were inserted into the multisite cloning region in the
vector BlueScribe M13+ (Stratagene). This region is flanked
by phage T7 and T3 RNA polymerase promoters. [a-
32P]UTP-labeled T3 or T7 transcripts were prepared in vitro
as described by Hart et al. (9) and annealed to total RNA
prepared by the guanidine thiocyanate method (4) or to
poly(A)+ RNA at 60°C for 15 to 24 h. The resulting hybrids
were digested with RNase T2 (Boehringer Mannheim) at a
final concentration of 60 U/ml at 34 to 37°C for 2 h and
resolved by electrophoresis on 6% polyacrylamide-urea
sequencing gels.

Construction of leader mutants. Truncated leader mutants
with unidirectional deletions were generated by controlled
Bal31 digestion. The parent plasmid, pSLM/MP8, consists of
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the entire genome of the viable mutant SLM/MP8 (2) in-
serted into the BamHI site of pBR322. This plasmid DNA
was digested with SmaI (which cuts only once, inside the
late leader unit) and EcoRI. The resulting 1,822-bp fragment
spanning from the leader unit through the polyomavirus
replication origin to the viral EcoRI site was gel purified and
treated with Bal3l nuclease for various times. E. coli DNA
polymerase I Klenow enzyme was used to make the ends
blunt, and the DNA was digested with BglI. This digestion
yielded a collection of fragments with one fixed BglI end and
the other end variously truncated. In a separate reaction,
wild-type plasmid pPK (which contains the entire polyoma-
virus strain 59RA genome cloned into pMK16* at the unique
BamHI site) was grown in dam mutant E. coli GM48 and
digested with BclI (which cuts at a single site, within the
wild-type leader unit). The DNA ends were made blunt with
the Klenow enzyme, treated with calf intestine alkaline
phosphatase, and digested *ith BglI (which cuts only once,
in the polyomavirus sequence of pPK). The resulting DNA
was mixed with the Bal31-treated material and ligated over-
night at 16°C. Competent HB101 cells were transformed,
kanamycin-resistant colonies were isolated, and individual
mutants were propagated after DNA sequence verification
by the dideoxy method.
A series of deletion mutants lacking sequences upstream

of the ALM leader exon were constructed in a similar way,
starting with pALM DNA (2). This plasmid, grown in dam
mutant E. coli, was digested with Bcl (the ALM leader
retains the unique BclJ site) and EcoRI. The resulting
1,808-bp fragment was gel isolated and treated with Bal3l
nuclease, the ends were made blunt wit-h the Klenow en-
zyme, and BclI linkers were attached with T4 DNA ligase.
After excess linkers were trimmed with Bcll, the DNA was
digested with BglI and ligated overnight at 12°C to the pPK
backbone described above. Following transformation of
competent HB101 cells, individual clones were picked,
propagated, and verified by dideoxy sequencing. Mutants
ALM-4, ALM-11, and ALM-15 were chosen for further
study. These contained deletions of 4, 11, or 15 nucleotides
upstream of the Bcll site of ALM, respectively (see Fig. 4).
Mutant ALM-3'SS was constructed with a 30-base syn-

thetic oligonucleotide (5'-CATTTTCTATTTTAAAAATG
ATCAAGTAAG-3') to change the AGAG sequence at the
ALM leader 3' splice site junction to AAAA. A 1,170-bp
BamHI-PstI fragment (spanning the late leader region) from
ALM was cloned into phage M13mp8 DNA. Recombinant
plaque were isolated, and single-stranded DNA was pre-
pared and mutated by standard methods (25). Mutants were
revealed by hybridization of 32P-labeled oligonucleotides to
plaque lifts onto nitrocellulose (14). The mutant chosen for
further analysis was verified by dideoxy sequencing. The
BumHI-PstI fragment was excised, recloned into pBR322,
and propagated in dam mutant GM48 cells, and the Bcll-BgII
fragment was isolated and inserted into pPK DNA that had
been digested with the same two enzymes.

Transcription rate measurement in isolated nuclei. At 30 h
posttransfection, nuclei from mock-transfected, ALM-trans-
fected, or wild-type (pPK)-transfected cells were prepared
and incubated with [a-32P]UTP as described previously (7).
The labeled RNA was isolated and hybridized to single-
stranded probes bound to nitrocellulose filters. For each
experiment, approximately 108 nuclei were used from NIH
3T3 cells transfected with BamHI-cut, religated DNAs.
Following incubation, the reactions were terminated with
DNase I, and RNA was isolated essentially as described
previously (8, 15). Hybridization was to single-stranded

DNA probes specific for early or late transcripts. The
early-transcript-specific probe, PR-3 (R. Hyde-DeRuyscher
and G. G. Carmichael, Proc. Natl. Acad. Sci., in press), was
the viral PstI-EcoRI fragment (nucleotides 488 to 1560)
cloned into phage M13mp8. The late-transcript-specific
probe, RPHD11 (Hyde-DeRuyscher and Carmichael, in
press), contains a HindIII fragment from nucleotides 2921 to
3919 cloned into the HindIII site of phage M13mpl8. Single-
stranded DNA (5 ,ug) was bound to GeneScreen Plus (New
England Nuclear) as described by the manufacturer with a
Bethesda Research Laboratories slot-blot manifold appara-
tus. Hybridization and processing of the filters were done as
described by Hyde-DeRuyscher and Carmichael (in press).

RESULTS

Minimum leader exon size for both late pre-mRNA splicing
and stability in polyomavirus. Mutant ALM, with a 9-base
leader exon, is nonviable and produces unstable late primary
transcripts which are inefficiently spliced (3). Since a mutant
(SLM/MP8) constructed earlier has a 51-base leader with a
sequence unrelated to that of the wild type and is indistin-
guishable from our laboratory wild-type strain 59RA (2), we
set out to determine whether the defects in ALM are related
to leader length. Therefore, starting with pSLM/MP8, we
used Bal3l nuclease to construct mutants with progressively
shorter leaders. Figure 2 shows the mutants that were made
and sequence verified.
Each of the truncated leader mutants was propagated as a

plasmid, liberated from the vector backbone with BamHI,
and recircularized with T4 DNA ligase. These DNAs were
then transfected into mouse NIH 3T3 cells, and the immu-
nofluorescence burst assay (2) was used to monitor viability.
By this assay, mutants with leader exon lengths of 33
nucleotides or longer were found to be viable, while those
with leaders of 27 nucleotides or shorter were not (data not
shown).
We next used protection from S1 nuclease to examine the

levels of splicing of the late leader exon to the message body
for mVP1, which encodes the major viral structural protein,
VP1. Since the early promoter appears not to be affected by
deletions or substitutions in the late leader region (3), for
each mutant we measured levels of early viral spliced RNAs
as an internal control for transfection efficiencies. Figure 3
shows the results of this experiment. It is clear that mutants
with leaders of 33 nucleotides or longer showed the same
levels of late RNA splicing (ratio of spliced band to full-
length protected probe, about 0.9). Comparison to the early
RNA internal controls indicated that steady-state levels of
late nuclear RNA (determined by calculating the ratios of
total early to total late protected signals) were also about the
same for each of these mutants. However, mutant SLM-27,
with a 27-base leader exon, had a deficiency of about fivefold
in leader-mVP1 body splicing. SLM-22, with a 22-base
leader exon, was further impaired, with the mVP1 splice
being virtually undetectable in this experiment. This mutant
was indistinguishable from ALM, with a 9-base leader exon.
Note that for the late splice levels to be visible, more nuclear
RNA had to be used in the lanes for SLM-27 and SLM-22
(compare early RNA band intensities). Table 1 presents the
densitometric quantitation of these results. In agreement
with previous results for ALM with the same probes (3), we
found that RNA stability was reduced more than 20- to
40-fold in short-leader mutants (e.g., SLM-22), while the
band representing the mVP1 splice was reduced at least an
additional 10- to 20-fold. These results showing stability and
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FIG. 2. Leader deletion mutants used to determine the minimum exon length for RNA splicing and stability. The starting virus was SLM/

MP8, which has a 51-base leader (boxed) derived from cloning vector M13mp8. This virus is indistinguishable from our laboratory wild-type
strain, 59RA, which encodes 57-base late leaders (2, 3). Bal3l nuclease was used to generate unidirectional deletion mutants as described in
Materials and Methods. The dark lines represent bases deleted in the indicated mutants. Each virus was then tested for viability, using the
immunofluorescence burst assay (2), and the results are shown.

splicing decreasing together with decreasing leader length
help to prove that the defects are linked and dependent on
leader exon length.

Mutations in the 3' splice site upstream of the late leader
unit do not correct the defects in ALM. We previously
suggested that the defects in ALM are due to the juxtaposi-
tion of two efficient splice sites (3). In this mutant, splice
sites flanking the leader exon are too close together to allow
efficient usage of either site. A prediction of this model is
that a defective 3' splice site upstream of the mutant leader
unit should relieve both defects. To test this model, we
constructed a number of mutants (Fig. 4). Starting with
ALM, a series of unidirectional deletion mutants were made
with Bal3l nuclease. In these mutants we removed 4, 11, or
15 nucleotides from the 3' splice site region upstream of the
ALM leader exon. In mutant ALM-3'SS, an oligonucleotide
was used to change the AGAG sequence at the ALM leader
3' splice site junction to AAAA, destroying any possible AG
dinucleotide motif in this region. Like ALM, all of the
upstream splice site mutants were nonviable, as determined
by the immunofluorescence burst assay (data not shown). It
is important to note that in these mutants, leader-leader
splicing could not take place in vivo, owing to the destruc-
tion of an involved splicing site. Splice sites involved in
leader-body splicing, however, were not altered. Thus, giant
nuclear transcripts in mutant-infected cells might be ex-
pected to accumulate, while those that only contain a single
leader unit might be spliced normally to late message body
exons. Alternatively, leader-mVP1 or leader-mVP3 body
splicing might occur in giant transcripts, skipping over the
mutated leader exons. Figure 5 shows an analysis of late
splicing for these mutants. Nuclear RNAs from transfected
mouse NIH 3T3 cells were analyzed for mVP1 splicing and
RNA stability, and results were normalized to early RNA
levels to correct for variable transfection efficiencies. For
comparison, nuclear RNA from ALM-transfected cells was
analyzed. Surprisingly, late splicing for the mutants re-
mained as severely compromised as for ALM. The ratio of
the "unspliced" band to the band representing the mVP1
splice was very high for all of these mutants, whereas the
mVP1 splice band was the predominant one for wild-type
virus. Mutant transcripts were also less stable than wild-type
ones; none of the mutations examined here restored steady-
state nuclear RNA levels to near that in the wild type. As it

is possible for one RNA processing step to have effects on
others (e.g., there is a reported relationship between splicing
and polyadenylation with the polyomavirus early region
[16]), it is important to determine what the primary flaw is in
the splice site mutants. One can imagine a scenario in which
RNA that is inefficiently polyadenylated is not a good
substrate for the splicing reaction. Figure 6 shows that the
splicing defects of the leader upstream splice site mutants
Were also apparent in poly(A)+ RNA. The mutant prinary
transcripts that managed to be processed and transported.to
the cytoplasm still reflected the inefficient usage of the mVP1
splice site. Thus, the primary defect is in late polyomavirus
splicing and is not secondary to any defect in polyadenyla-
tion: otherwise, one would expect the RNA that is polya-
denylated to show no splicing defect.
As a final control, nuclear run-on analyses were carried

out to correct for possible late promoter effects in the
mutants examined. Although the ALM late promoter is
indistinguishable from that of the wild type (3; Fig. 7), this is
an important control, since the major late start sites for our
strain are 55 and 85 nucleotides upstream of the leader (3),
and some of the deletions used might be expected to inter-
fere with late promoter function. Figure 7 shows that for
these upstream mutants the late promoter was never signif-
icantly compromised, by comparison with the early pro-
moter. Densitometric scanning of these and other exposures
revealed that the late promoters of each of the viruses
examined here were equivalent, within a factor of 2.

DISCUSSION

Role of leader exon length in polyomavirus late pre-mRNA
processing. In the polyomavirus system, leader length (but
not sequence) appears to be important for both late pre-
mRNA splicing and stability. Mutants with leader exons of
33 nucleotides or longer are viable and show no defects or
only minor defects in growth, mVP1 splicing, and nuclear
RNA stability. Exons of 22 nucleotides or shorter, however,
lead to a loss of viability and severe defects in both pre-
mRNA splicing and stability. A mnutant encoding a 27-base
leader exon is nonviable but intermediate in the two RNA
processing defects.
We feel that the ALM or other short-leader mutant exons

are not "poison" sequences which direct RNA degradation.
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FIG. 3. Analysis of late nuclear RNA accumulation and mVP1 splicing in leader deletion mutants. Nuclear RNA was isolated from cells
40 h after transfection as described in Materials and Methods and subjected to nuclease Si analysis with 5'-end-labeled, strand-separated,
single-stranded probes. The early probe was a 288-nucleotide fragment (AvaI-HgiAI fragment, from nucleotides 730 to 1016 [18]), and the late
probe was a 306-nucleotide fragment (HindIII-PstI fragment, from nucleotides 3920 to 4225 [18]). The early probe revealed splices for the
messages for small, middle, and large T antigens, while the late probe revealed the mVP1 splice. Although variable amounts of nuclear RNAs
(1/2 to 1/50 of the nuclear RNA isolated from one 90-mm petri dish) were used for the different mutants, to be able to visualize levels of
polyomavirus transcripts and splices for different mutants, we used the same relative amounts of nuclear RNAs for early versus late RNA
analysis in each experiment, to allow comparison and quantitation. Thus, the relative levels of late RNAs produced by different viruses could
be determined by comparing the ratios of the early and late signals. Multiple exposures of autoradiograms were made, and relative amounts
of bands were determined by densitometric scanning.

Rather, we feel that competence for leader-leader splicing is
required for manifestation of the splicing and stability de-
fects. Viruses with leaders of various sequences which are
33 to 96 nucleotides in length are viable, as long as they do
not contain frameshifting AUG codons (2), while all mutants
tested which have leaders less than 27 nucleotides in length
are nonviable and phenotypically identical, as far as we have
measured. In experiments to be reported elsewhere (N.
Barrett and G. Carmichael, unpublished data), we have
analyzed the effects of the wild-type and ALM leader exons
on RNA synthesis and stability in a transient expression
assay system. In this system, late promoter sequences,
including the leaders and 54 nucleotides downstream of the
leaders, were fused to the bacterial chloramphenicol acetyl-
transferase gene; no downstream 3' splice sites were avail-
able for splicing to the leaders. These two constructs were
indistinguishable in the amounts of chloramphenicol acetyl-
transferase enzyme or chloramphenicol acetyltransferase
mRNA produced following transfection into mouse cells.
Another possible explanation for the observed length

dependence is that short-leader mutants (e.g., ALM and

TABLE 1. Relationship between late leader exon length and
nuclear RNA stability and splicing'

Relative level Relative level
Mutant of late of mVPl

nuclear RNAb splicec

SLM/MP8 100 100
SLM-44 98 98
SLM-37 77 88
SLM-33 32 62
SLM-27 3.6 22
SLM-22 1.3 3.3

a Nuclear RNA was isolated from cells 40 h after transfection as described
in Materials and Methods and subjected to nuclease Si analysis with 5'-end-
labeled, strand-separated, single-stranded probes (Fig. 3). Band intensities
from different exposures of the autoradiogram shown in Fig. 3 were deter-
mined by densitometry.

b The intensities of autoradiogram bands with the mVP1 probe (Fig. 3) were
summed and divided by the sum of intensities of the "early" nuclease Si
bands. Values have been normalized to SLM/MP8. These data have not been
corrected for any possible late promoter defects.

' Ratios of the relative intensities of spliced bands to unspliced bands with
the mVP1 probe. Values have been normalized to SLM/MP8.
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ALM

ALM-3'SS

ALM-4

5'- ACTTCCTGCTTAACTGACTTGACATIT

5'. ACTTCCTGCTTAACTGACTTGACI :

CTGATCAAGTAAGTGA...-3'

ICTA""I§ :TGATCAAGTAAGTGA...-3

FIG. 4. Viruses with mutations in the 3' splice site upstream of the ALM late leader exon. Mutant ALM-3'SS was constructed by
oligonucleotide-directed mutagenesis, and the remaining mutants shown were made from ALM by using Bal3l nuclease as described in
Materials and Methods. The ALM leader unit is boxed, and the bases deleted in the various mutants are shaded. The nucleotides altered in
ALM-3'SS are underlined, and splice sites flanking the leader are indicated with arrows. ALM-3'SS and ALM-4 lack the AG dinucleotides
present at the normal upstream 3' splice site. Mutants ALM-11 and ALM-15 also lack much of the polypyrimidine tract.

SLM-22) direct the synthesis of late RNAs whose secondary
or tertiary structures prevent any splicing event involving
the leader. This might involve, for example, sequestering 5'
or 3' splice sites in stable RNA hairpin structures (5, 11, 19,
20). To account for our results, however, one must further
propose that the RNA that is not spliced is particularly
unstable in the nucleus. Also arguing against a major role of
secondary structure are the similar phenotypes of the large
number of mutants described here.
The defects observed in the ALM, the short-leader mu-

tants, and the upstream deletion mutants are also unlikely to
be due to a shortened distance between 5' ends and leader
splice sites. Our wild-type strain of polyomavirus (59RA)
contains a 31-bp duplication (17) which places the two major
late start sites 55 and 85 nucleotides upstream of the leader
unit or 112 and 142 nucleotides upstream of the 5' splice site
at the distal end of the leader (3). The wild-type A2 and A3

mVPI Splice
co

U I J VI a..

E < 0n 4 4c < 0

306 --- wW -_ _ 0 -

strains of polyomavirus do not contain this duplication (17,
18). Thus, in ALM, the 31-bp duplication places many late
start sites 94 nucleotides from the 5' splice site at the distal
end of the leader. This splice site is not much further away
from a major start site than it wouild'be from the correspond-
ing site in the wild-type A2 strain of polyomavirus (112
nucleotides). When the major late 5' ends were measured for
mutant ALM-11, they were again found to be at the same
sites (C. Marlor, unpublished results). Mutant SLM-27 ex-
hibits a splicing defect and has a 30-nucleotide deletion in the
late leader. This, coupled with the 31-bp duplication in our
strain, places many late start sites for this mutant almost
exactly the same distance from the 5' splice site as in
wild-type strain A2 (112 nucleotides). Furthermore, the cap
site of a major late adenovirus type 2 transcript is only 41
nucleotides upstream of a 5' splice site used for the produc-
tion of the tripartite late leader of this virus (24). Finally, in
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FIG. 5. Nuclease Si analysis of mutations in the 3' splice site upstream of the ALM leader exon. Cells were transfected with wild-type
(SLM/MP8), ALM, or mutant DNA, and nuclear RNA was isolated 40 h later. Nuclease S1 analysis was carried out as described in the legend
to Fig. 3. The mutations did not restore nuclear RNA stability or efficient mVP1 splicing.
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FIG. 6. Splicing defects of the leader upstream splice site mutants observed by using poly(A)+ RNA. Total cell RNA from cells transfected
with BamHI-liberated, dilute-ligated wild-type (pPy), ALM, or other mutant DNA was isolated and subjected to oligo(dT)-cellulose
chromatography, and the fraction of the mRNA molecules containing the mVP1 splice was determined by riboprobe analysis as described in
Materials and Methods. The riboprobe used here was a HindIII-PstI fragment, from nucleotides 3920 to 4225, cloned into the polylinker
cloning site of BlueScribe. The plasmid was digested with EcoRI, and 32P-labeled transcripts were made with phage T3 RNA polymerase.
These transcripts were 348 nucleotides long, 306 nucleotides of which were complementary to polyomavirus late primary transcripts. The
full-length riboprobe band represents incomplete digestion with RNase T2. The band at 306 nucleotides represents polyomavirus transcripts
not containing the mVP1 splice, and the band at 203 nucleotides represents transcripts containing the mVP1 splice. 3'SS = ALM-3'SS.

experiments to be reported elsewhere, we have analyzed the
splicing patterns of other mutants with altered spacing in the
leader region, and all results obtained are fully consistent
with the model presented here.
The simplest explanation for the leader length dependence

observed is that the defects are the result of splice site
interference. A factor(s) binding at one splice site could
prevent by steric hindrance the binding of a factor(s) at the
other nearby splice site or could interfere with functional
spliceosome assembly. This block in splicing would lead to
RNA degradation. However, our system does not allow us
to define a general rule for a minimum exon size required for
RNA splicing and stability. For example, RNA processing
for the troponin T gene has been examined by Breitbart and
Nadal-Ginard (5). In this gene there are many very short
exons, as small as 6 bases in length. In this system, however,
the splice sites bordering the short troponin T exons may be
of different efficiencies and used at different times during
pre-mRNA splicing. Thus, the troponin T mini-exons may be
functionally longer than 22 bases, while the polyomavirus
late leader sites are not.

In an attempt to investigate the observation that splice site
crowding causes RNA degradation in this system, we intro-
duced mutations into the 3' splice site which precedes the
ALM leader exon. If the splicing and RNA stability defects
in ALM were coupled and were both due to splice site
interference, then we would expect that mutations that
eliminate one of the splice sites involved would correct both

lesions. This was not the result observed. mVP1 splicing was
not significantly more efficient for the upstream 3' splice site
mutants than for ALM, and nuclear RNA stability was
increased marginally, if at all. The conclusion is that splice
site crowding inhibits leader-leader splicing. This in turn
inhibits leader-mVP1 splicing and leads to RNA degradation.
A block in leader-leader splicing by splice site deletion or
mutation produces the same phenotype. Whether splice site
crowding alone is sufficient for RNA instability, as originally
postulated (3), has not been shown.

Late splice site selection in polyomavirus pre-mRNA mole-
cules. The unexpected results obtained with the upstream
leader splice site mutants have forced us to consider an
important role for the late leader exon in the selection and
usage of late splice sites. In giant primary transcripts, late
leader and message body exons are repeated (Fig. 1). To
account for the generation of mature mRNAs with multiple
leaders but only one message body exon, we propose that
only the coding exon closest to the 3' end of the primary
transcript is chosen for splicing to the nearest upstream late
leader unit. However, this cannot occur efficiently without
leader-leader splicing (or splice site commitment). Thus,
only after all leader-leader splices are made can efficient
mVP1 or mVP3 splicing occur. This splicing prevents the
usage of "internal" message body splice sites in giant
transcripts and the production of giant mRNAs. When
leader-leader splicing is blocked, late transcripts cannot be
spliced efficiently and are channeled to a degradation path-

VOL. 63, 1989



92 ADAMI ET AL.

Probe

Early Late

Mock

pPK -~ -~

SLM/MP8 4._ _4.

ALM -rN* 4

ALM-4 -
A-IMi.:::

ALM-1 I

ALM-15 *mwb SamI

ALM-3'SS
FIG. 7. Nuclear run-on assay to measure late promoter strengths

of late leader upstream splice site mutants. Viral genomes propa-
gated as BamHI inserts in plasmids were excised, recircularized by
ligation under dilute conditions, and used to transfect mouse NIH
3T3 cells. Transcription rate measurements were made as described
in Materials and Methods. The early-transcript-specific probe, PR-3
(Hyde-DeRuyscher and Carmichael, in press), is the viral PstI-
EcoRl fragment (nucleotides 488 to 1560) cloned into phage
M13mp8. The late-transcript-specific probe, RPHD11 (Hyde-De-
Ruyscher and Carmichael, in press), contains a HindIll fragment
from nucleotides 2921 to 3919 cloned into the HindIll site of phage
M13mpl8. Since ALM early gene expression is indistinguishable
from that of the wild type (2), the early probes were used as an

internal control. The exposure time was 71 h. The efficiency of late
promoter function was determined by comparing the relative levels
of signals bound to the early and late probes.

way. We are currently constructing and analyzing a number
of other viral mutants that will help us to determine the order
of splicing events in polyomavirus late pre-mRNA process-
ing.
Our model helps to explain the relative paucity of late

messages with single leaders. Most polyomavirus late mes-

sages have three to five tandem leader units at their 5' ends
(13, 21), even though late transcription termination or 3'
processing efficiency has been estimated to be 50% or
greater (12, 23). If leader-leader splicing is favored over

leader-body splicing, then giant primary transcripts could be
efficiently resolved into mRNA molecules, without the usage
of internal mVP1 or mVP3 splice sites, creating giant cyto-
plasmic messages. Thus, this model might predict that
primary transcripts containing only a single leader exon

should be spliced relatively inefficiently and should be
unstable. Splicing of leaders, regardless of their sequence, is
the important aspect of our model. Other recent work in our

laboratory is consistent with this notion (Hyde-DeRuyscher
and Carmichael, in press), while the results of Lanoix and
Acheson (12) suggest that, at least in their system, multiple
spliced leaders are not necessary for efficient virus replica-
tion. These latter authors constructed a mutant virus genome
with the rabbit ,-globin 3' processing/polyadenylation signal
inserted at the 3' end of the polyomavirus late region. This

mutant grows well in tissue culture, appears to direct effi-
cient termination of late transcription, and should produce
predominantly single-leader late messages. We cannot at this
time reconcile our results with those of Lanoix and Acheson.
Using another approach, however, Kern et al. (10) suggested
that leader-leader splicing stabilizes polyomavirus late RNA
molecules.

Finally, it will be of interest to determine the cause of
RNA instability observed in many of our late leader mutants.
A link between splicing defects and RNA instability has been
seen for mutants in several other systems but has not been
well defined (see Discussion of reference 3). It is also
important to determine whether the ALM leader region itself
is capable of conferring instability on other transcripts or
whether RNA degradation also requires an efficient down-
stream 3' splice site. A molecular understanding of the
precise steps affected in short-leader mutants awaits a care-
ful in vitro analysis of the splicing of late transcripts from
these as well as other mutants. We are currently carrying out
such studies.
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