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Polyomavirus late mRNAs contain at their 5' ends multiple, tandem repeats of a 57-base noncoding
sequence, the late leader, whose sequence appears only once in the viral genome. Pre-mRNA molecules are

processed by a pathway that includes the splicing of late leader exons to each other in giant, multigenome-
length precursors which are the result of inefficient transcription termination. We have devised a method
involving reverse transcription and the polymerase chain reaction to determine the number of tandem late
leader units on polyomavirus late RNA molecules. Using this technique, we have shown that each class of late
viral mRNA (mVP1, mVP2, and mVP3) consists of molecules with between 1 and 12 tandem leader units at
their 5' ends. Importantly, single-leader RNAs are underrepresented in both the cytoplasm and the nucleus,
suggesting that single-leader primary transcripts are preferentially degraded in the nucleus. In addition, the
average number of leaders on late RNAs increases in the presence of DNA replication. Taken together with
previous work from our laboratory, the results presented here are consistent with a model for the control of
late gene expression at the level of RNA splicing and stability which is in turn controlled by the efficiency of
transcription termination.

Polyomavirus is a small, double-stranded DNA virus
whose genome consists of two transcription units and an
intergenic regulatory region. Gene expression during lytic
infection of permissive mouse cells proceeds in a well-
defined temporally regulated manner (7, 24, 32, 36). Imme-
diately after infection, RNA from the early transcription unit
(E-RNA) begins to accumulate; however, RNA from the late
transcription unit (L-RNA) accumulates more slowly. At 12
h after infection, the ratio of E-RNA to L-RNA is about 4:1
(7, 22, 24, 32, 36). At 12 to 15 h postinfection, viral DNA
replication commences and L-RNA begins to accumulate
rapidly while E-RNA accumulates more slowly. This switch
results in a dramatic change in the relative abundances of E-
and L-RNA; by 24 h postinfection, the ratio of E-RNA to
L-RNA is about 1:50 (7, 22, 24, 32, 36). The switch is
dependent on viral DNA replication; if replication is inhib-
ited, E-RNA accumulates to abnormally high levels, with
minimal accumulation of L-RNA (12, 14, 21-23).
How is the early-late switch controlled? Large T-antigen

autoregulation of E-RNA accumulation certainly plays an
important role (14, 35). However, L-RNA processing and
stability are also important (22). To learn more about the role
of L-RNA processing in the early-late switch, we have
examined the events which are required for the production
of polyomavirus late mRNAs, concentrating on the differ-
ences observed between infections under conditions where
L-mRNA will (with DNA replication) or will not (without
DNA replication) accumulate.
We have previously shown, by using a nuclear run-on

assay, that the relative rates of early and late transcription
do not change significantly throughout infection, even
though the relative rates of RNA accumulation undergo
dramatic changes (22). Therefore, the major control point for
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the accumulation of both E-RNA and L-RNA is likely to be
at the posttranscriptional level. Although the relative
strengths of the early and late promoters did not vary
significantly throughout infection, one dramatic change in
the late-strand transcription pattern was detected near the
late poly(A) site: a higher level of transcription downstream
of the late poly(A) site was found after the onset of DNA
replication. One interpretation of this finding is that the
change in run-on patterns is indicative of a decrease in
transcription termination efficiency that is associated with
3'-end processing.

In addition to the transcription results, we found a parallel
increase in the efficiency of one of the splices that is required
for the production of mature mRNAs coding for the major
structural protein, VP1 (22). This result was interpreted as
suggestive of a change in the stability of the primary tran-
scripts because extensive work on the splicing of polyoma-
virus late pre-mRNAs indicated that stability of L-RNAs is
directly linked to their ability to undergo RNA splicing (4-6;
N. L. Barrett, G. G. Carmichael, and Y. Luo, submitted for
publication).

In this study, we wished to concentrate on a splicing event
involved in the production of L-RNA, the leader-to-leader
splice. Transcription from the late promoter of polyomavirus
is unusual in that termination and polyadenylation are both
inefficient at late times during infection (1, 2). This allows for
the production of large multigenome-length transcripts
which are resolved by the splicing of untranslated 57-
nucleotide late leader exons to each other (3, 29, 37, 38).
Previous work by us suggested that the termination effi-
ciency for late transcription might change during the course
of infection (22). This should result in the production of
primary transcripts that are longer at late times than at early
times. Since giant transcripts can be resolved only by
leader-to-leader splicing, we set out to compare leader
multiplicity and distribution in RNA isolated from infected
cells grown in the absence and presence of a DNA synthesis
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inhibitor, 1-P-D-arabinofuranosylcytosine (araC). The inhi-
bition of replication essentially holds the virus in a early
phase of infection, allowing RNA produced during this phase
to accumulate to detectable levels. The results presented
here show a dramatic change in leader multiplicity before
and after DNA replication: in the absence of replication,
most L-RNAs contain a single late leader unit at their 5'
ends; however, in the presence of replication, most L-RNAs
contain two or more leaders. In addition, analysis of the
distribution of leaders in both nuclear and cytoplasmic RNA
from productively infected cells reveals that single-leader
RNAs are present in smaller than expected amounts. This
finding is consistent with the hypothesis that single-leader
primary transcripts are less stable than multiple-leader tran-
scripts, as has been suggested previously by investigators in
our laboratory (4-6, 22). All of these results are consistent
with a model which we present for the control of L-mRNA
accumulation at the level of nuclear RNA stability.

MATERIALS AND METHODS

Cells and viruses. NIH 3T6 cells and polyomavirus 59RA
were grown as described previously (22). Infections were

carried out at a multiplicity of infection (MOI) of 1 or 20 and
are indicated below and in the figure legends. In experiments
in which DNA synthesis was inhibited, araC was added to
the culture media to a final concentration of 20 pLg/ml and the
medium was replaced every 6 hours.
RNA PCR. Total nuclear and total cytoplasmic RNA were

isolated by using guanidine isothiocyanate as described
previously (22). Oligonucleotides specific for each late splice
junction were synthesized by using a Milligen Biosearch
Cyclone DNA synthesizer. Oligonucleotide 275 (5'-TATCA
CCGTACAGCCTTG) is specific for mVP1. Oligonucleotide
276 (5'-TGAAAATTCACTTACTTG) is specific for mVP2.
Oligonucleotide 277 (5'-GGTACCGCTGTATTCTTG) is
specific for mVP3. Oligonucleotide 278 (5'-CTTGACATTT
TCTATTTTAAG) will bind just upstream of the late leader
and is complementary to cDNA synthesized for mVP1,
mVP2, and mVP3. Reverse transcription with oligonucleo-
tides 275, 276, 277, or an equimolar mixture of all three was

carried out as follows. The appropriate amount of RNA was

added to an extension mix to create final concentrations of
l x Taq polymerase buffer (10 mM Tris [pH 8.3], 50 mM
KCl, 1.5 mM MgCl2, 0.001% gelatin), 1 mM deoxynucleo-
side triphosphates, and 10 ng of each oligonucleotide per RI
in 10 RI. Just prior to the addition of RNA, the extension mix
was UV irradiated in a tissue culture hood for 5 min as

described previously (34) to eliminate background signals
due to any contaminating DNA or RNA in the mix. The
RNA was added, and the tubes were heated at 90°C for 2
min, held at room temperature for 5 min, and finally cooled
on ice for at least 2 min. Then 11 U of avian myeloblastosis
virus reverse transcriptase (11 U/LI; Dupont, NEN Research
Products) was added, and the mixture was incubated at room
temperature for 5 min and then at 50°C for 30 min. An
additional 11 U of reverse transcriptase was added, and the
mixture was incubated for 30 min more at 50°C. A 40-,u
volume of polymerase chain reaction (PCR) mix (lx Taq
polymerase buffer containing 2.5 U of Amplitaq DNA poly-
merase [Cetus] and 1 ng of 32P-end-labeled oligonucleotide
278, irradiated as above just before use) was then added, and
each tube was topped with mineral oil. Temperature cycling
was carried out in a Coy temperature cycler for the following
times: 90°C, 2 min; 15 cycles of 90°C for 1 min, 30-s ramp to
45°C for 2 min, 72°C for 2 min. " ramp back to 90°C, 15

cycles of 90°C for 1 min, 30-s ramp to 45°C for 2 min, 72°C
for 5 min, 30-s ramp back to 90°C, 72°C for 10 min. The
mixture was then held at 4°C. One-tenth of the amplified
mixture was then analyzed by denaturing electrophoresis on
6% acrylamide-7 M urea gels.

Sucrose gradients. Nuclear RNA was fractionated essen-
tially as described by Treisman and Kamen (38). Linear 5 to
20% sucrose gradients containing 50% deionized formamide
were prepared for a Beckman SW41 rotor. A 100-[Lg portion
of total nuclear RNA was resuspended in 50 ,ul of RNase-
free H20, 50 [L of deionized formamide was added, and the
sample was heated to 90°C for 2 min and then quick-chilled
on ice. The sample was then carefully layered over the
gradient and spun at 28,000 rpm at 20°C for 17 h. Fractions
of 0.4 ml were collected from the top of the gradient by using
an Isco model 640 density gradient fraction collector. The
refractive index of each fraction was monitored, and a
parallel gradient of cytoplasmic RNA was analyzed by
agarose gel electrophoresis for the positions of 18S and 28S
rRNA. The fractions were then analyzed by using PCR as
described above.

RESULTS

Experimental design. The objective of this study was to
examine the multiplicity (the number of leaders on individual
L-mRNAs) and distribution (the percentage of the L-mRNA
population with one, two, etc., leaders) of the 57-nucleotide
late leader exon on polyomavirus L-RNA in the absence or
presence of DNA replication. To accomplish this, we de-
signed the strategy outlined in Fig. 1. This stepwise analysis
was necessary because of numerous unusual features of
polyomavirus L-mRNAs. The late promoter does not pos-
sess a TATA box, which results in the use of at least 15 start
sites which span >150 bases (10, 13, 15, 16, 37-39). Primer
extension analysis cannot be used to quantitate leader mul-
tiplicity because this technique gives a complex repeating
pattern with heterogeneous start sites appearing with a
spacing of 57 nucleotides (G. Adami and G. Carmichael,
unpublished data). Our attempts to use Si nuclease mapping
or RNase protection with probes containing three tandem
late leader exons have yielded unreliable and variable results
owing to artifactual full-length probe protection by single-
leader transcripts (C. Marlor and G. Carmichael, unpub-
lished data). To circumvent these difficulties, we adopted a
modified strategy containing an additional step outlined in
Fig. 1. First, a 15-base oligonucleotide specific for a leader-
to-body splice junction was hybridized and extended by
reverse transcription. Next, a 21-base 32P-5'-end-labeled
oligonucleotide was hybridized to this cDNA and extended
by using a DNA-dependent DNA polymerase. The second
oligonucleotide hybridizes downstream of most of the start
sites for the late promoter and removes the 5'-end heteroge-
neity. The resulting products were separated on denaturing
polyacrylamide gels. RNAs with a single leader resulted in a
band at 93 nucleotides; RNAs with multiple leaders gener-
ated a ladder with successive bands at intervals of 57
nucleotides.
The method outlined above proved ideal for further am-

plification of the DNA products by using the PCR. Such
amplification would allow the examination of leader multi-
plicity in the absence of DNA replication. Also, the high
temperature of extension (72°C) increased the specificity of
the hybridization, lowered the background, and increased
sensitivity. However, to verify that short DNA fragments
(i.e., single-leader RNAs) are not preferentially amplified
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FIG. 1. Strategy used to determine the number of tandem late leader exons on the 5' ends of polyomavirus mRNAs. The top line
represents L-mRNA molecules. The dots represent the major start sites found for RNA produced from the late promoter, with the relative
abundances (10, 13, 15, 16, 37-39) indicated by dot size. The large open rectangle represents the late leader structure, which can contain one
or more tandem leader exons. The narrow open-ended rectangle represents one of the coding exons attached to the leader exon. The short
line labeled R-tion primer represents an oligonucleotide specific for one of the leader-to-body splices (see Materials and Methods for
sequences). The box labeled PCR primer represents an end-labeled oligonucleotide complementary to the cDNA. See text for details of the
method.
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under these conditions and that the PCR conditions yield
reliable quantitative comparisons of mRNAs with different
leader structures, we performed a test of validity by using
Sequenase, a modified form of T7 DNA polymerase known
to be extremely processive (30). In this experiment, temper-
ature cycling (and hence amplification) was not used. Results
comparing the amplification procedure with Taq DNA poly-
merase and one round of synthesis with T7 DNA polymerase
are shown in Fig. 2, and quantitation of the gel is shown in
Table 1. The patterns are extremely similar. Thus, under the
conditions used here, the leader multiplicity of polyomavirus
L-mRNAs can be accurately determined by using the PCR.

Multiple leader structures on mVP1, mVP2, and mVP3.
Cytoplasmic RNA isolated at 36 h postinfection was ana-
lyzed for the presence of multiple leaders by using oligonu-
cleotides specific for mVP1, mVP2, or mVP3. Each class of
polyomavirus L-mRNAs contains members with multiple
leaders, and the distribution of leaders on each class of
mRNAs is virtually identical (Fig. 3). This is an important
point because although mVP1 and mVP3 contain a leader-
to-body splice, mVP2 does not. Therefore, all three poly-
omavirus L-mRNAs appear to be processed in a similar
manner and leader-to-leader splicing appears to be indepen-
dent of mRNA body splicing. mRNAs with up to 12 leaders
have been detected in several experiments (data not shown).

FIG. 2. Comparison of late leader multiplicity and distribution
detected by using Sequenase or Amplitaq. RNA was isolated from
infected or mock-infected cells and subjected to reverse transcrip-
tion, as described in Materials and Methods, by using oligonucleo-
tide 275, which is specific for the mVP1 splice. Lanes: 1, DNA
molecular size markers (in nucleotides); 2, Sequenase reaction with
RNA from mock-infected cells; 3, Sequenase reaction with RNA
from cells infected for 24 h at an MOI of 20; 4, PCR with RNA from
mock-infected cells; 5, PCR with RNA from cells infected for 24 h at
an MOI of 20. See Table 1 for quantitation.
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TABLE 1. Leader distribution determined by using
Sequenase or PCR

Distribution (% of total)" from:
No. of leaders

Sequenaseb Amplitaq

1 39' 26
2 30 35
3 17 17
4 9 14
5 5 7

aTo calculate the percentage of the total, the signal for each band (after
subtracting out the corresponding signal in the mock lane) was divided by the
total signal detected.

b The leader distribution obtained by using Sequenase was quantitated by
densitometry in a Bio-Rad model 620 densitometer.

' This number may be an overestimate as a result of the high background in
this region of the gel.

Calculation of termination efficiency by using leader distri-
bution. To quantitate the distribution of leaders on mVP1,
mVP2, and mVP3, the gel shown in Fig. 3 was analyzed by
using a Betagen Betascope 603 Blot Analyzer. The percent-
age of each species is shown in Table 2. Assuming that the

A
VP1 VP2

# ot ieaders

relative level of each species is a direct result of transcription
termination, and using the percentage of each species of
RNA present (with one, two, three, etc., leaders), the
termination efficiency for each traverse of the genome can be
calculated. For the first round of transcription, the termina-
tion efficiency should be equal to the percentage of RNAs
containing one leader. For the second and succeeding
rounds, the termination efficiency should be equal to the
percentage of RNAs in that round divided by the percentage
of molecules containing a greater number of leaders. The
termination efficiency for each round of transcription was
calculated by using the leader distribution from mVP1,
mVP2, and mVP3 and is presented in Table 2. The use of
leader distribution to calculate the termination efficiency for
mRNAs containing two or more leaders generates numbers
which are very similar for each traverse of the genome. In
addition, this efficiency is the same in any given infection
regardless which of the mRNAs (mVP1, mVP2, or mVP3) is
examined. This number is characteristic for RNA isolated
from cells infected at a particular MOI: infection at a low
MOI results in a higher termination efficiency, whereas
infection at a high MOI yields a lower calculated efficiency.
In addition, termination efficiency calculated from nuclear
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FIG. 3. All three classes of polyomavirus L-mRNAs contain members with multiple leaders. Analyses were carried out as described in
Materials and Methods. (A) Cytoplasmic RNA from cells infected at an MOI of 1 for 36 h. Lanes: M, mock RNA; I, RNA from infected cells;
VP1, Reactions carried out with oligonucleotide 275, which is specific for the mVP1 splice; VP2, reactions carried out with oligonucleotide
276, which is specific for mVP2. Following electrophoresis, bands were revealed by autoradiography. (B) RNA from cells infected at an MOI
of 20 for 24 h. Lanes: M, mock RNA; I, RNA from infected cells; VP1, reactions carried out with oligonucleotide 275, which is specific for
the mVP1 splice; VP3, reactions carried out with oligonucleotide 277, which is specific for the mVP3 splice. Following electrophoresis, bands
were visualized and quantitated by using a Betagen Betascope 603 Blot Analyzer.
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TABLE 2. Leader distribution of polyomavirus late cytoplasmic RNAs

% Total distributiona

No. of leaders Infection lb Infection 2b Mix Mix Nuclear

mVP1 mVP2 mVPl mVP3 -araCd +araCd (fraction 7)E

1 34 (34) 31 (31) 30 (30) 19 (19) 74 35 72 53 (53)
2 49 (74) 45 (66) 29 (42) 28 (35) 19 37 16 33 (70)
3 12 (69) 15 (64) 19 (46) 23 (43) 5 17 7 9 (64)
4 4 (79) 7 (78) 15 (66) 19 (62) 1.3 7 3 4 (80)
5 1 2 8 11 0.3 3 1 1

a The percentage of each species was calculated as in Table 1. Values in parentheses represent the calculated termination efficiency of that round of
transcription. The termination efficiency for each sample was calculated by using the formula %T,, = percentage of total RNA with n leaders/[100 - 1(percentage
of total in single-leader RNA to percentage of total in RNAs containing n - 1 leaders)], where n is a whole number between 1 and 5.

b mVP1 and mVP2 infection 1 is from Fig. 3A; mVP1 and mVP3 infection 2 is from Fig. 3B. Infection 1 was carried out at an MOI of 1, and infection 2 was
carried out at an MOI of 20.

c Calculated by assuming a 74% termination efficiency, which was the average determined from mVP1, infection 1. At each round, the total remaining
percentage was multiplied by 0.74 to determine the fraction predicted which should be present in each species.

d Fig. 5 (Mix + araC).
Fig. 6 (nuclear; lane 7 only). Quantitation was carried out by using a Betagen Betascope Blot Analyzer.

run-on analysis gives comparable numbers to those obtained
here (compare infection 2 with results in reference 22) and is
in the same range calculated by using in vivo pulse-labeling
of nascent late transcripts (27, 28, 35, 39). Thus, this appears
to be a valid method of determining the efficiency of termi-
nation in the polyomavirus system.

Underrepresentation of single-leader mRNAs. When using
the leader distribution from mVP1 in infection 1, an average
of 74% of the polymerases terminate each traverse of the
genome two to five times. By using this average and assum-
ing a simple model for transcription termination in which a
constant percentage of polymerase molecules stop each time
a terminator element is encountered, a predicted distribution
of leaders was calculated and is presented along with the
observed distributions in Table 2. To better illustrate the
close correlation between the predicted and observed distri-
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butions in RNAs containing two to five leaders, we artifi-
cially matched the relative contribution of two-leader RNAs
by multiplying all of the predicted distribution percentages
by 2.57. The results are shown graphically in Fig. 4. It is
apparent that for RNAs containing two or more leaders, the
predicted and observed distributions were nearly identical.
However, the relative contribution of one-leader mRNAs
was depressed approximately 5.5-fold from the predicted
level. This dramatic difference between the predicted and
observed amounts is consistent with the hypothesis that
RNAs containing one leader are less stable than multiple-
leader RNAs or are derived from less-stable precursors (6).
Changes in leader multiplicity in the absence of DNA

replication. The main objective of this study was to look for
any changes in the processing of late transcripts during the
course of infection, with the hope that any differences might
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FIG. 4. Observed and predicted leader distributions for mVP1 molecules. The observed distribution of mVP1 molecules with different

numbers of late leaders analyzed in Fig. 3A is plotted along with the predicted distribution, assuming no bias against single-leader mRNAs
and a 74% termination efficiency. To best illustrate the congruence of the observed and predicted distributions, the percentages of the
predicted distributions were multiplied by 2.57 to match exactly the relative contributions of two-leader RNAs.
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FIG. 5. Leader multiplicity in the presence or absence of DNA
replication. Analyses were carried out as described in Materials and
Methods, with an equimolar mixture of oligonucleotides 275, 275,
and 277, which will detect all L-mRNAs. Lanes: Mock, RNA from
mock-infected cells; WT, RNA isolated from cells infected at an

MOI of 1 for 36 h. + and - indicate whether cells were maintained
after infection in the presence or absence of 20 pg of araC per ml.

shed light on the early-late switch. A useful way to amplify
the difference between the early stage of infection (before
DNA replication) and late stages (after DNA replication) is
to infect cells and to isolate RNA 36 h after infection from
cultures maintained in either the absence or presence of
araC, a DNA synthesis inhibitor. Without DNA replication,
the early phase of infection is extended, allowing for a higher
level of accumulation of early-phase RNA.
By using the RNA PCR technique described above, leader

multiplicity was determined for polyomavirus cytoplasmic
RNA isolated from infected cells grown for 36 h in the
absence or presence of araC. An equimolar mixture of
oligonucleotides 275, 276, and 277 was used to assess leader
distribution on all three polyomavirus L-mRNAs. The re-
sults shown in Fig. 5 and Table 2 clearly demonstrate that in
the absence of DNA replication, most of the L-RNAs that
accumulate have a single late leader at their 5' ends. In
contrast, ifDNA replication is not blocked, a majority of the
polyomavirus mRNAs contain two or more leaders.

Underrepresentation of single-leader L-RNAs in the nu-

cleus. It was possible that the deficit of single-leader RNAs in
the cytoplasm was due to less efficient transport from the
nucleus. Alternatively, single-leader RNAs might be prefer-

entially degraded. To distinguish between these models, we
examined the distribution of leaders on polyomavirus nu-
clear RNAs. However, we wished to look at molecules that
had been processed to mature size: giant primary transcripts
and any splicing intermediates would cloud analysis because
unspliced late leader exons would be detected as RNAs
containing a single leader. To assess leader multiplicity and
distribution on mature-sized nuclear polyomavirus mRNAs,
nuclear RNA isolated 36 h after infection (from infection 1)
was separated on linear 5 to 20% sucrose gradients contain-
ing 50% formamide. Thirty 0.4-ml fractions were collected
and analyzed for multiple leaders by using an oligonucleotide
specific for mVP1. The results are shown in Fig. 6. Leader-
to-leader splicing and leader-to-VP1 splicing can be detected
throughout the gradient. Whether these represent true RNA
processing intermediates or are only RNAs smeared down
the gradient in the process of collection awaits further
experimentation. Importantly, however, quantitation of
RNAs that are the size of mature mVP1 (fraction 7) shows
that the level of single-leader RNAs is still lower than that
predicted by termination efficiency (Table 2). Thus, both
cytoplasmic and nuclear RNAs display relatively low levels
of single-leader RNAs. This is consistent with the hypothesis
that primary transcripts that cannot be spliced leader-to-
leader are preferentially degraded in the nucleus (6).

DISCUSSION

In this work we have examined in detail the multiplicity
and distribution of late leader exons on polyomavirus
L-RNAs. We have developed a method to determine the
number of late leaders on mRNAs by using reverse tran-
scription and the PCR. A comparison of this method involv-
ing 30 cycles of the PCR and a single round of second-strand
synthesis with Sequenase shows that under the conditions
used here, PCR does not preferentially amplify short mole-
cules (100 nucleotides versus 500 nucleotides). Therefore,
this is a convenient, rapid, and sensitive method of examin-
ing leader structures on polyomavirus L-RNAs.
An examination of cytoplasmic RNA from polyomavirus-

infected cells reveals that all three L-mRNA types (mVP1,
mVP2, and mVP3) can contain between 1 and 12 tandem
leader units at their 5' ends. This is the first direct demon-
stration that mVP2 contains multiple leaders. Treisman (37)
showed by sequencing cDNAs that mVP1 and mVP3 can
both contain multiple leaders; however, a cDNA for mVP2
was not found. Legon et al. (29) determined that the average
number of leaders on each of the three L-mRNAs was three
to five by using RNase T1 fingerprinting of labeled species
isolated after a high-multiplicity infection. Owing to the
difficulty in separating mVP3 and mVP2, it was not clear
whether the multiple leaders detected in these experiments
were from mVP2 or from contaminating mVP3. The use of
oligonucleotides specific for the splice junctions of each
mRNA in the original reverse transcription step and in the
PCR circumvents this problem. In this study we found that
under the conditions used in our laboratory, the average
leader multiplicity on each of the three L-mRNAs during the
late phase of infection was two to three. Although the use of
Taq DNA polymerase and Sequenase led to similar results,
it is still possible that reverse transcriptase converts short
mRNAs (single-leader RNAs) to DNA more efficiently than
it converts longer mRNAs (multiple-leader mRNAs), biasing
the results toward single leaders. If this were true, the
underrepresentation of single-leader RNAs late after infec-
tion would be even more dramatic than shown here.

J. VIROL.



POLYOMAVIRUS LATE PRE-mRNA PROCESSING 5829

fraction number

_ _ _m _ _

-._

f* 4 g -*

FIG. 6. Leader multiplicity in size-fractionated nuclear RNA. Nuclear RNA from infected NIH 3T6 cells was separated on linear 5 to 20%
sucrose gradients, and fractions were analyzed for multiple leaders, as described in Materials and Methods, with oligonucleotide 275, which
is specific for the leader-to-VP1 splice junction. Cyto indicates cytoplasmic RNA from the same infection; mock indicates the analysis carried
out on nuclear RNA from mock-infected cells. Fraction 1 is the top of the gradient, and fraction 29 is the bottom. Mature mVP1 molecules
sedimented to fractions 7 to 9.

The distribution of late leaders can be used to calculate a
termination efficiency for late transcription. Assuming that
the stability of the RNAs is the same, the percentage of
single-leader RNAs represents the fraction of transcription
complexes terminating the first time around the genome, the
percentage of RNAs containing two leaders represent those
that terminated the second time around, and so on. For
polyomavirus, the termination efficiency calculated in this
manner yields efficiencies which are similar regardless of
which mRNA (mVP1, mVP2, or mVP3) is used to calculate
this efficiency. A comparison of the termination efficiency
calculated by using the RNA PCR method gives results in
agreement with the efficiency calculated by using nuclear
run-on analysis (compare infection 2 in Table 2 with results
in reference 22) and with results of the sensitive method of
Tseng and Acheson (39). A polyomavirus mutant with a
more efficient late poly(A) site (about 90% efficient) has been
constructed by Lanoix et al. (28). We have tested this mutant
in our PCR assay (R. Hyde-DeRuyscher and G. Carmichael,
unpublished results), and our results show a 90% drop
between successive leader bands, again arguing for the
validity of the method. Therefore, this method could be a
rapid, sensitive assay to investigate the sequence require-
ments of termination or polyadenylation.

Interestingly, there appears to be a correlation between
leader multiplicity and MOI. In RNA isolated from cells
infected at an MOI of approximately 1, the greatest number
of leaders that could be detected was six to seven (Fig. 3A).
However, infection at an MOI of 10 to 20 allowed for the

production of up to 12 leaders on the 5' end of polyomavirus
L-RNAs (Fig. 2, lane 5). This has been a reproducible
finding. Thus, infecting cells at a lower MOI appears to
result in more efficient termination, a finding that is consist-
ent with the proposal that a limiting factor is titrated out at
late times after infection (26, 28).

Regardless of the efficiency of reverse transcription, the
distribution of leaders on polyomavirus RNAs show that
cytoplasmic mRNAs containing only one leader are less
abundant than predicted by a simple model of transcription
termination. However, the distribution of mRNAs contain-
ing two to five leaders fits this predicted distribution ex-
tremely well. The distribution of leaders on mRNA-sized
transcripts in the nucleus also reveals a paucity of single-
leader mRNAs. One way to account for the observed
distnrbutions is to assume that the splicing of polyomavirus
L-mRNAs occurs in a random fashion where leader exons
can splice to other leaders (or coding body exons) far
downstream. Other studies from this laboratory, to be pre-
sented elsewhere (Y. Luo and G. Carmichael, submitted for
publication), have indicated that the vast majority of splicing
for polyomavirus L-mRNAs is sequential; leaders splice to
the nearest downstream leader, and coding exons are spliced
to the nearest upstream leader. In addition, the distribution
of leaders on mVP2 cannot be explained by a random-
splicing model because these RNAs do not contain a leader-
to-body splice. The only way a single leader mVP2 molecule
can be generated is by the use of first the poly(A) site
downstream of the 5' end of the mRNA. Therefore, the data
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FIG. 7. Model for the control of polyomavirus L-mRNA accumulation. At the top is shown a schematic representation of the
polyomavirus late transcription unit. The shaded box (LL) near the 5' end of the late transcription unit represents the 57-nucleotide noncoding
late leader exon (not to scale). The arrow at the end of the transcription unit represents the poly(A) site. In this model, late transcription is
efficiently terminated before DNA replication, producing primary transcripts which contain only one late leader exon. These molecules are
inefficiently spliced, and most are degraded in the nucleus. After the onset of DNA replication, termination efficiency decreases, allowing for
the production of multigenome-length primary transcripts. This allows leader-to-leader splicing, which stabilizes the RNAs. In the example
shown here, the 3'-terminal leader exon splices to a VP1 coding exon to produce a mature mRNA with two tandem leader units at its 5' end.
Following splicing and polyadenylation, mature mRNAs are transported to the cytoplasm.

presented here cannot be explained by a random-splicing
model for the processing of polyomavirus late pre-mRNAs.
A more complicated model for transcription termination,

in which a polymerase must encounter a terminator twice
before efficiently terminating, may also explain the observed
distribution. This possibility seems unlikely in light of the
study on duplicated poly(A) regions, which do not appear to
increase the efficiency of termination for polyomavirus (28);
however, it is still a formal possibility that an element not
present in the duplicated constructs is responsible for this
effect.
The simplest model which can account for the observed

distribution of late leaders is that primary transcripts con-
taining one leader are preferentially degraded in the nucleus.
Studies in several systems have indicated that the splicing or
at least the competence to splice can be important for the
efficient accumulation of RNA (8, 9, 11, 17-20, 31, 33). Our
laboratory has demonstrated that any mutation which blocks
leader-to-leader splicing interferes with the accumulation of
L-RNA in both the cytoplasm and the nucleus (4-6). In
addition, Kern et al. (25, 26) have shown that cells contain-
ing a single integrated copy of polyomavirus do not produce
a detectable amount of L-RNA; however, a line which
contains multiple genomes inserted in tandem, allowing for
the production of primary transcripts which can be spliced

leader-to-leader, produces a high level of polyomavirus
L-RNA containing multiple leaders. Thus, evidence from a
number of different approaches has indicated that the pro-
duction of large, multigenome-length transcripts which can
be spliced leader-to-leader is a prerequisite for the efficient
accumulation of polyomavirus L-mRNA.
An examination of leader multiplicity in the absence or

presence of DNA replication reveals that in the absence of
DNA replication there are fewer tandem leader units on
L-mRNAs. This result can be interpreted in one of two
ways: either the splicing of leaders is a regulated event and
is very inefficient in the absence of DNA replication, or the
termination efficiency of late transcription is changing and
the leader distribution reflects this change. Our previous
work, using nuclear run-on transcription, suggested that
termination for late transcription becomes less efficient as
infection proceeds (22). This would predict that longer
pre-mRNA molecules would be produced at late times
during infection. These molecules would then be resolved by
the splicing of late leader exons to each other. The finding,
using two different methods (run-on transcription and RNA
PCR), that the efficiency of transcription termination for
polyomavirus late transcription decreases in the presence of
DNA replication, coupled with the data summarized above
on the requirement for leader-to-leader splicing for the

J. VIROL.
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efficient accumulation of L-RNA, is strong supporting evi-
dence that these events are involved in the accumulation of
L-RNA after the onset of viral DNA replication.
Model for the control of polyomavirus late-gene expression.

Figure 7 is a schematic representation of our working model
for the regulation of polyomavirus late-gene expression. In
this model, before DNA replication, transcription termina-
tion is efficient, allowing for the production of mostly half-
genome-length primary transcripts. This is based on nuclear
run-on transcription (22) and the leader multiplicity of
mRNAs in the absence of DNA replication presented here.
These primary transcripts are inefficiently spliced, and most
are not transported to the cytoplasm and are degraded in the
nucleus. This is supported by the change in splicing effi-
ciencies observed before and after DNA replication (22) and
by the leader multiplicity analysis of nuclear RNA and
cytoplasmic RNA shown here (Fig. 3, 5, and 6). In addition,
other studies from our laboratory have shown that splicing is
required for stabilization of L-RNA (4-6; Barrett et al.,
submitted). Therefore, before replication, the small amount
of L-RNA that accumulates is predominantly unspliced
RNA (single-leader mVP2) that has presumably escaped the
degradation pathway.
Once replication begins, transcription termination be-

comes less and less efficient. This might be due to a titration
of a limiting polyadenylation or termination factor, as has
been suggested by others (26, 27). This model is consistent
with the correlation between MOI and leader multiplicity
shown here. A decrease in termination efficiency would
allow the production of large, multigenome-length tran-
scripts. Leader-to-leader splicing would then stabilize these
pre-mRNAs, allowing 3'-end processing and mRNA body
splicing to occur. This model is supported by transcription
studies (both run-on transcription [22] and pulse-labeling
[35]), studies of leader multiplicity in the presence and
absence of DNA replication (shown above), work on late-
leader-splicing mutants (4-6; Barrett et al., submitted), and
analyses of viral RNAs found in cells containing integrated
polyomavirus genomes (25, 26). In addition to the stabiliza-
tion of mRNAs after DNA replication, the increase in the
number of templates being transcribed would increase the
rate at which L-RNA accumulates.
Our model is consistent with all of the data available on

the accumulation and regulation of polyomavirus L-RNA
and provides the virus with a mechanism by which the
production of capsid proteins is coupled to the extent of
DNA replication. This model, however, does not address
another important aspect of the early-late switch: the down
regulation of E-RNA accumulation. Although levels of
E-RNA may be influenced by large T-antigen autoregulation
of the early promoter (36), some studies have suggested that
E-RNA levels may be controlled after transcription initiation
(14, 35). We are currently investigating the possibility that
giant late primary transcripts themselves contribute to the
down regulation of E-RNA at late times, perhaps by forming
RNA-RNA duplexes in the nucleus.
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