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We constructed viable insertion mutants of polyomavirus that contain duplications of the nucleotide
sequences surrounding the polyadenylation sites for both E- and L-strand RNAs. Our results showed that
formation of poly(A)+ 3' termini of L-strand mRNAs requires sequence elements located between 12 and 87
nucleotides downstream of AAUAAA. No more than 19 nucleotides upstream and 44 nucleotides downstream
of AAUAAA are required for polyadenylation of E-strand mRNAs. Our results and those of others suggest that
there are three distinct sequence elements required for mRNA 3' end formation: AAUAAA and two
downstream elements. An insertion mutant containing two adjacent functional polyadenylation signals
produced E-strand and L-strand mRNAs with 3' ends at both sites. However, the overall level of polyadenyla-
tion of L-strand RNAs was not increased over the low (10 to 25%) levels seen with wild-type virus. Neither was
the efficiency of termination of L-strand transcription increased in mutant virus-infected cells. We conclude
that factors required for both polyadenylation and transcription termination are limiting in polyomavirus-
infected mouse cells.

The formation of polyadenylated 3' ends of mRNAs in
higher eucaryotes involves cleavage of a precursor RNA
shortly downstream of the hexanucleotide AAUAAA or a
closely related sequence (28, 34, 38, 44). During transcrip-
tion of mRNA-coding genes, RNA polymerase II progresses
at least 1 kilobase (kb) beyond the polyadenylation site
before terminating and releasing the RNA chain (18, 20, 24).
Cleavage and polyadenylation of this precursor RNA takes
place within 1 to 2 min of its synthesis (3, 35). Cleavage takes
place on the growing RNA chain before termination has
occurred during transcription of adenovirus late genes (35).
In other genes it is not known whether cleavage and
polyadenylation precede or follow termination of transcrip-
tion.
The hexanucleotide AAUAAA is essential for efficient

formation of polyadenylated 3' termini of mRNAs (16, 23,
33, 48). It has recently been shown that additional nucleotide
sequences downstream ofAAUAAA are required (9, 30, 31,
40, 49); however, the number of these additional elements
and their exact composition is not known. The nature of the
nucleotide sequences that signal termination of transcription
by RNA polymerase II remains obscure.
There is circumstantial evidence suggesting that poly-

adenylation and termination of transcription are linked.
During the late phase of infection of mouse cells by
polyomavirus, RNA polymerase II does not efficiently ter-
minate transcription of the L DNA strand (1). We have
recently determined that about 50% of RNA polymerases
terminate during each traverse of the 5.3-kb circular viral
DNA (46). Polyadenylation of viral RNA is also inefficient;
only 10 to 25% of L-strand transcripts become polyadenyl-
ated during the late phase (3). In contrast, during the early
phase of infection, transcription of the E DNA strand is
efficiently terminated, and E-strand transcripts are efficiently
polyadenylated (2, 4). Transcription of simian virus 40 DNA
in productively infected monkey cells is efficiently termi-
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nated (18); these transcripts are also efficiently polyadenyl-
ated and exported to the cytoplasm as mRNAs (12). How-
ever, when simian virus 40 DNA is injected into Xenopus
oocytes, RNA molecules larger than genome length are
produced, and polyadenylation of these transcripts is ineffi-
cient (32).
The apparent linkage between efficiency of polyadenyla-

tion and transcription termination suggests that a common
signal, or a common cellular factor, is involved in both
processes. If a common signal is involved, it may be that this
signal is weak and therefore poorly recognized by the
cellular machinery when both polyadenylation and termina-
tion are inefficient. Duplication of such a signal should
simultaneously increase the efficiency of both processes. If,
however, polyadenylation and termination are inefficient
because a cellular factor required for both processes is
present in limiting amounts, then duplication of the signal
should have little or no effect on either process. We con-
structed viable insertion mutants of polyomavirus that con-
tain a second functional polyadenylation signal. In the
course of these experiments, we obtained information on the
nucleotide sequence requirements for polyadenylation of
both E- and L-strand RNAs. Although mRNA 3'-end forma-
tion is correctly signalled by both polyadenylation sites,
neither the overall efficiency of polyadenylation nor that of
termination is increased compared to that of wild-type virus.
These results suggest that inefficient polyadenylation and
termination of late polyomavirus transcripts is a result of
limiting amounts of a cellular factor(s) required for these
processes.

MATERIALS AND METHODS

Virus, cells, and materials. Polyomavirus strain AT3 (W. C.
Skarnes, D. C. Tessier, and N. H. Acheson, manuscript in
preparation), closely related to the A3 strain, was used in all
experiments. Ten-day-old baby mice were purchased from
Canadian Breeding Farms. Primary baby mouse kidney
(BMK) cells and Swiss mouse 3T6 fibroblasts were grown in
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Dulbecco modified Eagle medium (Flow Laboratories, Inc.,
McLean, Va.). Si nuclease was obtained from Boehringer
Mannheim Biochemicals (Dorval, Quebec, Canada); T4 DNA
ligase and Kienow fragment of DNA polymerase were from
New England Nuclear Corp. (Boston, Mass.) and Pharmacia,
Inc. (Piscataway, N.J.), respectively. Oligo(dT)-cellulose
was purchased from Collaborative Research, Inc. (Waltham,
Mass.). 32P-labeled deoxynucleoside triphosphates and
[5-3H]uridine were purchased from ICN Pharmaceuticals Inc.
(Irvine, Calif.) and Amersham Corp. (Arlington Heights, Ill.),
respectively. Restriction nucleases were obtained from
Amersham, Boehringer Mannheim, New England BioLabs,
Inc. (Beverly, Mass.), and New England Nuclear Corp.
RNA preparation. Cell fractionation and RNA extraction

were as previously described (1). Poly(A)+ RNA was se-
lected by oligo(dT)-cellulose chromatography as described
by Aviv and Leder (6; see also reference 3).

Transfection and plaque assays. For transfection experi-
ments, cesium chloride-purified plasmid DNA was cleaved
with EcoRI to release linear polyomavirus DNA. The di-
gested DNA was diluted in a sterile solution of DEAE-
dextran (200 pLg/ml) in Dulbecco modified Eagle medium
containing 50 mM Tris hydrochloride, pH 7.4. Confluent
BMK cells in 60-mm petri dishes were covered with 2 ml of
this solution containing 400 ng ofDNA and incubated at 37°C
and 5% CO2 for 6 h. The DNA solution was removed by
suction, and the cells were washed with Dulbecco modified
Eagle medium and covered with 5 ml of fresh Dulbecco
modified Eagle medium supplemented with 10% fetal bovine
serum. Plates were incubated at 37°C and 5% C02, and the
extent of cytopathic effect was monitored over a period of
about 9 days.
For plaque assays, serial dilutions of EcoRI-digested DNA

were made in the same DEAE-containing medium, and 50,
10, or 1 ng of DNA per ml was used to transfect confluent
BMK cells (three plates per dilution). The procedure was the
same as above, except that cells were overlaid with 8 ml of
Eagle minimum essential medium (Flow Laboratories) con-
taining 0.9% Bacto-Agar (Difco Laboratories, Detroit,
Mich.) and 10% fetal bovine serum. The plates were supple-
mented with 3 to 4 ml of the same mixture after 4 days of
incubation at 37°C and 5% CO2. After 8 days of incubation,
cells were stained overnight with 4 to 5 ml of a 0.02%
solution of neutral red. Individual plaques were isolated for
production of virus stocks.

Construction of ins 1 and ins 2. Polyomavirus strain AT3
DNA was digested with HpaII to generate eight fragments,
one of which (fragment 6; 376 nucleotides) contains the
AATAAA signals on both the E and L strands (Fig. 1).
Fragment 6 was blunt ended with the Klenow fragment of
DNA polymerase and cleaved with AluI to generate 279- and
97-nucleotide fragments to which Sall linkers (New England
BioLabs) were ligated. Small linker oligomers were removed
by passage through a NACS ion exchange column (Bethesda
Research Laboratories, Inc., Gaithersburg, Md.), and the
remaining DNA fragments were treated with Sall to remove
multiple linkers and to create Sall sticky ends. The resulting
DNA was cloned into the unique Sall site of pBR322.
Ampicillin-resistant, tetracycline-sensitive recombinants
were screened for the presence of the 97-nucleotide AluI-
HpaII fragment which contains the AATAAA sequences. A
somewhat shorter fragment was recovered from a recombi-
nant plasmid (clone 24) by cleavage with Sall. DNA se-
quencing (29) confirmed that the inserted fragment had lost
16 nucleotides at one end and extended from nucleotide 2896
to 2976.

LTAg AAUAAA
11 -

E mRNA

Alu
2895

Hgi Al
2821

2820

Hincil Hpall
2964 2992

29802900

L mRNA

An-AUA
AAAUAA vp1

FIG. 1. Representation of region of polyomavirus DNA in which
the 3' ends of E- and L-strand mRNAs map. Nucleotide numbers
are from Soeda et al. (41). The sites of cleavage of selected
restriction endonucleases are shown. Lines above and below the
DNA segment represent E and L mRNAs, whose polyadenylated 3'
ends are denoted by arrowheads (E mRNA, nucleotide 2930; L
mRNA, nucleotide 2900 [21, 26]). The thickened portions represent
open reading frames: LTAg, large T antigen; VP1, major viral capsid
protein. AAUAAA sequences at nucleotides 2915 to 2920 on E
mRNA and at nucleotides 2913 to 2908 on L mRNA are shown.

Polyomavirus DNA was cleaved with EcoRI and cloned
into the unique EcoRI site of the plasmid pMK16.1 (a
derivative of pMK16 [25] in which the Sall site has been
deleted). The recombinant plasmid, pMK-A-12, was cleaved
at its unique BglI site at nucleotide 92 in polyomavirus DNA.
The linearized DNA was blunt ended with DNA polymerase
I (Klenow fragment) and ligated to Sall linkers. The ligated
DNA was subsequently transfected into Escherichia coli
DH-1 cells, and colonies on kanamycin plates were screened
for the presence of a Sall site in place of the BglI site. One
such isolate, pMK-S-20, gave rise to viable virus when linear
polyomavirus DNA was released by EcoRI digestion and
transfected onto baby mouse kidney cells. This virus con-
tained a Sall site at the position previously occupied by the
BglI site. These experiments were carried out by N.
Acheson and H. Abdelwahed.
pMK-S-20 DNA was cleaved with Sall and ligated to the

81-nucleotide Sall-linkered fragment 2895 to 2976. The re-
combinant plasmids were used to transform competent DH-1
cells, and colonies on kanamycin plates were screened for
the presence of the insert by restriction endonuclease diges-
tion. The orientation of the inserted fragment was also
determined by restriction analysis, and the structures of ins
1 and ins 2 were confirmed by DNA sequencing (Fig. 2).
Both mutants were viable in transfection and plaque assays
(see above).

Construction of ins 3. The pBR322 recombinant (clone 24)
containing the previously inserted 81-nucleotide fragment
was digested with HincIl to release a slightly shorter (69-
nucleotide) fragment extending from nucleotides 2896 to
2964. This fragment was ligated to pMK-A-12 DNA linear-
ized by partial digestion with HincII. Transfected DH-1 cells
were screened for the presence of recombinant plasmids
containing the 69-nucleotide fragment inserted between nu-

cleotides 2964 and 2965 in polyomavirus DNA. Only recom-
binants in which the L strand of the insert was joined to the
L strand of the genome (ins 3; Fig. 2) were viable in
transfection and plaque assays.

Construction of ins 4. Polyomavirus DNA was digested
with HgiAI, and the 470-nucleotide fragment 5 (nucleotides
2821 to 3286) was eluted from a 7% polyacrylamide gel. After
generating blunt ends with the Klenow fragment of DNA
polymerase I, we ligated the fragment to Sall linkers as

above. The fragment was subsequently digested with HincII,
and the resulting 144-nucleotide fragment (nucleotides 2821
to 2964) was eluted from a 7% polyacrylamide gel and ligated
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ins 1 ins 2

E_strand

transcription

ins 4

FIG. 2. Structure of polyomavirus viable insertion mutants. All
mutants contain a duplication of sequences surrounding the two
adjacent AATAAAs, one on each DNA strand, indicated by black
rectangles. The small arrows denote the orientation (5' to 3') of each
AAUAAA in RNA transcripts. In ins 1, the L strand of the insert is
joined to the L strand of the viral genome. The insert contains 12
nucleotides downstream of the AATAAA in the direction of L-
strand transcription. ins 2 carries the same fragment in the opposite
orientation, such that the E strand of the insert is joined to the L
strand of the viral genome. The insert in this orientation contains 56
nucleotides downstream of AATAAA in the direction of L-strand
transcription. In both ins 3 and ins 4, the L strand of the insert is
joined to the L strand of viral genome. This insertion is upstream of
the normal L-strand polyadenylation site. The inserts contain 12 (ins
3) or 87 (ins 4) nucleotides downstream ofAATAAA in the direction
of L-strand transcription.

to linearized pMK-A-12 as above. After transformation of
DH-1 cells, colonies on kanamycin plates were screened by
restriction analysis, and those containing an insert at the
HincII site at nucleotide 2964 were further analyzed to
determine the orientation of the inserted fragment. As de-
scribed above, only mutants in which the L strand of the
insert is joined to the L strand of the genome were viable in
transfection and plaque assays. The structure of ins 4 (Fig. 2)
was confirmed by DNA sequencing, which revealed that the
HgiAI end of the fragment had no Sall linker attached and
therefore that the HincIl site at this junction was not
reconstituted.
RNA blotting. RNA blotting was carried out essentially as

described by Thomas (43). Cytoplasmic poly(A)+ RNA (5
p,g) was glyoxal denatured at 50°C for 1 h (11) and loaded
onto a 1.1% agarose slab gel (195 by 160 by 3 mm) containing
10 mM sterile phosphate buffer, pH 7.0. Electrophoresis was
carried out at 90 V and 34 mA for 3 h, with recirculation of
buffer. Capillary transfer to nitrocellulose (BA-85;
Schleicher & Schuell, Inc., Keene, N.H.) was for 38 h at
room temperature in 20x SSC (3 M NaCl plus 0.3 M
trisodium citrate). The nitrocellulose was baked in a vacuum
oven at 80°C for 2 h, after which the glyoxal adduct was
removed by treating the blot with 50 mM Tris hydrochloride
(pH 8.0) at 100°C. The blot was prehybridized at 42°C for 16
h in the buffer specified by Thomas (43) and hybridized at the
same temperature for 48 h to a labeled single-stranded DNA
probe prepared as described below. After washing, blots
were exposed to Kodak XAR-5 film at -70°C.

The single-stranded DNA probe hybridized to RNA blots
was 32P-labeled fdlO3 bacteriophage DNA (22) containing
the L strand of polyomavirus PstI fragment 3 (M. McNally,
M.Sc. thesis, McGill University, Montreal, Quebec, 1984).
In vivo labeling was carried out as described by Ray and
Schekman (39). M2167 bacteria were grown to about 2 x 108
cells per ml in dephosphorylated L broth and infected with
phage particles at a multiplicity of 10 PFU per cell. At the
same time, 0.1 mCi of inorganic 32P043- per ml was added.
After 5 h of growth with agitation at 37°C, phage particles
were recovered by precipitation with 2% (wt/vol) polyethyl-
ene glycol. Phage particles were subsequently purified on a
discontinuous CsCl step gradient (50), and phage DNA was
extracted with hot phenol followed by ethanol precipitation.
A sample of purified labeled DNA was counted in Atomlight
(New England Nuclear Corp.); specific activity was 88 x 103
cpm/,Lg.

Si nuclease mapping. DNA of plasmids containing ins 3 or
ins 4 was digested with HpaII, and the fragments containing
the duplicated polyadenylation signals were eluted from a
7% polyacrylamide gel. The recessed 3' ends of each frag-
ment were labeled with the Klenow fragment of DNA
polymerase I and [a-32P]dCTP. The labeled DNA was di-
gested with restriction nucleases which cut very close to one
of the labeled ends (see figures), resulting in probes labeled
on only one strand. E-strand probes were further strand
separated.
Cytoplasmic poly(A)+ RNA extracted from infected cells

was hybridized with the appropriate labeled DNA probe in
0.4 M NaCl-1 mM EDTA-40 mM PIPES [piperazine-N,N'-
bis(2-ethanesulfonic acid)] (pH 6.4)-80% formamide (see
figure legends for time and temperature). Hybridization
mixtures were then diluted 10-fold with ice-cold S1 buffer
(300 mM sodium acetate [pH 4.6], 4.5 mM ZnSO4) contain-
ing 300 U of S1 nuclease per ml (1 U digests 1 pug of DNA in
30 min at 37°C) and incubated for 30 min at 30°C. After
ethanol precipitation, pellets were suspended in 15 ,ul of
100% formamide, denatured at 85°C for 5 min, and quickly
chilled. Bromophenol blue loading buffer (5 ,ul) was added,
and samples were immediately loaded on a 7% acrylamide-8
M urea gel and electrophoresed for the times indicated in
each experiment.
Measurement of proportion of viral RNA that is polyadenyl-

ated. Virus-infected cells were labeled for 10 min with 500
,uCi of [5-3H]uridine per ml per 100-mm petri dish at 28 h
after infection. Poly(A)+ or poly(A)- nuclear RNA was
denatured together with an excess of single-stranded M13
DNA containing the L strand of HpaII fragment 1 (nucleo-
tides 2991 to 4409) in 50% formamide-10 mM PIPES (pH 6.8)
at 85°C for 10 min. Samples were adjusted to 25% forma-
mide-0.4 NaCl-10 mM PIPES (pH 6.8) and hybridized at
37°C for 5 h. Samples were then adjusted to 4% formamide-1
M NaCl-2 mM EDTA-2 mM PIPES-50 mM Tris hydrochlo-
ride (pH 7.5), and DNA-RNA hybrids were collected by
loading onto 13-mm-diameter nitrocellulose filters (maxi-
mum, 10 ig ofDNA per filter). Filters were washed with 1 M
NaCl, treated with 20 pg of RNase A per ml in 0.4 M
NaCl-50 mM Tris hydrochloride (pH 2.5) for 30 min at 37°C,
further washed in 1 M NaCl, dried, and counted in a
toluene-based scintillation fluid.

RESULTS
Polyadenylation of L-strand RNA does not occur within

fragment 2896 to 2976 inserted near the origin of DNA
replication. The overlapping 3' ends of polyomavirus E- and
L-strand RNAs are polyadenylated at nucleotides 2930 and
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2900, respectively (21, 26) (Fig. 1). We isolated a DNA
fragment (nucleotides 2896 to 2976) that contained both
these polyadenylation sites as well as their associated
AATAAA sequences. We inserted this 81-nucleotide frag-
ment into a unique Sall site that we had previously created
within the polyomavirus genome by addition of Sall linkers
to the BgIl site, at nucleotide 92 (see Materials and Meth-
ods). This site lies between the origin of DNA replication
and the initiation site for E-strand transcription, within a
region known to be nonessential for virus growth (8). Two
selected mutants, ins 1 and ins 2 (Fig. 2), carry the insert in
each of the two orientations, approximately 2.8 kb down-
stream of the normally used L-strand polyadenylation site.
Both mutants are viable, as expected.
NIH mouse 3T6 cells were infected with wild-type or

mutant virus, and RNA was extracted 28 h postinfection.
Cytoplasmic poly(A)+ RNA was selected by oligo(dT)-
cellulose chromatography, glyoxalated, and analyzed by
agarose gel electrophoresis followed by blotting onto nitro-
cellulose (see Materials and Methods). Both mutants were
fully functional in producing L-strand mRNAs for the three
capsid proteins (Fig. 3, lanes 1 and 3) when compared with
wild-type virus (lane 2). The 1.6-kb RNA codes for VP1, the
most abundant capsid protein (most intense band on autora-
diogram); the 2.2- and 2.5-kb bands represent mRNA species
for capsid proteins VP3 and VP2, respectively (26). All these
RNA species are heterogeneous in length, owing to different
numbers of A residues at their 3' ends and to different
numbers of spliced leader sequences at their 5' ends (26, 27).

Unspliced L-strand mRNA polyadenylated at the inserted
site was expected to be about 5.3 kb long, taking into
account the distance from the major transcription initiation
site at nucleotide 5128 (21, 26, 46) to the polyadenylation site
in the insert, as well as the length of the poly(A) tail. Spliced
mRNAs lacking the introns removed in mVP2 or mVP3 were
expected to be 5.0 or 4.4 kb long. No viral mRNA species
longer than 2.5 kb could be detected (Fig. 3), even when the
blots were exposed for much longer periods (not shown).
Lanes 4 and 5 show that RNA molecules up to 13 kb in
length were efficiently transferred to nitrocellulose in this
experiment. We conclude that the inserted DNA fragment
did not function in either orientation to generate 3' ends of
stable cytoplasmic poly(A)+ RNA.

Polyadenylation of L-strand RNA does not occur within
fragment 2896 to 2964 inserted adjacent to the normal
polyadenylation site. We wanted to test whether the fragment
we inserted at the Sall site contained insufficient sequences
to function as a polyadenylation signal or did not function
because of its altered position in the viral genome. There-
fore, we inserted fragment 2896 to 2964 immediately adja-
cent to its normal position, at the HinclI cleavage site
located between nucleotides 2965 and 2964 (see Materials
ahd Methods and Fig. 2). In this mutant, designated ins 3,
the insert lies upstream of the normally used L-strand
polyadenylation site and exactly reproduces the sequences
between nucleotides 2964 and 2896. Thus, coding sequences
for VP1 are not interrupted, and the mutant is viable, The
insert contains 12 nucleotides downstream of AATAAA in
the direction of L-strand transcription, as does ins 1.
3T6 cells were infected with wild-type or ins 3 virus, and

RNA was extracted 28 h postinfection. Cytoplasmic
poly(A)+ RNA was selected by oligo(dT)-cellulose chroma-
tography and analyzed, in this case, by Si nuclease mapping
(10, 47). A DNA fragment spanning the entire duplicated
region was prepared from ins 3 DNA. RNAs were hybrid-
ized to this DNA fragment, and Si nuclease-resistant DNA

1 2 3 4 5

13 Kb

_ 6.7 Kb
4.7 Kb

MVP2...
mVP3P-

FIG. 3. Analysis of cytoplasmic poly(A)+ RNA from mouse 3T6
cells infected with wild-type or mutant viruses. Cytoplasmic
poly(A)+ RNA (5 ,ug) from cells infected with ins 2 (lane 1), wild
type (lane 2), or ins 1 (lane 3) was glyoxal denatured and subjected
to electrophoresis. kNAs were transferred to nitrocellulose, which
was hybridized with 32P-labeled single-stranded bacteriophage fdlO3
DNA containing an insert of the L strand of polyomavirus DNA
fragment PstI-3 (nucleotides 4225 to 3313). This DNA is therefore
complementary to L-strand mRNAs. Nuclear (lane 4) or cytoplas-
mic (lane 5) RNA (0.5 ,ug) from uninfected 3T6 cells, labeled in vivo
for 7 h with 32P024-, was subjected to electrophoresis and trans-
ferred as a test of the efficiency of transfer of high-molecular-weight
RNA to nitrocellulose.

was analyzed by electrophoresis on a denaturing urea-
polyacrylamide gel.
RNA from wild-type-infected cells gave rise to an S1-

resistant DNA fragment 92 nucleotides long, as expected
(Fig. 4A, lane 3). This fragment corresponds to the distance
from the labeled 3' end to the normally used L-strand
polyadenylation site at nucleotide 2900 (21, 26). RNA from
ins 3-infected cells gave rise to an Si-resistant DNA frag-
ment 166 nticleotides long (Fig. 4A, lane 4), which corre-
sponds to the distance from the labeled 3' end of the probe to
the normally used polyadenylation site (Fig. 4B). RNA
polyadenylated at the inserted site was expected to protect a
1)NA fragment 92 nucleotides long. This species was not
observed in mutant-infected cells. A mixture of mutant and
wild-type RNAs (lane 5) gave rise to both S1-resistant
fragments, showing that the shorter RNA is not displaced in
DNA-RNA hybrids by the longer RNA under our condi-
tions.
These results allow us to conclude that the inserted

69-nucleotide fragment in ins 3 does not contain sufficient
sequences to function as a polyadenylation signal, in the
direction of L-strand transcription. Since the insert exactly
reproduces all nucleotide sequences normally present up-
stream of the AATAAA, this fragment must be lacking
essential sequences downstream of the AATAAA. There-
fore, nucleotide sequences further than 12 nucleotides down-
stream of this AATAAA are required for formation of an
mRNA polyadenylated 3' end.

Polyadenylation of L-strand RNA occurs within fragment
2821 to 2964 inserted adjacent to the normal polyadenylation
site. It remained for us to demonstrate that an analogous
insert containing more of the sequences downstream of
AATAAA would function as a signal in 3'-end formation.
We therefore inserted an HgiAI-HincII fragment, extending
from nucleotides 2821 to 2964, into the same HinclI site

J. VIROL.
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RNA from ins 4-infected cells (Fig. SA, lane 3) protected two
DNA fragments: a 235-nucleotide fragment protected by
RNA polyadenylated at the normally used site, shifted 144
nucleotides downstream from its usual position; and a 92-
nucleotide fragment protected by RNA polyadenylated al
the inserted site. We did not attempt to quantitate the
proportion of RNA molecules polyadenylated at each of the
two sites; however, it appears that the inserted site functions
somewhat less efficiently than the normally used site. It
should be noted that ins 4 mRNAs are less abundant than
wild-type or ins 3 mRNAs; this is a reproducible finding.
These experiments demonstrate that nucleotide sequences
between 12 and 87 nucleotides downstream of the L-strand
AATAAA are required to signal correct formation of a
polyadenylated 3' end on polyomavirus mRNA.

Polyadenylation of E-strand RNA occurs within the insert in
both ins 3 and ins 4. We also analyzed E-strand mRNAs
transcribed in ins 3- and ins 4-infected 3T6 cells during the
late phase of the lytic cycle. DNA fragments spanning the
entire duplicated region were prepared from ins 3 and ins 4
DNAs (Fig. 6B). The 3' ends of the E strands of these
fragments were labeled, and the DNA strands were sepa-
rated. This was made necessary because of the low concen-
trations of E-strand mRNAs present in infected cells; even
small amounts of renaturation of the DNA probe rendered
detection of DNA protected by E-strand mRNAs difficult.

2638 2992
69
II

422

92

DNA
probe

mRNAs

166
FIG. 4. S1 nuclease mapping of L-strand mRNAs from 3T6 cells

infected with wild-type and ins 3 virus. (A) Autoradiogram of Si
mapping gel. Lane 1 contained 4 ng of double-stranded 32P[DNA]
probe alone. Each hybridization reaction received 80 ng of
[32P]DNA probe and 2 pg of the appropriate cytoplasmic
polyadenylated RNA (except lane 2 which received no RNA):
wild-type RNA (lane 3), ins 3 RNA (lane 4), and a mixture of 2 ,ug
of wild type plus 2 ,ug of ins 3 RNA (lane 5). Hybridization was
carried out at 48°C for 2 h. Hybrids were treated with Si nuclease as

described in Materials and Methods, and Sl-resistant DNA frag-
ments were analyzed on a 7% polyacrylamide-8 M urea gel.
Electrophoresis was for 18 h at 45 V and 11 mA. The 422-nucleotide
band in all lanes represents renatured probe. The molecular weight
markers (lanes M) are, from left to right: 32P-labeled polyomavirus
DNA fragments from HpaIl, Hinfl, or HpaIl plus Hinfl digests. (B)
Structure of the 3'-end-labeled DNA fragment used as a probe in this
experiment. Nucleotide numbers above the line identify the posi-
tions of the ends of the DNA probe; the insert is shown as an

elongated rectangle. The labeled end of the probe is marked by a

filled circle. Lengths of the probe and the expected S1-resistant
fragments are shown below the lines. Arrowheads designate ex-
pected positions of polyadenylated 3' ends of mRNAs.

between nucleotides 2965 and 2964 (Fig. 2). In this mutant,
called ins 4, the insert (144 nucleotides) contains 87 nucleo-
tides downstream of AATAAA in the directiorl of L-strand
transcription, instead of 12 nucleotides as in ins 3.

Late cytoplasmic poly(A)+ RNAs from cells infected with
wild-type or ins 4 virus were analyzed by Si nuclease
mapping (Fig. 5). In this case, the 3'-end-labeled probe was
prepared from ins 4 DNA and was 497 nucleotides long.
RNA from wild-type-infected cells protected a DNA frag-
ment 92 nucleotides long, as expected (Fig. 5A, lane 2).

A
1 M 2 3 M

.-
_-

- 497

_ 0_ -c235

g92

B.

2638 2992
144

497

92

DNA
probe

mRNAs

235

FIG. 5. S1 nuclease mapping of L-strand mRNAs from 3T6 cells
infected with wild-type or ins 4 virus. (A) Autoradiogram of Si
mapping gel. Each hybridization reaction received 150 ng of 32p

labeled probe and 6.5 p.g of the appropriate cytoplasmic polyadenyl-
ated RNA (except lane 1 which received no RNA): wild-type RNA
(lane 2); ins 4 RNA (lane 3). Hybridization was at 48°C overnight.
Electrophoresis was for 18 h at 45 V and 12 mA. The 497-nucleotide
band in all lanes represents renatured probe. The molecular weight
markers (lanes m) are, from left to right: 32P-labeled polyomavirus
DNA fragments from HpaII or HpaII plus Hinfl digests. (B)
Structure of the 3-end-labeled DNA fragment used as a probe in this
experiment. See the legend to Fig. 4B for details.
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FIG. 6. Si nuclease mapping of E-strand mRNAs from 3T6 cells infected with wild-type, ins 3, or ins 4 virus. (A) Autoradiogram of Si
mapping gel. Each hybridization reaction received approximately 30 ng of strand-separated 32P-labeled DNA probe and 5 ,ug of the
appropriate cytoplasmic polyadenylated RNA: ins 3 RNA hybridized with ins 3 DNA probe (lane 1); wild-type RNA hybridized with ins 4
DNA probe (lane 2); ins 4 RNA hybridized with ins 4 DNA probe (lane 3). Hybridization was carried out at 48°C for 3 h. Electrophoresis was
for 22 h at 45 V and 10 mA. The molecular weight markers (lanes m) are, from left to right: 32P-labeled polyomavirus DNA fragments from
HpaII, Hinfl, or HpaII plus Hinfl digests. (B) Structure of the 3'-end-labeled DNA fragments used as probes in this experiment. See the
legend to Fig. 4B for details.

Cytoplasmic poly(A)+ RNA from cells infected with wild-
type virus gave rise to a major 315-nucleotide Si-resistant
DNA fragment, as expected, when hybridized to the ins 4
probe (Fig. 6A, lane 2). The minor bands in this lane
probably represent residual full-length and Si-nicked probe;
each of these minor bands accounts for only about 0.1% of
the input radioactivity (data not shown).
RNA from cells infected with ins 3 gave rise to a major

315-nucleotide fragment when hybridized to the ins 3 probe
(Fig. 6A, lane 1). This corresponds to E-strand mRNAs
polyadenylated at the normally used site, upstream of the
insert. Besides some residual full-length probe (439 nucleo-
tides), two other protected fragments were detected. The
382-nucleotide fragment corresponds to RNA polyadenyl-
ated within the insert. The 285-nucleotide fragment arises
from displacement of the labeled DNA probe by hybridiza-
tion between the overlapping 3' ends of the most extended
E-strand and L-strand RNAs produced by ins 3 (see dia-
gram, Fig. 6B). This RNA-RNA hybridization occurs fre-
quently because L-strand mRNAs are 10 to 20 times as
abundant as E-strand mRNAs during the late phase (7, 17).
The overlap between the 3' ends of these mRNAs is 99
nucleotides for ins 3, 174 nucleotides for ins 4, and only 30
nucleotides for wild-type virus. Little or no such "shadow"
fragment was formed in hybridizations with wild-type RNA,
presumably because the 30-nucleotide overlap did not form a
stable RNA-RNA hybrid (24 of these 30 base pairs are A - U
pairs). This suggests that all of the 285-nucleotide protected
DNA fragment arises from hybrids containing E-strand
mRNAs polyadenylated within the insert. Therefore, the
sum of the 285- and 382-nucleotide bands should be propor-
tional to the level of polyadenylation within the insert. It is
clear that RNAs polyadenylated at the normally used site are

more abundant that those polyadenylated within the insert of
ins 3.
RNA from cells infected with ins 4 gave rise to approxi-

mately equal amounts of 459-, 315-, and 285-nucleotide
protected DNA fragments when hybridized with the ins 4
probe (Fig. 6A, lane 3). Three additional minor bands in this
lane are also present in lane 2 and are probably residual
full-length and Si-nicked probe (see above). In analogy to
the results with ins 3, the 315-nucleotide fragment corre-
sponds to mRNA polyadenylated at the normally used site,
and the sum of the 459- and 285-nucleotide fragments corre-
sponds to mRNA polyadenylated within the insert. It is
notable that RNAs polyadenylated within the insert are more
abundant than those polyadenylated at the normally used
site, in contrast to results with ins 3. As with L-strand
mRNAs, ins 4 E-strand mRNAs are less abundant than
wild-type or ins 3 E-strand mRNAs.
The nucleotide sequences of both ins 3 and ins 4 are

identical to those of wild-type virus up to nucleotide 2964, in
the direction of E-strand transcription (Fig. 2). We conclude
that this region, which includes 44 nucleotides downstream
of AATAAA, contains sufficient information to signal cor-
rect 3'-end formation of E-strand mRNA. The insert of ins 3
begins at nucleotide 2896; therefore no more than 19 nucle-
otides upstream of AATAAA are required for 3'-end forma-
tion. However, ins 4 appears to polyadenylate a larger
proportion of its mRNA within the insert than does ins 3.
This may mean that the presence of more upstream se-
quences within the ins 4 insert increases the efficiency of its
use. Alternatively, the polyadenylation signals within both
inserts may function with the same efficiency, but mRNAs
polyadenylated within the ins 4 insert may be more stable
than those polyadenylated within the ins 3 insert. This would
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TABLE 1. Proportion of viral L-strand nuclear RNA that
is polyadenylated

Virus-specific RNA (103 cpm/
Virus RNA petri dish)a % of RNAfraction polyadenylated'

2 ,ug of DNA 5 ,ug of DNA

Wild type A- 88.3 88.2
A+ 13.2 12.6 12.8

ins 4 A- 20.9 23.1
A+ 3.2 3.5 13.1

Samples of 3H-labeled RNAs were hybridized to either 2 or 5 ,ug of single-
stranded cloned DNA as described in the text. Counts per minute hybridized
are expressed as petri dish equivalent to allow comparison among samples.

b Calculated by using average value from both hybridizations.

lead to accumulation of higher relative steady-state levels of
the ins 4 mRNA.

Effect of duplicated polyadenylation signal on efficiency of
polyadenylation of L-strand RNAs. Having identified a func-
tional polyadenylation signal, we proceeded to analyze the
effect of a duplicated signal on the overall efficiency of
polyadenylation of L-strand RNA. We knew that only a
small proportion of L-strand RNA is polyadenylated in the
late phase of productive infection by wild-type virus (3). We
reasoned that if polyadenylation was inefficient because the
signal is inherently weak, addition of a second copy of the
signal should increase the overall level of polyadenylation.
3T6 cells were infected at the same time with either

wild-type or ins 4 virus, and RNA was labeled with
[3H]uridine for 10 min at 28 h after infection. We chose a
10-min labeling period for the following reasons.
Polyadenylation takes place within 1 to 2 min of the synthe-
sis of an RNA precursor (3); the rate of incorporation of
[3H]uridine into viral and cellular RNA becomes constant by
5 min after the beginning of labeling (2); some labeled viral
mRNAs begin to be exported to the cytoplasm as early as 15
min after the beginning of labeling (2). Therefore, to measure
relative rates of polyadenylation in the nucleus, labeling
should be done for more than 5 but less than 15 min.
Poly(A)+ and poly(A)- nuclear RNAs were hybridized in
solution with an excess of single-stranded M13 DNA con-
taining the L strand of polyomavirus HpaII fragment 1. This
fragment covers the distal two-thirds of the region which
codes for L-strand mRNAs.
The results (Table 1) indicate that the same proportion of

viral nuclear RNA (about 13% in this experiment) is
polyadenylated in wild-type- and ins 4-infected cells. There-
fore, the presence of a second functional polyadenylation
signal on the L DNA strand did not increase the overall
efficiency of polyadenylation of L-strand RNA. Instead, the
same total number of polyadenylation events is now distrib-
uted among two separate sites. This finding suggests that the
formation of 3' ends of polyomavirus mRNAs is limited not
by the strength of the polyadenylation signals but rather by
the capacity of the cellular machinery to recognize the
appropriate signals.

Effect of duplicated polyadenylation signal on efficiency of
termination of L-strand transcription. We describe in detail
elsewhere (46) a method for measuring the efficiency of
transcription termination in polyomavirus. This method in-
volves quantitation of transcripts made by RNA polymer-
ases passing through the promoter region on the L strand of
viral DNA. Hybridization of in vivo pulse-labeled RNA to
DNA fragments encompassing the L-strand promoter allows
us to distinguish RNAs made by recently initiated polymer-

ases from RNAs made by polymerases passing through the
promoter region after having already completed at least one
traverse of the circular viral DNA molecule. The former give
rise to RNA-DNA hybrids shorter than the DNA fragment
used, and the latter give rise to full-length RNA-DNA
hybrids, after RNase and Si nuclease treatment to remove
single-stranded RNA and DNA. The frequency of termina-
tion per traverse of the viral genome can be calculated from
the relative amounts of these two classes of hybrids, since
only RNA polymerases which have not terminated during a
genome traverse will give rise to the full-length DNA-RNA
hybrids.

Twenty-eight hours after infection with ins 4 virus, 3T6
cells were labeled with [3H]uridine for 2 min. Nuclear RNA
was hybridized with an excess of single-stranded DNA from
an M13 bacteriophage clone of polyomavirus HpaII frag-
ment 3L, which extends from 191 nucleotides upstream to
718 nucleotides downstream of the major L-strand transcrip-
tion start site at nucleotide 5128 (45, 46). Hybrids were
treated with RNase T1 and Si nuclease and analyzed by gel
electrophoresis followed by scintillation counting of gel
slices. The ratio of radioactivity in less-than-full-length hy-
brids (newly initiated transcripts) to that in full-length hy-
brids was approximately 1 in several independent experi-
ments with ins 4 virus (Table 2). Results described elsewhere
(46) establish that this ratio is identical at the same time after
infection with wild-type virus. In both cases, we calculate
that approximately 50% of the RNA polymerases which
initiate transcription at the L-strand promoter terminate
during each traverse of the polyomavirus genome. Thus, the
presence of a second functional polyadenylation signal has
no measurable effect on the efficiency of termination of
L-strand transcription by RNA polymerase II.

DISCUSSION
Nucleotide sequences required for mRNA 3'-end formation.

By analyzing viable insertion mutants of polyomavirus, we
showed that formation of polyadenylated 3' termini of L-
strand mRNAs requires a sequence element located some-
where between 12 and 87 nucleotides downstream of
AAUAAA. Our results also showed that no more than 19
nucleotides upstream and 44 nucleotides downstream of
AAUAAA are required for correct polyadenylation of E-
strand mRNAs.

Similar findings have recently been reported for several
other mammalian genes and viruses (19, 30, 31, 40, 49).
However, the nature of the sequence element(s) downstream
ofAAUAAA required for 3'-end formation remains obscure.
Berget's analysis (9) of some 60 mammalian genes revealed

TABLE 2. Efficiency of transcription termination on L strand of
ins 4 DNA

Full-lngthhbrids
Less-than-full-length

Full-length hybrids hybrids %
Expt cpm/loo U cpmiloo u Termination'

cpm residuesa cpm residues

1 581 245 368 201 45
2 988 417 615 339 44
3 1,486 627 1,368 755 54
a Counts per minute were divided by the number of U residues present in

each RNA class, determined from the sequence of polyomavirus DNA and the
known 5' and 3' ends of each RNA, and then multiplied by 100.

b Percent termination per genome traverse was calculated as 100 x (counts
per minute per 100 U residues in less-than-full-length hybrids) - (counts per
minute per 100 U residues in full-length + less-than-full-length hybrids) (46).
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FIG. 7. Comparison of nucleotide sequences downstream of AAUAAA. Shown are polyadenylation signal regions from genes in which

sequence requirements for in vivo 3'-end formation have been established by deletion analysis. Nucleotide sequences are shown as the DNA
strand of the same polarity as mRNA, in 5' to 3' orientation. Boxes denote AATAAA or related sequences; vertical arrows denote sites of
mRNA 3'-end formation; underlining denotes CAPyUG homologies; overlining denotes PyGTGTTPyPy homologies; rightward arrows denote
the downstream site most distant from AATAAA at which 3'-extending deletions were found to partly or completely inhibit mRNA 3' end
formation; leftward arrows denote the site closest to AATAAA at which 3'-extending deletions were found not to affect 3' end formation;
numbers next to leftward arrows indicate the last nucleotide before the deletion. Sequences are divided into an A+T-rich half and a C+T-rich
half by thin vertical lines. References for data are: adenovirus type 5 E2A, 30; bovine growth hormone, 49; hepatitis B s-antigen, 40;
herpesvirus type 2 IE5, 31; rabbit J3-globin, 19; polyomavirus E and L, this paper.

that sequences related to the pentanucleotide CAPyUG are
always present within the first 25 nucleotides downstream of
the hexanucleotide AAUAAA in functional polyadenylation
sites. She suggested that these two conserved sequence
blocks might hybridize to complementary sequences within
the small nuclear RNA U4, leading to recognition of the
correct cleavage site by an endonuclease. Evidence that a
small nuclear ribonucleoprotein is involved in this process
has been obtained by inhibiting in vitro polyadenylation with
anti-small nuclear ribonucleoprotein antibodies (34). On the
other hand, McLauchlan et al. (31; see also reference 42)
detected a different consensus sequence, PyGTGTTPyPy,
located from 20 to 40 nucleotides downstream ofAAUAAA.
Related sequences are present in 67% of some 100
polyadenylation sites analyzed; many of the genes which
lack homologous sequences contain T-rich regions in the
same area.

Figure 7 shows nucleotide sequences downstream of
AAUAAA for those genes in which deletion analysis has
established sequence requirements for polyadenylation in
vivo. We would like to point out several common features of
these sequences. (i) Correct mRNA 3'-end formation re-
quires, in addition to AAUAAA, sequence elements within
the first 40 to 50 nucleotides downstream of this
hexanucleotide. This is shown by the loss of function when
deletions are made within this distance downstream of
AAUAAA (Fig. 7, rightward arrows), and the retention of
function when deletions are made beyond 40 to 50 nucleo-
tides downstream ofAAUAAA (leftward arrows). (ii) Within
the proximal half of this region, up to about 25 nucleotides

downstream ofAAUAAA, each of the genes shown contains
at least one four- or five-nucleotide homology (underlined) to
the CAPyUG consensus sequence of Berget (9). The site of
cleavage and polyadenylation is also in the proximal half.
(iii) Within the distal half of this region, from about 25 to 50
nucleotides downstream of AAUAAA, each of the genes
shown contains at least one homology (overlined) to the
PyGTGTTPyPy consensus sequence of McLauchlan et al.
(31). Two homologies are present in five of the seven genes
analyzed. (iv) Nucleotide sequences in the proximal half of
this region tend to be rich in A+T (average, 68% A+T) and
poor in C (average, 14% C). In contrast, sequences in the
distal half tend to be rich in C+T (average, 62% C+T) and
poor in A (average, 11% A). These figures were calculated
by considering the A residue closest to nucleotide 25 to be
the end of the proximal half and nucleotide 45 to be the end
of the distal half.
Taken together, these observations suggest that there may

be three distinct sequence elements in polyadenylation sig-
nals: (i) AAUAAA or closely related sequences; (ii) a feature
within the next 25 nucleotides downstream of AAUAAA,
which could be either homology to CAPyUG or simply an
A+T-rich, C-poor region; and (iii) a feature between 25 and
50 nucleotides downstream, which could be either homology
to PyGTGTTPyPy, or simply a pyrimidine-rich, A-poor
region. Strong homologies to CAPyUG and PyGTGTTPyPy
are not universally found in all functional polyadenylation
signals (9, 31). It may be that recognition of these signals
involves a complex interaction of factors such as U4 RNA
which recognize specific sequences (AAUAAA) and other
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factors which recognize base composition or resulting RNA
structure rather than sequence per se. An example of such a
factor is the termination factor Rho of E. coli, which
interacts with pyrimidine-rich regions of RNA that contain
relatively little secondary structure (37).

3'-end formation at multiple polyadenylation sites. We have
previously shown that RNA polymerase can traverse the
entire L strand of the circular, 5.3-kb polyomavirus genome
up to four times before terminating transcription (3). A
fraction (10 to 25%) of these RNAs are polyadenylated, at a
site near nucleotide 2900. Some RNAs are polyadenylated at
the first site encountered, 2.2 kb from the 5' end; others are
polyadenylated at the second site, 5.3 kb beyond; others at
the third site, etc. The result is a family of polyadenylated
RNAs of length 2.2 + n(5.3) kb, where n can be an integer
from 0 to at least 3 (3). In such a system it is necessary that
upstream polyadenylation signals not be recognized with
100% efficiency so that downstream sites are used. This
could be accomplished either by means of a polyadenylation
signal which is inherently weak (see, e.g., reference 14) or by
modulation of the polyadenylation machinery so that it does
not efficiently recognize signals.
We reasoned that if the polyadenylation machinery is fully

functional but the L-strand polyadenylation signal is weak,
insertion of a second copy of the signal should double the
overall level of polyadenylation. Our results show that,
although both signals function in mRNA 3'-end formation,
the duplication has no measurable effect on the proportion of
L-strand transcripts which are polyadenylated during the
late phase of virus infection. We are led to conclude that the
polyadenylation machinery is unable to function efficiently
in this system. Perhaps one of the factors involved in 3'-end
formation is present in limiting amounts. A consequence of
this would be that polyadenylation signals known to be
efficiently recognized in other systems should work less well
in polyomavirus-infected mouse cells.

Fitzgerald and Shenk (16) also found that insertion of an
L-strand polyadenylation signal upstream of its normal site
in simian virus 40 DNA led to approximately equal use of
both sites in virus-infected cells. The inserted fragment
contained approximately 120 nucleotides upstream and 110
nucleotides downstream of the AAUAAA and presumably
included a complete polyadenylation signal. These authors
did not compare overall levels of polyadenylation of RNA
during infections with mutant or wild-type viruses. There-
fore, it is not clear whether the simian virus 40 polyadenyla-
tion signal is inherently weak or whether the machinery does
not efficiently recognize the first signal encountered.

In contrast, Gil and Proudfoot (19) have shown that
insertion of an intact polyadenylation signal upstream of the
normal signal in the rabbit 3-globin gene led to exclusive use
of the upstream signal during transient expression assays in
HeLa cells. Partial inactivation of the upstream signal by
deletion led to the use of both sites, and further deletions in
the upstream signal allowed the normal signal to be used
exclusively. In this system it appears that the polyadenyla-
tion signal is inherently strong and that the machinery
efficiently recognizes the first signal exposed during the
process of transcription.

Relationship between polyadenylation and termination of
transcription. One of the goals of the experiments presented
here was to test the hypothesis that polyadenylation and
termination of transcription are specified by a common
signal. It is clear that RNA polymerase II can continue
transcription for 1 to 2 kb beyond polyadenylation sites (18,
24); thus, termination and polyadenylation do not take place

at the same site. However, it may be that recognition of a
polyadenylation signal leads to subsequent termination of
transcription. This could occur if one of the factors involved
in recognition of polyadenylation signals was associated with
RNA polymerase II during elongation and dissociated upon
binding to its recognition site. RNA polymerase could then
change from an elongation mode to a termination mode and
subsequently terminate at multiple sites 1 to 2 kb down-
stream (13, 20).
We found that the presence of a duplicated polyadenyla-

tion signal in polyomavirus DNA has no measurable effect
on either polyadenylation or termination efficiency. This
neither proves nor disproves our hypothesis, but rather
suggests that some factor required for both processes is
limiting during the late phase of polyomavirus infection. As
this paper was being prepared, Falck-Pedersen et al. (15)
reported that insertion of a polyadenylation signal plus some
1.5 kb of downstream sequences from the mouse ,-globin
gene into the adenovirus ElA gene led to termination of
transcription within that gene during the early phase of
adenovirus infection. The precise boundaries of the nucleo-
tide sequences for transcription termination in the mouse
P-globin gene insert remain to be defined. Interestingly,
termination within this insert was much less efficient during
the late phase than during the early phase of adenovirus
infection (15). Previous results suggested that termination of
transcription of adenovirus late genes is efficient in the early
phase but not in the late phase of infection (5, 35, 36). It is
possible that a viral gene product is responsible for the
reduced level of transcription termination during the late
phase, in both polyomavirus- and adenovirus-infected cells.
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