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Nucleotide Sequence at Polyoma VP1 mRNA Splice Sites
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Double-stranded DNA complementary to total cytoplasmic polyadenylated
RNA isolated late in infection from polyoma virus-infected mouse 3T6 cells was
cloned in Escherichia coli by using the large HindIII-BamHI fragment ofpBR322
plasmid DNA. Polyoma-specific DNA inserts were detected by hybridization, and
then nucleotide sequences were determined from two clones. The sequence of the

505 1 l 5038
spliced region for VP1 mRNA of two clones is: 5'-----TGATCAAG,VAAGTG-----

415 3 4141
--------TTCTAGGGCTGTA---------3'. Solid arrows indicate splice 'sites compat-

ible with prototypical mammalian splice sites, and the dashed arrows indicate
possible alternative splice sites leading to the same spliced product. A sequence
of 897 nucleotides was spliced out of the primary transcript during the processing
of the mature VP1 mRNA. Restriction enzyme mapping with four other inde-
pendently isolated clones indicates that these are the major splicing signals for
the VP1 message. The distal splice site is 48 nucleotides upstream from the
initiator codon.

The late region of the polyoma genome con-
sists of approximately 2,400 base pairs and en-
codes three capsid proteins, VP1, VP2, and VP3
(2, 6, 22, 23). It is known that the capsid proteins
VP2 and VP3 are encoded at the 5' end of the
late region and are synthesized from 19S and
18S mRNA's, respectively (22, 23). The two
proteins are read from a single common reading
frame (2). The major capsid protein, VP1, is
translated from a 16S mRNA consisting of a
leader sequence derived from the 5' end and a
messenger body derived from the 3' end of the
late region. It is read from a reading frame
different from that ofVP2 and VP3 (22, 23). The
three late mRNA's have been mapped on the
polyoma genome by Si mapping and electron
microscopy (14, 16), and it has been shown that
the VP1 and VP3 messages contain a single
intervening sequence, whereas the VP2 message
has not been shown to have such a sequence. In
the present study, we present the sequence of
the spliced region of the VP1 mRNA as deter-
mined by the sequence analysis of the virus-
specific complementary DNAs (cDNA's) cloned
in pBR322.

MATERIALS AND METHODS
The large-plaque, wild-type polyoma strain used in

this study corresponds to the strain previously de-
scribed in detail from this laboratory (3, 8). Restriction
enzymes were obtained from New England Biolabs.
All other reagents were reagent grade.

Preparation of polyadenylated RNA. Mouse

3T6 cells were grown to 60 to 70% confluence and
infected with polyoma virus by using 5 PFU/cell. At
38 h after infection, the cells were lysed with lysis
buffer [15 mM Tris-hydrochloride (pH 7.4), 60 mM
KCI, 15 mM NaCl, 2 mM EDTA, 0.34 M sucrose, 0.5
mM ethyleneglycol-bis(f?-aminoethyl ether)-N-N-tet-
raacetic acid, 0.5 mM spermidine, 0.15 M spermine, 15
mM j3-mercaptoethanol] containing 0.1% Nonidet P-
40 and 0.05% deoxycholate at room temperature; the
nuclear and cytoplasmic fractions were prepared by
differential centrifugation (18). The cytoplasmic frac-
tion was treated with proteinase K (200,ug/ml) and
0.5% sodium dodecyl sulfate at 370C for 2 h. Nucleic
acids were extracted three times with CHCl3-phenol
(1:1) and ethanol precipitated in 0.3 M sodium acetate
buffer (pH 5.5) overnight at -20°C. The RNA was
dissolved in 10 mM Tris-hydrochloride (pH 7.4)-10
mM MgCl2 buffer, treated with RNase-free DNase (50
,ug/ml, 1 h at 370C), and reprecipitated. This RNA was
dissolved in 10mM Tris-hydrochloride (pH 7.4) buffer
containing 0.4 M NaCl and 0.5% sodium dodecyl sul-
fate and passed through oligodeoxythymidylic acid-
cellulose equilibrated with the same buffer. It was
eluted with 10 mM Tris-hydrochloride (pH 7.4)-0.5%
sodium dodecyl sulfate and repurified on oligodeoxy-
thymidylic acid-cellulose.

Synthesis of cDNA. Synthesis of double-stranded
cDNA was in two steps (20). In step 1, a total reaction
volume of 100 pl containing 40 ug of polyadenylated
RNA and 10 utg of oligodeoxythymidylic acid12 18 in
reverse transcriptase buffer (50 mM Tris-hydrochlo-
ride [pH 8.3], 8 mM MgCl2, 50 mM NaCl, 10 mM
dithiothreitol) was incubated at 41°C in the presence
of 1 mM each dATP, dGTP, and dTTP, 20 ItCi of [a-
32P]dCTP, and 80 U of avian myeloblastosis virus
reverse transcriptase (a gift of J. W. Beard, Life Sci-
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ences, St. Petersburg, Fla.). After 15 min of incubation,
unlabeled dCTP (1 mM) was added, and the incuba-
tion was continued for 30 min. The reaction was ter-
minated by the addition of 200 pl of buffer containing
5 mM Tris-hydrochloride (pH 8.3) and 1 mM dithio-
threitol and by incubation at 47°C for 30 min. This
sample was extracted with CHCI3-phenol (1:1) and
ethanol precipitated as above. The RNA-cDNA mix-
ture was treated with 0.25 M NaOH, at 65°C for 30
min, neutralized with 0.25 M sodium acetate (pH 5.5),
and ethanol precipitated. The cDNA was further pu-
rified by Sephadex G-100 chromatography with 10
mM Tris-hydrochloride (pH 7.4)-l mM EDTA. In
step 2, the single-stranded cDNA synthesized in the
above step was incubated with 80 U of avian myelo-
blastosis virus reverse transcriptase with 20 MCi of [a-
32P]dGTP and 1 mM each dATP, dCTP, and dTTP in
reverse transcriptase buffer as described in step 1.
After the termination of reaction in 5 mM Tris-hydro-
chloride (pH 8.3) at 47°C, double-stranded cDNA was
extracted with CHCl3-phenol, ethanol precipitated,
and purified by Sephadex G-100 chromatography.

Cloning of cDNA in pBR322 plasmid. The dou-
ble-stranded cDNA was digested overnight at 37°C
with 10 U each of HindIII and BclI in Hin buffer (6.6
mM Tris-hydrochloride [pH 7.4], 6.6 mM MgC92, 50
mM NaCl, 1 mM dithiothreitol). The HindIII was
inactivated by heating at 65°C for 10 min. The pBR322
plasmid (10 Mg) was digested overnight at 37°C with
10 U each of HindIII and BamHI in Hin buffer, and
the restriction fragments were separated on a 1.0%
agarose gel in TBE buffer (90 mM Tris-borate [pH
8.3], 2 mM EDTA). The 4-kilobase fragment of
pBR322 was electroeluted in 1/5-strength TBE buffer
containing 0.1% sodium dodecyl sulfate at 60 mA for
12 h and ligated to the double-stranded cDNA in ligase
buffer (67 mM Tris-hydrochloride [pH 7.4], 33 mM
NaCl, 12 mM MgCl2, 10 mM dithiothreitol) by using
0.01 U of T4 ligase.

Transformation of SF8 Escherichia coli (recA
strain) with the recombinant DNA was performed by
the method of Enea et al. (4). Ampicillin-resistant
colonies were transferred onto Whatman 541 filters
and hybridized to nick-translated polyoma DNA (15)
by the method of Grunstein and Hogness (10). The
polyoma-specific clones were grown in Penassay broth
(1) and amplified with chloramphenicol (250,ug/ml) at
an optical density at 650 nm of 0.6; the plasmid DNA
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was purified from the bacterial lysate (1) by cesium
chloride density gradient centrifugation (19). DNA
was digested with restriction enzymes and analyzed on
agarose gels as described above.

Preparation of the labeled fragment and se-
quencing. Purified plasmid DNA (20 ,ug) was digested
with 10 U of HindIII in Hin buffer at 37°C for 4 h and
labeled with 20 MCi each of the four a-3P-labeled
deoxynucleoside triphosphates by using 35 U of avian
myeloblastosis virus reverse transcriptase at 410C.
This labeled DNA was digested with 10 U of SalI at
370C for 4 h and applied to a 6% polyacrylamide gel
(75 by 18 by 0.05 cm) with cross-linking of acrylamide-
bisacrylamide (20:1). Electrophoresis was in TBE
buffer at 400 V for 10 h. A cDNA fragment of 480 base
pairs predicted to contain the cDNA insert for the
VP1 mRNA (25) was eluted overnight at 65°C with
ammonium acetate elution buffer (8). The eluted frag-
ment was ethanol precipitated with 20 ytg of calf thy-
mus DNA as carrier, subjected to the base-specific
modification reactions, cleaved at the modified sites
with piperidine, and sequenced by the method of
Maxam and Gilbert (17) as modified by Friedmann
and Brown (7).

RESULTS
The leader and coding regions of the VP1,

VP2, and VP3 mRNA's are illustrated in Fig. 1
(3, 9). By a comparison of the transcriptional
studies with the nucleotide sequence analysis,
Deininger et al. (2) have predicted the positions
of the proximal and distal VP1 splice sites. The
proximal site was predicted to be close to, but a
few nucleotides downstream from, the single
Bcll restriction site. The distal site was pre-
dicted to be about 200 nucleotide pairs or 4 map
units upstream from the HindIII site at position
3,943 in Fig. 1. Since the HindIII site is well
within the body of the VP1 mRNA, the cDNA
fragment was prepared with HindIII and BclI.
Ligation of the Bcll end of the BclI-HindIII
cDNA fragment to the BamHI site of pBR322
caused the ligation site to become insensitive to
both Bcll and BamHI. The size of the polyoma
insert in plasmid DNA purified from the poly-
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FIG. 1. Map ofthe late region ofpolyoma DNA, indicating thejunction points of 5' capped leader sequences
with the main bodies ofthe mature mRNA's. Map units are from the physical map ofthe virus from the EcoRI
site (9). The nucleotide numbers and the restriction sites are derived from the sequence map of the viral
genome (3). The dashed lines indicate thepositions ofthe intervening sequences for the VPJ and VP3 mRNA's.
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oma-containing clones was therefore determined
by an analysis of the TaqI enzyme products on
agarose gels, as illustrated in Fig. 2

Figure 2a shows the TaqI fragments of six
independently isolated clones compared with
pBR322 alone, all visualized by ethidium bro-
mide staining. Two pBR322-specific bands, at
315 and 312 base pairs, are missing and are
replaced by a new band estimated to be 475 base
pairs long. From the known position of the TaqI
site in pBR322, it is estimated that this new
fragment consists of 275 bases derived from
pBR322 and approximately 205 base pairs of
polyoma sequence. Analysis of the same frag-
ments by transfer to nitrocellulose filters and
hybridization (24) with a nick-translated poly-
oma probe (Fig. 2b) demonstrates that the new
fragment does indeed contain polyoma se-
quences.
Two of the six clones were subjected to se-

quence analysis, and a partial sequence of the
region which spans the splice junction is shown
in Fig. 3. The sequence is compatible with splic-
ing events occurring after positions 5,044 and
4,147 or, alternatively, 5,043 and 4,146, in either
case removing an intervening sequence of 897
nucleotides from the primary transcript. The
ATG initiation codon for VP1 is 48 nucleotides
downstream from the distal splice. The rest of
the nucleotide sequence extending from nucleo-
tide 4,075 to the 3' end of the splice was identical
to that of the polyoma DNA.

DISCUSSION
Splicing is a common phenomenon during the

synthesis and processing of many eucaryotic

transcripts and is probably a late event in RNA
processing subsequent to polyadenylation (13).
It is known that the RNA primary sequence
plays an important role in determining the spec-
ificity of splicing, and Seif et al. (21) have de-
scribed prototypical sequences determined from
most well-characterized eucaryotic splice sites.
The donor site at the 5' end of intervening
sequences has one of four forms, .GTAXG,
JGTAXXT, 4GTXAC, or 4GTXXGT. An opti-
mal sequence might be IGTAAGT. The accep-
tor site at the 3' end of the intervening sequence
is pyrimidine rich and usually takes the form
PyPyxPyAG4. Dipurines other than AA are
rarely present within 16 nucleotides of this site.
It has also been suggested, but not proven, that
RNA conformation may play some role in the
splicing event (12).
Using the above model and published tran-

scriptional data, Deininger et al. (2) have sug-
gested that there may be a common proximal
splice for both VP1 and VP3 RNAs at position
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FIG. 3. Proximal and distal splice sites for the
VP1 cDNA. The sequence shown extends from the
BclI site at map position 5,051 to 5 bases past the
distal splice site at map position 4,147. The solid
arrows indicate the positions for the preferred splice
sites (see text), and the dashed arrowsgive alternative
positions that might result in an identical sequence
in the spliced mRNA.
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FIG. 2. Size of the polyoma DNA inserts in recombinants. Purified plasmid DNA (2 Ag) was digested with

2 U of TaqI in Hin buffer at 65°C overnight and analyzed on 1.5% agarose gel in TBE buffer at 50 mA for 2.5
h. (a) The gel was stained with ethidium bromide (5 Ag/ml) and visualized under UV light. (b) The DNA
fragments separated on the same gel as in (a) were transferred onto nitrocellulose filters and hybridized
either to nick-translated polyoma DNA in the case of the recombinants or to pBR322 DNA in the case of the
markers (23). Lanes: (1) pBR322 DNA digested with Hinfl; (2-7) cloned plasmid DNAs digested with TaqI;
(8) pBR322 DNA digested with TaqI. Numbers on the sides ofthe gel represent the size ofthe DNA fragments.
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251 in the late region of the polyoma genome
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within the sequence 5'- TCAA IGTAA3T - -

--3'. This predicted splice site is in agreement
with the sequence determined from the cDNA
clones. The acceptor site, with the sequence

4155 4146
5' ----- AATTCTAGGG-----3' is also compati-
ble with rules suggested by Seif et al. (21). Since
the four other, nonsequenced clones give rise to
cDNA fragments of similar size (Fig. 2b), the
splice sequence determined in the present anal-
ysis probably results from the major splicing
event in the synthesis of VP1 mRNA's. The VP1
leaders with different 5' termini (5) therefore
seem to have the common 3' terminus 5'-
GAUCAA linked to the body of the message
starting with the sequence 5'-GGCUGU. This
study was not designed to examine the nature of
the leader-to-leader splices recently described
for the polyoma late region mRNA's (11, 14).
From the primary sequence of the DNA, tran-

scriptional data, and the deduced amino acid
sequence, the VP3 splice sites can be predicted
by using the model of Seif et al. We expect the
proximal splice site to be the same as that for
VP1, and the distal splice might then be
4734

JAGGATT....3' 52 nucleotides upstream
from the initiation codon for the VP3 protein,
splicing out 310 nucleotides from the viral ge-
nome.

We are currently characterizing other cDNA
clones with the aim of characterizing the splice
sites for VP3 and possibly for VP2, as well as for
the early gene transcripts.
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