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NOTES

Localization of Three Major Capped 5' Ends of Polyoma Virus
Late mRNA's Within a Single Tetranucleotide Sequence in

the Viral Genomet
ANDREW J. FLAVELL,4 ALISON COWIE, JOHN R. ARRAND, AND ROBERT KAMEN*

Imperial Cancer Research Fund, London WC2A 3PX, England

The nucleotide sequences at the 5' ends of polyoma virus late mRNA's were
determined by direct RNA sequencing of decapped and 5'-32P-labeled RNase Ti
oligoribonucleotides. Virus-specific polyadenylated cytoplasmic RNA, which was
isolated from mouse cells late during productive infection, was enzymatically or
chemically treated to specifically remove the cap structure (m7Gppp). The un-
blocked 5' ends of the viral mRNA's were then labeled enzymatically with 32P,

and the RNAs were digested with RNase Ti and fingerprinted. Three oligonucle-
otides derived from capped termini were isolated, and their sequences were
determined to be pGmACAUUUUCUAUUUUAAGp, p(m)AmCAUUUUCUA-
UUUUAAGp, and p(m)AmUUUUCUAUUUUAAGp. These oligonucleotides
comprise a staggered set with members 15, 17, and 18 nucleotides long, which
share a common 3' sequence for 15 nucleotides. The sequences correspond exactly
to the polyoma virus DNA sequence (Arrand et al., J. Virol. 33:606-618, 1980)
from 66.79 to 66.46 map units (between 75 and 92 nucleotides preceding the ATG
initiation codon for the capsid protein VP2). Previous results showed that the
sequence between 13 and 64 nucleotides preceding the VP2 initiation codon
corresponds to oligonucleotides reiterated in the leader sequence which is spliced
onto the bodies of the three functionally distinct viral late mRNA's (Flavell et al.,
Cell 16:357-372, 1979; Legon et al., Cell 16:373-388, 1979). The three capped
oligonucleotides we sequenced are derived from the first large predicted Ti
oligonucleotide 5' to those detected in the leader sequence. The occurrence of a
cap at each purine of a single tetranucleotide sequence reflects micro-heteroge-
neity either in transcriptional initiation or in processing cleavage involved in cap
syntheses.

Three functionally distinct viral mRNA's are
synthesized specifically at late times during the
productive infection of mouse cells by polyoma
virus (15, 17, 23). These mRNA's encode the
virion proteins VP1, VP2, and VP3 (16,32). Each
late mRNA comprises a colinear transcript of
DNA containing the entire coding region spliced
to a related family of 5'-terminal leader se-
quences. We recently found that the leader se-
quences have two unusual features: (i) the late
leaders can have any of at least seven different
capped 5' termini, which all map within the
same restricted portion of the viral genome (6);
and (ii) the leaders contain repeats of a nucleo-

t This paper and the accompanying papers are dedicated
to M. G. P. Stoker on the occasion of his retirement as
Director of Research of the Imperial Cancer Research Fund.

f Present address: Sidney Farber Cancer Institute, Boston,
MA 02115.

tide sequence represented uniquely in polyoma
virus DNA (22). The leader sequences of the
late mRNA's of the closely related simian virus
40 (SV40) have a similarly complex structure,
although only a minority ofthese leaders contain
sequence repeats (10, 20, 27, 37). In this paper
we report the 5'-terminal nucleotide sequences
of three of the several polyoma virus late mRNA
leaders. A comparison of these results with the
DNA sequence of the late region (1) allows us to
specify the exact locations of the 5' ends of these
molecules on the viral genome.
The approach taken was to isolate and then

sequence capped RNase Ti oligonucleotides.
The heterogeneity of the 5'-terminal capped
structures in polyoma virus mRNA's causes in-
dividual capped Ti oligonucleotides to be pres-
ent in low molar yields with respect to oligonu-
cleotides from internal regions. It is thus not
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surprising that we could not detect the capped
oligonucleotides in fingerprints of uniformly la-
beled viral mRNA. Therefore, we isolated viral
mRNA labeled with 32P in vivo in substantially
the same manner as reported previously (6) but
at low specific radioactivity and after removal
of the blocking cap structure, we attempted to
label specifically the 5' ends of the intact mRNA
by using T4 polynucleotide kinase and [y-YP]-
ATP. To remove the cap structure, we employed
both enzymatic and chemical methods. In the

* former approach we used the technique of Ef-
stratiadis et al. (4), which involves digestion of
the pyrophosphate bonds in the capped termini

* with tobacco acid pyrophosphatase to yield
phosphatase-sensitive termini (m7GpppN1mN2
... -* pN'mN2 ....). In the chemical approach
we employed periodate oxidation of the 3'-ter-
minal ribonucleotide cis-diol groups of the caps,
followed by base-catalyzed ,8 elimination of the
7-methyl guanoside group from the RNA (8, 36).
The decapping procedures were followed by
phosphate digestion, giving 5' hydroxyl ternini.
Treatment of the RNA with T4 polynucleotide
kinase and [y-3P]ATP yielded mRNA's labeled
with 32P at their 5' ends (CpN'mpN2p ... .). Both
chemical and enzymatic methods produced la-
beled RNA that was somewhat degraded, re-
sulting in the incorporation of 3P into internal
as well as 5'-terminal oligonucleotides. Figure 1
shows a RNase Ti fingerprint of enzymatically
decapped and kinase-labeled polyoma virus late
mRNA. Essentially the same fingerprint was
obtained with chemically decapped messenger.

FIG. 1. RNase Ti fingerprint of enzymatically de-
capped (4) and 5' terminally labeled polyoma virus
mRNA. Polyadenylated mRNA was isolated (6) from
about 5 x 108 3T6 cells infected with plaque-purified
polyoma virus (A2 strain) at 50 PFU/cell and labeled
with 32P (100,uCi/9O-mm culture dish) between 12 and
30 h postinfection. Viral mRNA (20 pg, 300 cpm/pg)
was purified by hybridization to polyoma virus DNA
cellulose (200 pg of bound DNA) as described previ-
ously (6). The desalted RNA precipitate obtained by
ethanol precipitation and rinsing with 95% ethanol
was dissolved in 20 ,ul of a buffer containing 50 mM
sodium acetate, pH 4.5, and 10 mM 2-mercaptoetha-
nol; 4 U of tobacco acid pyrophosphatase (Bethesda
Research Laboratories, Inc.) was added, and the
RNA was incubated for 30 min at 37C. After the
addition of20 IlI of 0.2 M Tris-hydrochloride, pH 7.5,
and 0.1 U of bacterial alkaline phosphatase (P.L.
Biochemicals) treated with diethyl pyrocarbonate to
inactivate RNase, as described by Pederson andHas-
eltine (Methods Enzymol., in press), incubation at
37°C was continued for an additional 30 min. The
reaction was terminated by adding 100 ,ul of a solu-
tion containing 0.3 M sodium acetate, pH 5.3, and
0.2% sodium dodecyl sulfate, extracted with phenol,

and then extracted with diethyl ether, and the RNA
was recovered by precipitation with 2 volumes of
ethanol. The decapped RNA, dissolved in a mixture
of 225 ILI of water and 25 IlI of 1Ox kinase buffer (0.5
M This-hydrochloride, pH 8.0, 0.1 M MgC4z 50 mM
dithiothreitol), was transferred to a siliconized glass
tube containing 500 ,uCi of [y-32P]ATP (Radio-
chemical Centre; 3,000 Ci/mmol). T4 polynucleotide
kinase (P.L. Biochemicals; 4 uld; 1 U/4l) was added,
and the solution was incubated at 37°C for 30 min.
The reaction was terminated by adding 50 Ill of 5M
ammonium acetate, 2 Al of 20% (wt/vol) sodium do-
decyl sulfate, 20 pg of yeast RNA, and 2 volumes of
ethanol. The RNA was recovered by centrifugation,
redissolved in 0.3 M sodium acetate (pH 5.3)-0.2%
sodium dodecyl sulfate (100 Ad), and reprecipitated
from ethanol. It was then redissolved in 5 Al of10mM
This-hydrochloride (pH 7.5)-i mMEDTA containing
1 pg ofRNase Ti (Calbiochem) and incubated for 30
min at 37°C. A total of 90% of the sample (2 x 107
cpm [Cerenkovi) was fingerprinted by electrophoresis
on cellulose acetate atpH 3.5, followed by homochro-
matography on a DEAE-cellulose thin layer, as de-
scribed by Barrell (3). The oligonucleotides marked
1, 2, and 3 contained 5'-terminal 2'-O-methylated
nucleotides (see Fig. 2).
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The complexity of the fingerprint is consistent
with the extent of degradation of the RNA after
the decapping and labeling procedure.
The oligonucleotides from the fingerprint

shown in Fig. 1 (as well as the corresponding
oligonucleotides from equivalent fingerprints of
other preparations of enzymatically or chemi-
cally decapped and kinase-treated viral mRNA)
were eluted, and a portion of each was digested
to completion with nuclease P1 to obtain the 5'-
terminal radioactive mononucleotide. Oligonu-
cleotides derived from capped structures yield a
2'-O-methylated nucleotide (32pN'mpN2 ... Gp

32pN'm plus unlabeled mononucleotides).
The 5'-mononucleotides were identified by two-
dimensional thin-layer chromatography, as de-
scribed by Nishimura (25), and by one-dimen-
sional electrophoresis on Whatman no. 1 paper
at pH 3.5; the former fractionation resolves all
mononucleotides except pC and pGm, which are
separated in the latter system. Only three of the
large Ti oligonucleotides yielded a methylated
mononucleotide (Fig. 2), and these are indicated
in Fig. 1. Oligonucleotide 1 contained 32pGm,
and oligonucleotides 2 and 3 contained 32pmAm.
Several of the very small Ti oligonucleotides
also contained minor amounts of labeled meth-
ylated mononucleotide, suggesting that they
were mixtures of oligonucleotides derived from
capped termini and from internal positions;
these oligonucleotides were too impure for fur-
ther characterization. Curiously, nearly all of the
other Ti oligonucleotides contained 32pA.
The majority of the radioactivity eluted from

oligonucleotide spots 1, 2, and 3 (Fig. 1) was
digested partially with nuclease P1, and the
products were fractionated in a manner similar
to that used to produce the original fingerprint.
This generates a wandering spot pattern of ra-
dioactive partial digestion products, and the se-
quence of the original oligonucleotide can be
determined from the characteristic mobility
shifts obtained (33). The partial nuclease P1
fingerprints are shown in Fig. 3, together with
the deduced sequence of each. The three oligo-
nucleotides are closely related. They have a
common 3' sequence (UUUUCUAUUUU-
AAGp) but differ at their 5' ends. Oligonucleo-
tide 3 has an additional 32p(m)AM, oligonucleo-
tide 2 has 32p(m)AmC, and oligonucleotide 1 has
the further trinucleotide 32pGmACA. When
compared with the sequence of the E strand of
polyoma virus DNA (1), which has the same
polarity as late mRNA's (18), the sequences of
the three oligonucleotides match exactly the
sequence of the DNA between 75 and 92 nucleo-
tides preceding the ATG initiation codon for
capsid protein VP2 (nucleotides 198 through
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215) (Fig. 4). This DNA sequence is not repeated
elsewhere in polyoma virus DNA (1, 33a-35).
The three capped oligonucleotides are derived
from the next possible large Ti oligonucleotides
5' to the set of four large Ti oligonucleotides
(Fig. 4) known to occur in reiterated form in the
late mRNA leader sequence (22).
The Ti oligonucleotides sequenced in this

study account for three of the seven or more
different capped termini known to occur in pol-
yoma virus late mRNA's. These seven cap I
structures (m7GpppN'mN2p) each have a purine
in the N' position and any nucleotide in the N2
position, with the exception that m7GpppGmCp
is present in low yield. All of the capped termini
map (6) between the HpaII site at position 0 and
the MboI site at nucleotide 267 in the DNA
sequence of the late region (1). We assume that
the four or more missing capped termini occur
close to guanines and thus account for the im-
pure small Ti oligonucleotides detected in our
analysis of the methylated mononucleotide con-
tent of spots eluted from fingerprints like that
shown in Fig. 1. A different approach, such as
primer extension DNA sequencing (10, 27),
might be used to locate the other 5' ends. We
cannot definitely state which of the three late
viral mRNA's begin with the sequences we have
determined. However, since the heterogeneous
cap patterns of the three mRNA's are virtually
identical (6), we believe that there is little selec-
tion of 5' ends among leaders attached to differ-
ent bodies.

In a previous paper (6) we discussed two pos-
sible mechanisms for the synthesis of mRNA's
possessing staggered 5' ends. These involve
either the nonspecific initiation of transcription
followed by capping of all nascent 5' ends or the
nonspecific processing of nuclear transcripts fol-
lowed again by capping. We are still unable to
determine which of these two possible mecha-
nisms operates here, but favor the former mech-
anism for two reasons. First, we observe only
purine-containing caps in polyoma virus-specific
late mRNA's, and transcriptional initiation by
RNA polymerase II in eucaryotes is thought to
occur at purine nucleotides (2, 29, 30). Second,
transcriptional initiation in SV40 is thought to
occur in the region of the DNA genome analo-
gous to that containing these capped termini (7,
21). Similarly, the capped ends of adenovirus
late mRNA's (38) are thought to correspond to
transcriptional start points. If the former mech-
anism is indeed the correct one, then we have
mapped a major promoter region of polyoma
virus DNA and have shown that transcriptional
initiation may occur at a number of purine nu-
cleotides in this restricted region.
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FIG. 2. Two-dimensional fractionation of nuclease Pl digests of 5'-32P-labeled RNase Tl oligonucleotides

derived from decapped and kinase-treated polyoma virus mRNA. Cytoplasmic polyadenylated late viral
mRNA (see legend to Fig. 1) was chemically decapped by using a modification of the method described by
Steinschneider and Fraenkel-Conrat (36). The RNA (10 pg) was dissolved in 40 Ill of water to which were
added 5 Al of 1 M sodium acetate (pH 5.0), 0.5 Ill of 0.1 M EDTA, and 10 IlI offreshly prepared 10mM NaIO4;
after incubation for 2 h in the dark room temperature, 1 ,il of ethylene glycol, 10 ILI of 20% (wt/vol) sodium
acetate (pH 5.3), and 150 Il ofethanol were added. The oxidizedRNA was recovered by centrifugation washed
with 95%'ethanol, redissolved in 50 Ill of 0.33M aniline hydrochloride, pH 5.0, and incubated in the dark for
2 h at room temperature. The decapped RNA was precipitated by the addition of 5 ,d of 5M NaCl and 2
volumes of ethanol. The RNA pellet was redissolved in 50 tL of 50 mM Tris, pH 7.5, containing 0.1 U of
bacterial alkaline phosphatase, incubated at 37°C for 30 min, extracted with phenol (three times) and diethyl
ether, and then reprecipitated. The recovered RNA was then 5'-labeled with [y-32P]ATP (100 AiCi) and
polynucleotide kinase as described in the legend to Fig. 1. After the labeling reaction, the [32P]RNA was
further purified by hybridization to polyoma DNA cellulose (6), and the radioactive RNA was digested with
RNase Tl and fingerprinted as described in the legend to Fig. 1. The fingerprint obtained was virtually
identical to the fingerprint of enzymatically decapped RNA shown in Fig. 1. The 26 clearly resolved spots
were eluted, and each oligonucleotide was digested to completion with nuclease Pl (2 pg; Calbiochem) in 50
mM sodium acetate, pH 6. The Pl digestions were fractionated on cellulose thin-layer plates (10 by 10 cm;
Merck), using the solvent systems described by Nishimura (25). Nonradioactive 5'-mononucleotides (5 pg each
ofpA, pG, pU, pC, pAm, pmAm, pGm, pUm, anidpCm) were run as internal markers on each plate. After the
two-dimensional chromatography, the dried plates were fluorographed (Fuji Rx film, preflashed; Fuji Mach
II intensifying screens), and the spots on the resulting films were aligned with tracings of the patterns of
marker mononucleotides. (D) Example of the marker pattern. Two of the oligonucleotides (B and O),
corresponding to those marked 2 and 3 in Fig. 1, contained a 32P-labeled nucleotide which comigrated with
N6,2'-O-dimethyladenosine 5'-phosphate (pmAm) and Z-O-methyladenosine 5'-phosphate (pAm). A third
oligonucleotide (oligonucleotide 1) (A) contained a 32P-labeled nucleotide which comigrated with either Z-O-
methyl guanosine 5'-phosphate (pGm) orpC, which are not fully separated in the system used. To resolve this
ambiguity, the mononucleotide was eluted and further fractionated by electrophoresis on Whatman no. 1
paper atpH 3.5 (data not shown). The radioactivity comigrated with pG, demonstrating that oligonucleotide
I contained 32pGm. Electrophoretic analysis of the mononucleotides from oligonucleotides 2 and 3 confirmed
their identification aspmAm. The 23 other Tl oligonucleotides each contained only 32pA, and these were thus
not derived from capped termini.
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a t There are other examples of heterogeneity at
t. the 5' ends of viral mRNA's. SV40, a primate

iA virus closely related to polyoma virus, has a
heterogeneous family of 5' leader sequences
spliced to the bodies of its late mRNA's (10, 20,

A 27, 37), although approximately 65% of the

L
capped 5' ends are AUU sequences (12; Y.

t / Groner, personal communication) derived pri-
'/>0 marily from one major leader sequence (10, 13,
u U 19). We have compared the SV40 DNA sequence

/ , which specifies the major capped end found in
\ c cells infected with wild-type virus (11, 13) and

U't0 found no homology with the polyoma virus DNA
A ^ sequence shown in Fig. 4. There is a striking

u homology (Fig. 5A), however, between the cap-
7 ping sequence identified in this paper and a
A region of the SV40 DNA sequence about 60
pG nucleotides 5' to this point (5, 28). The 5' end of

a minor SV40 late leader sequence maps within
this homology region (10, 27). Moreover, thec ~ SV40 DNA sequence which determines the most
common 5' end is deletable, (13a, 24, 31), and an

,,A examination of the capped ends of the mRNA's
produced by one such mutant (13a) demon-

U strated that about 40% of the ends were ACA or
u' AUU. Although these 5' ends have not been

U localized precisely on the SV40 DNA sequence,
we suggest that certain of them derive from the

U' homology region shown in Fig. 5. The mRNA's
synthesized from the early regions of adenovirus

LJ 2 also display 5'-terminal heterogeneity (L. T.
A Chow, T. R. Broker, and J. B. Lewis, submitted

for publication). E. Ziff and his collaborators
u (personal communication) have determined the

UAA 5' ends ofmRNA's transcribed from early region
G II of adenovirus 2 to find capped A and G termini

derived from adjacent nucleotides in the DNA
sequence. Thus, the micro-heterogeneity in

e E f either transcriptional initiation or mRNA proc-
essing demonstrated for polyoma virus is com-

-lj mon among viruses, but has not as yet been
reported for cellular mRNA's, which in all in-

,-> _ stances thus far described have apparently
u unique capped termini. When the DNA se-

/ u
.:. C

described by Barrell (3). They were then digested with
U P1 nuclease (0.2 pg/ml; Sigma) in 20 jil of sodium
A acetate, pH 6.0, at 20°C for 30 min. The enzyme was

/ U destroyed by heating at 100°C for 2 min, and the
uU digests were fingerprinted in a manner similar to

uU that employed in the original fingerprint in Fig. 1. (a)
u and (b) Fingerprint of partial digestion products of
A, oligonucleotide spot 1 from Fig. 1 together with the

deduced sequence. (c) and (d) Fingerprint ofpartial
digestion products ofoligonucleotide spot 2 from Fig.
I together with the deduced sequence. (e) and (t)
Fingerprint ofpartial digestion products of oligonu-

FIG. 3. Fingerprints ofpartial digestion products cleotide spot 3 from Fig. I together with the deduced
of oligonucleotide spots I through 3 (Fig. 1). Oligo- sequence. The position of the xylene cyanol FF dye
nucleotide spots I through 3 in Fig. I were eluted as marker (B) is shown.
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-AACITAATTAAA GAGGATGTCGCACGGCCAGCTGCGTCAGTTAGTCCACTTC-

150 184

(mGppAU UUUCUAUUUUA AG
(mGpp)pACAUUU UCUAUUUUAAG

(mGpp)pG ACAUUUUCUAUUUUA AG 1 _

-CTGCTTAACT GA CT TGACATTTTCT ATTTTAAGAGTCGGGAGGAA AA TT AC TG-

,85 200 235

4 2 3

-TGTTGGAGGCCCTCCGCCATCTTCTGAAGCTGATCAAGTAAGTGAATTTTCAAAATG-

236 250 290

FIG. 4. Comparison of the RNA sequences of capped Ti oligonucleotides with the DNA sequence from the
portion of the late region which determines the leader sequences and the amino terminus of capsid protein
VP2. The sequence ofthe E strand ofpolyoma virus DNA between 131 and 299 nucleotides from the HpaII-5-
HpaII-3 junction as determined by Arrand et al. (1) is shown. The sequences of the three capped Ti
oligonucleotides determined in this paper are aligned above the DNA sequence. The DNA sequences which
correspond to the four large Ti oligonucleotides which comprise the leader sequence of the late mRNA's are
indicated by the numbers 1 through 4 (22). It should be noted that leader oligonucleotide 3 has the sequence
ATCAAAG in the mRNA's (22), mostprobably because it spans thejunction between nucleotides 272 and 216,
which is formed by the splice producing the leader sequence amplification (17, 22). The ATG initiation codon
for capsid protein VP2 at nucleotides 290 to 292 (14) is underlined. The AT-rich sequence (nucleotides 137 to
143) indicated is discussed in the text. The numbers below the DNA sequence refer to the distances (in
nucleotides) from the HpaII-3-HpaII-5 junction.

quences determining the capped ends of various
rodent globin messengers (19) are compared
with the polyoma virus sequence, however, a
high degree of homology is detected within the
first 12 transcribed nucleotides (Fig. 5B). The
chicken ovalbumin RNA sequence (9) is less
homologous, sharing only the first four nucleo-
tides with the polyoma virus sequence. The se-
quences preceding the cap site are similar among
the globin genes (19) but unrelated to the viral
sequences.

D. Hogness and M. Goldberg (personal com-
munication) and Gannon et al. (9) have noted
that sequences related to the canonical octanu-
cleotide TATAAATA occur some 25 nucleotides
preceding the base determining the capped
mRNA end ofmany vertebrate and invertebrate
mRNA's and suggested that this sequence may
be the eucaryotic equivalent of the Pribnow box
(26), which is a common feature of procaryotic
promoters. There is aTAATTAAAAG sequence
(nucleotides 134 through 143 [Fig. 4]) in the
polyoma virus sequence at 54 to 57 nucleotides
before the mRNA 5' ends localized in this paper.
This sequence is similar to the canonical se-
quence and very similar to the TATAAAAG
found in the putative adenovirus 2 major late
promoter region (38). However, the sequence is
much farther from the cap sites than in other
known examples, and thus its significance is
unclear. We are now constructing deletion mu-
tants lacking the "Hogness box" to test the

187 210

ITQ^ACTGtT CATTTTCTATT
A Cc AC C A CITT CACAGC

TTAACTGACTTGACXTTTTCTATT
CAGT TGCTCCICACATTTGCTTCT

B CAGTTGCTTCTTACGTTTGCT
CAGCTGCTGCITACATTGCTTT T

GCCAGTGTCTGTACATACAGCTAG

FIG. 5. Comparison of the DNA sequences in the
regions surrounding the cap sites in corresponding
mRNA's betweenpolyoma virus DNA and SV40DNA
and betweenpolyoma virus DNA and several cellular
genes. (A) Thepolyoma virus DNA E strand sequence
(the same sense as late mRNA) from nucleotides 187
to 210 (1) (Fig. 4) is compared with the sequence of
the SV40 DNA E strand between nucleotides 233 and
256 (5) or 168 and 190 (28). The dots indicate the
nucleotides corresponding to the three capped ends
ofpolyoma virus late mRNA's and to the predicted
capping sites for SV40 DNA. Boxes indicate the re-

gions of identical nucleotide sequences. (B) The pol-
yoma virus DNA sequence (see above) is compared
with the sequences of mouse fi-globins (19), rabbit ,8-
globin (19), and ovalbumin (9). Dots indicate nucleo-

tides corresponding to capped ends of mRNA's. Un-
derlining indicates nucleotides identical to those
found in the polyoma virus DNA sequence.

hypothesis that it is involved in the initiation of
late transcription.

We thank John Vournakis for his advice and for providing
an initial sample of tobacco acid pyrophosphatase. Jane Walsh

provided excellent technical assistance.

polyoma virus

SV40

polyoma virus

mouse P-globinma5t
mouse p-gIobinmin
rabbit p-globin
ovalbumin
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