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Polyoma Virus DNA: Sequence from the Late Region That
Specifies the Leader Sequence for Late mRNA and Codes for

VP2, VP3, and the N-Terminus of VPlt
JOHN R. ARRAND,* EIICHI SOEDA,: JANE E. WALSH, NINA SMOLAR, AND BEVERLY E.

GRIFFIN

Imperial Cancer Research Fund Laboratories, London WC2A 3PX, England

The DNA sequence of part of the late region of the polyoma virus genome is
presented. This sequence of 1,348 nucleotide pairs encompasses the leader region
for late mRNA and the coding sequence for the two minor capsid proteins VP2
and VP3. The coding sequence for the N-terminus of the major capsid protein
overlaps the C-terminus of VP2/VP3 by 32 nucleotide pairs. From the DNA
sequence the sizes and sequences of VP2 and VP3 could be predicted. Potential
splicing signals for the processing of?late mRNA's could be identified. Comparisons
are made between the sequence of polyoma virus DNA and corresponding regions
of simian virus 40 DNA.

Polyoma virus, as well as simian virus 40
(SV40) and the human adenoviruses, has at-
tracted much study at both biological and bio-
chemical levels as a model system for under-
standing eucaryotic cellular functions in general
and oncogenesis in particular. A physical map of
polyoma virus DNA has been derived (22) and
has provided the key to the elucidation of the
general functional organization of the polyoma
viral genome (13, 21). The DNA is a covalently
closed circular molecule, contains about 5,290
nucleotide pairs, and can be divided functionally
into regions containing early and late genes. Late
in productive infection (that is, after onset of
viral DNA replication) three mRNA species
which sediment at 16S, 19S, and 18S appear in
the cytoplasm of infected cells. These mRNA's
contain coding information for the viral capsid
proteins VP1, VP2, and VP3. Each mRNA con-
sists of an untranslated leader region, a body
(i.e., coding region), and a polyadenylated 3'
terminus. A combination of genetic mapping
(33), protein chemistry (26), mRNA mapping
(30), and in vitro protein synthesis (44, 45) has
enabled the organization of the late region to be
established. Hybridization analysis (11, 31) in-
dicated that there are intervening sequences be-
tween the 5' region and the body sequences on
the physical map of the late genes. Figure 1
shows the overall relationship.
The strong similarity in the genomic organi-

zations of polyoma virus and SV40 (13) led to

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.

t On leave from the National Institute of Genetics, Misima
411, Japan.

the suggestion that these viral species originated
from a common ancestor. Heteroduplex analysis
of the two viral DNAs (8) has indicated that the
strongest sequence homology occurs in the re-
gion around the N-terminus of VP1 on both
DNAs. In SV40, the C-terminus of the VP2/VP3
gene overlaps the N-terminus of the VP1 gene
by 122 nucleotides, and two coding reading
frames are used (5, 9, 37). This has led to spec-
ulation that the same may be true of polyoma
virus and that the overlap may have placed
severe evolutionary constraints on the DNA
(35), thus conserving the sequence in this region
of the two viruses.
As a step toward obtaining a more detailed

understanding of the structural organization of
the polyoma viral genome in relation to its bio-
logical function and its evolutionary relationship
to other papovaviruses, we sequenced the DNA.
This report presents the sequence of the part of
the late region of polyoma virus DNA which
specifies the leader sequence of late mRNA's
and the coding sequence for VP2, VP3, and the
N-terminus of VP1. The sequence indicated
that, contrary to expectation, the overlap regions
of the late genes appear not to have been sub-
jected to a severe constraint during evolution.

MATERIALS AND METHODS
Polyoma virus DNA. The A2 strain of polyoma

virus (14) was plaque purified twice on secondary
mouse embryo cells. A single large plaque isolate was
used to make virus stocks by standard methods (21).
DNA for sequence analysis was prepared from a Hirt
extract (27) of infected 3T6 cells by previously pub-
lished procedures (12, 22).
Enzymes. All restriction enzymes were prepared

by standard methods (38). Phage T4-induced polynu-
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FIG. 1. Topographical map of the polyoma virus late region. The HpaII restriction fragments (22) which
define the late region are shown. The late region is defined as proceeding counterclockwise on the physical
map ofpolyoma virus DNA from about 71 to 25 map units. In the lowerpart of the figure the three late mRNA
species are aligned in their appropriate positions with respect to the DNA. Nucleotide numbers indicated at
the top of this figure refer to the sequence (see Fig. 3). The dots represent cap structures. Mature mRNA
species are represented by the narrow lines, and the coding regions are indicated by the heavy lines. The
dotted lines indicate regions which are removed during mRNA maturation or spicing.

cleotide kinase and Escherichia coli exonuclease III
were purchased from P-L Biochemicals. The Klenow
fragment of E. coli DNA polymerase I was obtained
from Boehringer. T4-induced DNA polymerase was

prepared by an unpublished procedure of R. Kamen,
with minor modifications. Briefly, the cells were bro-
ken by sonication, and cell debris was removed by
centrifugation. The supernatant was made 10% in
polyethylene glycol and centrifuged. This supernatant
was chromatographed on columns of DNA-cellu-
lose, hydroxylapatite, DEAE-cellulose, and Bio-Gel
AO.5M. Enzyme activity was followed using the assay

described by Goulian et al. (19).
Preparation of fragments and sequence anal-

ysis by the chemical method. A prerequisite for
sequencing by the Maxam-Gilbert method (32) is the
generation of a suitable fragment of DNA labeled at
only one end with 'p. Polyoma virus DNA was di-
gested with restriction enzymes under standard con-

ditions at 370C (1), except in the case of TaqI and
BclI, when 65°C was used. The reaction mixture was

phenol extracted, and the DNA was precipitated with
ethanol. The fragments were then labeled at their 3'
ends by using T4 polymerase and one a-3P-labeled
deoxyribonucleoside triphosphate in the presence of
the three other deoxyribonucleoside triphosphates un-
labeled (to minimize spurious labeling), as described
previously (2). In some cases the fragments were la-
beled at their 5' ends using polynucleotide kinase and
[y-)2P]ATP as described by Maxam and Gilbert (32).
AJl "2P-labeled triphosphates were obtained from the
Radiochemical Centre, Amersham, England.

Labeled fragments were separated by electropho-
resis on 5% polyacrylamide gels (7) by using E buffer
(42), and they were eluted either electrophoretically
or by crushing and soaking (32).
To separate the labeled ends, the fragments were

usually recleaved by a second restriction enzyme, and
the subfragments were separated by electrophoresis
on a 5 or 10% polyacrylamide gel; in some instances
the two strands of the fragments were separated by
denaturation and electrophoresis (32). The DNA frag-
ments were eluted as described above and sequenced
as described by Maxam and Gilbert (32). Polyacryl-
amide (20 or 25%) gels were used to fractionate the
products of the chemical degradation reactions.
Enzymatic sequencing. The dideoxy sequencing

method (40) was originally developed for use on single-

stranded DNA. However, by treating linear, double-
stranded DNA with exonuclease III, single-stranded
extensions suitable for primed synthesis sequencing
can be generated (46). Form I polyoma virus DNA
was cleaved with BamHI or HsuI to give either full-
length linear molecules or 56 and 44% fragments, re-

spectively (22). After phenol extraction and ethanol
precipitation, the resulting molecules were digested to
the limit with exonuclease III by using the conditions
described by Arrand et al. (1). The enzyme was inac-
tivated by heating at 650C for 10 min. This material
was used directly as a template in the primed synthesis
reaction, and an approximately threefold molar excess
of double-stranded restriction fragment was used as

primer. Conditions were essentially as described pre-
viously (40), and 50 pg of form I polyoma virus DNA
yielded enough template for at least 30 reactions.

Primers were not removed before fractionation of
the products of the sequencing reactions on an 8%
polyacrylamide gel, as described by Sanger et al. (40).

RESULTS AND DISCUSSION
In this paper we present the sequence of the

first 1,348 nucleotide pairs of the late region of
polyoma virus DNA, from the junction of HpaII
fragments 5 and 3, which is conventionally de-
fined as the boundary between the early and late
regions (29, 48), through to the junction between
HaeIII fragments 16 and 4 (20). The sequence is
numbered from the midpoint of the HpaII rec-

ognition sequence at the junction of HpaII frag-
ments 3 and 5. Sequence data were obtained by
using both the chemical degradation method of
Maxam and Gilbert (32) and the enzymatic di-
deoxy inhibition procedure developed by Sanger
et al. (40). A substantial portion of the DNA was

sequenced either from both strands or by both
methods. Regions of sequence which were ob-
tained by using only one method on one strand
were subjected to multiple determinations. Cor-
roborative evidence comes from qualitative py-
rimidine tract analysis (20), protein sequence
data (24) (see below), and restriction enzyme
mapping. Through the region under considera-
tion here, about 40 restriction enzyme sites have

18s RNA.- - - -
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been mapped independently of the sequence
analysis (3, 6, 14, 20-22; Griffin, unpublished
data; Arrand and Walsh, unpublished data; M.
Fried, unpublished data). In every case the en-
zyme recognition site was found in the sequence
at about the position predicted by the conven-
tional mapping procedures. Figure 2 shows the
restriction enzyme map of this region and indi-
cates the strategy used to derive the final se-
quence, which is given in Fig. 3.
The sequence from positions 1 to 289 is be-

lieved to be a noncoding region (see below). A
few unusual structural features which could
form control signals are present. The sequence
from position 1 through position 28 is probably
part of the viral origin of DNA replication and
has been discussed previously (48). There is a
decanucleotide palindrome at positions 24 to 33.
Other palindromes are tetra- or hexanucleotide
sequences and appear at about the expected
random frequency. The sequence between posi-
tions 62 and 129 can adopt a structure similar to
that of a tRNA cloverleaf; the significance of
this, if any, remains obscure. A curious feature
is the frequent occurrence of tetranucleotide
pairs of the form T4 or A4. Eight such sequences
occur in a stretch of208 nucleotide pairs between
positions 82 and 290. The significance of this is

not clear, although regions rich in adenine and
thymine are often associated with promoter re-
gions. This entire (noncoding) region seems
fairly unusual in that it consists mainly of re-
gions rich in adenine and thymine interspersed
with regions rich in guanine and cytosine. There
are no long repeating sequences. The coding
region itself provides no remarkable features.
By correlating the results of other workers

with those from DNA sequencing we have been
able to (i) identify the genomic region which
specifies the leader sequence and possible ribo-
some binding sites on late mRNA, (ii) suggest
probable locations on the genome which specify
the multiple caps found on late mRNA and the
mRNA splicing signals, (iii) precisely define the
translational limits of the three late proteins
VP1, VP2, and VP3 and predict their sequences,
(iv) make a comparison of these several func-
tional entities with their counterparts in SV40
and BK virus, and (v) conclude that genetic drift
in the gene overlap region of both polyoma virus
and SV40 has not been severely constrained
during evolution.
Coding region. Kamen and Shure (30)

mapped the 5' ends of the polyoma virus late
19S and 16S mRNA species at about 68 and 47
map units, respectively. In vitro protein synthe-
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FIG. 2. Detailed restriction map of the region between the junction of HpaII fragments 5 and 3 (70.7 map
units) and the junction of HaeIII fragments 16 and 4 (45.3 map units) and a schematic diagram of the data
from which the sequence (Fig. 3) was derived. The dots (0) show the positions of the 32P label in fragments
sequenced by the chemical method, and the solid lines represent the stretches ofsequence which were obtained.
The arrows indicate the polarity ofreading from the gel (i.e., -. indicates 5' to 3' and +- indicates 3' to 5'). The
dotted lines indicate primers used for enzymatic sequencing. The numbers at the top correspond to those in
the sequence shown in Fig. 3.

FIG. 3. DNA sequence of the region ofpolyoma virus strain A2 shown in Fig. 2. The junction of HpaII
fragments 5 and 3 is arbitrarily symmetrically divided and taken as the zero point. In keeping with the
convention adopted for the early region, which has the same zero point (48), the nucleotide numbers in this
paper are all negative, but for convenience the minus sign has been omitted. The sequence designated early
strand has the same polarity as late mRNA (29). HpaII and HaeIII recognition sites are underlined and are
designated 17/14, etc., according to the appropriate junctions on the physical map (20, 22). The initiation sites
for the three late proteins VP1, VP2, and VP3 are also underlined. (In sequence studies carried out after
submission of this manuscript, it was discovered that the sequence at position 88 should be TT, instead of T.
This is in a noncoding part of the genome.)
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EARLY 10 20 30 40 50 60
STRAND5' GGCCTCTGCTTAATACTAAAAAAAACAGCTGTTGTCATAGTAATGATTGGGTGGAAACAT
LATE
STRAND3' CCGGAGACGGAATTATGATTTTTTTTGTCGACAACAGTATCATTACTAACCCACCTTTGTA

Hpa UI 5/3

70 80 90 100 010 120
T C TA GG CC T G GG TOGA GA GG CT T T T G CT CC T CT T G CAA A AC CA CA C CGC CT C TGGA GGG C

A GA TC CGGA CC CACC TC C CCGAAAAC GAGGA GAA C GT T TOTGGTGTGCGGGA GA C C C C COG
Ha.Lll 17/14

130 140 150 160 170 080
GTTG CC TAG CAA C TAA T TAA AA GA GGA TGT CG CA C GGC CA GCT G CGT CA G T TAG T CCA CT T

CAACGGATCGTTGATTAATTTTCTCCTACAGCGTGCCGGTCGACGCAGTCAATCAGGTGAA
Haell114/15

190 200 210 220 2 30 240
CC TGCTTAACTGACTTGACATTTTCTATTTTAAGAGTCGGGAGGAAAA TTAC TGTGTTGG

GGACGAATTGACTGAACTGTAAAAGATAAAATTCTCAGCCCTCCTTTTAATGACACAACC

250 260 270 280 290 300
AGGCCCTCCGCCATCTTCTGAAGCTGATCAAGTAAGTGAATTTTCAAAATGGGAGCCGCA

TCCGGGAGGCGGTAGAAGACTTCGACTAGTTCATTCACTTAAAAGTTTTACCCTCGGCGT
Hae l0 15/5 VP2

310 320 330 340 350 360
C TGAC TA TTC TAGTAGACC TCA TCGAGGGA TTAGCTGAAGTGTC TACCCT TA CGGGAC TC

CACTGATAAGATCATCTGGAGTAGCTCCCTAATCGACTTCACAGATGGGAATGCCCTGAG

370 380 390 400 410 420
TC GGCA GAAGC TA T T TTA TCTGGAGAAGCCC TCGC TGO CC TTGA TGGCGAAA TTA CA GC T

AGCC GTC TTC GA TAAAA TAGAC CTCT TC GGGAGC GACGGGAAC TA CCGCTT TAA TGTCGA

430 440 450 460 470 480
CTGACTTTGGAGGGTGTAATGAGTTCGGAGACAGCCCTAGCAACTATGGGTATTTCAGAG

GACTGAAACCTCCCACATTACTCAAGCCTCTGTCGGGATCGTTGATACCCATAAAGTCTC

490 500 500 520 530 540
GAGGTGTATGGGTTTGTCAGTACTGTGCCTGTGTTTGTAAGTCGAACAGCGGGGGCTA TA

CTCCACA TACCCAAACAGTCA TGACA CGGA CACAAACA TTCAGCTTGTCGCCCCC GA TAT

550 560 570 580 590 600
TGGCTGATGCAGACAGTTCAAGGTGCCTCTACTATTTCCCTAGGAATACAGCGGTACCTA
AC CGAC TA CGTC TGTCAAGTTCCACGGAGA TGA TAAAGGGA TO CT TA TGTC GC CA TGGA T

610 620 630 640 650 660
CA CAA CGAAGAGGTCCC TAC TGTAAA TA GAAA TA TGGCGT TGA TA CCA TGGCGGGA TC CA

GTGTTGCTTCTCCAGGGATGACATTTATCTTTATACCGCAACTATGGTACCGCCCTAGGT
VP3

670 680 690 700 710 720
G CCC T TC TCGA TA TA TAC T TOO CA 0 GA GTT A A TC A GTT TGC TC A TGC T CT A A A TGT AG TA

CGGGAA GA GC TA TA TA TGAA GGGTCC TCAA TTAGTCAAAC GA GTA CGAGA TT TACA TCA T

730 740 750 760 770 780
CA TGA TTGGGGCCA TGGCC TA CTTCA TTC CGTGGGAA GA TA TGTGTGGCAAA TGGT TGTG

GTACTAACCCCGGTACCGGATGAAGTAAGGCACCCTTCTATACACACCGTTTACCAACAC
Ha.efL 5/ H5*U0 /12

790 800 810 820 830 840
CA GGAAA CA CAA CA CAGAC TGGAAGGAGC TGTAAGAGAAC TAAC T GTAA GA CA GA CA CA T

GTCCTTTCTGTTGTGTCTGACCTTCCTCGACATTCTCTTGATTGACATTCTGTCTGTGTA

850 860 870 880 890 900
A CA TTCC TGGA TGGC CTAGCTAGGC TACTTGAAAA CACCCGGTGGGTGGTTTC TAA TGCT

TGTAA GGA CC TACCGGA TCGA TCCGA TGAACTT TTGTGGGCCACCCA CCAAA GA T TA CGA
HaelI 12/9 Hpa I 3/1

910 920 930 940 950 960
CC TCA GTCA GC CA TAGA TGCAA TCAA CAGAGGTGCC TCA TCAGTGAGCTCA GGGTAC TCA

GGAGT CA GT CGGTA TC TA CGTTA GTTGTOTCTCA CGGAGTA GTCA CTC GA GTCO CCATGA GT

970 980 990 1000 1010 1020
TCA CTAA GTGAC TA TTA TAGGCAAC TAGGTCT TAA TCCA CCA CA GAGGA GA GCAC TC TTT

AGTGATTCACTGATAATATCCGTTGATCCAGAATTAGGTGGTGTCTCCTCTCGTGAGAAA

1030 1040 0050 1060 1070 1080
AA TCGCA TA GAA GGGAGCA TGGGAAA TGGTGGGC TA CCCC TGCA GCA CA TA TA CAGGAT

TTAGCGTATCTTCCCTCGTACCCTTTACCACCCGGATGGGGACGTCGTGTATA TGTCCTA
Hae IJI 9/18

1090 1020 1110 1120 1130 1140
GA GTCA GGTGAGGTGA TAAAGTTCTA TCA GGCCCCAGGTGGTGCCCA CCAAA GA GTCA CT

CTCAGTCCACTCCACTA TTTCAAGATAGTCCGGGGTCCACCACGGGTGGTTTCTCAGTGA
HaeII 188/13

1150) 116U 0170 0180 1190 1200
CCT GA CT GGA TGCT TCCT T TA A T TC TA GGGC TG TA CGGT GA TA TC A CA CC TAC T T GGGC A

GGACTGACCTACGAAGGAAATTAAGATCCCGACATGCCACTATAGTGTGGATGAACCCGT

1210 1220 1230 1240 1250 1260
ACAGTCATAGAGGAAGATGGCCCCCAAAAGAAAAAGCGGCGTCTCTAAATGCGAGACAAA

TGTCAGTATCTCCTTCTACCOGGGGGTTTTCTTTTTCGCCGCAGAA TTTACGCTCTGTTT
Haelll 13/19

1270 1280 1290 1300 1310 1320
A TGTA CAAAGGCC TGTCCAAGACCCGCA T CCGT TCCCAAAC TGCT TA TTAAA GGGGGTA T

TACATGTTTCCGGACAGGTTCTGGGCGTAGGCAAGGGTTTGACGAATAATTTCCCCCA TA
HaeIII 19/16

1330 1340
GGAGGTGCTGGA TCTTGTGACAGGGCC

C C T CCA C GA CC TA GAA CA C T GT C CC GG
Ha.e1 16/4
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sis showed that the 19S message codes for VP2
(45) which, as shown by peptide mapping, shares
common sequences with VP3 (24). Similarly, the
16S message was shown to code for the structur-
ally distinct major capsid protein, VP1. Subse-
quently, Siddell and Smith (44) showed that a
third messenger species, 18S, codes for VP3.
Examination of the appropriate areas of the
DNA sequence for potential ATG initiation co-
dons followed by long, in-phase stretches of un-
interrupted coding sequence suggested that the
ATG at positions 290 to 292 could be the initia-
tion codon for VP2 and that the ATG at posi-
tions 635 to 637 could initiate VP3. The ATG at
positions 1,218 to 1,220 seemed a likely initiator
for VP1. Comparison with sequences from SV40
(9, 37) suggested also that these might be the
initiation points for translation. However, fmal
proof was provided by aligning the partial N-
terminal amino acid sequences of VP1, VP2, and
VP3 synthesized in vitro (25) with the amino
acid sequences predicted from the DNA se-
quence. This correspondence is shown in Fig. 4.

In SV40, the N-terminal alanine of mature
VP1 is immediately preceded by an ATG codon.
However, another ATG occurs two codons be-
fore this (9), and, at least in vitro, this latter
codon is used as the initiator (A. Mellor, R.
Hewick, and A. E. Smith, personal communica-

In vitro sequence Ala Pro Lys

tion). Polyoma virus, on the other hand (Fig. 3),
contains only the second ATG, i.e., the one
immediately adjacent to the (presumably) N-
terminal alanine.
From the start of VP2 at position 290 there is

a continuous reading frame open to positions
1,247 through 1,249, where reading is then closed
by a TAA termination codon. The two alterna-
tive reading frames are closed by multiple ter-
mination codons (Fig. 5). This gives lengths of
319 amino acids for VP2 and 204 amino acids for
VP3, corresponding to molecular weights of
about 34,600 and 22,800, respectively. These fig-
ures are in good agreement with the molecular
weights of 35,000 and 23,000 obtained by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (24). The predicted amino acid composi-
tions are also in excellent agreement with those
directly determined by R. Hewick (Ph.D. thesis,
Council of National Academic Awards, London,
England, 1977).
A comparison between the nucleotide and

amino acid sequences of VP2/VP3 of polyoma
virus and the sequences of VP2/VP3 of SV40 is
shown in Fig. 6. It is apparent that the hydro-
phobic N-terminal region of VP2 is quite highly
conserved in the two viruses. Through this part
of the molecule (amino acids 1 through 122 [Fig.
6]) 48% of the DNA sequence shows homology,

Lys Lys

VPl Predicted SequerceMet Ala Pro Lys Arg Lys Ser Gly Val Ser Lys Cys Glu

DNA sequence A T G, G C C, C C C, A A A, A GA,A A A, A G C, G G C, G T C, T C T, A A A, T G C, GA G,

Lys Lys Ala Pro

Thr Lys Cys Thr Lys Ala Cys Pro

A C A, A A A, T G T, A C A, A A G, G C C, T G T, C C A.

Leu Leu

Met Gly Ala Ala Leu Thr Ile Leu Val Asp Leu

A TG, GGA, GC C, G CA, C TG, ACT, AT T, CT A, GT A, GA C, C TC

- Leu Pro - Leu Leu

Met Ala Leu Ile Pro Trp Arg Asp Pro Ala Leu Leu Asp Ile Tyr Phe

A T G, G C G, T T G, A T A, C CA, T G G, C G G, GA T, CC A, G C C, C T T, C T C, GA T, A T A, TA C, T T C,

- - - Leu

Pro Gly Val Asn Gln Phe Ala His Ala Leu

C.C A, GG A, G T T, AA T, CA G, T T T, G CT, CAT, G CT, CT A

FIG. 4. Correlation of in vitro protein sequence with the predicted amino acid sequences for the N-termini
of the three late proteins. The DNA sequences (taken from Fig. 3) and the amino acid sequences predicted
from them are aligned with the partial N-terminal sequences obtained by Hewick et al. (25) from in vitro-
synthesized late proteins. The sequences are in perfect agreement for 20, 11, and 25 sequencer cycles of VPI,
VP2, and VP3, respectively.

VP3

Pro

J. VIROL.
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FIG. 5. Schematic diagram showing part of the
late region ofpolyoma virus DNA divided into three
coding frames, which are shown relative to the HpaII
physical map. The numbers at the top correspond to
the nucleotide numbers in Fig. 3. Whenever a termi-
nation codon occurs in the early strand sequence (i.e.,
the strand having the same polarity as late mRNA)
within 10 triplet codons, a solid block is drawn to
indicate this. Frame 1 starts at position 290, frame 2
starts at position 291, and frame 3 starts at position
292. VP2 starts at position 290 in frame 1 and termi-
nates with a TAA codon at positions 1,247 to 1,249.
VP1 starts at position 1,218 in frame 2.

whereas 35% of the amino acids are homologous.
If, however, conservative amino acid changes are
scored as homologous (e.g., valine to leucine),
then this figure becomes 56%. Another feature
which probably serves to maintain the overall
conformation and spatial arrangement of the
charged groups in the protein molecule, but
which does not score in the linear comparison
described above, is the occasional appearance of
amino acid inversions; e.g., in SV40 VP2, Ala-
Glu at positions 27 and 28 (Fig. 6) reads Glu-Ala
in polyoma virus. Moreover, the same codons
are used in the specification of these amino
acids. A similar phenomenon occurs within VP3
at positions 130 and 131 and, nearer its C-ter-
minus, at positions 193 and 194.

It is noteworthy that of the 115 amino acids
unique to VP2 (that is, not found in VP3), over
one-half have aliphatic side chains (alanine, gly-
cine, isoleucine, leucine, methionine, and valine).
The hydrophobicity of this region is also in-
creased by the presence of tryptophan (one res-
idue), phenylalanine (two residues), and tyrosine
(two residues). The N-terminal region of VP2 in
SV40 is characterized by a very high alanine
content. In polyoma virus the preponderance is
not so acute, there being only 14 alanine resi-
dues, compared with 28 in SV40. Hydrophobic
N-terminal regions are often found in precursors
of proteins intended for secretion through mem-
branes. In these proteins the hydrophobic signal
sequence is subsequently processed away by pro-
teolytic cleavage. As far as is known, however,
polyoma virus VP2 maintains its hydrophobic
N-terminus when it is incorporated as a viral
structural protein. It may be that the long hy-
drophobic tail of VP2 is associated with some
anchoring function onto cellular membranes.
The central portion ofVP2 (i.e., from the start

of VP3 onward) is of much more average amino
acid composition. The homology with SV40 pro-
gressively decreases and then suddenly increases

toward the C-terminus, which is quite basic.
(Three of the four lysines found in VP2 occur in
the last six residues.) When the proteins are
aligned to maximize homology, the C-terminus
of SV40 VP2/VP3 continues 28 amino acids
beyond the termination of polyoma virus VP2/
VP3 and is significantly more basic. It has been
suggested (5) that the basic tail of SV40 VP2/
VP3 may be involved in interaction with DNA
during virion maturation. The same could also
apply to the polyoma virus proteins. From amino
acid 266 to the end of polyoma virus VP2, there
is a high degree of homology with SV40. A total
of 64% of the amino acids are identical; when
conservative substitutions are counted, this fig-
ure is 73%. This is indeed a remarkable degree
of homology (Fig. 6). The DNAs show 62% ho-
mology.
The TAA termination codon for VP2/VP3

occurs at positions 1,247 to 1,249, and the initi-
ation codon for VP1 lies at positions 1,218 to
1,220. Thus, there is an out-of-phase overlap of
32 nucleotide pairs between the C-terminal end
of the VP2/VP3 gene and the N-terminal end of
the VP1 gene. This is in contrast to SV40, which
has a larger overlap between the two genes (122
nucleotides) (5, 9, 37).

Electron microscopic examination of hetero-
duplexes between polyoma virus and SV40
DNAs revealed a single region of relatively
strong homology between the two species, which
was located at 47 to 52 map units in polyoma
virus and 0.93 to 0.98 map units in SV40 (8). In
SV40 this area includes the 122-nucleotide pair
overlap between VP2/VP3 and VP1. It has been
argued that since in the overlap region any mu-
tation in one gene would also affect the other,
this would impose a severe evolutionary con-
straint to conserve this region and thus explain
the observed homology (9, 35). However, it was
found that the overlap region in polyoma virus
consists of only 32 nucleotide pairs, and when
the sequences of polyoma virus and SV40 DNAs
were aligned (47), the region of polyoma viral
DNA which corresponded to the SV40 overlap
region showed only very limited homology.
Therefore, in this case the presence of overlap-
ping genes does not appear to restrict severely
evolutionary divergence.
A similar alignment of polyoma virus and

SV40 sequences near the C-termini of the large-
T antigens and the VP1 species reveals a much
stronger homology than that seen near the C-
terminus of VP2/VP3 (47, 48). Therefore, at
present we cannot understand why the experi-
mental observation placed the maximum ho-
mology in the overlap region.
Almost all possible codons are used in the

specification of VP2/VP3 (the exceptions being

VOL. 33, 1980
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VP2.
10

SV40 Met Gly Ala Ala Leu Thr Leu Leu Gly lie Ala Thr Val' Ser F j Ala1

Polyoma Met Gly Ala Ala Leu Thr Ile Val L Asp Leu lle Glu Gly LLeu_ Ala L Vd1 J

Polyoma A T G, G GA,GCC, A, C[G.G,T,AT. CTA GT A,GAC,C TC,C C, AG,GGA,T GCT,GAA,G[G|TG,
SV40 A T G, GGT,GT,LT, TjA AjA, CLG, TUGJ GG,GA C, C T|A|ATT, CT,ACT,GG, T ,GAA, CT,

20
GI__ Ph

3,1

Ala Ala FAla Thr Gly Phe [ Val| Ala GI u FIe AIT' Ala AGlyG A A a

Ser Thr Leu Thr Gly Leu Ala I Glu Ala Leu Ser G Leul Ala

T AC, C T G, C, G,, AA. C T,| T TTA, T|C T, G GA, GAA, GCC C T C,[ T

GC GuT, G CT,A T, |GGA,TT, uA ST C T.ti AA,|TT |GCT,G|CT, G GA, G A|G. GC G C T,|GCT

40 50
Ala le G Vat Gln Leu Ala Ser rVal Ala F Vat Glu G0 Lou2 Thr

Ala Leu Asp Gly Glu Ile Thr Ala1_ Leu_ Leu IGlu Gly Vat Met Ser_i Ser

mC. CITT GaGTEGC, GP ]A ;1A[ G CmGIGA G,[G[T, T A|T GAGT,GT G,
A, A |TT,GA|A,bT G, C[rAJ CI|GjJ TLJGI TGCT,T,LA, C.CJTA, ACA,ACC, T,

60 70
i | Ala Ile A Ala IUe F Lou Thr-l Pro Gln fAla Tyr Ala Val rile e1

Glu Thr Ala Lu Ala Thr Met Gly Ie Ser Glu Glu I_Val I Tyr Gly Phe Valt Ser

FA G, A C A. G CC, C|TA G C|A, A|C T, ATG, G GT, A T. T A. G A G, G|FAWG,~ GT G.| A ,GG G. T |T,GGC, AG
[AGI C TJA,GAGTAA. GC,CLIC,AI1 CCA.CIAG,GICC,LTZATCTCGT. G,A A,TC]
Gly Ala P Alas Ala The Ala Gly Ph. l Ala

Thr L ValI Pro VatI Phe I-Val Ser Arg Thr Gly Ile Trp Met

AC T, ET G. CCFT, GT G. T T GF A GT CGA CA, G. G G G|G CTTA TGG,T G,| A T G,

G GG, BCT,JC CT, G|C T,GCi TJA GCWGGCTTT,A cT, T Al IC T G,|
90 _ _ 100

|Gin The Vail |TherF~7 Vat FS71 AlarV.ly Ala Gln Val Gly Tyr Ser Phe Phe SerGin IhrVa Thr Va Se l a

IGln Thr Val |Gln -lvAla Ser Thr jIle J Ser Leu Gly Ue Gln Arg Tyr Lou His

G , AA.FGT, C A A. G T, c c. T C T, A A T[C.T A,GA.ATA, CfG,C[G, A C, CfA, CA C,

LA, T,jGIG,ACT,I GT d TG,AGC, GBGJ TCTJG,TUAIJT G. G G G, TU T, A T, [T T, TTUT, A G T,
110 120 VP3.

Asp Trp IAsp His LyeFs a1 Sor |T VlGV Y LOu Tyr Gin Gln Pro Gly r reT ila
Asn G1u LG.u_. | V,1 , Pro Thr Val Asn Arg Aon Met Ala

A A C, G A A, G, C,CT,CAf C GTA,AAT,AGA.rnA T, A T G, GCCG,
GA C, T G G. T, C A C. A A A, T, TC T, A CG T T, T G G, T T T,AJTA, C A A, C A A. C C A, G GA,AT G. GT.

130 140

'Val Asp Leu Tyr r Pro Asp Asp Tyr Tyr AupIle Leu Phe Pro Gly Val l Gln'

Lle.u_j Ile Pro Trp r Asp Pro Ala Leu Leu |Ap Ile Tyr Phe Pro Gly Val A_n
* G. ATA, C CA,GGG, C G AT, C CA,fqCC,C TT, C TC,| A.TA CTT|m CC, qA. G A, G T.T Ap; T,

GIA, GAT,TTG, AT,A | CCA,GAT,Iq T,TAC,TAT, T, T AJZTT, T, IGGZA,GA, A

150 160
The l Vat lii See FVal Gnl Tyr 'Leui Asp Pro Arg ii |TrpGlyF| Pro TheII I
Gln |Phe Ala IHis Ala ILeu%Ason Val IVal L Asp Trp Gly His Gly
CAG, | T,GC C T GCm CA,AT,GTA,G TA, C A T GAT, GTGG, GC,AT,GGC,

[C C, |T TT. GT C CA T,TC[G,TAT.C T T, GA C, C C C, A GA|C A Tl T G G. G T,CA,ACA,

Phe Aan Ala

Leu His Ser

vA, CTT;CmITC
L.T, TTT AAT,GCC,

FIG. 6. Comparison of the nucleotide andpredicted amino acid sequences ofpolyoma virus and SV40 VP2
proteins. Gaps have been left to maximize homology. The sequence is numbered by amino acids as a composite
of the polyoma virus and SV40 sequences. The solid boxes show perfect homologies, and the dotted boxes
indicate conservative amino acid substitutions. The initiating methionine of VP3 at position 123 is overlined.
Overall, the amino acid sequences show 34% homology (48%o counting conservative substitutions). The
nucleotide sequences are 42% homologous. In this context, it should be noted that homologies between amino
acid sequences and DNA sequences cannot be directly compared. That is, the expected homology between any
two unrelated species would be 25% at the DNA level and 5% at the amino acid level. Thus, in terms of their
protein sequences, there is a remarkable conservation ofamino acids between polyoma virus and SV40. There
appears to be a contour of homology in that, although the N- and C-terminal regions are well conserved, the
central parts of the VP2 proteins show more divergence.

the codons for cysteine, which does not appear 37, 39), the frequency of usage of different co-
in the sequence, and the CCG proline codon). As dons which specify the same amino acid appears
has been observed in other systems (9, 18, 34, to be nonrandom (Fig. 7). However, in polyoma
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170 180
hidle See Gin Ala Phe FT7 Arg a -Iii GlniF Asn A_Xsp_ Ilie Pro Arg LeW1

Val IGly Arg Tyr Val T p Gin Met 1 Val- ~ Gn Thr Gin His Ar Le

*GrnG GGA,A G[]TA[]G[ G[. CA A, A TG, T, GTG, AG, G AA CA,CAA, rAC.[7Al[TG,
ANT, T C T, C A AG CT TWT, .2C G T, LiA, A A, 'AAT,G CAT T, jC T, A G, CT ,

190 200
Thr Ser Gin Gin Leu Giu Arg [rT Thr Gin Arg Tyr Leu Arg As Ser

Gin Gly Ala Val Arg Gln Len The Val r Gin Thr His The Phe Len Asp Giy
GAA, GGA,GrT,GT A GA,[ iA,[EA, ACT,GTA,AGACAG,AC[ CAT,ACA, fC, CT T, GM_C,

ACC,TCA,CA G, G, CjT, GA A,A GA, GA,A CC, CAWAGA, TA T,. A, AG C,A T,

Hpaii 210
Len Aia Arg Phe Len Gin Ginu The Trp The V Ilie Asn Ala Pen Val Asn

Len Ala Ar Len e l Asn Te ArgI[Trp Val Va Ser An Ala Peno Gin See

CTA rG C T,A GGC T A, CT T, GA, A AC. C.C C G G, TGGG T G,G T,T C T, PAT, G CT, C C T, C A G, T C A,

220 230
Tp Tye Ass Seeren Gn Asp Tye Tye e Ther e See Peo Ilie Aeg Pen The

Ala Ilie Asp Ala I_ Lie Ann_ Arg Gly Ala Seer See Val Se See Gly Tye See See

GC, A TA,GMAT,GOA,AT C,A[XC,AGA, GGT,GC A, T A,GF GC C ,G GG, TAC,TCA,TC

T GG, TAT,ALhC,T JT,TTA,CWA,GAT, TA C. TA.CTT, A[ T,TLITCT, C ,ATT, AGG,CWT,AI~A

240 200
Met Val Ag Gin -Valt Ala Ann Aeg Gin Gly Len Gin Ilie See Phe

Len See Asp Tye Tye r Gin Le

CrnA. A GT. GAC, TA T,TA T UAGGCAA CTA,

A IG. G T GIA IA,CAA. G TA, GCC, AAC, AG G,GAA,G GG, T TG, C AA, A TA, TCA, T TT,

260 270
Gy His The Tye Asp Ann Ile Asp Gin Ala Asp See Ilie Gin Gn Vl- h i

Giy Len Ann Pen Pen Gin Aeg Aeg Aia Li,Len I Phe Asnn
GGmCTmA ITC A C C A,C AlGf GG.AGA,GCXCT C.TTTAAT.

GGG, CAC.ACC,TAT,GAT,AAT,AT GAjG JAGC GAC,AGT JTT,CAG,C AAGWTA,ACWG G.

280 290
XjFAl-R- Tep Gi Ala Gin See Gin I-rpfThe Pe rA;ni

Ilie Gi Giy See Met Giy IAenn Gly Gly Pen The_ Pro~%,,, Aia Ala His Ilie Gin

AIC.G ATGA. AI GGC,AGCA,ATG.GC, IJ~AT1GTGG1CTrTC,
GA GA CAT,ATA,AC U..

300
Val Gin See Gly Gin Phe le Gin Ly Phe Gin Ala Pen Gly Gly Ala Ass
Asp Gin See Gly Gin Val Ile Ly h Tye Gin Ala Pen Gly Gly Ala His

TG. G,T CA, GGTL.GAG~J,TGL A.LG,TCA~ T,

310 320
Gin Aeg The Ala Pn Gin Trp Me Leu Pro Leu' L:en Leu Gly Len Tye Gly
Gin Aeg Val Ther e Asp Tp Met Les Pen Les Ilie Len Gly Len Tye Gly Asp
CAA,AA GT CT.C AC,TG G, ATG.CTT. CT.TTA.A[T T. C TA G,CT G, TAC,GGT,GAT

330 3,40___
r_S7er1- Val fTflSeer l Len Lysa rATlaT Tye Gi Asp Gly Pen- Ann; y L y rIIIIII I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i The Pen Th Tep Aa The ValIC,--AC_ T,,AC,,,,GG,,. A,..,AC..TC,AJlie 1Gin Gin AspG Gly Pen rGin
T,AC,C T.C AAA,GCT, AT AGTGCICCCAA AAA,JG, A,AJj

T,G AA, G

lAeg Len

C GT, CflC,
A AG, TUG, FIG. 6. Continued

virus VP2/VP3 the bias toward certain codons quently (49). It is, however, found in the coding
and against others is not as dramatic as that sequence for VP2/VP3. Wrhereas codons for ser-
found, for example, in SV40 VP2/VP3. An ex- ine, proline, threonine, and alanine show a strong
amination of the three possible reading frames bias against the NCG triplet, 7 of the 19 arginine
reveals that the three termnination codons occur codons were found to be CGN (Fig. 7). However,
with about equal frequency. the overall distribution of CG (i.e., in both coding
Polyoma virus DNA, as well as the DNA of and noncoding frames) appears to be nonran-

many other mammalian viruses, contains the dom. For example, from the junction of HpaII
OG dinucleotide sequence relatively infre- fragmnents 5 and 3 through the apparently un-
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U C A G

4(2) 4 ~~(1) Tr54) C 0 (0)
Phe 3 (3) Ser 4 (1) 04(3) | l (0) C
u ~~~~~~~8(7) Ochre Opal A

Leu 3 (1) 2 (0) Amber Trp 7 (6) G

7 (5) 8 (6) 6 (6) 1(1) U

C LeuPr6(3) o (6) His 3 (2) Arg 1(1) C
(3 (8) (6(6) GI,7 (6) 1() A
6 (3) 0 (0) Gin 9(7) 4(3) G

6(1) 9(3) (8(6) 4(3) U

A Ile 3 (2) Thr
3 (2) Asn 3 (2) Ser 2 (2) C

A 9 (7) 9h9(5) 1 (l) (7 A
Met 8 (4) 1 (0) Lys (3 (3) Arg ~ (3) G

4(3) 10(5) 9(8) 10(7) U

G Val
4 (2) Ala

10 (5) Asp3 (2) Gly 9 (4) C
7 (4) 8 (5) 10 (5) 9. (4) A

'10 (6) 2 (1) Glu 9 (3) 6 (4) G

FIG. 7. Frequency of codon usage for the VP2 protein ofpolyoma virus. The numbers in parentheses refer
to VP3.

transcribed region, the leader region (see below),
and the region of VP2 that is not part of VP3,
CG occurs 18 times. Through the VP3 coding
sequence (an equivalent length of sequence) it
occurs only seven times. The significance of this,
if any, is not known.
An examination of the sequence of the com-

plementary strand for potential coding regions
revealed an ATG codon at positions 38 to 36,
which is followed by 52 in-phase codons. This
potential coding sequence includes the region
which contains the origin of replication and is
closed by a TAA termination codon at positions
122 to 124 in the early region sequence (48). It is
not known at present whether this has any phys-
iological significance. Similar potential short
coding regions have been identified in other
areas of polyoma virus DNA and also in SV40
DNA, but again the potential putative polypep-
tides have not been identified.
Late leader region. In studies of polyoma

virus late mRNA's, the three late identified mes-
sages have been shown to share a common

leader, which in itself consists of a three- to
fivefold imperfect repeat of a fundamental se-

quence (31). Moreover, it has been found that
each species of polyoma viral late mRNA con-
tains multiple cap structures (11). These struc-
tural features of the messages were mapped
between 66 and 71 map units on the polyoma
virus genome, which roughly corresponds to the
first 267 nucleotides in the sequence given (Fig.
3).
Four large Ti RNase oligoribonucleotides

from the reiterated leader region have been
characterized and partially sequenced (31). Ex-
amination of the appropriate region of the DNA
sequence allows the leader sequence (as defined

by the four Ti oligonucleotides) to be located
within a continuous stretch, from nucleotide po-
sitions 226 to 273 (Fig. 8). Inspection of the
surrounding sequence fails to reveal a duplica-
tion of the genomic DNA. It has been suggested
that the generation of late mRNA may involve
the splicing of tandem full-length transcripts of
the entire DNA to form the mature functional
mRNA molecules. This could lead to reiteration
of a sequence not found in DNA in the mRNA.
It is not clear where the limits of the reiteration
lie since the Ti oligonucleotides immediately to
the left of position 225 and to the right of 273
are small and cannot be quantitated with accu-

racy. However, the large Ti oligonucleotides
from positions 199 to 215 and positions 274 to
292 (which contains the VP2 initiation codon)
were not found to be reiterated in the mRNA.
Although this further defines the reiteration lim-

its, the exact definition must await RNA se-

quencing data.
One potentially significant difference between

the RNA data and the DNA sequence is appar-
ent. One of the reiterated Ti oligonucleotides
from late leader RNA was characterized as

AUC(A)^G, which can be aligned with the DNA
between positions 268 and 273. However, data
on the RNA estimate n = 3 (31), whereas the
DNA sequence predicts n = 2.
The interesting possibility arises that splices

involved in the generation of late mRNA's occur

at this point in such a fashion that RNA mole-
cules containing a stretch of adenine residues
longer than that found in the DNA are produced.
For this to occur and for the rule which says

that intervening sequences (that is, those re-

moved during splicing) contain GT at their 5'
ends and AG at their 3' ends to be obeyed, (the

J. VIROL.
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140 150 160 170 180
5' TAATTAAAAGAGGATGTCGCACGGCCAGCTGCGTCAGTTAGTCCACTTC

H

- 190 200 210 220 230
CT GCT TA ACT GA CT T GA CAT T T T C TA T T T TAA GAGT C GGGAGGAAAA T

F 1

240 250 260 270
TACT G T G T T G GA GG C C CT C C G C CAT CT T CT GAA G CT GA T CAA G TAA G T

4 2 3

280 290
GA A T T T T CAA AA T G

VP2

FIG. 8. Features ofthe leader region. The four reiterated Ti oligonucleotides characterized by Legon et al.
(31) as defining the reiterated late leader sequence are underlined and designated 1 through 4. F indicates
the large Tl oligonucleotide identified as being at the 5' end of a staggered set of late mRNA's (10). The
overlinings indicate all the cap I and cap II sequences identified by Flavell et al. (11). The only cap sequences
which have been positively positioned are the three at the 5' end of oligonucleotide F; the rest represent a
minimum number of potential capping points within a minimum length of the genome. H indicates the
sequence which resembles the Hogness box (see text). Note the frequent occurrence ofsequences of the form T4
or A4 within this region.

so-called GT-AG rule [4, 15]) requires the se-

quence AGAG at the 3' splicing junction. S1 gel
mapping studies suggest that splicing junctions
occur around nucleotides at positions 200, 580,
and 1,150 (28). Since two of these sites (those at
positions 580 and 1,150) are probably used in the
maturation processes that lead to the 18S and
16S late mRNA's (see below), this leaves only
the sequence around position 200 as a splicing
point for the generation of the Ti oligoribonu-
cleotide under consideration. An attractive ex-

planation is that this oligonucleotide arises from
a sequence generated by a "leader-to-leader"
splice, which results in an mRNA with the reit-
erated sequence. From a consideration of the
DNA sequence, such a splice could be postulated
to occur between ribonucleotides corresponding
to the DNA sequence between positions 272 and
215. The leader-to-leader splice would be as

follows: 5'-TCAA/GTAAGT (269-278)....-
TTTTCTATTTTAAG/AG-3' (202-217). For
this splice, not only is the 3' site of the interven-
ing sequence preceded by a long pyrimidine-rich
tract (4, 16, 17), but the sequence can be corre-

lated with Si mapping data. A more recent
correlation of accumulated splicing data has led
to a consensus sequence of YYNYAG/ for 3'

junctions (41), and the sequence between posi-
tions 210 and 215 is in general accord with this.
Moreover, the sequences of these regions are
found to be remarkably similar to those found
in a leader-to-leader splice in the late region of
SV40 (16). However, the final proof of splicing
junctions in polyoma virus late mRNA's must
await sequence studies of the messengers them-
selves.

In a separate study, Legon (30a) has shown
that the four Ti oligonucleotides which define
the reiterated leader region are found in associ-
ation with ribosomal subunits. One possibility
that has been advanced is that the reiterated
leader sequence constitutes a "landing platform"
for ribosomes before the initiation of protein
synthesis. However, there is no proof for this,
and without further evidence it remains only an
attractive hypothesis. The leader putative ribo-
some binding site contains the sequence 5'-
UCUUCUG-3' at positions 255 through 261. Fol-
lowing the postulates of Shine and Dalgarno
(43), this (allowing for GU base pairs) could form
a complex between the leader region of the
mRNA and the 3' end of mouse 18S rRNA,
whose sequence has been determined to be 5'-
AACCUGCGGAAGGAUCAUUG (23). Similar
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base pairing associations are also possible close
to the initiation codons for the polyoma virus
early proteins (48), and, as shown in an accom-
panying paper, they are possible, but not prob-
able, in the case of the major capsid protein,
VP1 (47). In the latter case, the leader sequence
itself may supply the sequence for base pairing
associations.

In their study of the capping of late polyoma
viral mRNA's, Flavell et al. (11) found eight cap
I and four cap II structures at the 5' ends of the
three late messages. These 12 sequences can be
accommodated within the first 105 nucleotides
nearest the VP2 initiation codon, the region
which also encompasses the leader (Fig. 8).
Thus, this stretch of sequence (nucleotides 185
through 292 [Fig. 8]) defines the minimum re-
gion of the genome which is required to accom-
modate all of the structural features found to
date within the 5'-terminal regions of the three
polyoma late mRNA's.

Subsequently, Flavell et al. (10) identified in
late mRNA's large, capped Ti oligonucleotides
which probably arise from the DNA sequence
immediately preceding position 215. This defines
the termini of a staggered set of capped mRNA
species which have the 5' sequences GA-
CAUUUUC, ACAUUUUC, and AUUUUC
(Fig. 8).

Single-stranded nuclease (Si) mapping stud-
ies have shown that the leader region is spliced
onto the bodies of the messages for VP3 (18S)
and VP1 (16S) somewhere in the region of po-
sitions 580 and 1,150, respectively (28) (i.e.,
about 55 to 75 nucleotides before the initiation
codons [Fig. 3]). From the DNA sequence, good
candidates for splice junctions which can lead to
functional mRNA's appear as follows: for 18S,
5'-TCAA/GTAAGT (269-278)....CCCTAG/
GA-3' (579-586) and for 16S, 5'-TCAA/
GTAACT (269-278) ....TTCTAG/GG-3' (1164-
1171). These sequences are in good agreement
with current ideas about sequences which spec-
ify splicing in RNAs (see above) and with the S1
mapping data. Moreover, Seif et al. (41) point
out that in a large number of cases examined to
date, no AG dinucleotide sequence occurs within
the 13 nucleotides which precede the AG at the
3' side of the intervening sequence. In the se-
quences considered here, this is also the case. If
these hypotheses are correct, then in the mRNA
for VP3 (18S) the 3' end of the splice occurs 50
nucleotides before the initiation codon, and in
themRNA for VP1 (16S) it occurs 48 nucleotides
before the initiation codon. It has been observed
(D. Hogness, unpublished data) that the can-
onical sequence TATAAATA occurs about 23
nucleotides before the base which specifies the

capped 5' end in many eucaryotic mRNA's.
Moreover, it has been suggested that this se-
quence could be the eucaryotic equivalent of the
procaryotic "Pribnow box" (36). Examination of
the appropriate region of polyoma virus DNA
reveals only one sequence which resembles the
"Hogness box," that is, TAATTAAAAG at po-
sitions 134 to 143 (Fig. 8). This is 53 to 56
nucleotides before the three capped 5' ends pre-
viously identified (10). This sequence is very
similar to the TATAAAAG sequence found in
adenovirus 2 DNA (51). In the noncoding se-
quence of the polyoma virus early region (48),
the sequence TATAATTA has been found to
occur 45 nucleotides away from the initiation
codon of early mRNA's (at position 173). In
confirmation of a possible significance for this
sequence (R. Kamen, personal communication),
the 5' end of an early mRNA has been mapped
at about position 150. However, it is too soon to
say whether these sequences play any role in
transcription.

In their studies on the sequence of BK virus
DNA, Yang and Wu (50) noted an 80% homology
between BK virus and SV40 DNAs in the region
which specifies the late leader sequences. A com-
parison of the polyoma virus late leader region
with the corresponding sequences in SV40 and
BK virus reveals little homology. This is some-
what surprising since the leader region is sand-
wiched between the viral origin of DNA repli-
cation, for which sequencing reveals a high de-
gree of homology among the three viruses (48),
and the coding sequence for VP2/VP3, which
(see above) also shows significant homology. A
computation of the rates of evolution of polyoma
virus, SV40, and BK virus based on a compari-
son of their (relatively homologous) amino acid
and nucleotide coding region sequences gives
rise to a phylogenetic tree which corresponds to
that derived for their host organisms on the
basis of the fossil record (E. Soeda, T. Maru-
yama, J. R. Arrand, and B. E. Griffin, submitted
for publication). Thus, the observation of little
homology in the leader regions of polyoma virus
versus SV40 and BK virus suggests that these
mRNA controlling regions are evolving more
rapidly than the coding sequences and replica-
tion origins or, alternatively, that on an evolu-
tionary time scale they are a recent develop-
ment.
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